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Abstract 
 

This dissertation deals with select simple, yet poorly known phosphorous-, arsenic-, and 

antimony-containing molecules. Their vacuum- and/or mid-ultraviolet photochemistry was 

investigated, starting with single-carbon species: phosphaethyne (HCP), methylphosphine 

(CH₃PH₂), methylarsine (CH₃AsH₂), and methylstibine (CH₃SbH₂). Next, two-carbon molecule, 

ethynylstibine (HCCSbH₂) was studied, and finally a three-carbon one: propadienylphosphine 

(H₂C=C=CH-PH₂). Except for HCP, all these compounds represented the family of pnictines (R-

XH₂, where X = P, As, or Sb). 

Highly reactive products generated during photolysis experiments were at the heart of this 

doctoral work. They were trapped within cryogenic rare-gas matrices and characterized with 

vibrational (Fourier-transform infrared) absorption spectroscopy and electronic spectroscopy (both 

absorption and luminescence). Photoinduced dehydrogenation and C-X bond cleavage emerged as 

the dominant reactions giving access to previously underexplored or unknown chemical 

compounds. The main achievements of this research include the following: 

 

• Quartet-doublet luminescence emitted by the radical CP was discovered. This very rare type of 

phosphorescence was thoroughly analyzed and explained (Chapter 3).   

• Differences in photochemical properties observed here for the methylpnictines, namely 

CH₃PH₂, CH₃AsH₂, and CH₃SbH₂, were rationalized. Spectroscopic characterization of their 

exotic photolysis products CH2=PH, CH₂=AsH, H-C≡As, CH₃Sb, and CD3Sb was provided 

(Chapter 4). 

• Photodehydrogenation of ethynylstibine produced the previously unknown species H-C≡C-Sb 

(ethynylstibinidene, the compound of monovalent antimony). Its spectroscopic properties were 

juxtaposed with those of HCCN, HCCP, and HCCAs. Luminescence emissions attributed to 

HCCAs and HCCSb were discovered (Chapter 5). 

• Photodehydrogenation of propadienylphosphine turned out to be an efficient way leading to the 

astrochemically significant molecule H-C≡C-C≡P (Chapter 6). 

The prospects for future advancement of the research described in this dissertation are provided. 
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Streszczenie rozprawy doktorskiej 
 

Rozprawa dotyczy wybranych prostych, lecz słabo dotychczas poznanych związków 

chemicznych zawierających fosfor, arsen i antymon. Zbadano ich fotochemię w zakresie 

próżniowego i/lub średniego nadfioletu, zaczynając od cząsteczek jednowęglowych: fosfaetynu 

(HCP), metylofosfiny (CH₃PH₂), metylarsyny (CH₃AsH₂) i metylostibiny (CH₃SbH₂). Kolejnymi 

obiektami badań były cząsteczki dwuwęglowe, tj. etynylostibina (HCCSbH₂) i etynyloarsyna 

(HCCAsH₂) oraz trójwęglowa propadienylofosfina (H₂C=C=CH-PH₂). Wspólny elementem 

strukturalnym tych związków (z wyjątkiem HCP) jest ugrupowanie -XH₂, gdzie X oznacza P, As 

lub Sb.   

W centrum uwagi znalazły się wysoce reaktywne produkty reakcji fotochemicznych. 

Pułapkowanie w matrycy z zestalonego gazu szlachetnego zapewniało im trwałość pozwalającą na 

scharakteryzowanie za pomocą spektroskopii oscylacyjnej (absorpcyjnej w podczerwieni) oraz 

elektronowej (zarówno absorpcji, jak i luminescencji). Fotoindukowane odwodornienie oraz 

dysocjacja wiązania C-X były dominującymi procesami, dającymi dostęp do uprzednio nieznanych 

lub słabo scharakteryzowanych związków chemicznych. Do głównych osiągnięć doktoratu należą: 

• odkrycie luminescencji kwartet-dublet emitowanej przez rodnik CP; ten bardzo rzadki rodzaj 

fosforescencji został dokładnie przeanalizowany i znalazł wyjaśnienie (Rozdział 3);   

• opisanie i wytłumaczenie różnic we właściwościach fotochemicznych cząsteczek CH₃PH₂, 

CH₃AsH₂ i CH₃SbH₂; scharakteryzowanie spektroskopowe egzotycznych produktów ich 

fotolizy: CH2=PH, CH₂=AsH, H-C≡As, CH₃-Sb i CD3-Sb (Rozdział 4); 

• uzyskanie nieznanej wcześniej cząsteczki H-C≡C-Sb (etynylostibinidyna, związek 

jednowartościowego antymonu) na drodze fotoodwodornienia etynylostibiny; przeprowadzono 

porównanie właściwości spektroskopowych HCCSb z właściwościami HCCN, HCCP i HCCAs; 

nowo odkryte pasma luminescencji przypisano wstępnie HCCAs i HCCSb (Rozdział 5); 

• opisanie fotoodwodornienia propadienylofosfiny (H₂C=C=CH-PH₂) w zestalonym argonie jako 

wydajnej metody generowania astrochemicznie istotnej cząsteczki H-C≡C-C≡P (rozdział 6). 

Przedstawiono perspektywy dalszego rozwoju kierunków badawczych zaprezentowanych w 

dysertacji. 
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1. Introduction 
 

For thousands of years, humans have been curious about the origin and nature of life. From 

unicellular to multicellular organisms, all life forms are composed of fundamental biomolecules 

like nucleic acids, proteins, and carbohydrates. Precursors to these biomolecules such as 

nitrogenous bases, amino acids and pentoses can be formed through chemical reactions involving 

simple molecules like methane, ammonia, phosphine, hydrogen, carbon dioxide, and water  (Miller, 

1953; Nina Hall, 2004; Smith et al., 2021). The elements found in all biomolecules are primarily 

hydrogen, carbon, nitrogen, oxygen, sulfur, and phosphorus. 

Following the Big Bang, the Universe was extremely dense and hot, filled with a plasma of 

quarks, leptons, and bosons. As it expanded and cooled, hydrogen and helium atoms formed (Alpher 

et al., 1948). Heavier atoms, up to iron, can be synthesized through nuclear fusion in stars. Once 

the core of a massive star reaches iron, fusion ceases, leading to the star collapse and consequently 

to a supernova explosion (Janka et al., 2007). A wealth of heavy nuclei is produced during such 

events through the neutron or proton capture processes (Burbidge et al., 1957). Nucleosynthesis 

may also accompany cataclysmic neutron or black hole mergers (Curtis et al., 2023). The evolution 

of lower-mass stars ends with the ejection of their envelopes, rich in carbon, oxygen, and nitrogen, 

into the surrounding medium (Habing & Olofsson, 2004). 

The formation mechanisms of molecules in diverse astrophysical environments remains an 

active research area (Corby et al., 2018; Yu et al., 2019). Many of these can certainly be formed in 

the interstellar medium via direct gas-phase reactions. Mineral dust grains, constituting 

approximately 1% of interstellar gas clouds by mass, are composed mostly of carbonaceous 

materials or silicates, with an admixture of elements like magnesium or iron, and serve as cold 

surfaces onto which molecules (first and foremost water) can be adsorbed.  Icy layers coating dust 

grains facilitate chemical reactions, serving as a trap for atoms and molecules. Energetic photons 

and cosmic radiation particles can photolyze and/or ionize the trapped species, triggering processes 

which produce more complex compounds (Draine, 2003; Potapov et al., 2020). Once the dust grains 

are warmed, their icy layers evaporate and the liberated molecules enrich the interstellar medium. 

Their spectral signatures are detected mostly at radio frequencies (e.g. Green Bank Telescope, 

Atacama Large Millimeter Array), sometimes in infrared (e.g. James Webb Space Telescope), and 

occasionally in the visible region. To date, approximately 320 molecules have been identified in 

space. 
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1.1. Pnictogens  

 

Elements of group-15 of the periodic table are called pnictogens. Nitrogen, the most 

electronegative member of this family, is followed by phosphorus, arsenic, antimony, bismuth, and 

moscovium. Some basic properties of pnictogen group atoms are listed in Table 1-1. Elements P, 

As, and Sb are the focus of this Thesis. 

           

Table 1-1. Properties of pnictogen elements (source: https://pubchem.ncbi.nlm.nih.gov/periodic-table/ ) 

Element 
Atomic 

number 

Atomic 

radius 

(pm) 

Natural isotopic 

abundance (%) 

Electronic 

configuration 

Oxidation 

state 

Ionization 

energy 

(eV) 

N (non-metal) 7 65 
14N- 99.634 
15N - 0.366 

[He]2s22p3 
+5, +4, +3, +2, 

+1, -1, -2, -3 
14.53 

P (non-metal) 15 100 31P - 100 [Ne]3s23p3 +5, +3, -3 10.49 

As (metalloid) 33 115 75As - 100 [Ar]4s23d104p3 +5, +3, -3 9.79 

Sb (metalloid) 51 145 
121Sb – 57.21 
123Sb – 42.79 

[Kr]5s24d105p3 +5, +3, -3 8.61 

Bi (metal) 83 160 209Bi – 100 [Xe]6s24f145d106p3 +5, +3 7.29 

Mc (metal) 115 
187 

(predicted) 

No stable 

isotopes 
[Rn]7s25f146d107p3 Not available 

Not 

available 

 

Nitrogen is the 5th and phosphorus the 18th most abundant element in the Galaxy. In biological 

systems, however, P is the sixth most abundant. It is a crucial element in the backbone of 

nucleotides, phospholipids, and nucleic acids. Many nitrogen-containing chemical compounds, 

potential precursors to large biomolecules, have been extensively studied and widely detected in 

space. Only seven P-bearing compounds (CP, NCCP, CCP, HCP, PN, PO, and PH3) have been 

identified in extraterrestrial environments, reflecting the fact that phosphorous is almost three orders 

of magnitude less abundant than nitrogen (Maciá-Barber, 2019). Arsenic, the next element of the 

group, has not yet been identified in the interstellar medium but has been found in the atmospheres 

of Jupiter and Saturn in the form of AsH3 (Giles et al., 2017; Kim et al., 2001). A detailed review 

of the literature reveals significant gaps in knowledge of the photochemistry and spectroscopy of 

small oxygen-free molecules containing trivalent (let alone monovalent) pnictogen atoms heavier 

than N.   

This dissertation focuses on pnictogen-bearing molecules, with emphasis given to 

astrophysically significant organophosphorus species, e.g. CP, HCP, CH2PH, HCCP or HC3P. The 

most important arsenic- and antimony-containing molecules explored here are CAs, HCAs, 

CH2AsH, CH3Sb, HCCAs, and HCCSb. Given their low kinetic stabilities, studies involving all of 
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these compounds pose significant experimental challenges. In this work, they have been 

investigated mostly in the cryogenic environment of a solidified rare gas (matrix isolation 

technique).   

   

1.2. Spectroscopy 

 

 The most important energy levels of a molecule (see 

Figure 1-1) can be categorized as electronic, vibrational, 

and rotational. The simultaneous change in electronic and 

vibrational energy produces vibronic transitions; these 

were spectroscopically probed in the course of this 

doctoral work using the ultraviolet, optical, and infrared 

regions of electromagnetic radiation. Some basics of 

vibrational (IR absorption) and electronic (UV/Vis 

absorption and emission) spectroscopy are provided 

below.   

  

1.2.1. Infrared absorption spectroscopy  

 

The simplest approach to the phenomenon of molecular vibrations, which assumes that the 

force acting on oscillating atoms is directly proportional to their displacement, is known as the 

harmonic approximation. The blue parabola 

of Figure 1-2 shows how the potential energy 

changes in a harmonically oscillating 

diatomic molecule. While conceptually 

useful, this description has severe limitations. 

Most importantly, it cannot describe the 

dissociation process. Still, the true potential 

energy curve (black in Figure 1-2) resembles 

a parabola at its bottom, that is for the smallest 

values (in particular: 0, 1) of the vibrational 

quantum number v, giving some rationale to 

low-level (harmonic approximation-based) theoretical predictions of vibrational frequencies.    

Figure 1-1. Electronic (red), vibrational 
(black), and rotational 
(blue) energy levels of a 
diatomic molecule. 

Figure 1-2. Potential energy of a quantum oscillator. 
D0 is the dissociation energy.  
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The IR vibrational spectroscopy selection rule inherent to harmonic approximation, v  =  1, 

becomes less stringent when the real (i.e. anharmonic) oscillators are considered. The overtones 

(v = 2, 3, 4…) are then also allowed. As a rule, however, they are (just as are the combination 

bands, involving more than one vibrational mode), weaker than the corresponding fundamental 

bands (those due to the transitions from v=0 to v=1). An N-atomic molecule features 3N-6 modes 

of vibration (3N-5 when it is linear). Among these, one can distinguish bending (e.g. wagging, 

rocking, twisting, scissoring) and stretching vibrations. The critical condition for a vibrational band 

to appear in the absorption spectrum is that the electric dipole moment of a molecule should change 

during the respective molecular movement (more precisely: the gradient of electric dipole moment 

should have a non-zero value at the equilibrium position). Infrared absorption spectroscopy, usually 

combined with quantum chemical predictions of vibrational transitions, is the detection method of 

choice for the products of radiation-induced reactions in cryogenic matrices (see Section 1.5). 

 

1.2.2. Electronic spectroscopy 

 

 
Figure 1-3. Jablonski diagram for a typical molecule featuring a singlet-multiplicity electronic ground state. Straight and 

wavy arrows represent radiative and nonradiative transitions, respectively. Singlet states are denoted by S, 
triplet by T. 

 

Electronically excited molecules may undergo photophysical (radiative or non-radiative) 

transitions, as well as photochemical reactions. In the Jablonski diagram of Figure 1-3, the energy 

increases from the bottom to the top. Nonradiative pathways include vibrational relaxation, internal 

conversion, and intersystem crossing. Radiative relaxation (luminescence) is categorized as 

fluorescence or phosphorescence. A vibronic structure, often discernible in absorption and 

luminescence spectra, comes from the change of both electronic and vibrational excitation. It may 
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take the shape of a regular train of peaks. A progression is observed when either v’ or v” does not 

change within the series (see Figure 1-4), while a sequence results from a constant value of v.  

 

 
Figure 1-4. Diagrams illustrating the concept of vibronic progressions and sequences. Cases a and b correspond to the 

progressions observed in the electronic spectra of molecules isolated in low-temperature matrices: v”=0 in 
absorption and v’=0 in luminescence. Sequences (series of bands with constant v; case c) are not possible 
in cryogenic media.  

 

For a molecule to undergo an allowed electronic transition, certain selection rules must be 

followed. The most important are those 

- regarding spin: The total spin angular momentum of the electronic system should remain 

unchanged during the transition (S=0). Therefore, phosphorescence (red arrow in Figure 1-3) is 

forbidden, as is absorption from a singlet electronic state to a triplet (e.g. Callomon & Davey 1963; 

Goodman & Kasha 1958; Jones et al. 1973; Kanda et al. 1964; Lewis & Kasha 1945; Marchetti & 

Kearns 1967; Meyer et al. 2017; Yuan et al. 2019);  

- regarding symmetry: Specific rules depend on the point group. For linear molecules, the change 

of  (total orbital angular momentum quantum number) should be either 0 or ±1 and the wave 

function behaviour (symmetric or antisymmetric) with respect to reflection about the plane 

containing the internuclear axis should not change. Additionally (for all centrosymmetric 

molecules), the wavefunction parity (even, g, or odd, u) cannot be conserved in a transition. This 

rule about parity is also referred to as Laporte’s rule and is strict, while the orbital angular 

momentum rule is rather easily violated. 

 - regarding the vibrational excitation change: v=0, ±1, ±2, ±3, … The symmetry (see above) of 

a vibrational mode can be important when assessing the likelihood of a vibronic transition.  
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- regarding the rotational excitation change: For linear molecules, the allowed rotational quantum 

number (J) change is 0 or ±1 (however, J=0 is forbidden for those 

electronic+vibrational+rotational transitions which involve a stretching vibration).  

Violation of a selection rule usually implies low or very low transition probability. 

Accordingly, it may lead to spectroscopic signals that are weak or undetectable. Specific, dedicated 

techniques, involving e.g. very long path-lengths in absorption or ultrasensitive (photon-counting) 

detectors in emission spectroscopy may be needed in order to observe these less probable 

transitions. 

Fluorescence occurs when an excited molecule radiatively relaxes to a lower electronic state 

without altering its total electronic spin. In Figure 1-3, this process is represented by downward-

pointing straight arrows linking the excited singlet electronic states (S1, S2) with the ground state 

(S0). In condensed phases, fluorescence rarely originates in an electronic state higher than S1 

(azulene being an example).  

According to Kasha’s rule, the emitting level of a given multiplicity is the lowest excited level 

of that multiplicity (del Valle & Catalán, 2019; Kasha, 1950).   

The main reasons why polyatomic molecules present in condensed phases obey (with few 

exceptions) Kasha’s rule are as follows:  

i. a large number of vibrational levels, including those due to overtone and combination 

modes, result in a high density of states which promotes rapid nonradiative relaxation 

(IC between the excited electronic states, as well as VR);  

ii. coupling to the vibrational modes of solvent molecules in a liquid or to the phonons 

(collective vibrations of a host crystal lattice) within solids.  
 

When the Kasha’s rule holds (and it generally does not in the gas phase), the vibronic structure 

of luminescence corresponds to a progression of bands originating in v’=0. This is the situation 

expected to occur in cryogenic matrices.  Analysis of such a progression offers direct access to the 

energies of vibrational levels within the lower (usually: ground) electronic state involved in 

luminescence (Figure 1-4). This information often complements the data supplied by purely 

vibrational (i.e. IR or Raman) spectroscopy. Progressions of bands observed in electronic absorption 

spectra of low-temperature species originate in v”=0 of the ground state. According to the 

Boltzmann formula, the ratio of molecules in higher and lower thermally populated levels separated 

by the energy E is given by: 

 

Nhigher/Nlower = ghigher/glower exp (-E/kT)    (1.1) 

 
 With the exception of very special cases (e.g. diatomic hydrides), molecular rotations are effectively 
suppressed in cryogenic matrices. 
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where ghigher/glower is the ratio of the respective energetic degeneracies. Low temperatures reduce the 

population of higher levels. In the cryogenic conditions (T  10 K) of matrix-isolation experiments 

presented in the Thesis, thermal population of all levels but the lowest vibrational level (v”=0) of 

the ground electronic state can be safely neglected. Consequently, all transitions start from v”=0. 

Intervals between the elements of a resultant progression are shaped by the distribution of 

vibrational levels within the excited electronic state (while the intensities of these vibronic bands 

depend on the overlap of v”=0 and v’=n vibrational wavefunctions). 

Fluorescence lifetimes generally range from picoseconds to nanoseconds, depending on the 

competing processes.  

Phosphorescence is another type of radiative relaxation, distinguished by a change in spin 

multiplicity between the initial and final (typically ground) electronic states (symbolized in Figure 

1-3 by a red arrow linking T1 with S0). This nonradiative photophysical process involves the 

intersystem crossing (ISC) between the excited electronic states of different multiplicities. 

Typically, phosphorescence can be discerned from fluorescence by its long lifetime (from 

milliseconds to seconds) and lower transition energy. For reasons explained in Section 3.3.5, 

phosphorescence of free radicals (a radiative quartet-doublet transition) is a very rare phenomenon.  

 

1.3. Photochemistry 

 

Photochemical processes are governed by two fundamental laws of photochemistry. The first 

of these, the Grotthuss-Draper law, states that only absorbed light can produce a photochemical 

transformation. According to the Stark-Einstein law, light absorption is a quantum process and, 

generally, one photon is absorbed by a single molecule. Photochemistry operates during the 

relaxation from an excited electronic state and may result in isomerization, dissociation and/or 

ionization.   

The four basic types of photochemical reactions are listed below (Demtröder, 2018; Klán & 

Wirz, 2009; Peter Atkins & Julio de Paula, 2010). 

 

a. Hot ground state reaction 

When a reactant (A) reaches its excited electronic state (A*), it can relax via various photophysical 

processes. Partly relaxed molecules may possess enough energy to populate the higher vibrational 

levels of their ground electronic state. Vibrationally excited molecules may cross a reaction barrier 

towards the ground electronic state of a product (B).  
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b. Adiabatic reaction 

This one, typical for isomerization, proceeds entirely within the excited-state potential energy 

surface (PES). Following the excitation of A to A*, the product is initially formed in its excited 

electronic state B*, then relaxes to B.  

 

c. Diabatic reaction 

Here, B is formed directly from A*. A conical intersection, i.e. certain point or a plane in the 

multidimensional space, makes a jump between the PESs of A and B possible. 

 

d. Reaction via an intermediate 

In this type of reaction, A* relaxes to a shallow minimum which represents a short-lived 

intermediate species. Consequently, B is formed via the rearrangement of that species.  

 

 

1.4. Organic intermediates  

 

Reactive intermediates are species transiently 

formed during chemical reactions. Due to their 

kinetic instability, they are hard to detect under 

normal laboratory conditions. Some examples are 

shown in Figure 1-5. Among pnictogen-containing 

intermediates, nitrenes, species featuring 

monovalent nitrogen centers and triplet ground 

states, are well-known and widely studied because 

of their accessibility through photochemical or 

thermal decomposition of organic azides. While several stable carbenes and nitrenes have been 

isolated under typical laboratory conditions (Soleilhavoup & Bertrand, 2020), free molecules 

bearing a monovalent pnictogen atom heavier than N, i.e. phosphinidenes, arsinidenes, stibinidenes, 

or bismuthinidenes remain very poorly studied. Spectroscopy coupled with cryogenic isolation in 

inert matrices is an excellent tool for investigating such reactive species.   

 

Figure 1-5. Examples of organic intermediates. 
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1.5. Matrix isolation technique 

The cryogenic matrix isolation method provides an inert and stable environment where 

molecules, including very reactive species, can be trapped for further study.  Trapping minimizes 

the influence of environmental factors such as intermolecular interactions. This low-temperature 

technique involves inert gas (host) atoms which are solidified (typically on a transparent substrate) 

along with the molecules of interest (guest species). The molar host-to-guest ratio is an important 

parameter, usually set within the range from several hundred to several thousand. True isolation is 

attained when guest molecules are separated from each other by host atoms. This greatly reduces 

the intermolecular interactions. Still, slight interactions with inert gas atoms remain, weakest for 

neon and much more pronounced for xenon. Argon is the most widely employed host in this 

technique. Outside of the noble gas family, N2 and para-H2 are also popular choices.  Matrix 

isolation is typically used in conjunction with spectroscopic studies, in particular infrared 

absorption, Raman scattering, ultraviolet/visible absorption and luminescence. The restriction of 

rotational degrees of freedom and the absence of hot bands (i.e. those originating in v” > 1) greatly 

reduces the number of vibrational or vibronic transitions and therefore simplifies the analysis of 

spectra. 

Photolysis of molecules isolated in inert cryogenic matrices may generate reactive (i.e. 

typically very short-lived) intermediates. These can be trapped within the “cages” (voids between 

the host atoms), and remain stable unless decomposed by photochemical processes or quantum 

tunnelling. Guest species occupy substitutional sites (i.e. replacing one or more host atoms) and, 

occasionally, interstitial sites (between the host atoms). Once isolated, the guest species, particularly 

those larger in size and mass, are generally unable to move (diffuse) from one site to the other. 

Diffusion does occur, however, when the temperature is increased. Annealing is a commonly 

applied procedure involving a controlled, transient warm-up of the matrix sample. This can change 

the arrangement of isolated species and/or induce their chemical reactions. 

 

1.6.   Goal of the Thesis  

 

The general aim of this dissertation was to advance the spectroscopy and photochemistry of 

small, kinetically unstable pnictogen-containing molecules. Specific objectives are listed below. 

 

o Fine-tuning the preparative organic synthesis of pure HCP. If successful, description of the 

photochemistry of HCP in solid argon. 
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o Description of differences in photolyses of the methylpnictines CH3PH2, CH3AsH2, and 

CH3SbH2.  How do these compare to methylamine, CH3NH2? Spectroscopic characterization 

of the respective photoproducts. 

o Finding whether the ethynylstibinidene, HCCSb, can be obtained in a rare gas matrix 

following the photodehydrogenation route already explored for ethynylarsinidene, HCCAs, 

and ethynylphosphinidene, HCCP. If successful, spectroscopic (IR and UV/Vis absorption) 

characterization of HCCSb, as well as the search for electronic luminescence of HCCSb, 

HCCAs, and HCCP.   

o Attempt to obtain phosphabutadiyne, HC3P, by photodehydrogenation of a suitable precursor 

(reported spectroscopy of HC3P being limited to the radio frequency range). If successful, 

spectroscopic characterization of this phosphorous-bearing analogue of cyanoacetylene. 

 

1.7. The choice of precursor molecules  

Precursors for the envisaged products of photochemical reactions, listed in the right column of 

Table 1-2, have been chosen based on the results of earlier matrix-isolation spectroscopic 

investigations carried out at the Institute of Physical Chemistry, PAS. These concerned the in-situ 

photochemical formation of HCCP via elimination of an H2 molecule (or two hydrogen atoms) from 

either CH3CP or HCCPH2 (Lawzer et al., 2021). Additionally, the feasibility of double 

dehydrogenation was demonstrated e.g. by Mutunga & Anderson (2015) who found HCN as the 

product of matrix-isolated methylamine (CH3NH2,) photolysis.  

 
Table 1-2. Precursors and plausible photoproducts 

Precursors Photoproducts 

CH3-XH2 (methylpnictines), 

X standing for P, As, or Sb 
Dehydrogenated: CH2=XH, H-CX, •CX 

Isomeric: CH2=XH3 

Originating in C-X cleavage: CH4, •CH3, CH2, •CH, C, XH3, •XH2, XH, 

Xelemental 

H-CC-SbH2 

(ethynylstibine) 

Dehydrogenated, e.g.: H-CC-Sb, •CCSb 

Isomeric: CH3-CSb, CH2=C(H)-Sb, CH2=C=Sb-H 

Originating in C-Sb cleavage: C2H2, •C2H, C2, SbH3, •SbH2, SbH, 

Sbelemental, 

  

CH2=C=CH-PH2 

(propadienylphosphine) 

Dehydrogenated: H-CC-CP, CH2=C(H)-CP, •CC-CP 

Isomeric: C3H5P species, e.g. CH3-CH2-CP 

Originating in C-P cleavage: CH2=C=CH2, CH2=C=CH•, PH3, •PH2, 

PH, Pelemental 

Originating in C-C cleavage, e.g.: CH4, •CH3, CH2, •CH, H-CC-H, 

CH2=CH2, H-CC-P, H-CP, •CP 
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2. Materials, tools, and procedures  
 

2.1. Chemicals   

 

Compounds listed in Table 2-1 were synthesized by Prof. Jean-Claude Guillemin in the 

framework of collaboration between the Ecole Nationale Supériere de Chimie de Rennes (France) 

and IPC PAS.  Most of these were stable at -60 oC for at least several months. Ethynylstibine, 

however, had to be stored at the temperature of liquid N2.    

 
Table 2-1. Molecules - precursors of photochemical reactions isolated in cryogenic matrices in the course of 

this doctoral work. 

Chemical compound Name used in the Thesis 

H-C≡P phosphaethyne 

CHCl2-PH2 ’-dicholromethylphosphine 

CH3-PH2 methylphosphine 

CH3-AsH2 methylarsine 

CH3-SbH2 methylstibine 

CD3-SbH2 deuterated methylstibine 

H-C≡C-SbH2 ethynylstibine 

CH2=CH-AsH2 vinylarsine 

CH2=C=CH-PH2 propadienylphosphine 
 

 

The phosphaethyne (HCP) case was special. This extremely unstable substance had to be 

prepared before each experiment. The reaction involved elimination of two HCl molecules from 

’-dichloromethylphosphine (CHCl2-PH2) with the help of a strong Lewis base, namely DBU 

(1,8-diazabicyclo[5.4.0]undec-7-ene), see Scheme 2-1. Dichloromethylphosphine, obtained from 

dichloromethylphosphonate by J.-C. Guillemin (the procedure has been reported; Mó et al., 2002) 

could be stored at -60 oC, either in pure form or diluted in diglyme (diethylene glycol dibutyl ether).     

HCl elimination from CHCl2-PH2 was the critical step, optimized at IPC PAS. Figure 2-1 illustrates 

the adopted setup, the main components of which include a 100 ml three-necked round-bottom 

flask, a U-shaped cold trap and a rotary pump. After the evacuation to 10-2 mbar, argon was 

introduced to the setup. The flask was filled with 40 ml of diglyme and 0.8 g of DBU, the solution 

was then purified from volatile contaminants by the triple application of the freeze-pump-thaw 
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procedure. Consequently, the flask was cooled down to -65 °C and dichloromethylphosphine (0.2 

g), kept separately at -50 °C, was slowly added. The reaction is vigorous and exothermic. Once it 

was finished, the mixture was frozen using liq. N2 and argon was pumped off. Then the flask was 

gradually warmed. After passing through a U-shaped trap maintained at -110°C (to remove the 

impurities less volatile than HCP), the final product was released to the metal manifold, where a 

standard gas mixture with Ar could be prepared for the matrix-isolation experiment. 

 

 
Scheme 2-1. Synthesis of HCP from ’-dichloromethylphosphine and DBU dissolved in diglyme. 

 

 

 
 

Figure 2-1.Schematic diagram of the HCP synthesis setup. 

 

2.2. Preparation of cryogenic samples  

 

Gas mixtures consisting of the molecules of interest (which usually served as the precursors 

of photochemical reactions) and of the host atoms (typically, 5.0-grade argon supplied by Multax 

was used) were prepared in a stainless-steel manifold (see Figure 2-2) before each matrix-isolation 

experiment. The manifold was previously evacuated to the pressure of not more than 2  10-6 mbar 

and the compound to be studied was purified using the freeze-pump-thaw procedure (a several times 

applied sequence involving solidification at 77 K, pumping, and warming up to the room 

temperature). Two MKS Baratron capacitance manometers (0–10 mbar, model 22-HA-00010BB, 
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and 1–1000 mbar, model 627BX13TOC1B) allowed to obtain the desired molar guest-to-host ratios 

(1:1000 or 1:500, most often). Once the mixture was ready, its flow towards the cryostat (on the 

order of 50 to 100 mol/min) was regulated with a Granville-Phillips microleak valve. Inside the 

cryostat (closed cycle two-stage helium refrigerator; Advanced Research Systems model DE-

202SE, ultimate temp. 6 K; see the Appendix 9.1 for more technical details), after exiting the gas 

nozzle, the mixture was solidified onto a cold target window made of either caesium iodide or 

sapphire crystals (see the Appendix 9.2 for the relevant transparency ranges). Temperature of the 

target window holder was measured with a silicon diode and regulated with a Lake Shore model 

325 controller. Pumping station (serving both the cryostat and the gas manifold) comprised a 

membrane pump and a Pfeiffer Vacuum HIPace 80 turbomolecular pump (60 l/s).  

 

 
Figure 2-2. A schematic illustration showing the arrangement of the main elements of the matrix isolation setup. 

     

2.3. Photolytic radiation sources  

 

Either one of the two sources was used, depending on the needs of a specific photochemical 

experiment: 

- microwave-driven xenon discharge lamp (Opthos Instrument Company, LLC) providing 

continuum vacuum-UV radiation (VUV), mostly within the 150-190 nm range; 

 - low pressure mercury lamp, (Philips UV-C, 11 Watt) dominated by resonance Hg emission at 254 

nm.  

The VUV lamp could be inserted into the cryostat via one of its side ports; to illuminate the 

sample directly from the distance of less than 4 cm. Alternatively, it was placed right in front of an 

external MgF2 window of the vacuum shroud. The sample surface was typically oriented at 45° 

angle with respect to the irradiation direction, as shown in Figure 2-3. This allowed to monitor the 

photolysis progress via absorption spectroscopy without touching the experimental setup.   
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2.4. Spectroscopic measurements 

 

The following instruments were employed for the acquisition of spectroscopic data.  

 

1.  FTIR spectrometer Vertex 70 (Bruker). Infrared absorption spectra were measured with a 

KBr beam splitter and a liquid N2-cooled HgCdTe detector. Spectral resolution was usually set 

to 0.16 cm-1. CsI-made windows were used both as the matrix substrate and for passing the IR 

beam through the vacuum shroud of the cryostat.  

2. UV/Vis spectrophotometer 2401PC (Shimadzu Scientific Instruments). The resolution of 0.5 

nm was typically applied. A sapphire window was used as the matrix substrate, external 

windows of the cryostat shroud (transmitting the UV/Vis beam) were made of quartz.   

3. Luminescence spectroscopy 

Setup 1: Dispersed luminescence and luminescence excitation spectra of the CP radical 

were registered with an FS900CDT spectrofluorimeter (Edinburgh Instruments) equipped 

with an R955 photomultiplier (Hamamatsu) and a photon-counting system sensitive up to 

800 nm. Wavelength calibration errors did not exceed 0.1 nm, the slit width used in the 

current experiments provided a resolution of 0.5 nm. A UV filter GG-13 placed before the 

detection-arm monochromator filtered out the excitation light. Vacuum shroud of the 

cryostat was fitted with two quartz windows set at right angles to each other (for the 

excitation and detection of luminescence) and with an MgF2 window for the photolytic 

radiation. A sapphire window was used as the matrix substrate in all luminescence 

measurements (including those carried out with the setups described below).   

Setup 2: Luminescence was measured using an Omni- 300 spectrograph (Gilden, 600 

grooves/mm grating) working in tandem with a gated CCD camera (Andor iStar DH734). 

An optical parametric oscillator (OPO; Opotek Radiant 355) featuring the tuning range of 

210–2500 nm, 5 ns pulse width, and 10 Hz repetition rate was used as the excitation source. 

A digital delay generator DG535 (Stanford Research) triggered OPO and the CCD camera, 

while a fast oscilloscope (Yokogawa, DL9140) was used to verify the timing. 

Luminescence of ethynylstibinidene and ethynylarsinidene was investigated with this 

setup.    

Setup 3: Luminescence, excited with the focused radiation of a light-emitting diode (peak 

intensity at 340 nm, bandwidth of approx. 20 nm) and collected with a lens, was fed via 

an optical fibre, either (i) to an Omni- 300 spectrograph (Gilden, 600 grooves/mm 

grating) working in tandem with an Andor iStar DH734 camera or (ii) to a compact 

spectrograph (Mightex Systems; spectral resolution of approx. 1 nm) equipped with a CCD 

matrix detector and a fixed grating. 
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Setup 4: (Setup 3 modified for the needs of phosphorescence lifetime measurements). 

Phosphorescence spectra dispersed with an Omni- spectrograph and detected with the 

Andor iStar camera were recorded at various delay times (gate pulse width of 10 ms and 

step of 10 ms) with respect to the shut-off of the 340 nm LED used for the excitation. 

Alternatively, undispersed phosphorescence was collected with a cooled photomultiplier 

(Hamamatsu R955), the output of which was recorded by a digital oscilloscope (Lecroy 

WaveAce 2032).  

 

 
Figure 2-3. Schematic cross-section showing the analyzing beam of an FTIR spectrometer (or UV/Vis 

spectrophotometer) and the photolyzing UV beam, both incident on the sample inside the cryostat. 
The outer windows of the cryostat are matched to the wavelength ranges of both beams. 

 

2.5. Quantum chemical calculations 

Geometry optimization, as well as electronic energy and vibrational frequency predictions 

were accomplished making use of density functional theory, as implemented in Gaussian 16 

Revision B.01 suite of programs (Frisch et al. 2016). B3LYP functional was combined with either 

aug-cc-pVTZ (for P- and As-containing molecules; Dunning 1989; Kendall et al. 1992) or def2-

TZVP (for Sb-containing ones; Weigend 2006; Weigend & Ahlrichs 2005) as the basis sets. 

Avogadro and ChimeraX software (Goddard et al. 2018; Meng et al. 2023; Pettersen et al. 2021) 

were used to visualize the vibrational modes.  More advanced ab initio calculations cited in the 

Thesis, pertaining to the excited electronic states of HCCAs and HCCSb, were accomplished by 

Dr. Marcin Gronowski (Lawzer et al., 2023).  
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3 Phosphaethyne (HCP) and phosphaethynyl radical (CP) 
 

3.1 HCP - a literature overview 

 

The spectroscopy of gas-phase phosphaethyne (HCP), the simplest phosphalkyne, has been 

thoroughly studied despite the low kinetic stability of this compound. It was originally generated 

by discharging phosphine (PH3) between graphite electrodes and detected with mass spectrometry 

and infrared absorption spectroscopy (Gier, 1961). The microwave spectroscopy of HCP and its 

isotopologues DCP, H13CP and D13CP was subsequently investigated (Tyler, 1964).  Both an IR 

spectrum (Johns et al. 1969) and UV absorption spectrum of HCP and DCP were also measured, 

revealing rovibrational transitions for v1, v2, 2v2, and v3 as well as energies of seven excited 

electronic states. More precise measurements of rovibrational bands and the associated 

spectroscopic constants were subsequently carried out (Cabana et al., 1982; Garneau & Cabana, 

1978, 1980).  Numerous studies have been aimed at the description of these states (Hartford et al., 

1972; Hartford et al., 1973; Ishikawa et al., 1997; Ishikawa, et al., 1999; 1999a; 1999b; Lehmann 

et al., 1985; Mason & Lehmann, 1993; Moehlmann et al., 1972; Namai et al., 2009). The ionisation 

potentials of HCP are 10.79 ± 0.01 eV (X2) and 12.86 ± 0.01 eV (A2Σ), as found with 

photoelectron spectroscopy (Frost et al., 1973).  

Apart from gas-phase discharges, HCP can be produced through pyrolysis (at ~1000 °C) from 

methyldichlorophosphine (Hopkinson et al., 1976a). The gas-phase Raman spectrum was measured 

following such a pyrolytic generation (Kalasinsky & Pechsiri, 1985). The procedure was 

subsequently modified by introducing two cold traps following the pyrolysis oven (Chen et al., 

1990). The first of these traps contained KOH maintained at 200 K to remove HCl and other 

impurities while a trap at 77 K collected HCP. The same research group later reported stimulated 

emission pumping spectra of vibrationally excited HCP, and the high-resolution Fourier transform 

rovibrational spectrum (Ishikawa et al., 1996, 1997; Jung et al., 1997). The procedure for production 

of HCP was slightly modified in the study by Jung et al. by using triazine as a base for HCl removal 

rather than KOH. For rotational (millimetre-wave) spectroscopy, HCP was generated by pyrolyzing 

a gaseous mixture of chloroform and PH3 (Bizzocchi et al., 2005).  

Numerous quantum chemical studies have explored the spectroscopic properties of HCP (Beck 

et al., 2000; Botschwina et al., 1975; Bredenbeck et al., 2000; Farantos et al., 1996; Jacobson & 

Child, 2001; Joyeux, 1998; Joyeux et al., 1998; Koput, 1996; Koput & Carter, 1997; Lehmann et 

al., 1985; Nanbu et al., 2000; Peterson & Woods, 1989). Several theoretical investigations were 

devoted to intermolecular complexes, dimers, and trimers of HCP (Craw & de Almeida, 1991; 
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Hammami et al., 2008; Hofmann et al., 1999; Höltzl et al., 2006; Kollman et al., 1975; Lucas et al., 

2008; Nguyen et al., 1993; Slanina, 1992; Slanina et al., 1992). Recently, an HCl:HCP complex 

arising from the photolysis of 1-chlorophosphaethene (CH2PCl) or dichloromethylphosphine 

(CH3PCl2) in solid argon was reported (Jiang et al., 2023); HCP behaved there as a hydrogen bond 

acceptor.  

HCP is considered to be a prebiotic molecule. Its presence in the protoplanetary nebula CRL 

2688, in the envelope of the evolved carbon star IRC +10216 (Agúndez et al., 2007; Milam et al., 

2008), as well as in diffuse and translucent interstellar medium (Chantzos et al., 2020) has been 

confirmed. To the best of Author’s knowledge, the photochemistry of HCP has not yet been studied. 

This chapter is devoted mostly to the application of cryogenically isolated HCP as a photochemical 

precursor for CP radicals and to the spectroscopy of CP.  

    

3.2 Infrared spectroscopy of HCP isolated in solid argon 

 

Although the infrared spectrum of HCP has been thoroughly studied in the gas phase, no 

published reports pertain to pure HCP isolated in a rare gas matrix. Pyrolysis experiments of Jiang 

et al. (2023) produced a matrix-isolated mixture of HCP and HCl, but the concentration of free HCP 

was low compared to that of the H-bonded species HCP:HCl. Two fundamental bands of 

uncomplexed HCP were, however, reported. In the current study, following the preparative 

synthesis (see the details provided in Section 2.1), practically pure HCP, containing only small 

amounts of residual water, was isolated in an argon matrix. 

The resultant fundamental vibrational frequencies of HCP are listed in Table 3-1, and 

compared with literature values. Some differences can be noted. For instance, the CH bending mode 

of HCP was previously reported as a single sharp peak at 672.9 cm-1 (Jiang et al., 2023). In the 

current study, three distinct peaks: at 672.8, 676.6, and 688.0 cm-1 are observed. Figure 3-1 

illustrates the splitting observed in the infrared bands of HCP. It may arise from dissimilar 

microenvironments (matrix “sites”) around the trapped molecules. While only two IR bands of 

matrix-isolated HCP (representing CH bending and CH stretching fundamental vibrations) were 

previously reported (Jiang et al., 2023), this study reveals all fundamentals and an overtone band 

assigned with the aid of available gas-phase values.  
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Figure 3-1. Infrared spectrum of HCP isolated in solid argon. Figure 3-2 suggests a correlation between the asterisked 

band intensity and the content of water (present as an impurity).   

 

A sharp and distinct infrared feature appears at 3161.5 cm-1 (marked with an asterisk in Figure 

3-1).  Given its large shift from the identified C-H stretching bands of HCP (cf. Table 3-2), its origin 

is unlikely to be from a matrix site. Further experiments and detailed analysis indicated that the 

feature was not correlated with HCP. Atmospheric impurities such as water and carbon dioxide are 

common in matrix-isolation experiments. As shown in Figure 3-2, the peak at 3161.5 cm-1 is most 

probably related to water molecules contained in the sample. 

 

 

 
Figure 3-2. Infrared spectra for similar concentrations of HCP in solid argon, but different content of matrix-isolated 

water (low in a, high in b). The C2v geometry of a DFT-predicted HCP:H2O complex is shown in the inset. 
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Table 3-1. Measured infrared absorption band frequencies (cm-1) of HCP along with values reported in the literature. 
 

Mode 
Literature 

This work (Ar, 5 K) Gas phase   
(Cabana et al., 1982) 

In solid  Ar 
(Jiang et al., 2023) 

1 3216.88952 3200.5 3225.2 
3201.0 

22 1355.16 - 
1359.4 
1348.1 
1334.4 

3 1278.2798 - 
1283.3 
1281.0 
1276.6 

2 674.6999 672.9 
688.0 
676.6 
672.8 

 

 
Table 3-2. B3LYP/aug-cc-pvTZ prediction for IR transitions of HCP, H2O, and the intermolecular complex HCP:H2O.  

Mode 

Theory 
In solid Ar  

 
Frequency / cm-1 

Free H2O 
freq. in 

cm-1 
(absolute 
intensity 

in 
km/mol) 

Free HCP 
freq. in 

cm-1 
(absolute 
intensity 

in 
km/mol) 

H2O: 
HCP 

complex 
freq. in 

cm-1 
(absolute 
intensity 

in 
km/mol) 

Complex-
monomer 
frequency 

shift in 
 cm-1 

Complex- 
monomer 
frequency 

shift in 
 cm-1 

Free 
H2O a 

Free 
HCP 

HCP-
H2O 

complex 
(this 

work) 
 

H-O-H 
asymmetric 
stretching 

(H2O) 

3743 
 (63)  3744 (74) -1 - - - - 

H-O-H 
symmetric 
stretching 

(H2O) 

3644 
 (4.6)  3646 (10) -2 - - - - 

C-H 
stretching 

(HCP) 
 3216 

 (77) 
3165 
(162) 51 

63.7 - 3225.2 3161.5  
(s) 39 - 3200.5 

H-O-H 
scissoring 

(H2O) 

1562 
 (76)  1564 (72) -2 - 1625 

1608 - - 

C-P 
stretching 

(HCP) 
 1285 

 (0) 1279 (7) 6 
- - 1283.3 

- - - 1281.0 
- - 1276.6 

C-H in-
plane 

bending 
(HCP) 

  768 (75) -84 -64 - 688.0 752 
 (w) 

C-H out-of-
plane 

bending 
(HCP) 

 684 
(77) 750.7 (69) -66.7 

-71.4 

- 

676.6 
748  
(w) -75.2 672.8 

a) Based on Table 4 of Forney et al. (1993). 

 

DFT calculations predict that H2O and HCP form a stable intermolecular complex (see the 

inset in Figure 3-2) with a strong IR band at 3165 cm-1 (Table 3-2). HCP acts there as a hydrogen 
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donor. Because of the complexation, its C-H bond becomes weaker and therefore the respective 

vibrational frequency decreases (for free HCP, the C-H stretching appears at 3200.5 and 3225.2 cm-

1). These calculations, together with our IR measurements, offer strong support for the assignment 

of the observed 3161.5 cm-1 band to the HCP:H2O complex. IR features of the complex located in 

the “water region” of the spectrum are hard to discern due to their low intensities, small 

complexation-induced shifts, and the presence of water oligomers. 

 

3.3 Photochemical generation of CP radical from HCP 

 

3.3.1 Photochemistry of HCP  

 

The photolysis of matrix-isolated HCP was conducted using broadband (150 – 190 nm) 

radiation generated by a xenon microwave discharge lamp. Photochemical changes were monitored 

over time with FT-IR spectroscopy. The decomposition of HCP was evident, but the IR spectrum 

did not show any vibrational bands of photoproducts. Separate experiments were therefore 

dedicated to the study of UV/Vis absorption. A clear vibronic progression with a spacing of approx. 

800 cm-1 was uncovered between 34 000 cm-1 and 29 000 cm-1 (Figure 3-3) and assigned to CP, 

based on the reported gas-phase fluorescence (Bärwald et al., 1934). The detailed description of 

this spectrum and its comparison with literature data are given in Section 3.3.3. No evidence of CP 

could be found using IR spectroscopy due to the intrinsic weakness of the respective vibrational 

transition (DFT-predicted infrared absorption intensity is only 0.9 km/mol). 

 

3.3.2 Phosphaethynyl radical, CP – a literature overview 

 

The CP radical can be viewed as the simplest organophosphorus species. Its first laboratory 

detection and spectroscopic characterization via electronic fluorescence (Herzberg, 1930) was 

accomplished when the radical accidentally appeared in experiments aimed at the generation of P2. 

Pure phosphorus vapor was discharged in argon, but the contamination from tap grease and sealing 

wax acted as a source of carbon. Consequently, Herzberg and his collaborators published a detailed 

interpretation of CP fluorescence detected within the range 2900 – 5000 Å (34 480 - 20 000 cm-1) 

and provided molecular constants for the ground X2Σ+ and two lowest excited states, namely B2Σ+, 

A2Пi. They also analyzed the rotational structure within the observed (3,0), (2,0), (0,1), and (0,3) 

emission bands of the B2Σ+-X 2Σ+ system (Bärwald et al., 1934). The 0-0 band of B2Σ+-A2Пi was 
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analyzed by Chaudhury & Upadhya (1969). Following this work, the 0-0 and 1-1 bands of B2Σ+-

A2Пi system were reinvestigated, leading to more accurate predictions of molecular constants. 

Further research resulted in more precise measurements. One notable finding was the determination 

of the spin-splitting constant for the X 2Σ+ state of CP which was initially assumed to be negative 

(Bärwald et al., 1934) but later found to be positive (Tripathi et al., 1981). A near-IR A2Пi – X 2Σ+ 

fluorescence analogous to the red system of CN was investigated with high-resolution Fourier 

transform spectroscopy (Ram et al., 1992; Ram & Bernath, 1987). Ground-state rotational levels of 

CP were studied using microwave spectroscopy, which aided in detecting the radical in 

astrophysical environments (Saito et al., 1989).  

While the ground and excited doublet electronic states of CP have been extensively explored, 

no experimental evidence of the high-spin electronic states of CP has been found. However, the 

respective theoretical studies existed. Molecular constants and potential energy curves (PECs) of 

thirteen electronic states, including three quartets, were predicted using ab initio multi-reference 

single and double-excitation (MRD-CI) calculations (Gu et al., 1994). Gu et al. also computed the 

energies of the first five vibrational levels for the six lowest electronic states of CP (among them 

the quartets). Another theoretical study employed the complete active space self-consistent field 

(CASSCF) method followed by the multi-reference configuration interaction (MRCI) approach 

with Davidson correction (MRCI+Q) to predict spectroscopic parameters (including spin-orbital 

coupling constants) and PECs for various doublet, quartet and sextet electronic states (Shi et al., 

2012). The coupled cluster approach and MRCI along with large basis sets (up to aug-cc-pV5Z and 

complete basis set exploration) supplied even more accurate predictions of spectroscopic 

parameters for the doublet, quartet, and sextet states (Abbiche et al., 2014). The ab initio valence 

internally contracted multireference configuration interaction (icMRCI) method, which 

incorporates Davidson correction, core-valence and scalar relativistic corrections, and basis-set 

extrapolation, has also been applied to investigate the PECs and spectroscopic parameters for as 

many as sixteen low-lying electronic states (Qin et al., 2019), although spin-orbit coupling effects 

were not included. More recently, PECs of the electronic states and the associated transition dipole 

moments (with the inclusion of spin-orbit coupling) were computed using the CASSCF method 

followed by the icMRCI approach (Zhang & Zhu, 2021). The large basis sets applied for the 

phosphorus atom were aug-cc-pV(5 + d)Z and aug-cc-pV(6 + d)Z, and for the carbon atom aug-cc-

pV5Z and aug-cc-pV6Z.   

With calculations describing the high-spin states of CP, but no experiments showing their 

existence, there was an important gap in the spectroscopic description of these diatomic radicals. 
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3.3.3 Electronic absorption spectroscopy of CP  

 

 
Figure 3-3. Bottom panel: UV absorption spectrum of CP in solid argon. Top panel: Luminescence excitation spectrum 

measured by monitoring the intensity of an emission band observed at 560 nm (17 840 cm-1). Markings at 
the bottom of each plot show the gas-phase locations of bands constituting the [v’=n → v”=0] progression in 
B2Σ+-X2Σ+ fluorescence (Bärwald et al. 1934). 

 

No electronic absorption measurements have been published for CP until the research reported 

here for matrix isolated CP. Gas-phase fluorescence band frequencies measured for the CP 

transitions originating from vibrationally excited levels within the excited electronic state (Bärwald 

et al., 1934) could, however, be used to interpret our UV absorption measurements. These bands 

are clearly related, with small gas-to-matrix shifts, to the emission bands reported for the [v’=n → 

v”=0] progression in B2Σ+-X2Σ+ fluorescence of CP (see Figure 3-3 and Table 3-3).   

The absorption peaks have double maxima, likely due to the matrix-site splitting. The presence 

of dissimilar matrix sites was also visible in the infrared spectrum of HCP (Section 3.2). Upon 

annealing the matrix at 20 K, the absorption peaks coalesced into single bands. A discussion of such 

thermally induced effects is provided in Section 3.3.5.1. According to Qin et al. (2019), the B2Σ+-

X2Σ+ transition is mostly due to the promotion of an electron from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 

 

 

http://rcin.org.pl



Phosphaethyne (HCP) and phosphaethynyl radical (CP) 
  

 
25 

 

Table 3-3:  Vibronic transition frequencies (cm-1) for the B 2Σ+-X 2Σ+ system of CP. 

Band 
(v’-v”) Absorption, solid Ar Fluorescence, gas phase a  

0-0 28 900 28 900 
 1-0 29 760 29 722 
2-0 30 580 30 538 
3-0 31 350 31 337 
4-0 32 150 32 126 
5-0 33 000 32 900 
6-0 33 790 33 671 

a- Values taken from Table 2 of the paper by Bärwald et al. (1934) 

 

3.3.4 Luminescence of CP 

 

3.3.4.1 Preliminary Measurements   

 

The first measurements of CP luminescence in a previously photolyzed Ar:HCP matrix sample 

were accomplished with a setup comprised of a light-emitting diode (LED), lens, and low-resolution 

CCD spectrograph (Mightex) fed via an optical fiber (details regarding the setup are given in 

Section 2.4). The LED emitted broadly in the region extending approx. from 320 nm to 360 nm, 

with a maximum at 340 nm. A lens focused that near-UV radiation onto the sample. The resultant 

intense bluish-white luminescence, analyzed at a right angle with respect to the excitation beam, 

revealed the vibronic structure shown in Figure 3-4. When the excitation source was blocked, the 

emission took a sizable fraction of a second to decay, suggesting the presence of phosphorescence 

(see Section 3.3.5.2. for emission lifetime measurements). 

 

 
Figure 3-4. Luminescence of CP produced by photolysis of Ar matrix-isolated HCP, as measured with a low-resolution 

spectrograph. Excitation source: 340 nm LED. 
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3.3.4.2 Fluorescence of CP 

 

More advanced measurements of dispersed luminescence and luminescence excitation spectra 

were carried out using an FS900CDT spectrofluorimeter (Edinburgh Instruments, details are given 

in Section 2.4). Figure 3-5 presents a 3-dimensional map where the intensity of CP radical 

luminescence is plotted as a function of both emission and excitation wavelengths. Two series of 

contours marked with yellow-dotted ovals are not due to CP. The diagonal one is due to “ghosts” 

caused by optical imperfections of the monochromator, while the vertical one, generated by the 

excitation at 310 nm, comes from an unrecognized impurity (which did not show up in IR or UV/Vis 

absorption spectra). 

Figure 3-6 displays the interpreted fluorescence spectrum of CP. Band positions observed in 

the current work are close to the previously reported gas-phase values (Table 3-4). Two emission 

systems were detected: B2Σ+- X2Σ+ (ca. 29 000 to 22 500 cm-1) and B2Σ + - A2i (ca. 22 500 to 

19 500 cm-1).  The signal-to-noise ratio of their vibronic features presented in Figure 3-6 is high, 

with the exception of the 0-0 band of B2Σ+-A2i (see the inset) which is not easily discernible, 

indicating a low Franck-Condon factor. All detected bands of the B2Σ +- A2i system show double 

maxima due to the spin-orbit coupling in A2i. The reported value of this splitting is 157.87 cm-1 

(Tripathi et al., 1981), while our measurements give a value of ~150 ± 10 cm-1. 

 

 
Figure 3-5. Excitation-emission map of luminescence intensity observed for CP radicals photoproduced in solid Ar. Trace 

at the top represents a fluorescence excitation spectrum obtained by monitoring the emission at 483 nm. 
Vertical trace represents a dispersed fluorescence spectrum produced by the excitation at 336 nm. See the text 
for the discussion of spectral features encircled with yellow ovals. 
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Figure 3-6. Luminescence of CP in solid argon (high frequency region), exc = 336 nm. Asterisked bands are due to 

phosphorescence (see Section 3.3.4.3). 

 

 

 
Table 3-4. Wavenumbers of fluorescence bands observed for Ar matrix-isolated CP, compared to the gas-phase values. 

a - Values taken from Table 2 of the Barwald et al. (1934) paper.  

  

Transition Ar matrix /cm-1 Gas phase a / cm-1 
B2Σ + to X2Σ+ 

0-0 28 900 28 900 
0-1 27 520 27 675 
0-2 26 360 26 462 
0-3 25 140 25 264 
0-4 23 910 24 079 
0-5 22 750 -- 

B2Σ + to A2i 

0-0 22 040 
21 870 

22 095 
21 937 

0-1 20 890 
20 720 

21 046 
20 887 

0-2 19 850 
19 660 -- 
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3.3.4.3 Phosphorescence of CP  

 

 
Figure 3-7. Luminescence of CP in solid argon (low frequency region), exc = 328 nm (see Figure 3-8). 

 

Apart from B2Σ+- X2Σ+ and B2Σ+- A2i fluorescence, a new emission system is observed 

(Figure 3-7) upon exciting CP to its B2Σ+ state.  The associated luminescence excitation spectrum 

(obtained by taking a horizontal cross-section of the map in Figure 3-8) shown in the top panel of 

Figure 3-3, matches the excitation pattern of B2Σ+- X2Σ+ fluorescence (Figure 3-5). These matching 

excitation spectra are evidence that the new luminescence can be attributed to CP and not some 

other species. A vibronic progression starting at 21 430 cm−1 and extending down to 15 420 cm−1 is 

currently assigned to the new electronic system: a4Σ+-X2Σ+. Its spacing (1235 cm−1 to 1170 cm−1), 

consistent with that observed in B2Σ+- X2Σ+ fluorescence (cf.  section 3.3.4.2), reflects the intervals 

between the vibrational levels of the X2Σ+ state. 

Yet another luminescence system, observed at lower energies, i.e. between 15 000 cm−1 and 

12 000 cm−1, can be identified as a4Σ+ - A2i. An intense, sharp emission band marks its origin at 

14 490 cm−1. This is in agreement with theory (Zhang & Zhu, 2021) which predicts a4Σ+ and A2i 

to be separated by 14 600 cm−1.  The 0-1 and 0-0 bands of this system are spaced by ~1057 ± 10 

cm-1 (the reported gas-phase value is 1062.5 cm-1; Ram et al. 1992). Bands of the a4Σ+ - A2i system 

are doubled, indicative of spin-orbit coupling in the A2i state (the presence of sublevels A21/2 and 

A23/2).  The magnitude of this splitting is approximately 150 ± 10 cm−1, in harmony with the 

analogous phenomenon observed in B2Σ+-A2i fluorescence bands (cf. Section 3.3.4.2). 

Frequencies and assignments are summarized in Table 3-5 for all observed phosphorescence bands. 
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Figure 3-8. Excitation-emission map of luminescence intensity observed for CP radicals photoproduced in solid Ar. 
Dashed line corresponds to the spectrum depicted in Figure 3-7. 

  

 

 

 
Table 3-5. Vibronic band frequencies (cm-1) for the CP radical phosphorescence in solid argon. 
 

 

  

Transition Ar matrix Vibronic spacing 
a4Σ+- X 2Σ+  

0-0 21 430 - 
0-1 20 195 1235 
0-2 18 970 1225 
0-3 17 770 1200 
0-4 16 590 1180 
0-5 15 420 1170 

a4Σ+ - A2Пi 

0-0 14 490 
14 335 -- 

0-1 13 445 
13 285 

1045 
1050 

0-2 12 560 
-- 

885 
-- 
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3.3.5 Why does CP phosphoresce? 

 

For closed-shell molecules, application of Hund’s rule (maximization of the total spin) results 

in triplet multiplicity of the lowest excited state (Figure 3-9, case a).  

 

 
Figure 3-9. Simplified schemes of electronic orbital configurations depicted for: (a) the lowest singlet and triplet states 

of a closed-shell molecule; (b) the lowest doublet and quartet states of a free radical; and (c) the lowest states 
of a free radical with a degenerate ground state (e.g. NO). HOMO, SOMO, and LUMO refer to the highest 
occupied, singly occupied, and lowest unoccupied molecular orbitals, respectively. The Hund’s rule 
(maximization of multiplicity) dictates that the lowest excited electronic state is: T1 for (a), D1 for (b), and 
Q1 for (c). Typically, the electronic configuration of free radicals is that shown in (b). 

 

For radicals, however, a similar pattern i.e. a higher-spin (quartet) state lying below the first 

exited doublet state is generally not expected and quartet-doublet phosphorescence remains a rare 

phenomenon. A few exceptions occur for radicals with degenerate ground states (case c of Figure 

3-9), such as NO, BiO (Frosch & Robinson, 1964; Shestakov et al., 1998). The location of the 

lowest quartet state a4Σ+ of CP has to be typical, i.e. it lies above the lowest excited doublet.  Its 

population via a nonradiative transition from A2i is therefore unlikely. However, theoretical 

studies (Abbiche et al., 2014; Qin et al., 2019; Zhang & Zhu, 2021) provide a clue as to why CP 

phosphoresces. The key feature is that the second quartet electronic state 14Δ (3.55 eV; 28 600 cm-

1) is predicted to lie just below or almost coincident with the second excited doublet B2Σ+ (3.58 eV, 

28 900 cm−1) across a broad range of interatomic distances.  Such a coincidence likely facilitates 

sizable ISC from the photoexcited B2Σ+ to the 14Δ state, Figure 3-10. This is followed by fast IC to 

the a4Σ+ state. As expected, no luminescence originating directly from 14Δ has been observed. 

Excitation to B2Σ+ resulted in luminescence beginning at 21 430 cm−1, which aligns very well with 
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the theoretically predicted energy gap (Te= 21 500 cm−1) between the ground doublet state (X2Σ+) 

and the lowest quartet state (a4Σ+) of CP (Zhang & Zhu, 2021).  

 

 
Figure 3-10. Electronic transitions of the CP radical. Numbers provide the system origin frequencies (cm-1). Dashed blue 

arrows symbolize all gas-phase transitions reported by Bärwald et al. (1934), Ram et al. (2014), and Tripathi 
et al. (1981). Solid green arrows correspond to the transitions observed here in solid argon (bold denotes 
phosphorescence). ISC and IC stand for intersystem crossing and internal conversion, respectively. 

 

 

3.3.5.1 Effect of annealing 

 

As mentioned earlier, double maxima observed in UV absorption and emission bands of CP 

can be attributed to matrix sites, i.e. to disparate, slightly different microenvironments. This was 

proven by annealing the matrix. Upon warm-up, the matrix softens, allowing the radicals to occupy 

a more stable position within their native sites. Following the annealing, the doublet UV absorption 

peaks of CP coalesced into singlets (Figure 3-11). The feature enlarged in Figure 3-12 is due to the 

origin band of the a4Σ+-A2i system. As many as four maxima (marked with black dotted circles) 

can be discerned there because the matrix-induced splitting is accompanied by the doubling caused 

by the presence of A21/2 and A23/2 sublevels (Section 3.3.4.3).  After the annealing, maxima due 

to one matrix site grew at the expense of another.       

  

http://rcin.org.pl



Phosphaethyne (HCP) and phosphaethynyl radical (CP) 
  

 
32 

 

 
Figure 3-11. UV absorption spectrum of CP radical in solid argon before (bottom) and after (top) annealing.  

 

 
Figure 3-12. Excitation-emission map of luminescence intensity observed for CP radicals photoproduced in solid Ar, as 

measured (a) before annealing and (b) after annealing to 20 K. The enlarged fragment corresponds to the 
origin band of the a4Σ+-X2Σ+ system excited by the (2,0) transition of B2Σ+-X2Σ+.  
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3.3.5.2 Lifetime of Phosphorescence 

 

Two different methods and detectors were applied to measure the phosphorescence lifetime. 

One of these involved monitoring the decay of undispersed phosphorescence using a cooled 

photomultiplier, its output being recorded by an oscilloscope. The second method employed a gated 

CCD camera coupled to a monochromator for measuring the dispersed emission intensity as a 

function of time elapsed from switching off the excitation UV light. In both methods, a 340 nm 

LED was used as the UV source (all details related to the setups are provided in Section-2.4). Least 

square fitting to the traces presented in Figure 3-13 yields 0.1 s as the monoexponential decay time, 

independent of the method. Importantly, lifetimes measured for the a4Σ+-X 2Σ+ and a4Σ+-A2i 

transitions were, within the experimental error, the same, as expected for the emissions sharing the 

same initial state (cf. right panel of Figure 3-13).  

 

  
Figure 3-13. Left: phosphorescence decay of undispersed phosphorescence measured with a photomultiplier connected 

to a digital oscilloscope (logarithm of relative intensity vs. time). Right: dispersed phosphorescence 
intensity (initial value normalized to 100) measured using a monochromator coupled with a CCD camera. 
Red stars correspond to a4Σ+-A2Пi and black triangles to a4Σ+-X 2Σ+ transitions. Time zero corresponds to 
switching off the excitation light (340 nm LED).  

 

3.4 Conclusions 

 

HCP, the heavier analogue of hydrogen cyanide, was successfully synthesized and its infrared 

spectroscopy was studied in solid argon. A spectral signature of the previously unexplored hydrogen 

bond between HCP and water (present as a trace impurity) was found in IR absorption. UV 

photolysis of HCP, monitored with both vibrational and electronic spectroscopy, revealed the CP 

radical as the only detectable product of UV irradiations. This paved the way for spectroscopic 

investigations of cryogenically isolated CP that had never been possible before. Apart from the 

B2Σ+—X2Σ+ system detected in absorption, B2Σ+—X2Σ+ and B2Σ+— A2Пi fluorescence emissions 

were analyzed. Most importantly, the phosphorescence of CP was discovered. It is shaped by the 
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new electronic systems: a4Σ+—X2Σ+ and a4Σ+—A2Пi. These unusual cases of quartet–doublet 

phosphorescence were thoroughly analyzed and published in Angewandte Chemie (Ganesan et al., 

2022). A plausible photophysical mechanism (suggested by recent theoretical studies) was 

proposed. 
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4. Photochemistry of methylpnictines (CH3XH2, X= P, As, 

Sb) 
 

4.1. Methylpnictines – a literature overview 

 

The photochemistry of gaseous methylamine in the wavelength range 190 - 240 nm has been 

very well studied. Radical fragments CH3NH, CH3, NH2, and CN along with the closed-shell 

molecules methane (CH4), methylene imine (CH2NH2), and hydrogen cyanide (HCN) appeared as 

the irradiation products (Ahn et al., 2008, 2012; Ashfold et al., 1997; Cachón et al., 2023; Epshtein 

et al., 2015; Gardner & McNesby, 1982; Michael & Noyes, 1963; Nishi et al., 1980; Recio et al., 

2023; Reed et al., 1996; Waschewsky et al., 1995). The photo-oxidized species, methylene imine 

(CH2=NH), was formed at a very low yield compared to the methylamino radical, CH3NH (Gardner 

& McNesby, 1982; Michael & Noyes, 1963). A recent theoretical study suggests that the presence 

of a conical intersection between the first excited state and the ground state of the [CH3NH + H] 

system favors the formation of CH3NH (Recio et al., 2023). The photochemistry of methylamine at 

184.9 nm studied by electron spin resonance spectroscopy also revealed the formation of 

methylamino radical and proved the hydrogen atom cleavage from the amino group (Hadley & 

Volman, 1967). In these studies, homolytic cleavage involving H-atom dissociation from 

methylamine was a major photodissociation pathway while loss of molecular hydrogen was minor 

(Gardner & McNesby, 1982; Michael & Noyes, 1963; Recio et al., 2023).  At higher irradiation 

energies (147 nm and 123.6 nm), H2 formation prevailed over the homolytic cleavage (Gardner & 

McNesby, 1982; Magenheimer et al., 1969). Depending on the irradiation wavelength, H2 

elimination was proposed to happen via two different photochemical routes, i.e. either by the 

recombination of separately detached H atoms or direct elimination of H2 from methylamine. These 

routes were postulated on the basis of experiments with free radical scavengers NO, O2, and 

acetylene. In the presence of NO and O2, the quantum yield of H2 at 185 nm was close to zero which 

suggests that H2 was formed through the recombination of atoms. High-energy VUV radiation (147 

or 124 nm) produced hydrogen molecules in significant quantities even when H atom scavengers 

were present (Gardner & McNesby, 1982), suggesting that H2 was formed directly from 

methylamine prior to the appearance of radicals. Scheme 4-1 summarizes the reported gas-phase 

photochemical reactions of methylamine.  

The photochemistry of methylamine has also been studied in solid parahydrogen at the 

irradiation wavelength of 193 nm. The major photoproducts were those formed by H2-elimination 
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(such as CH2NH and HCN). The only radical product, tentatively identified, was CH3NH (Mutunga 

& Anderson, 2015). The cage effect was proposed as a crucial contributor to this change in the 

photochemistry of methylamine in solid p-H2. 

 

 
Scheme 4-1. Gas-phase photochemistry of methylamine. 

 

Recently, photochemical investigations on ethynylphosphine, ethynylarsine and ethynylstibine 

in inert gas matrices revealed UV-induced H2 elimination leading to triplet pnictinidenes (Lawzer 

et al., 2021, 2023). Theoretical reports on the H2-elimination route in methylpnictines are scarce 

(Viana, 2017; Viana & da Silva, 2014). To the best of Author’s knowledge, no experimental studies 

devoted to photochemistry of either CH3PH2, CH3AsH2, or CH3SbH2 have ever been reported.  

Radiation-induced molecular rearrangements are a priori likely to occur in a rare gas matrix, 

one can then possibly expect the appearance of the elusive species CH2=XH3 (X = P, As, Sb).  No 

spectroscopic measurements have been reported for such methylpnictine isomers, even though a 

neutralization-reionization mass-spectrometric experiment confirmed the existence of CH2=PH3  

(Keck et al., 1992).  

This work focuses on elucidating the photochemistry of methylphosphine, methylarsine and 

methylstibine in argon matrices and on the characterization of photolysis products with infrared and 

UV/Vis spectroscopy. 

 

The expected products fall into two categories:  

 

1. Open shell - CH3-XH, CH2-XH2, triplet CH3-X, triplet HC-XH2, CH2=X, HC=XH, 

CX, H 

2. Closed shell - CH2=XH3, CH2XH, singlet CH3-X, singlet HC-XH2, HCX, H2.  

For some of these, neither experimentally measured nor theoretically predicted spectroscopic 

characteristics could be found in the literature. For phosphorous- and arsenic-bearing molecules, 

DFT computations of molecular geometry, electronic energy and vibrational frequencies made use 

of the B3LYP functional with the aug-cc-pVTZ basis set. For the derivatives of antimony, the 

Karlsruhe basis set, def2-TZVP was better suited for the calculation. The results of these 

calculations are collected in the Table 9-2, Table 9-4 and Table 9-6. 
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4.2. Methylphosphine 

 

4.2.1. Spectroscopy of methylphosphine 

 

All methylpnictines are Cs point group molecules with 15 fundamental modes of vibration. 

Among these modes, 9 belong to the A’ and 6 to the A” representation (A’ and A” refer to the 

symmetric and antisymmetric behavior with respect to reflection through a mirror plane). IR bands 

due to diverse vibrational modes of methylphosphine are shown in Figure 4-1. All these, together 

with the combination and overtone bands (not shown in the Figure), are listed in Table 4-3. A weak, 

broad band at 941.3 cm-1, not reported previously, is tentatively assigned to the combination band 

8+15.  

  

 
Figure 4-1. IR absorption spectrum of methylphosphine isolated in a cryogenic argon matrix (guest-to-host molar ratio 

of 1:1000).  

 

Prior to the current work, the only available electronic absorption spectrum of 

methylphosphine was the one reported by Halmann (1963). Our own measurement of Ar matrix 

isolated methylphosphine is shown in (Figure 4-2), nominally corrected for strong scattering by 

crystalline Ar.  Neither our spectrum nor that of Halmann (1963) provide evidence for UV 

transitions in the vicinity of 254 nm. Nevertheless, resonance Hg radiation produces a photolytic 

effect, indicating UV light absorption. This might be due to a band centered in the gas phase at 202 

nm and red-shifted by the matrix (TD-DFT calculations, pertaining to gaseous molecules, point to 

a weak electronic transition in the vicinity of 220 nm (5.7 eV), oscillator strength 0.04; see Table 

4-1).  
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Table 4-1.  Theoretically predicted (TD-B3LYP/aug-cc-pVTZ) vertical excitation energies (eV) and oscillator strength 

values for the lowest electronic transitions of methylphosphine, CH3PH2.  

Energy of excitation from the ground state Oscillator strength 
5.66 0.04 
6.18 0.07 
6.65 0.03 

 

 

 
Figure 4-2. Experimental and TD-DFT-predicted UV absorption spectra of methylphosphine. The theoretical spectrum 

is broadened by convoluting with a Gaussian function, FWHM = 4033 cm-1 (0.5 eV) (for illustrative purposes 
only). Experimental data are corrected for radiation scattering by assuming its linear dependance on 1/𝜆 . No 
absorption was detected in the visible range. Inset spectrum: Gas-phase absorption, based on Halmann’s 
(1963) data.   

 

4.2.2. Photochemistry of methylphosphine 

 

Analysis of our photochemical experiments benefited from the vibrational frequencies 

previously measured for CH2PH and HCP (Johns et al., 1969; Pellerin et al., 1987), as well as from 

the theoretical predictions of harmonic and anharmonic vibrations available for CH2PH2, HC=PH2 

(singlet and triplet), CH3P (singlet and triplet), CH2=P, and HC=PH (Rey-Villaverde et al., 2013).  

 

Three kinds of experiments were performed. The molar ratio of methylphosphine to argon was 

maintained at a constant level of 1:1000.  

 

Exp1 – Low-pressure Hg lamp (254 nm) as the photolyzing source; 
Exp2 – Broadband Xe microwave discharge lamp (ca. 150-190 nm) as the photolyzing source;  
Exp3 –Xe lamp irradiation followed by Hg lamp irradiation. 
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The results of Exp1 revealed CH4 and HCP as the photolysis products (see also Sections 

4.2.2.2 and 4.2.2.4 below). Figure 4-3 and Figure 4-4 show the identification of methane by its 

fundamental vibrational bands at 1304 cm-1 and 3025 cm-1, in agreement with the values reported 

for an argon matrix (Cabana et al., 1963; Govender & Ford, 2000; L. H. Jones et al., 1986) and of 

HCP (based on the spectrum of pure HCP, cf. Section 3.2), respectively. Exp2 produced more 

photoproducts than Exp1, including CH2PH, HCP, CP, methane, and PH. These results are similar 

to what was observed for CH3NH2 photolysis (193 nm, in solid p-H2) reported by Mutunga & 

Anderson (2015), where CH2NH, HCN and methane were observed. No evidence was found for 

photo-rearranged products. Details, grouped by each product, are given in the subsections below.   

   

 
Figure 4-3. Baseline corrected difference spectrum (after-minus-before photolysis) showing the net effect of 9-day Hg-

lamp photolysis of methylphosphine isolated in solid argon. Bands marked with # are most likely due to 
unspecified long-chain (polymeric) structures. Bands pointing downwards illustrate the decay of the 
precursor compound. 

 

 
Figure 4-4. Black: difference spectrum (after-minus-before photolysis) showing the net effect of 9-day Hg-lamp 

photolysis of methylphosphine isolated in solid Ar. Orange: spectrum showing the bands of pure HCP 
isolated in solid Ar. 
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4.2.2.1. Phosphaethene (CH2=PH) 

 

Theoretical predictions of the ground state equilibrium geometry, electric dipole moment, 

charge distribution, vertical excitation energies to low-lying electronic states, ionization potential, 

spin rotational constants, and several other molecular properties of CH2=PH have already been 

obtained by various methods (Bruna et al., 1985; Kim et al., 1993; Lemierre et al., 2005; Pang et 

al., 2017; Rey-Villaverde et al., 2013; Rozhenko et al., 1999; Watts et al., 1989; Woon & Herbst, 

2009). 

Phosphaethene is a highly unstable compound. It was first obtained by pyrolyzing either 

(CH3)2PH, CH3PH2 or Si(CH3)3CH2PH2, which gave access to the microwave spectrum, and 

therefore to the rotational constants, the quartic centrifugal distortion coefficients, and the electric 

dipole moment (Hopkinson et al., 1976b; Kroto et al., 1980, 1981b). The synthetic routes were 

further improved. By obtaining phosphaethene from chloromethylphosphine, two infrared bands 

were tentatively identified in a KBr pellet at 77 K (Pellerin et al., 1987), namely at 2260 cm-1 and 

850 cm-1. Using a similar synthetic procedure, the vertical ionization potentials (10.3 and 10.7 eV) 

were subsequently supplied by photoelectron spectroscopy (Lacombe et al., 1988). Quite recently, 

an adiabatic ionization energy (X2A+ ← X1A’) of 10.07 eV has been measured (Mukhopadhyay et 

al., 2022) using synchrotron radiation-based double imaging photoelectron-photoion coincidence 

(i2PEPICO) spectroscopy.   

In the course of this doctoral work, following the photolysis (Exp2) of methylphosphine in 

solid Ar, five mutually correlated IR absorption bands of phosphaethene were observed (Figure 

4-5, Table 4-2). The weakness of the 1414 cm-1 feature makes its assignment tentative.  

 

Figure 4-5. Middle: Difference spectrum (after-minus-before photolysis) showing the net effect of 4-hour VUV xenon 
lamp irradiation for methylphosphine isolated in solid argon. Top: (inverted intensity scale): B3LYP/aug-
cc-pVTZ (harmonic approximation, scaling factor 0.96) prediction for CH2PH. Bottom: Authentic HCP 
isolated in solid argon. The ‘#’ marked peaks are due to artifacts.  
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Table 4-2.  Infrared absorption bands of CH2=PH. 

*) Site-splitting. 
a) Tentative assignment. 

 

4.2.2.2. Phosphaethyne (HCP) 

 

While CH2=PH appears following the photo-detachment of two hydrogen atoms (or an H2 

molecule) from methylphosphine, the elimination of four H atoms leads to another observed 

product: H-CP. A detailed literature review pertaining to this molecule and an account of the 

presently explored IR spectroscopy of the pure matrix-isolated substance was given in Section 3.2. 

Based on these measurements, HCP could be unambiguously identified among the photolysis 

products. This can be seen in the spectra of Figure 4-4 and Figure 4-6 produced by irradiating 

methylphosphine with Hg (Exp1) and Xe (Exp2) lamps, respectively. In Figure 4-6, differences in 

the matrix site-induced structure of the IR bands observed for pure HCP and for the photochemically 

obtained compound can be observed. 

Mode of vibration 

RCCSD(T) 
(Rey-Villaverde et al., 

2013) 

B3LYP 
/aug-cc-pVTZ 
Scaling- 0.96 

This work 
In Ar, 6 K 

KBr pellet, 77 K, 
tentative 

assignments by 
Pellerin et al., 

(1987) 
cm-1 

harmonic  
cm-1 

anharm. 
cm-1 cm-1  km/mol cm-1 Relative 

intensity  

1 (a’) CH asym. 
stretch. 3151 3100 3085 0.5 -- -- -- 

2 (a’) CH sym. 
stretch. 3063 3009 3007 4.4 -- -- -- 

3 (a’) PH stretching 2282 2279 2237 94 2287* 
2292* 2 2260 

4 (a’) HCH 
bending 1430 1411 1395 2.4 1414 a 1  

5 (a’) CPH bending 1017 1020 994 23 903 2  
6 (a’) CP stretching 976 976 961 1.9    
7 (a’) CH2 rocking 723 741 718 0.7    

8 (a”) CH2 
wagging 891 881 878 44 875 10 860 (broad) 

9 (a”) out-of-plane 839 831 826 24 830 10 
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Figure 4-6. IR spectra of pure (orange trace) and photolytically derived (VUV Xe lamp irradiations, black trace) HCP 

isolated in argon matrices.   

 

4.2.2.3. Phosphaethynyl radical, CP  

 

No infrared absorption of CP could be detected in these experiments due to the low intensity 

of its single vibration which has a DFT-predicted absolute IR intensity of only 0.9 km/mol. 

However, the radical could be easily identified via UV absorption due to the characteristic vibronic 

progression of the B2Σ+-X2Σ+ system (see Section 3.3.3). Figure 4-7 shows a comparison of the 

electronic absorption spectra observed following Exp2 and after the photolysis of pure HCP isolated 

in an argon matrix using the same Xe lamp. It unambiguously proves the presence of CP as one of 

the photoproducts. The size of the methylphosphine precursor molecule (and therefore the volume 

and shape of a native cage for the photoproduced CP) is significantly different from that of HCP, 

which is reflected in the appearance of a clear site-splitting when pure HCP is used as a precursor. 

 

 
Figure 4-7. UV absorption spectra of the CP radical photochemically generated in solid argon from methylphosphine 

(top) and HCP (bottom). Vertical bars mark the location of respective transitions observed in fluorescence 
of gas-phase CP (Bärwald et al. 1934). 
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4.2.2.4. Phosphinidene (PH) and methane 

Two fundamental bands of methane, 1304 cm-1 (strong) and 3025 cm-1 (weak), are observed 

upon photolysis in both Exp1 and Exp2. Their assignment, based on the published spectra of the Ar 

matrix-isolated compound (Cabana et al., 1963; Joneset al., 1986) was straightforward. Formation 

of CH4 was also observed in a study of the photolysis of methylamine in solid p-H2 (Mutunga & 

Anderson, 2015). In addition to methane, phosphinidene (the diatomic molecule PH featuring a 

triplet ground electronic state)*  has been found with UV absorption spectroscopy (see Figure 4-7). 

The location of its broad band at 343 nm (29 150 cm-1), close to the origin of the B2Σ+-X2Σ+ system 

of CP, coincides with that reported for PH trapped in solid argon (Harrison & Williamson, 2005). 

 

Figure 4-8. Left: Time evolution of photoproduct concentrations over primary (VUV source) and secondary (254 nm) 
irradiations of methylphosphine. Right: the corresponding decay of methylphosphine. Concentrations 
monitored by measuring the intensities of IR absorption bands at 1013.4, 875, 673, and 1304 cm-1 for 
methylphosphine, phosphaethene, phosphaethyne, and methane, respectively. 

 

Figure 4-8 illustrates Exp3 by showing the precursor and photoproduct time evolution curves. 

All product concentrations increased until the Xe lamp (a VUV source) was replaced with the Hg 

lamp (254 nm). From that point on, the concentration of CH2PH began to decrease abruptly and a 

sudden increase in HCP was observed, suggesting that dehydrogenation was the important decay 

channel for CH2PH irradiated at 254 nm. An increase in methane concentration, related to the onset 

of 254-nm photolysis, can be associated with the parallel concentration jump observed for CH3PH2 

(right panel of Figure 4-8). 

 

 

 
* The same name applies also to the whole family of molecules bearing a monovalent phosphorous atom.  
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Table 4-3. IR absorption bands of methylphosphine and of its two photodehydrogenation products, as measured in solid 
Ar.   

Wavenumber (cm-1) A s s i g n m e n t  
This work 

Ar, 6K  
Literature  CH3PH2 CH2PH HCP gas or theory  solid b 

3225.0 3216.9a  
  1 3220.1  

3005.2 
2998.7 

3002.8b 2981.0  1 
  

2989.8b   
2988.4 
 2985.1 2989.8b 2972.7  10  

2935.1 2936.4b 2917.7  2   
2892.4  2890.2  13C 2   
2860.8 2866.7b 2853.5  4+12   
2835.8 2848.6b 2824.3  24   
2722.2  2702.8  5+12   
2564.7 2526.4b  26   
2328.5 
2333.0  

2309.0b 2303.2  11   2304.6b 3 
2319.8 
2321.5      

2288.0 2237 c   
3 

 
2292.5    
1952.6 1965.6b 1950.1  5+9   
1453.7  1450.7  8+14   
1435.3 1435.2b 1422.0  4   
1425.7 1428.6b 12   
1414.5 

1395.0c   4  1403.9 
1400.0 
1338.3 1349.1b 1347.0  29   
1334.5 1335.0a    22 
1291.1 1296.2b 1276.0  5   
1090.3 1091.9b 1077.4  6   
1014.0 1016.9b 1009.6  13   
978.3 977.6b 982.7  7   
941.3   8+15    
903.5 994c   5  
875.4 878c 850  8  
829.9 826c  9  
738.2 729.5b 736.4  8   698.6  695.9  14 
688.2 
 675.2 674.0a    2 

671.3 675.7b 675.5  9   

(a) Measured by Jung et al. (1997); (b) measured by Lannon & Nixon (1967); (c) B3LYP/aug-cc-pVTZ prediction (this work).  
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4.3. Methylarsine 

 

4.3.1. Spectroscopy of methylarsine 

  

The microwave spectroscopy of methylarsine is known (Milovanović & Mitić 2020).  Infrared 

absorption, both in the gas-phase and the bulk solid, was studied by Harvey & Wilson (1966), whose 

analysis served as a guide for interpreting our own IR spectrum of the Ar matrix-isolated compound.  

The spectrum (Figure 4-9) is similar to that of methylphosphine although there are some qualitative 

differences. In methylarsine, the asymmetric methyl group deformations appear as a single sharp 

peak (1430.1 cm-1, assigned to a”, ).  For methylphosphine, the asymmetric methyl group 

deformations produce two bands, a’ (1425.7 cm-1) and a” (1435.3 cm-1).  No a’ band was observed 

for methylarsine. Also, there is considerable ambiguity concerning the assignment of weak, closely 

spaced AsH2 a” twisting (650.7 cm-1, ) and a’ wagging (678.8 cm-1, ) vibrations. As expected, 

given the huge difference of pnictogen atom masses, the separation of asymmetric methylarsine 

stretching frequency ( at 2125.5 cm-1) from that of methylphosphine (2328.5 cm-1) is large. A 

detailed interpretation of infrared bands, along with overtones and combination bands, is detailed 

in Table 4-8.  

To the best of the Author’s knowledge, the electronic spectroscopy of methylarsine has never 

been examined. TD-DFT calculations (Table 4-4) were employed to predict the vertical excitation 

energies along with the respective oscillator strengths. Figure 4-10 gives the comparison of 

calculated and measured spectra.   

 

 
Table 4-4. Theoretically predicted (TD-B3LYP/aug-cc-pVTZ) vertical excitation energies (eV) and oscillator strength 

values for the lowest electronic transitions of methylarsine, CH3AsH2. 

Energy of excitation from the ground state Oscillator strength 
5.68 0.06 
6.15 0.10 
6.82 0.00 
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Figure 4-9. Infrared absorption spectrum of methylarsine isolated in solid argon at 10 K. 

 

 
Figure 4-10. Experimental and TD-DFT predicted UV absorption spectra of methylarsine. The theoretical spectrum is 

broadened by convoluting with a Gaussian function, FWHM = 0.5 eV (for illustrative purposes only). No 
absorption was detected in the visible range. 
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4.3.2. Photochemistry of methylarsine 

 

No experimental spectroscopic data are available for any of the probable products of 

methylarsine photolysis. Theoretically predicted vibrational frequencies were reported only for 

CH2=AsH and H-CAs (Marchal et al. 2010). Therefore, prior to the planned experiments, 

geometries, energies, and IR spectra of CH3-AsH, CH2-AsH2, CH3-As (triplet and singlet), HC-

AsH2 (triplet and singlet), CH2=As, HC=AsH and CAs were computed here using the same 

approach as for methylphosphine-related products. These theoretical results are collected in the 

Table 9-4. 

Just as in the case of methylphosphine, three kinds of experiments were performed: 

 

Exp1 -  Low-pressure Hg lamp (254 nm) as the photolyzing source; 

Exp2 -  Broadband Xe microwave discharge lamp (ca. 150-190 nm) as the photolyzing source; 

Exp3 -  Combination of Xe lamp irradiation followed by Hg lamp irradiation.  

 

The guest-to-host ratio was typically maintained at 1:1000. Photolysis progress was monitored 

with infrared and UV/Vis absorption spectroscopy. Photoproducts were similar to those obtained 

with methylphosphine. Exp1 led to production of HCAs (Figure 4-13) and CH4 (Figure 4-15), 

while CH2AsH, HCAs, CAs, CH4, and AsH were formed in Exp2. No isomers of the precursor 

molecule were detected. The time evolution of precursor and products concentrations, as indicated 

with the integrated intensities of relevant IR absorption bands, is presented in Figure 4-11.  

 

 
Figure 4-11. Time evolution of precursor and photoproduct concentrations over primary (VUV source) and secondary 

(254 nm) irradiations methylarsine, as monitored with IR bands at 934, 771, 612, and 1304 cm-1 for 
CH2AsH2, CH2AsH, HCAs, and CH4, respectively.  
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4.3.2.1. Arsaethene (CH2AsH) 

 

Arsaethene was first synthesized in 2004 for UV-photoelectron spectroscopy measurements 

(Chrostowska et al. 2004, 2010). More recently, the synchrotron radiation-based threshold 

photoelectron spectroscopy of CH2AsH was investigated with vibronic resolution and an ionization 

potential of 9.61 eV was measured (Karaev et al., 2023). Anharmonic infrared spectra have been 

predicted at the DFT level (Marchal et al., 2010). Theoretical approaches also included an analysis 

of H2 elimination from methylarsine to produce arsaethene (Viana, 2017) and a study on the 

reactivity of arsaethene with H+ and Cu+ cations (Luna et al., 2000). A study on its reactivity with 

H+ and Cu+ cations demonstrated that the carbon atom of CH2AsH is more electronegative than 

arsenic. 

No experimental reports on the infrared spectroscopy of CH2AsH can be found in the literature. 

The comparison of DFT-predicted IR frequencies with the values measured during our own 

investigations is detailed in Table 4-5. The outcome of Exp3 indicates clearly that the concentration 

of CH2AsH increases throughout the Xe lamp irradiation. During the secondary (Hg lamp) 

photolysis, its concentration quickly plateaus (cf. Figure 4-11). This saturation likely reflects an 

equilibrium between photodestruction of the compound and its creation via dehydrogenation of 

methylarsine. Five infrared absorption bands of this exotic molecule were observed, their spectral 

assignments are listed in Figure 4-12. 

 

 

 
Figure 4-12. Difference spectrum (after-minus-before photolysis) showing the net effect of 6 hours of VUV irradiation 

of methylarsine isolated in solid argon. Weak bands are enlarged in the insets. 
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Table 4-5. Comparison of predicted and observed IR absorption bands of arsaethene. 

Mode of vibration 

Former theoretical prediction 
(anharmonic), by Marchal et al. 

2010  
cm-1 (km/mol) 

This work 
cm-1 (km/mol) 

B3LYP/aug-cc-pVTZ  
scaling factor- 0.96 Ar matrix, 6 K 

1, CH asym str. (a’) 3114 (0.4) 3103.6 (0.1) - 
2, CH sym str. (a’) 3035 (2.1) 3011.0 (2.7) - 

3, AsH str. (a’) 2104 (147.6) 2060.0 (100) 2071.4 (100) 
4, HCH bend (a’) 1395 (1.2) 1371.9 (0.8) - 
5, CAsH bend (a’) 931 (21.9) 906.4 (15.3) 927.7 (3.7) 

6, C=As str. (a’) 840 (63.5) 830.1 (38.9) 
817.9 

822.3 (4.6)  
7, CH2 rock (a’) 679 (0.6) 659.3 (1) - 
8, CH2 wag (a’’) 834 (3.4) 801.9 (2.2) 804.7 (0.2) 

9, out-of-plane (a’’) 779 (22.5) 768.1 (14.7) 771.3 (2.7) 
 

4.3.2.2. Arsaethyne (HCAs) 

 

There is currently only one published experimental account concerning H-CAs. UV-

photoelectron spectroscopy and mass spectrometry measurements demonstrated the existence of 

this hydrogen cyanide analogue (Guillemin et al., 2008). 

 

 
Figure 4-13. Fragments of IR absorption difference spectra (after-minus-before photolysis) showing the C-H stretching 

(left panel) and bending (right panel) bands of HCAs resulting from UV (254 nm) and VUV (150-190 
nm) irradiation of methylarsine in argon matrices. 

 

Presently, following the photolysis of methylarsine in solid argon at the guest-to-host ratio of 

1:1000, C-H bending band of HCAs could be clearly identified in the IR absorption spectrum.  

Increasing the concentration to 1:500 allowed detecting the associated weak C-H stretching band 

(Figure 4-13). The two bands were assigned (cf. Table 4-6) based on anharmonic DFT predictions 

http://rcin.org.pl



Photochemistry of methylpnictines (CH3XH2, X= P, As, Sb) 
  

 
51 

 

of vibrational transitions (Marchal et al., 2010). The decay of CH2AsH at the onset of secondary 

photolysis (254 nm; Exp3, see Figure 4-11) may be accompanied to an increase of the HCAs 

concentration, suggesting that arsaethene might act as the direct precursor for arsaethyne. 

 
Table 4-6. Observed IR absorption bands of HCAs in solid argon compared to theoretical predictions (frequency values 

in cm-1, relative intensity given as a percentage with respect to the strongest band). 

 

4.3.2.3. Arsaethynyl radical, AsC  

 

The gas-phase fluorescence excitation spectrum of AsC (Yang & Clouthier, 2011) revealed 

the presence of absorption in the UV region. A theoretical study devoted to the relevant electronic 

states appeared in the same year (de Lima Batista et al., 2011). Both these reports were helpful in 

the interpretation of UV/Vis absorption data. As noted by Yang & Clouthier, the v”-0 progression 

of the B2+ - X2+ system features irregular spacing, but the exact cause of that perturbation has not 

been identified. The same characteristic progression appeared here for VUV-irradiated 

methylarsine isolated in solid argon (Figure 4-14, Table 4-7).  

 
Table 4-7. Vibronic bands frequencies (cm-1) of the B 2+ - X 2+ system of CAs. 

Band 
B 2+ - X 2+ 

Gas phase 
(Yang & Clouthier, 2011) 

This work   
 Argon matrix (cm-1) Gas-to-matrix shift * 

0-0 26 067.9 25 980 -90 
1-0 26 651.3 26 560 -90 
2-0 26 851.7 26 810 -40 
3-0 27 365.4 27 290 -80 
4-0 27 509.5 27 430 -80 
5-0 28 072.9 28 010 -60 
6-0 28 717.2 28 653 -60 
7-0 29 376.2 29 330 -50 

* Estimated error: 40 cm-1. 

 

Mode 

B3LYP/aug-cc-pvtz, harmonic 
DFT, anharmonic 

(Marchal et al., 
2010) 

In solid Ar, 5 K 

Frequency,  
scaling factor 

0.96 

Relative 
Intensity Frequency Frequency Relative 

Intensity 

H-C≡As 
(stretching) 3184.1 (15.8) 16 3249 

3187.0 

5.6 3191.2 

C≡As (stretching) 1065.2 (2.0) 2 1104 -- -- 

C-H 
(deformation) 632.9 100 646 

628.4 
100 612.1 

610.2 
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Figure 4-14. UV/Vis absorption spectrum of AsC generated by photolyzing Ar matrix-isolated methylarsine with a VUV 
xenon lamp. The reported (Yang & Clouthier 2011) gas-phase positions of B2+ - X2+ vibronic band 
maxima are marked by vertical bars.  

 

4.3.2.4. Arsinidene (AsH) and methane 

 

Methane was detected following the photolysis of matrix-isolated methylarsine irrespective of 

the radiation source applied (i.e. with either Hg lamp or VUV Xe lamp) via the IR bands of the 

fundamental modes observed at 1304 and 3025 cm-1. The band at 2071.4 cm-1 might be attributed 

to AsH or CH2AsH.  We have tentatively attributed this feature to AsH due to its proximity to the 

reported gas-phase value is 2076.93 cm-1 (Hensel et al., 1995), as well as prominent appearance of 

AsH in the electronic spectrum. The UV band for matrix-isolated AsH was observed at 29 820 cm-

1 (see Figure 4-16), implying a gas-to-matrix shift of ca. -140 cm-1 with respect to the position 

reported (Dixon et al., 1966) for the origin of the A3 - X3- system of AsH: 29 959 cm-1.  

 

 
Figure 4-15. IR absorption difference spectrum (after-minus-before photolysis) showing the net effect of 31 hours of Hg-

lamp irradiation for methylarsine isolated in solid argon. Precursor bands point downwards.  
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The presence of CH4 and AsH indicates C-As bond breaking. Unfortunately, given that the IR 

band tentatively assigned to AsH partly overlaps the decreasing peak of the precursor, it was 

difficult to compare the time evolution curves of these two photoproducts. Exp1 and (see Figure 

4-11 and Figure 4-15) Exp3 show that formation of methane is particularly efficient in the course 

of Hg lamp photolysis. Methylarsine seems to be the direct precursor in this process. Throughout 

the experiment, its concentration decreased without reaching a plateau, mirroring the increase of 

CH4 

 

 
Figure 4-16. UV/Vis absorption spectrum measured for Ar matrix-isolated methylarsine after 4 hours of Xe lamp 

irradiations.  
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Table 4-8.  IR bands of methylarsine and of its two photodehydrogenation products isolated in solid Ar. 

Wavenumber (cm-1) Assignment 

Ar matrix 
(this work) 

Literature 
CH3AsH2 CH2AsH HCAs Gas phase or 

theory solida 

3191.2 
3187.0 3184b --    

3024.7 3033a 3005    
3014.2 
2999.0 3018a 2987    

2936.9 2945a 2916    
2839.7 
2854.7 2847a 2813    

- 2742a - +   
2682.6 2658a - +   
2496.3 2510a -    

-  2290 +   
2125.5 
2116.9 2102a 2075    

2089.9 
2081.8 2102a 2075    

2071.4 2060b     
1943.0 1919a 1918    
1813.0 1823a -    

- 1443a 1421    
1430.1 1435a 1412    
1256.4 1263a 1247    
1235.5 - 1248 +   
1114.9 1121a 1126    
974.7 973a 960    
940.1 934a 932    
927.7 906b     
908.8 905a 901    
840.9 833a 843 −   
822.3 
817.9 830b     

804.7 802b     
771.3 768b     
678.8 674a 668    
650.7 654a 644    
628.4 
612.1 
610.2 

633b     

560.2 563a 565    
a) Harvey & Wilson (1966)   
b) Marchal et al. (2010)  
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4.4. Methylstibine 

 

4.4.1. Spectroscopy of methylstibine  

 

The infrared absorption spectrum of methylstibine has been reported (Carey et al., 1968) but 

the authors considered their assignments to be tentative. I have analyzed this spectrum in more 

detail with the assistance of DFT-based calculations and based on analogies with IR absorption of 

matrix-isolated methylphosphine and methylarsine.  

 

 
Figure 4-17. Infrared absorption spectrum of methylstibine isolated in solid argon at 10 K (guest-to-host ratio of 1:1000). 

Dotted regions are presented in more detail as insets. 
 

 
Figure 4-18. Infrared spectrum of methyl-deuterated methylstibine (CD3SbH2) isolated in solid argon at 10 K (guest-to-

host ratio of 1:1000). Dotted regions are presented in more detail as insets. 
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The infrared spectrum of methylstibine isolated in solid argon (Figure 4-17) is similar to the 

spectra of methylphosphine and methylarsine but with all bands shifted to lower frequencies.  This 

shift is particularly large for the modes explicitly involving the heavy atom (Sb-H asymmetric 

stretching at 1882.5 cm-1, symmetric stretching at 1861.1 cm-1, SbH2 scissoring at 839.9 cm-1, SbH2 

waging or twisting at 779.1 cm-1, C-Sb stretching at 504.1 cm-1). Table 4-9 provides assignments 

for CH3SbH2, including overtone and combination bands.  For comparison, the IR spectrum (Figure 

4-18) and band assignments (Table 4-9) for methyl-deuterated methylstibine (CD3SbH2), also 

employed as a photochemical precursor during our experiments, are provided. Although the 

predicted IR transitions of CD3SbH2 were reported (Kim et al., 2009), no experimental spectrum 

has ever been measured. Particularly large isotopic shifts are observed for the CD3 wagging, 

symmetric and asymmetric deformations, as well as for the C-D symmetric and asymmetric 

stretchings. 

The electronic spectroscopy of methylsibine has not been studied before.  The current UV 

absorption spectrum (Figure 4-19) is consistent with the TD-DFT-based predictions provided in 

Table 4-10. Just as for the P- and As-bearing analogues, the first electronic transition is expected 

around 220 nm (excitation energy of ca. 0.5 eV).   

 

 

 
 

Figure 4-19. Experimental (blue) and TD-DFT-predicted (dash-dot black) UV absorption spectra of methylstibine. The 
theoretical spectrum is broadened by convoluting with a Gaussian function, FWHM = 0.5 eV (for illustrative 
purposes only). No absorption was detected in the visible range.   
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Table 4-9. Theoretically predicted and experimentally observed IR absorption bands of methylstibine, CH3SbH2 and 
partly deuterated methylstibine, CD3SbH2. 

a) Carey et al. 1968 

b) B3LYP/def2-TZVP, this work.  

 

Table 4-10. Theoretically predicted (TD-B3LYP/def2-TZVP) vertical excitation energies (eV) and oscillator strength 
values for the lowest electronic transitions of methylstibine, CH3SbH2. 

Energy of excitation from the ground state Oscillator strength 
5.68 0.08 
6.72 0.13 
7.30 0.001 

 

 

 

 

Vibrational frequencies / cm-1  

Assignment CH3SbH2 
Ar matrix 
(this work) 

CD3SbH2 
Ar matrix 
(this work) 

Gas 
phase a 

CH3SbH2 
Theory b 

CD3SbH2 
Theory b 

3035.0 2276.1 
2991 3156.9  2340.7  3018.7 2264.2 

3004.8 2251.4 2991 3138.2  2325.2  

2951.6 2143.6 2956 
3055.8 2187.0  2939.1 2133.8 2929 

2864.2 
2847.2 

2077.5 
2063.3 

2869    

2802.6     + 
2396.0  2409    
2150.9  2150   + 
1882.5 
1877.9 

1882.5 
1877.9 1874 1920.6 1920.6  

1861.1 
1857.7 

1861.1 
1857.7 1863 1915.9 1915.9  

1708.6  1734    
1440.1 1044.8 1438 1467.5 1061.7  

 1401.2     
1208.0 1033.0 1205 1239.6 1063.3  
1100.6 914.0 1143   + 

1003.4 863.3 
933 
922 
909 

   

839.9 822.4 
809.9 834 853.1 834.8  

822.4 
809.9 779.1 821 837.4 723.7  

779.1 715.8 
698.7  831.9 707.4  

580.0 473.8  571.0 500.2  
504.1 463.9 503 494.2 454.4  
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4.4.2. Photochemistry of methylstibine 

 

Published reports concerning the spectroscopy of potential methylstibine photolysis products 

are scarce. The infrared spectroscopy of the Ar matrix-isolated radical species CH3SbH and its 

isotope CD3SbD have been investigated (Cho & Andrews, 2012a). In the same study, DFT-predicted 

vibrational frequencies were provided for the CH2SbH2 radical. To the best of Author’s knowledge, 

no theoretical nor experimental spectroscopic data have been reported for any of the other expected 

photoproducts: CH2=SbH3, CH2=SbH, CH3-Sb, HC-SbH2, CH2=Sb, HC=SbH, HCSb or CSb. 

Results of the respective, presently performed quantum calculations are collected in the Table 9-6. 

 

Two kinds of photolysis experiments were performed using CH3SbH2 as a precursor: 

Exp1 -  Low-pressure Hg lamp (254 nm) as the photolyzing source; 

Exp2 -  Broadband Xe microwave discharge lamp (ca. 150-190 nm) as the photolyzing source. 

 

Both Exp1 and Exp2 resulted in production of methylstibinidene (CH3Sb), diatomic 

stibinidene (SbH), and methane. The Hg lamp was much more effective in photolyzing CH3SbH2 

than in analogous irradiations of CH3PH2 or CH3AsH2. Indeed, as illustrated by Figure 4-19, the 

electronic absorption at 254 nm is in the case of methylstibine higher than for the other two 

methylpnictines. Details pertaining to the identification of photoproducts are given in the following 

sections. 

 

4.4.2.1. Stibinidene (SbH) and methane 

 

Methylstibine yields methane when irradiated with a mercury lamp (Figure 4-20). The 

efficiency of such a production of CH4 from methylpnictines increases in the series: CH3PH2 < 

CH3AsH2 < CH3SbH2. The presence of SbH was confirmed by its infrared band which appeared at 

1840 cm-1, in agreement with a former matrix-isolation study on laser ablation of antimony in 

presence of hydrogen (Wang et al., 2003).  
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Figure 4-20. IR absorption difference spectrum (after-minus-before photolysis) showing the net effect of 21 hours of 254 

nm irradiation for methylstibine isolated in solid argon.  

 

4.4.2.2. Methylstibinidene (CH3Sb) 

 

Weak but sharp infrared peaks at 497.5, 1182.2, 1190.8, and 1199.5 cm-1 were observed upon 

Hg lamp (254 nm) irradiation of matrix-isolated methylstibine. Based on our theoretical predictions, 

these features cannot be assigned to CH2SbH, HCSb, or CSb which might be expected as products 

based on what we observed in photolyses of methylphosphine and methylarsine. This can be at least 

partly explained with the results of a theoretical study by Schoeller et al., (1997). It was found there 

that the -bond strength decreases in H2C=XH compounds with the increasing mass of the pnictine 

atom X. The dehydrogenation product CH2SbH is therefore less stable (and thus more prone to the 

carbon-pnictogen bond cleavage) compared to the P- and As-bearing analogues.   

Since the IR bands mentioned above were very weak, another experiment was performed with 

the guest-to-host ratio increased from 1:1000 to 1:300 and an Hg lamp applied for the photolysis. 

Additional peaks at 2913.3 and 2993.9 cm-1 (i.e. in the C-H stretching region) appeared (Figure 

4-21). Together, these spectral features match the theoretical predictions for methylstibinidene, a 

chemical compound belonging to the group of pnictinidenes (see Section 5.1). Further confirmation 

of the assignment was obtained by the isotopic labelling experiment, using CD3SbH2 (Figure 4-22).  

The deuteration-induced spectral shifts reasonably matched the predicted ones (see Table 4-11).  

This exotic compound of monovalent antimony, CH3-Sb, features a triplet-multiplicity ground 

electronic state (DFT calculations locate the lowest singlet 25 kcal/mol or 1.1 eV above the ground 

state). Although the ionization potential and spin-orbit splitting of methylstibinidene have very 
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recently been supplied by threshold photoelectron spectroscopy (Karaev et al., 2023), our own 

experiment provides the first IR spectrum of this species.  
  

 
Figure 4-21. Bottom: IR absorption difference spectrum (after-minus-before photolysis) showing the net effect of 21 

hours of Hg-lamp irradiation for methylstibine isolated in solid argon.  Top: theoretically predicted IR 
spectrum of CH3Sb with absorbance scale reversed to facilitate the comparison. 

 

 
Figure 4-22. Bottom: IR absorption difference spectrum (after-minus-before photolysis) showing the net effect of 15 

hours of Hg-lamp irradiation for partly deuterated methylstibine (CD3SbH2) isolated in solid argon.  Top: 
theoretically predicted IR spectrum of CD3Sb with absorbance scale reversed to facilitate the. Asterisked 
bands are due to partly deuterated methane, CD3H. 

 

 

 

 

 

 

http://rcin.org.pl



Photochemistry of methylpnictines (CH3XH2, X= P, As, Sb) 
  

 
61 

 

Table 4-11. Theoretically predicted and experimentally observed IR absorption bands of CH3Sb and CD3Sb.   

Mode 

B3LYP/def2-TZVP 
cm-1 (km/mol) 

In solid Ar a 
cm-1 

CH3-Sb CD3-Sb Isotopic 
shift 

Isotopic 
shift CH3-Sb CD3-Sb 

C-H  
asym. stretch 

(E) 
2999 (5.6) 2222 (2.4) -777 -715.2  2993.9 (w) 2278.7 (m) b 

C-H  
sym. stretch 

(A)  
2918 (11.6) 2087 (4.4) -831 -842.9  2913.3 (w) 2070.4 (w) b 

C-H scissor 
(E)  1394 (6.4) 1011 (3.7) -383 -331.1 1402.1 (m) 1071.0 (m) 

C-H bend (A)  1175 (2.4) 898 (0.0) -277 - 
1182.2 
1190.8 
1199.5 

m - 

C-H bend (E) 688 (3.4) 511 (1.6) -176 -127.8 653.9 (w) 526.1 (w) 

C-Sb stretch 
(A) 475 (19.5) 437 (16.9) -38 -38.5 497.5 (s) 459.1 (s) 

a) s - strong, m - medium, w - weak;  

b) Shift with two CD stretching could only be identified tentatively because it falls within congested regions of the spectrum.   

 

 

4.5. Conclusions 

 

The photochemistry of CH3XH2 (X=P, As, Sb) species isolated in solid Ar and irradiated by a 

mercury lamp (254 nm), a Xe microwave discharge lamp (ca. 150-190 nm), or the combination a 

Xe lamp followed by a Hg lamp is summarized in Scheme 4-2. Photoproducts arising from CH3PH2 

and CH3AsH2 are similar and include the P- and As-analogues of CH2XH, HCX, CX, and XH, as 

well as CH4 (Scheme 4-2, top panel).  Once produced, CH2=PH and CH2=AsH could be further 

photolyzed using 254 nm radiation of a Hg lamp.  No CH3-P or CH3-As methylpnictinidenes could 

be detected in these experiments and no evidence of the isomeric species CH3XH2 or isomers of the 

identified photoproducts could be found.     

For methylstibine (CH3SbH2), the dehydrogenation channel produces only methylstibinidene, 

CH3-Sb (a triplet-multiplicity species), at the photolysis wavelengths tested, and does not produce 

any observable CH2=SbH. No evidence for an analogous CH3-X product was found in photolyses 

of CH3PH2 or CH3AsH2. The breakage of the C-Sb bond followed by formation of SbH and CH4 

proceeds more easily for Sb- than for the P- or As-analogues.   
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This research gave access, for the first time, to the vibrational spectroscopy of CH2=AsH, 

HCAs, and CH3-Sb, refinement of the vibrational spectroscopy of CH2=PH, and allowed first 

measurements of electronic spectroscopy of CH3-AsH2, and CH3-SbH2.  

 

 

Scheme 4-2. Photochemical reactions observed for methylphosphine, methylarsine, and methylstibine isolated in 
solid argon.    
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Chapter-5 

 
Ethynylstibinidene  

and ethynylarsinidene 
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5. Ethynylstibinidene and ethynylarsinidene 
 

5.1. Pnictinidenes- an overview  

 

Molecules containing monovalent pnictogen atoms (N, P, As, Sb, Bi) in the +1-oxidation state 

are known as pnictinidenes. They are highly 

reactive and generally unstable due to the high 

electron deficiency at the pnictogen center; see 

Figure 5-1 (Lu & Zeng, 2024; Qian et al., 

2024; Wu, et al., 2023b). Stabilization can be 

achieved through electron-donating groups or 

by steric effects introduced with suitable 

substituents. For example, the singlet form of a 

phosphino-phosphinidene was observed at 

room temperature, its stability being achieved 

by −donation from the phosphinyl center to 

the vacant p orbital on the terminal phosphorus atom (Liu et al., 2016). A recent paper reported on 

a triplet stibinidene (Figure 5-2) stabilized by bulky hydrindacene ligands (Wu, et al., 2023b). 

Synthesizing and characterizing free pnictinidenes bearing no appropriate substituents is 

challenging, as they tend, under standard laboratory conditions, to form the dipnictenes (molecules 

with a double bond between pnictogen atoms) or higher oligomers (Liu et al., 2016). Among the 

pnictinidenes, nitrenes have been quite extensively investigated (Wentrup 2018).  However, studies 

on such molecules bearing a pnictogen atom heavier than N are very limited (Lu & Zeng 2024). 

Excluding several diatomics (hydrides and halides), the only published reports, prior to the current 

doctoral work, are those on mesitylphosphinidene (Akimov et al., 2017; Li et al., 1994), 

phenylphosphinidene (Mardyukov et al., 2017; Mardyukov & Niedek, 2018), CH3As, CH3Sb, 

stibinidene with a hydrindacene ligand  (Cho & Andrews, 2012b; Karaev et al., 2023; 

Mukhopadhyay et al., 2020; Wu, Li, et al., 2023b) BiX (X=Me, AlCl4) (Corbett & Lynde 1971; 

Cubicciotti 1960; Mukhopadhyay et al. 2020), and sterically protected bismuthinidene (Wu, et al., 

2023a). 

Recently, Lawzer at al. (2021) reported on an efficient photochemical route to 

ethynylphosphinidene (HCCP) from phosphapropyne (CH3CP) in rare gas matrices. 

Figure 5-1. Electronic structure of pnictinidenes. 
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Photochemistry of ethynylphosphine 

(HCCPH2) was investigated within the same 

study and, again, HCCP appeared as the major 

product following UV irradiation.  

It seemed promising to attempt, along the 

similar lines, the generation of unknown 

species: ethynylarsinidene (HCCAs) and 

ethynylstibinidene (HCCSb) using 

ethynylarsine, HCCAsH2 (or vinylarsine, 

H2CCHAsH2), and ethynylstibine, HCCSbH2, 

as the respective precursors.  

Below, the Author gives a full description of the part of this research dealing with the formation 

of HCCSb from HCCSbH2. Omitted are some of the details pertaining to the spectroscopy and 

photochemistry of HCCAsH2 which were carried out by the Author’s colleague Dr. Arun-Libertsen 

Lawzer (Lawzer et al. 2023). However, the Author’s studies on luminescence of HCCAs are 

described in Section 5.3 and a comparison of ethynylpnictinidenes, including HCCAs, based on all 

available data, is presented in Section 5.2.2.2. 

 

5.2.  Photolysis of ethynylstibine (HCCSbH2) 

 

5.2.1.  Spectroscopy of the precursor  

 

To generate ethynylstibinidene (H-CC-Sb), ethynylstibine (H-CC-SbH2) was used as a 

precursor. Since the IR spectroscopy of HCCSbH2 has not been previously studied, assignments of 

the detected bands relied on B3LYP/def2TZVP predictions (see Figure 5-3 and Table 5-1). The 

identified impurities, coming from the preparative synthesis, were acetylene and stibine (SbH3)*. 

One of the C-H stretching bands of HCCSbH2 could not be reliably measured because of an 

overlapping acetylene band. 

TD-DFT calculations were used to predict the electronic transitions of HCCSbH2 in the UV 

region (see Table 5-2). The experimental spectrum (Figure 5-4) shows a broad, structureless 

absorption with an onset at approximately 250 nm (40 000 cm-1), blended with UV scattering.  

 

 

 
* The general name “stibine” refers also to all molecules bearing an -SbH2 group.  

Figure 5-2. A sterically stabilized stibinidene 
structure obtained from Wu et al. 
(2023b). 
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Figure 5-3. Top: IR absorption spectrum of HCCSbH2 isolated in argon matrix at 10 K. Bottom: predicted (B3LYP/def2-
TZVP) spectrum with its absorbance scale inverted. 

 

 

 

 
Figure 5-4. Experimental and TD-DFT-predicted UV absorption of ethynylstibine. The theoretical spectrum is broadened 

by convoluting with a Gaussian function (FWHM = 0.5 eV, for illustrative purposes only). No absorption 
was detected in the visible range. Experimental data are corrected for radiation scattering by assuming its 
linear dependence on 1/𝜆. 
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Table 5-1. IR spectroscopy of HCCSbH2: theory and experiment.  

a) Scaling factor 0.96. 

b) Overlap with an acetylene band.  

 
 

 

 

 

 

 

Mode 

 
B3LYP/def2-TZVP 

 
In solid argon 

Frequency a 
(cm-1) 

Absolute 
Intensity 

(km mol-1) 

Frequency 
(cm-1) 

Relative 
Intensity 

(%) 

 C-H stretching 3315.7 55.5 
3311.7 
3298.5 
3267.2 

31.5 
--b 

11.0 
 C-C stretching 2040.6 5.3 2031.7 11.2 

 
SbH2 

antisym. stretching 1833.8 163.0 1915.8 
1911.9 
1873.1 
1867 

- 
94.9 
7.6 
4  

SbH2 
sym. stretching 1828.6 153.5 

 

+  
- - - 1289.3 22.9 

 SbH2 scissoring 803.1 30.9 811.8 28.7 

 
C-C-H 

out-of-plane 
bending 

681.5 45.1 672.4 100 

 
C-C-H 

in-plane bending 654.4 67.5 667.6 37.9 

 
 

SbH2 
wagging 647.2 43.2 651.8 34.2 

 
 

SbH2 
twisting 640.4 7.5 647.7 53.73 

 

 
C-Sb 

stretching 427.5 45.1 468.6 50.1 

 

 
C-C-Sb 

in-plane bending 212.3 11.3 
out of detection range 

  

 

C-C-Sb 
out-of-plane 

bending 
200.9 9.7 
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Table 5-2. DFT (B3LYP/def2-TZVP) predictions for the vertical excitations from the ground state to the four lowest 
excited singlet electronic states of ethynylstibine (HCCSbH2). 

 

Excitation energy (eV) Oscillator strength 

5.52 0.025 

5.54 0.05 

5.99 0.001 

6.18 0.04 
 

 

5.2.2.  Photolysis products 

 

5.2.2.1. Time evolution and IR spectroscopy  

 

HCCSbH2 was irradiated in solid argon with an Hg lamp (254 nm). Figure 5-5 shows how the 

crucial peaks, monitored via IR absorption, evolved over time. Most of the precursor compound 

was decomposed within the first 2 hours. IR bands at 474 cm-1, 635 cm-1, and 1956 cm-1 appeared 

early. All three featured the same (within experimental errors) growth curves, suggesting a single 

carrier. Based on the DFT predictions, these can be assigned to, respectively, C-Sb stretching, C-C-

H bending, and C-C stretching vibrational modes of triplet ethynylstibinidene (HCCSb). The triplet 

multiplicity of the ground electronic state of HCCSb and location of the lowest singlet approx. 0.95 

eV (7700 cm-1) higher were confirmed with TD-DFT computations. The HCCSb concentration 

grows during the first 2 hours of irradiation and slightly decreases later on, as depicted by Figure 

5-5. An infrared spectrum measured for a photolyzed HCCSbH2/Ar sample, alongside the 

calculated spectrum of HCCSb, is displayed in Figure 5-6. The respective band frequencies and 

intensities can be found in the last columns of Table 5-3.  

Apart from HCCSb, decomposition of HCCSbH2 creates HCCH, SbH and CCSb. Vibrational 

frequencies of HCCH (Jovan Jose et al., 2007; Krajewska et al., 2002) and SbH (Wang et al., 2003) 

in solid argon have been reported previously. The IR spectrum of CCSb, however, has not been 

measured until the present work. Open-shell coupled cluster RCCSD(T) calculations by  

Milovanović & Jerosimić (2013) suggest that CCSb is linear and features an IR band at 1765 cm-1 

(harmonic approximation), close to the currently observed frequency of 1751 cm-1.  
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Figure 5-5. Evolution of the normalized IR band intensities for the precursor (HCCSbH2) and photoproducts isolated in 

solid argon, as monitored during UV (254 nm) irradiation. Also shown is the evolution of impurities (SbH3 
and HCCH) present in the HCCSbH2 sample. Wavenumbers of the monitored bands are 468.6, 635.1, 1751, 
1840, 822.3, and 736.8 cm-1 for HCCSbH2, HCCSb, CCSb, SbH, SbH3, and HCCH, respectively. 

 

 

 
Figure 5-6. Bottom: baseline-corrected difference spectrum (after-minus-before irradiation) for Ar matrix-isolated 

HCCSbH2 subjected to the 254 nm photolysis. Top: predicted (B3LYP/def2-TZVP) spectrum of triplet 
HCCSb (absorbance scale is reversed to ease the comparison).   

 

The time evolutions of HCCH and SbH3 impurities contained in the HCCSbH2 sample (cf. 

spectrum in Figure 5-3) were also monitored. As depicted by Figure 5-5, the concentration of 

HCCH increased until HCCSbH2 was completely destroyed. Acetylene, therefore, appeared as both 

an impurity and a photoproduct. On the other hand, SbH3 was not created during the photolysis. It 

decayed steadily and disappeared after ca. 4 hours of irradiation. This impurity seems to be the most 

important precursor of SbH. The latter species underwent secondary photolysis, as evidenced by a 
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maximum formed on its concentration curve after approximately 1 hour of irradiation. Probable 

product here could be elemental antimony (found in the form of a dark residue covering the 

substrate window after the experiments).   

While photolysis studies on HCCPH2 showed that it may isomerize to CH3CP and H2C=C=PH 

(Lawzer et al., 2021), analogous isomers could not be detected upon photolysis of either HCCAsH2 

or HCCSbH2. 

 

5.2.2.2. Comparison of ethynylpnictinidenes 

 

The electronic structure of HCCN is that of a cyanocarbene (H-Ċ.-C≡N) with a significant 

allenic (H-Ċ=C=Ṅ) admixture. When moving from P to Sb, the carbenic and allenic properties 

become negligible, and the pnictinidene character (H-C≡C-Ẋ.) predominates. Indeed, the C≡C 

stretching frequency of HCCN, 1735 cm-1, shifts to 1955.9 cm-1 in HCCSb (Dendramis & Leroi, 

1977; Lawzer et al., 2021, 2023) pointing to the emergence of a genuine acetylenic unit (cf. Table 

5-3). This is also reflected in the C-H stretching (increase from 3229.4 to 3297.0 cm-1) and bending 

frequencies (increase from 458 to 635.1 cm-1). The impact of electronic structure on these 

vibrational modes is sufficiently strong to overcome the influence of the pnictogen mass (increasing 

mass, alone, should produce the opposite effect). Additionally, the C-X stretching frequencies (X 

being either N, P, As, or Sb) decrease, when moving from nitrogen- (1178.5 cm-1) to antimony-

bearing compounds (473.3 cm-1). In moving from HCCN to HCCSb, the C-X stretching decreases 

in energy because unpaired electron density becomes more and more localized on the pnictogen, 

the -orbital overlap between carbon and pnictogen becomes smaller, and the mass of the pnictogen 

atom increases.  

Photochemically generated HCCN from 1-azidoalkynes (HCCN3) was reported (Zeng et al., 

2014) to appear in solid argon along with HCNC and cyclo-CHCN. No analogous isomers could 

be detected for HCCAs (Lawzer et al., 2023) or HCCSb.  
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Table 5-3. IR spectroscopy of ethynylpnictinidenes: Theory and experiment.  

 
 

Vibrational 
Modes 

 
 

HCCN HCCP 
 

HCCAs 
 

HCCSb 

Ar Matrix 
(Dendramis 

& Leroi, 
1977) 

Theory 
(B3LYP/aug-cc-pvtz) 

Ar matrix 
(Lawzer et al., 2021) 

Theory 
(B3LYP/aug-cc-pvtz) 

Ar matrix 
(Lawzer et al., 2023) 

Theory 
(B3LYP/ Def2TZVP) 

Ar matrix 
This work, 

(Lawzer et al., 2023) 

Frequency 
(cm-1) 

Frequency 
(cm-1) 

Intensity 
(km 

mol-1) 

Frequency 
(cm-1) 

Relative 
Intensity 

(%) 

Frequency 
(cm-1) 

Intensity 
(km 

mol-1) 

Frequency 
(cm-1) 

Relative 
Intensity 

(%) 

Frequency 
(cm-1) 

Intensity 
(km 

mol-1) 

Frequency 
(cm-1) 

Relative 
Intensity 

(%) 

 
C-H 

stretching 3229.0 3307.9 76 3287.8 100 3309.1 67.8 3294.7 
3284.6 100 3309.42 60.745 

3297.0 
 

3283.9 
60 

 
C-C 

stretching 1735.0 a 1786.7 4.6 1814.2 
1807.9 

7.3 
7.0 1864.3 10.8 1893.1 13 1935.5 13.313 1955.9 18 

 
C-X 

stretching 1178.5 b 678.3 15 696.1 13 518.5 23.5 552.9 10 431.2 36.2 473.3 21 

 
C-C-H 
bending 
overtone 

- - - - - - - 1201.0 17 -  1256.7 26 

 
C-C-H 

bending 458.0 564.6 36 564.7 73 608.8 36.0 605.9 59 634.9 38.536 635.1 100 

 
C-C-X 
bending 
overtone 

- -  - - - -  
498.7 6 - - - - 

 
C-C-X 

bending 369.5 c 299.6 10 
Out of 

detection 
range 

 261.9 11.8 
out of 

detection 
range 

- 221.4 13.96 
out of 

detection 
range 

Out of 
detection 

range 
 
a - antisymmetric CCN stretch; b - symmetric CCN stretch; c - uncertain 
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5.2.3.  Electronic spectroscopy  

 

5.2.3.1. Absorption   

 

The HCCSb molecule features two unpaired electrons distributed across two degenerate, 

singly occupied molecular orbitals (SOMOs) (Figure 5-7). The lowest of the two observed 

electronic transitions, presumably the fully allowed 13Σ--X3Σ-, was detected between 33 000 cm-1 

and 28 000 cm-1 (Figure 5-8, bottom). It seems to originate mostly in the excitation of an electron 

from the highest occupied molecular orbital (HOMO) to the SOMO, i.e. σ2π4π*2 to σ2π3π*3. 

Theoretical predictions on the electronic spectroscopy of HCCX species (Table 5-4, Figure 5-12) 

were obtained by Dr. Marcin Gronowski, who made use of generalized active space configuration 

interaction (GASCI) and Fock-space CCSD (FS-CCSD) methods (Lawzer et al. 2023). The second 

experimentally observed absorption, at 35 600 cm-1, is associated with the fully allowed transition 

13−X3Σ- dominated by the excitation from HOMO-1 to SOMO (σ2π4π*2 to σ1π4π*3).  

Figure 5-8 shows the UV absorption spectrum of 

ethynylphosphinidene in solid Ar (Lawzer et al. 2021) 

and the spectrum of ethynylarsinidene obtained by 

extensive (1 week) irradiation of Ar matrix-isolated 

vinylarsine. Both molecules exhibit absorption patterns 

similar to those of HCCSb, though at slightly higher 

energies. A general trend observed across the electronic 

absorption spectra from HCCN to HCCSb is the blue shift 

of the 13Σ--X3Σ- transition (which in HCCN appears 

between 33 300 cm-1 and 29 400 cm-1 with a vibronic 

spacing of 550 cm-1; Dendramis & Leroi 1977). The 

weakness and complexity of the 13Σ--X3Σ- systems observed for HCCP, HCCAs, and HCCSb 

currently preclude reliable assignment of vibronic transitions. 

In HCCN, the 13−X3Σ- transition appears as a vibronic progression between approx. 41 700 

cm-1 and 33 900 cm-1, with a vibronic spacing of 1100 cm-1 (M. Nakajima et al., 2013). For HCCP 

and HCCAs, however, it is observed as a single sharp feature at 38 460 cm-1 and 38 170 cm-1 

respectively (Lawzer et al., 2021, 2023). Theoretically predicted energy differences between the 

HOMO-1 and SOMO are similar for HCCP and HCCAs. The transition is more red-shifted for 

HCCSb, appearing strongly at 36 500 cm-1. These single absorption peaks can be assigned to the 

13−X3Σ- vibrationless (0-0) transitions. 

 

Figure 5-7. Frontier molecular orbitals of 
HCCSb.  
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Table 5-4. Results of generalized active space configuration Interaction (GASCI) and Fock-space CCSD (FS-CCSD, 
inside the parentheses) (Lawzer et al., 2023). 

State 

HCCSb HCCAs 

Relative 
energy 
[cm-1] 

Relative 
energy 

[eV] 

Transition 
dipole 

moment 
[Debye] 

Relative 
energy 
[cm-1] 

Relative 
energy 

[eV] 

Transition 
dipole 

moment 
[Debye] 

X3- Ω=0 0 (0) 0 (0) - 0 (0) 0 (0) - 
Ω=1 640 (660) 0.08 (0.08) 0.02 110 (124) 0.01 (0.02) 0.003 

13 

Ω=3 
30 300 

(32 300) 3.76 (4.00) - 30 200 
(30 700) 3.74 (3.81) - 

Ω=2 
31 300 

(33 300) 3.88 (4.13) - 30 700 
(31 200) 3.81 (3.87) - 

Ω=1 
31 600 

(33 400) 3.91 (4.14) 0.04 31 200 
(31 800) 3.87 (3.94) 0.01 

13+ 
Ω=1 

32 700 
(34 600) 4.06 (4.29) 0.02 31 700 

(32 200) 3.93 (4) 0.008 

Ω=0 
32 900 

(34 500) 4.07 (4.27) - 31 900 
(32 400) 3.96 (4.02) - 

13- 
Ω=0 

32 900 
(34 800) 4.08 (4.32) 2 33 000  

(34 200) 4.09 (4.23) 2.0 

Ω=1 
33 900 

(35 700) 4.21 (4.42) 0.03 33 200 
(34 300) 4.11 (4.25) 0.01 

13 
Ω=2 38 800 4.81 - 41 700 5.17 - 
Ω=1 39 900 4.94 1.1 42 200 5.23 0.9 
Ω=0 41 400 5.14 - 42 800 5.31 - 

11  
7 300 

(7 500) 0.91 (0.93) - 6 900  
(6 400) 0.86 (0.8) - 

11+  
13 500 

(14 000) 1.67 (1.73) 0.03 12 400 
(12 400) 1.54 (1.54) 0.01 

11-  29 400 
(30 600) 

3.64 (3.79) - 28 700 
(28 900) 3.56 (3.59) - 
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Figure 5-8. UV absorption spectra of ethynylphosphinidene (top; Lawzer et al. 2021), ethynylarsinidene (middle; 
courtesy of Dr. A. Lawzer), and ethynylstibindene (bottom; this work) isolated in an argon matrix. Spectra 
measured after the UV photolyses of phosphapropyne, vinylarsine, and ethynylstibine, respectively. 
Asterisked peak corresponds to an unidentified photoproduct. Bands of the 13Σ--X3Σ- and 13-X3Σ- systems 
are marked by 1 and 2, respectively.   

 

5.2.3.2. Luminescence of HCCSb  

 

A spectrofluorimeter did not provide photoexcitation efficiency necessary to allow detection 

of ethynylstibinidene luminescence, therefore a tunable optical parametric oscillator (OPO) system 

was employed as the excitation source. The experimental setup was equipped with a 

monochromator coupled to a gated CCD camera to record dispersed luminescence (technical details 

are given in Section 2.4). The OPO provided excitation wavelengths between 250 - 350 nm, where 

UV absorption was previously detected. Excitation at 260.0 nm (38 460 cm-1) revealed two 

emissions (Figure 5-9). The stronger one (30 000 cm-1 – 18 000 cm-1), a progression of bands with 

a vibronic spacing of approximately 1500 cm-1, was due to the A3∑𝑢
+ - X3∑𝑔

− system of O2 (Fournier 

et al. 1979), which is a common sample impurity.  The other, weaker emission was more interesting. 

It appeared as a progression in the 18 000 - 12 000 cm-1 region with a spacing of about 800 cm-1. 
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Figure 5-9. Two emission systems observed by exciting (exc = 260 nm) a sample of Ar matrix-isolated HCCSbH2 
previously photolyzed with a mercury lamp.  A discontinuity visible at 21 480 cm-1 is the result of a change 
of the OPO spectral range. Asterisks mark the excitation laser lines appearing in the 2nd and 3rd grating 
order.  

 

Unfortunately, it was not possible with the available experimental setup to obtain a full, well 

resolved excitation spectrum for the progression denoted as L in Figure 5-9. Dispersed emission 

spectra corresponding to a few distinct excitation wavelength settings were nevertheless recorded. 

The result, depicted by Figure 5-10, suggests that L and the two absorption systems of Figure 5-8 

might be due to HCCSb.  

It is not easy to strengthen this tentative assignment of L to HCCSb by pinpointing a concrete 

luminescence system responsible for the discovered emission. The spacing of the progression 

(about 800 cm-1; Table 5-5), does not fit any of the vibrational frequencies of ground-state HCCSb 

which have already been measured using IR spectroscopy (Table 5-3). This excludes X3Σ- as the 

final state of these transitions, as does the location of the progression origin which is at about 17 600 

cm-1 or 2.18 eV; see Table 5-4 or Figure 5-12 for the predicted energies. A transition between two 

excited singlet states can be considered. This would involve the population of −  by intersystem 

crossing from a cluster of excited triplet states (13-, 13+, 13), facilitated by their close proximity 

to − . The observed progression would then correspond to the −  - + system, the origin of 

which is predicted to be at 1.97 eV (GASCI) or 2.06 eV (FS-CCSD), not far from the measured 

value, given the accuracy of calculations. We did not detect any −  - 11 emission, although it 

may be masked by strong fluorescence of O2.  
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Figure 5-10. Top: Dispersed luminescence spectra measured for a sample of Ar matrix-isolated HCCSbH2 which had 
been irradiated with a mercury lamp. Bottom:  Same sample, the electronic absorption spectrum tentatively 
assigned to HCCSb; wavelengths at which luminescence was excited are indicated.  

 

 
 

Figure 5-11. Emission L of Figure 5-9, tentatively assigned to HCCSb.  

 

Time-resolved measurements, carried out by varying the delay between the excitation pulse 

and the detection of L, indicated a polyexponential decay function (Figure 5-13) with at least two 

components: 18 ± 3 s and 220 ± 100 s. If the proposed assignment is correct, intersystem crossing 

to the − singlet state from the triplets grouped around 4 eV may follow more than one pathway, 

reflected in luminescence decay kinetics. In other words, although a singlet-singlet luminescence 
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should be a fast process, the long decay time of this emission may reflect the dynamics of the 

intersystem crossing.  

 

  

 
 

Figure 5-12. Electronic levels of HCCSb (see Table 5-4). Energy difference values are provided in cm-1. 

 

 
Table 5-5. Vibronic progression (L; see Figure 
5-11), tentatively assigned to the − -+ 
system of HCCSb. 

 

 

Band Wavenumber 
 (cm-1) 

0-0 17 660 
0-1 16 900 
0-2 16 030 
0-3 15 260 
0-4 14 440 
0-5 13 670 
0-6 12 940 
0-7 12 170 

Figure 5-13. Intensity of L (see Figure 5-11) as a function of time 
delay between the excitation pulse and detection. Red 
curve represents the fitting of a biexponential decay 
function with the indicated 1 and 2 parameters. 
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5.3. Ethynylarsinidene (HCCAs) 

 

HCCAs was generated in solid argon by photolyzing vinylarsine (H2C=CH-AsH2) at 254 nm. 

Its presence in the irradiated sample (see the IR spectrum of Figure 5-14) was confirmed based on 

published results (Lawzer et al., 2023). Figure 5-15 shows electronic absorption spectra observed 

upon photolysis of either ethynylarsine (Lawzer et al.) or vinyl arsine and provides evidence that 

the same photoproduct is obtained starting from either of these precursors. Based on Table 5-4, the 

lowest excited electronic states of HCCAs are expected at energies similar to those predicted for 

HCCSb. The following section aims to shed light on luminescence of HCCAs which was not 

reported by Lawzer et al. (2023).  

 

 
Figure 5-14. A difference spectrum (after-before-photolysis) showing the HCCAs bands generated by 1-day UV 

photolysis (254 nm) of vinylarsine in solid argon (courtesy of Dr. Arun-Libertsen Lawzer). 

 

 
Figure 5-15. UV spectra of Ar matrix-isolated HCCAs obtained by photolyzing (254 nm) ethynylarsine (top) and 

vinylarsine (bottom). 
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5.3.1. Luminescence of HCCAs 

 

The emission spectroscopy of HCCAs was studied using the same set-up as for HCCSb (i.e. 

OPO/spectrograph/CCD camera). Just as in the case of photolyzed ethynylstibinidene, fluorescence 

of molecular oxygen could be observed when the sample of matrix-isolated and UV-irradiated 

vinylarsine was excited at exc < 280 nm (35 700 cm-1). Another progression of bands (labelled L’) 

was detected. For exc > 280 nm (see Figure 5-16), oxygen fluorescence disappeared leaving only 

L’. Figure 5-17 suggests a correlation between L’ and the UV absorption spectrum assigned to 

HCCAs (just as L was related to the absorption of HCCSb).  

The regular vibronic spacing observed in L’ (~ 900 cm-1) could not be linked to any ground-

state vibrational frequency of HCCAs and the presumed origin (0-0 band) of that system (23 080 

cm-1) does not correspond to the predicted energy gap between the ground state of HCCAs and any 

of the excited states (Table 5-4 and Figure 5-18). Energies of the observed L’ bands are listed in 

Table 5-6.  

Time-resolved measurements revealed a biexponential decay curve with a fast component of 

1.6 ± 0.3 s and a slower one of 13.3 ± 0.3 s (Figure 5-19). By analogy to what was proposed for 

HCCSb in Section 5.2.3.2, this emission may represent an electronic system linking two excited 

singlet states. Considering the predicted energetics, a suitable system could be 11−-11 (Table 5-4 

and Figure 5-18). The DFT-computed C-C-H bending frequency of the 11 state is 796 cm-1 (see 

Table 9-8), which lends some credence to such an assignment. 

 

 

 
 

Figure 5-16. Emission L’ tentatively assigned to HCCAs, observed by exciting (exc = 303 nm) the sample of UV-
photolyzed vinylarsine isolated in solid argon. 
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Figure 5-17.  Top: Dispersed luminescence spectra measured for a sample of Ar matrix-isolated vinylarsine which had 

been irradiated with a mercury lamp. Bottom:  Same sample, electronic absorption spectrum assigned to 
HCCAs; wavelengths at which luminescence was excited are indicated.  

  

 
 

Figure 5-18. Electronic levels of HCCAs, (see Table 5-4). Energy difference values are provided in cm-1. 
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Table 5-6. Luminescence bands of the 
progression tentatively assigned to the 11−-11 
system of HCCAs. 

Band Wavenumber 
cm-1 

0-0 23 080 
1-0 22 170 
2-0 21 270 
3-0 20 360 
4-0 19 420 
5-0 18 520 

  
6-0 17 640 
7-0 16 740 
8-0 15 870 

 

 

5.4. Conclusions 

 

Photolysis of argon matrix-isolated ethynylstibine (HCCSbH2) with mercury lamp (254 nm) 

radiation successfully generated the photodehydrogenated photoproduct, triplet ethynylstibinidene 

(HCCSb). This study is the first to reveal the existence of HCCSb. The compound has been 

characterized via IR absorption and UV/Vis (both absorption and emission) spectroscopy. Non-

detection of radical intermediates (e.g. HCCSbH) suggests that two H atoms are lost in a concerted 

manner during the photolysis, leading directly to the formation of HCCSb. Together with earlier 

studies on HCCN, HCCP, and HCCAs, these findings indicate that as the pnictogen atom mass 

increases in the series, the acetylenic-pnictinidenic electronic structure becomes dominant. In 

addition to HCCSb, three photoproducts: HCCH, SbH, and CCSb were observed.  

UV spectrophotometry revealed the first two excited triplet electronic states of HCCSb with 

an energetic pattern similar to that observed for HCCAs. The use of a tuneable laser source opened 

up the way to the excitation of associated electronic emissions. Vibronic progressions observed in 

the luminescence of products obtained by photolysis of ethynylstibine and vinylarsine can be 

provisionally assigned to HCCSb and HCCAs, provided that transitions between the excited singlet 

states of these species are assumed.* Further studies are indispensable to confirm the conjectures 

outlined above. These should include: (i) precise measurements of luminescence excitation spectra, 

(ii) advanced-level theoretical predictions of vibrational frequencies for the lowest singlet states of 

both compounds, and (iii) a search for near-IR luminescence (11 - X−).  

 
* Author’s search for luminescence of HCCP has not, does far, been successful.  

Figure 5-19. Intensity of luminescence L’ (see Figure 5-16) as a 
function of time delay between the excitation pulse 
and detection. Red curve represents the fitting of a 
bioexponential decay function with the indicated 1 
and 2 parameters. 
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6. Photochemistry of propadienylphosphine (CH2=C=CH-

PH2) in solid argon  
 

6.1. Literature overview 

 

For more than three decades, phosphaalkynes and phosphaallenes, i.e. molecules featuring 

multiple carbon-phosphorous bonds, have been used as synthetic building blocks (Nakajima et al., 

2015; Nixon, 1995; Regitz, 1990, 1994). Their molecular structures can be stabilized by appropriate 

bulky or electron-rich substituents (Appel et al., 1986; Märkl & Herold, 1988; Märkl & Reitinger, 

1988). Tert-butyl-substituted phosphaethyne (3,3’-dimethylphosphabutyne;  Becker et al., 1981) 

can serve as an example.  However, in their free forms, they are typically kinetically unstable and 

prone to oligomerization (Albrand et al., 1975; Bergstraesser, 2005; Cohen et al., 1987; Ionkin et 

al., 2009). Synthesis of free phosphaalkynes and phosphaallenes is therefore challenging and 

studying their properties difficult. Such unstable species can sometimes be generated from less 

reactive precursors and studied using special techniques.  The simplest of phosphaallenes, 

phosphapropadiene (CH2=C=PH), was initially theorized as a likely intermediate in base-catalyzed 

thermal rearrangements of alkynylphosphine to phosphaalkynes (Pellerin et al., 1987). It was later 

reported as a product of phosphapropyne photorearrangement in solid argon (Lawzer et al., 2021). 

Using a combination of flow pyrolysis and microwave spectroscopy, highly reactive members of 

these families were generated and, from a mixture of products, information concerning individual 

species could be obtained, e.g. HCP, NCCP, HC3P, and CH2CHCP (Bizzocchi et al., 2001; Gier, 

1961; Kroto et al., 1981a; Laurent et al., 1982; Ohno et al., 1981).  

As pointed out in Section 1.1, the phosphorus-containing molecules CP, HCP, PN, PO, CCP, 

and (tentatively) NCCP, have been detected in the interstellar medium (Agúndez et al., 2007, 2014; 

Saito et al., 1989). Phosphabutadiyne (HC3P) and vinylphosphaethyne (CH2CHCP) – the P-bearing 

analogues of the prominent interstellar molecules cyanoacetylene and vinylcyanide (Sharma, 2019; 

Walmsley et al., 1980) – have not, thus far, been observed in space. While the microwave (purely 

rotational) spectra of phosphabutadiyne (HC3P) and vinylphosphaethyne (CH2CHCP) have been 

measured, laboratory investigations of their vibrational and/or electronic transitions are also of 

value to astrospectroscopy and astrochemistry. 

Author’s photochemical studies on methylpnictines (Chapter 4) and ethynylpnictines 

(Chapter 5) demonstrated the ease of their UV-induced dehydrogenation. In the experiments 

described below, a phosphaallene, namely propadienylphosphine (CH2=C=CH-PH2), is used as a 
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parent species to generate CH2CHCP and HC3P in inert cryogenic matrices. Additionally, the 

photochemistry of phosphabutyne (CH3CH2CP, an isomer of CH2=C=CH-PH2), studied in parallel 

to this research by Dr. Arun-Libertsen Lawzer (Lawzer et al., 2024) is discussed.  

 

6.2. Infrared spectroscopy of propadienylphosphine 

 

Infrared absorption of propadienylphosphine (1) has not been studied previously. Present 

spectra were interpreted with the assistance of DFT computations. Isomers 1a and 1b (C1 symmetry; 

Figure 6-1) exhibit axial chirality which makes them isoenergetic, while 1c (Cs) is just ~0.3 

kcal/mol more stable. The predicted infrared frequencies of these 

conformers, along with their absolute intensities and possible 

assignments to the measured IR bands, are listed in Table 6-1. 

Experimental and theoretically predicted spectra are shown in Figure 

6-2.   

The IR bands of matrix-isolated 1 are split into multiplets, which 

may arise either from microenvironmental effects (various sites) within 

the matrix or from the presence of conformers. The spectrum revealed 

also the bands of isomeric species present as inseparable impurities: 

propargylphosphine (HCCCH2PH2, 2) and, to a much lower extent, 

propynylphosphine (CH3CCPH2, 3). Their identification is shown in  

Figure 6-2 and Figure 6-3, respectively. The infrared spectrum of pure, 

Ar martrix-isolated 3, used here to confirm the presence of this compound, was kindly supplied by 

Dr. Arun-Libertsen Lawzer. An estimation of the relative concentration of all three isomers showed 

that isomer 1 is 85 %, 2 is 10 % and 3 is 5 %. 

 

  

Figure 6-1 The DFT-
predicted conformers of 
species 1. 

1a 

1b 

1c 
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Figure 6-2. Bottom: predicted (B3LYP/aug-cc-pVTZ) infrared spectrum of 2. Middle: spectrum measured for Ar 

matrix-isolated 1 contaminated with traces of 2 and 3. Top: Predicted (B3LYP/aug-cc-pVTZ) spectrum of 1 
(absorbance scale is inversed to facilitate the comparison). 

 

 

 
Figure 6-3. Blue: absorption spectrum measured for Ar matrix-isolated 1 contaminated with the isomeric species 2 and 

3. Grey: spectrum of pure 3 isolated in Ar (courtesy of Dr. Arun-Libertsen Lawzer). 
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 The gas phase infrared spectrum of 2 has already 

been reported (Shay et al., 1988), which helped in 

identification of this species (Table 6-2). Similar to 1, 

the observed infrared bands of 2 exhibit splitting, 

which could either stem from the microenvironmental 

effects (different sites) within the matrix or from the 

presence of conformers: the enantiomers 2a, 2b (C1) 

and a Cs-symmetry species 2c (see Figure 6-4).  

 
Table 6-1. Infrared spectroscopy of propadienylphosphine 1.  

Mode  

B3LYP/aug-cc-pVTZ  In solid Ar, 10 K  

Conformers 1a & 1b Conformer 1c 
Frequency  

(cm-1) 
Relative 
Intensity Frequency  

(cm-1) 

Absolute 
intensity 
(km/mol) 

Frequency  
(cm-1) 

Absolute 
intensity 
(km/mol) 

CH 
stretching 

3062 
2999 
2994 

0.9 
0.8 
1.7 

3070 
3003 
3000 

0.2 
1.4 
0.2 

3022.7 
2992.8 

 
1 
7 

PH2 antisymmetric, 
stretching 2303 40.1 2265 66.1 2317.2 

2310 100 

PH2 symmetric, 
stretching 2261 73.1 2264 73.9 2218.0 1 

CC stretching 1946 105 1946 121.7 
1984.9 6 
1961.7 
1956.2 42 

CH2 scissoring 1406 0.7 1402 2.0 

1445.1 
1436.9 
1429.4 
1421.2 

1 
1 
1 
3 

CH2 scissoring, 
allene stretching, 

CH bending, 
PH2 twisting 

1230 3 1212 15.1 
1232.4* 
1226.9 
1206.7 

- 
9 
2 

PH2 scissoring, 
allene stretching, 

CH bending 
1068 4.9 1078 12.9 

1130.0 
1098.1 
1083.6 

6 
14 
2 

PH2 scissoring, 
allene stretching 1053 16.6 1059 14.3 1069.0 8 

CH2 rocking 977 1 974 1 990.6 23 
CH2 twisting, 
PH2 wagging, 
CH bending 

857 15.1 - - 906.0 
887.3 

7 
21 

CH2 wagging, 
CH bending 851 26.01 867 39 853.4 

859.7 18 

CH2 wagging 834 52.7 833 60.9 830.0 46 

CH2 twisting, 
PH2 twisting - - 825 0.0 - - 

Figure 6-4. DFT predicted conformers of 2. 

2a 2b 2c 
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PH2 wagging 809 23 826 31.9 - - 

CP stretching 634 3.3 667 0.3 706.4 1 

Allene twisting 482 10.8 464 0.8 468.9 4 

C-C-C bending 447 7.2 456 19.5 462.8 8 

CH2 rocking, 
C-C-C bending 323 8.5 340 7.3 

Out of detection 
range 

C-C-C-P bending 166 0.2 162 1.0 

PH2 rocking 127 5.4 110 3.4 

 *) Intensity could not be determined due to the overlapping bands of other isomers.  

 
Table 6-2. Infrared spectroscopy of propargylphosphine 2. 

Mode 

B3LYP/aug-cc-pVTZ  
Gas Phase 

(Shay et 
al., 1988) 

cm-1 

In solid Ar, 10 K  
Conformers of 2a & 2b Conformer 2c 

Frequency  
(cm-1) 

Absolute 
intensity 
(km/mol) 

Frequency  
(cm-1) 

Absolute 
intensity 
(km/mol) 

Frequency  
(cm-1) 

Relative 
intensity 

CH stretching 3331 73.5 3331 75.3 3335 
3343.9 
3334.2 
3326.3 

7 
9 
5 

CH2 asymmetric 
Stretching 2960 0.9 2946 0.8 

2933 2919.5* - CH2 symmetric 
stretching 2919 6.4 2915 6.9 

PH2 asymmetric 
stretching 2291 55.7 2298 55.3 - - - 

PH2 symmetric 
stretching 2272 78.7 2290 37.0 2301 - - 

CC stretching 2126 11.9 2123 15.7 2129 2137.4 
2128.2 

2 
12 

CH2 scissoring 1402 4.6 1395 4.9 1418 1417.5 5 

CH2 wagging 1180 3.2 1194 0.7 
1257 
1243 
1230 

1271.1 
1253.4 4 

1234.4 
1225.5 
1214.1 

100 

CH2 twisting 1138 6.8 1160 2.5 - - - 

PH2 scissoring 1065 15.4 1070 12.9 1095 
1083 

1104.5* 
1091.5* 

- 
- 

CH2 wagging, - - 937 3.4 943 956.3 - 
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PH2 wagging 
CH2 wagging, 
PH2 twisting 947 1.0 - - 

CH2 rocking,  
PH2 wagging 914 19.4 - - - - - 

PH2 wagging - - 822 16.1 863 
846 
833 

858.3 
847.0* 
838.0* 

19 
- 
- 

PH bending, 
CP stretching 812 7.8 - - 

CH2 rocking, 
PH2 wagging 679 2.8 - - 

628 

- - 

CH2 twisting, 
PH2 twisting -  633 45.4 - - 

CH bending 650 43.6 652 1.1 643.3 5 

CH bending 642 40.8 630 43.1 635.5 48 
CP stretching, 
PH2 wagging, 
CH bending, 

C-C-P bending 

- - 609 6.7 

613.1 47 CP stretching, 
PH2 twisting, 
CH bending, 

C-C-P bending 

618 4.4 - - 

CH2 wagging, 
CP stretching, 
PH2 wagging, 
C-C-C bending 

- - 432 14.4 

432 - - 
CH2 wagging, 
PH bending, 

C-C-C bending 
423 14.1 - - 

CH2 rocking, 
PH2 rocking, 

C-C-C bending 
333 9.2 333 10.4 - 

Out of 
detection 

 

PH2 rocking 
C-C-P bending 167 2.3 169 1.9 - 

PH2 rocking, 
CCP bending 142 1.2 - - - 

PH2 wagging, 
C-C-P bending - - 164. 0.1 - 

 *-intensities couldn’t be determined due to overlapping peaks of isomers 1 or 3.  

 

6.3. Photochemistry 254 nm 

 

The electronic absorption spectrum of matrix-isolated 1 (with trace 2 and 3) revealed a broad, 

weak mid-UV absorption band extending into the 250 nm region (Figure 6-5). This feature was 

targeted for photolysis by using a low-pressure Hg lamp (254 nm).  

Based on previous studies of photolysis of methylpnictines and ethynylpnictines, we expect 

both isomerization and dehydrogenation processes to be operative for 1 with potential C-C bond 

cleavage.  The increasing concentration of isomer 2 shows that isomerization indeed occurs. 

Photolysis of CH3PH2 and CH3AsH2 with 254 nm (Chapter 4) resulted primarily in double H2 

elimination (ultimately producing HCP and HCAs).  A similar loss of H atoms (one or two H2 

molecules) from 1 (also 2 or 3) might generate phosphabutadiyne (HC3P), a cyanoacetylene 
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analogue of potential astrochemical significance whose IR signature has not yet been measured. 

While no member of the C3H3P family (single dehydrogenation) could be detected upon photolysis 

of 1 using 254 nm light, the doubly dehydrogenated HC3P species was observed. Coupled-cluster- 

(Bizzocchi et al., 2000) and DFT-predicted infrared frequencies of HC3P assisted in the 

interpretation of experimental data (Figure 6-6). One difficulty in identifying this species was the 

overlap between the HC3P bands and those of the (growing) isomer 2 (this was overcome by 

applying VUV photolysis; see Section 6.4). In the case of 254 nm irradiation, the concentration of 

HC3P increased almost linearly with time, as shown in Figure 6-7.  

 

 
Figure 6-5. UV spectrum of the mixture of isomers 1, 2 and 3 isolated in solid argon tentatively revealing, apart from the 

scattering, a weak, broad absorption band within the 220-250 nm region (marked as #). No absorption was 
detected in the visible region.  

 

The C-C bond cleavage products HCP and HCCP were also found. The strong IR absorption 

bands of HCP, observed at 675.1 cm-1, 681 cm-1 and 686 cm-1, were already known from our 

investigations of the pure substance isolated in solid Ar (Section 3.2). Given that HCP is present, it 

is rational to expect 2-carbon molecules like ethylene or acetylene as complementary 

photofragments. Bands observed at 731 cm-1 and 3270 cm-1 can, in fact, be attributed to the C-H 

bending and stretching vibrational modes of HCCH. However, there was no evidence for the 

presence of ethylene.  

 

http://rcin.org.pl



Photochemistry of propadienylphosphine (CH2=C=CH-PH2) in solid argon 
 

 

 
90 

 

 

 
Figure 6-6. Low- and high-wavenumber parts of a baseline-corrected difference spectrum (after-minus-before 

irradiation) obtained for Ar matrix-isolated propadienylphosphine subjected to 4 days of 254 nm photolysis. 
An artifact feature originating in the substrate window is marked with #. 

 

The formation of ethynylphosphinidene 

(HCCP) among the photolysis products could 

also be firmly confirmed using the reported IR 

band frequencies of this molecule at 564.7, 

696.1, 1807.9, 1814.2, and 3287.8 cm-1 (Lawzer 

et al., 2021).  The values reported by Lawzer et 

al. differ very slightly from those observed 

following photolysis of 1, namely: 564.6, 695.8, 

1804.3, 1814.3, and 3287.3 cm-1.  This is 

presumably due to differences in the matrix 

microenvironment of the precursor used in each 

study which can affect the arrangement of 

Scheme 6-1. Parent compounds subjected to 
mercury lamp (254 nm) 
irradiations and the resultant 
photoproducts.  
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photoproducts.  Formation of HCCP implies loss of CH4 from 1. Methane is therefore expected as 

a product associated with HCCP.  A sharp peak at 1304 cm-1 proves its presence. Summing up, the 

identified photolysis products, apart from species 2, are HC3P, HCP, HCCH, HCCP, and CH4 (see 

Scheme 6-1). The time evolutions of these species, monitored during the photolysis with IR 

spectroscopy, are shown in Figure 6-7. 

  

 
Figure 6-7. Evolution of precursor and product IR absorption band intensities over the course of 254 nm photolysis of 

propadienylphosphine (1, contaminated with traces of 2 and 3).  The monitored bands were: 1956.2 cm-1 (1), 
613.1 cm-1 (2), 2217.9 cm-1 (3), 1304 cm-1 (CH4), 3270 cm-1 (HCCH), 3287.3 cm-1 (HCCP), and 2063 cm-1 
(HC3P). 

 

6.4. Photochemistry at 150-190 nm 

 

When an Ar matrix containing 1 (with 

trace 2 and 3) was subjected to VUV 

radiation (150 to 190 nm) of a Xe lamp, all 

three parent compounds were decomposed 

and no other C3H5P isomers were formed. 

HC3P appeared prominently (Figure 6-8, 

Table 6-3), along with the single 

dehydrogenation product, 

vinylphosphaethyne (H2C=C(H)-CP) 

which was not detected upon 254 nm 

irradiation of the sample. The infrared 

absorption bands of vinylphosphaethyne, 

Scheme 6-2. Parent compounds subjected to VUV (150-190 
nm) irradiations and the resultant 
photoproducts.  
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never reported before, are now assigned based on DFT calculations (Figure 6-9, Table 6-4). The 

HC3P spectrum obtained with VUV photolysis was much cleaner than that observed upon 254-nm 

irradiation, because the overlapping contributions from the C3H5P isomers were eliminated. 

While the spectroscopic signatures of neither HCP (675 cm-1) nor acetylene (731 cm-1) were 

detected, weak bands of HCCP and methane appeared. The observed products of VUV irradiations 

are summarized in Scheme 6-2. Several unassigned, broad spectral features are most likely due to 

aggregated or polymerized substances. 

 

 
Figure 6-8. Black: difference spectrum (after-minus-before irradiation) for Ar matrix-isolated compound 1 

(contaminated with traces of 2 and 3) subjected to VUV xenon lamp (150-190 nm) photolysis. Red: 
B3LYP/aug-cc-pVTZ-predicted IR absorption of HC3P.  

 

 

 
Figure 6-9. Top: difference spectrum (after-minus-before irradiation) obtained for Ar matrix-isolated compound 1 

(contaminated with traces of 2 and 3) subjected to VUV xenon lamp (150-190 nm) photolysis. Bottom: 
B3LYP/aug-cc-pVTZ-predicted IR absorption of vinylphosphaethyne. 
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Table 6-3. Infrared spectroscopy of HC3P. 

Mode 

CCSD(T))/cc
-pVQZ a 

(Bizzocchi et 
al., 2000) 

VPT2//B3LYP/aug-cc-
pVTZ 

unharmonic 
(Lawzer et al., 2024) 

B3LYP/aug-cc-pvtz b 

(this work) In solid Ar c 

Vibrational 
frequency 

(cm-1) 

Vibrationa
l 

frequency 
(cm-1) 

Absolute 
intensity 
(km/mol

) 

Vibrationa
l 

frequency 
(cm-1) 

Absolute 
intensity 
(km/mol

) 

Vibrationa
l 

frequency 
(cm-1) 

Relative 
Intensit

y 

C-H stretching 
() 

3453 3337.7 113.6 3325 102.2 3322.9 100 

C-C-stretching 
() 

2111 2119.5 12.1 2076 8.7 2063 17 

C-P stretching 
() 

1544 1563.1 91.2 1520 35.8 1524.0 6 

Overtone (2) - 1276.6 
1255.5 

93.8 
46.9 - - 1212.2 16 

HCCCP 
stretching () 

687 708.7 0.8 680 0.2 - - 

C-H bending 
() 

621 635.0 513.8 
622 40.3 614.8 

613.8 
611.8 

76 619 36 

pseudo-
antisymmmetri
c CCCP chain 
bending () 

479 514.0 5.4 496 0.8 

Out of detection pseudo-
symmmetric 

CCCP 
chain bending 

() 

192 205.4 152.1 196 8 

a) Unscaled harmonic values. 
b) Harmonic values, scaling factor 0.96 
c) The most reliable measurements (presented here) were carried out for HC3P generated with VUV radiation.  

 

 
Table 6-4. Infrared spectroscopy of vinylphosphaethyne 

Mode 

B3LYP/aug-cc-pVTZ Ar matrix, 10 K 
Vibrational  
frequency 

 (cm-1) 

Absolute  
intensity  
(km/mol) 

Vibrational  
frequency 

 (cm-1) 

Relative  
intensity 

CH2 symmetric and 
antisymmetric stretching 

3108 3.5 - - 
3023 3.3 - - 

CH stretching 2996 3.4 - - 
C-C stretching 1597 7.3 1589.5 29 
C-P stretching 1516 23.9 1529.8 82 
CH2 scissoring 1366 2.2 1385.2* 10 

CH bending (in-plane) 1262 2.1 - - 
CH2 rocking 1033 2.4 - - 

CH2 and CH twisting 962 9 967.4 64 
CH2 wagging 924 44.8 923.8 100 

CH bending (in-plane) 720 1.4 - - 
CH bending (out-of-plane) 661 0.8 - - 

C-C-P bending 506 9.6 478.2 40 
*-tentative assignment 
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6.5. Comparison with CH3CH2CP photolysis 

 

In parallel with the experiments described here, Dr. Arunlibertsen Lawzer of IPC PAS explored 

the 254 nm and VUV photolysis of phosphabutyne, CH3CH2CP (Lawzer et al., 2024).  The UV 

(254-nm) irradiation of CH3CH2CP produced the isomers 1, 2, 3, HCCPHCH3 (4), CH2=C=PCH3 

(5), CH3CH=C=PH (6), as well as CH2=CHCP (7), HCCP, HCP, ethylene, and acetylene along with 

HC3P*. In a provisional mechanism (Scheme 6-3), CH3CH2CP serves as the direct precursor of 

H2CCH2/HCP, while HC3P and HCCH/HCP are likely formed from 3 (CH3-CC-PH2) via 7 

(vinylphosphaethyne, H2CCHCP) as an intermediate. According to this scheme, formation of 4, 5, 

and 6 could be due to H-atom and CH3-group migrations towards the phosphorus center of 

CH3CH2CP. Finally, the HCCP/CH4 pair forms from 4.  

Currently photolyzed isomers 1, 2, and 3 share an important feature that sets them apart from 

CH3CH2CP: a saturated phosphorous centre (the -PH2 group). This saturation may help explain why 

the 254 nm-induced isomerization through migration of molecular fragments to the phosphorous 

atom (to form 4 or 5) is presently less likely than it was for CH3CH2CP. The present lack of ethylene 

among the products is consistent, within the Scheme 6-3, with the absence of CH3CH2CP. However, 

the HC3P/H2, HCP/HCCH, and HCCP/CH4 pairs are formed by the 254 photolysis of 1 (with trace 

2 and 3), even though species 7 and 4 are absent. This suggests that the photoreaction scheme 

recently proposed for the photolysis of CH3CH2CP is not complete. However, a credible completion 

of this scheme would require advanced quantum chemical calculations of the excited-state potential 

energy surface and/or further experiments with the specific isomers used as precursors. 

 

 
Scheme 6-3. Tentative reaction scheme for the photolysis (254 nm) of phosphabutyne isolated in solid argon. The indicted 

B3LYP/aug-cc-pVTZ-predicted electronic energy values (Lawzer 2024) are relative, with respect to 
phosphabutyne.  

 
* The vibrational frequencies of HC3P measured upon photolysis of CH3CH2CP are in exact agreement with 
those obtained presently with 1 (with trace 2 and 3) as the parent. 
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6.6. Conclusions 

The 254-nm photolysis of an Ar matrix-isolated mixture of C3H5P-stoichiometry isomers 

propadienylphosphine (1, ~85%), propargylphosphine (2, ~10%), and propynylphosphine (3, ~5%) 

yields H-CC-CP, H2C=C(H)-CP, H-CP, H-CC-H, H-CC-P, CH4, and increases the 

concentration of 2. Vacuum-UV photolysis (150-190 nm) decreases the amount of all three initial 

species, and produces no HCP, HCCH, nor any isomers of the parents. Phosphabutadiyne, HC3P, is 

the main photoproduct of the VUV photolysis. Five IR bands of this phosphorus-bearing analogue 

of cyanoacetylene (HC3N) have been observed. Spectral signatures of vinylphosphaethyne 

(H2C=CHCP) and HCCP + methane (weaker than in the case 254-nm photolysis) were also detected 

following VUV irradiations. Vinylphosphaethyne, generated via elimination of hydrogen from a 

C3H5P-stoichiometry precursor, is a plausible parent (via further dehydrogenation) to HC3P. The IR 

spectra of astrochemically relevant molecules HC3P and H2C=CHCP have been measured and 

analyzed here for the first time.
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7. Conclusion and future outlook 
 

7.1. Original research objectives vs. key findings 

 

Goal 1: Fine-tuning the preparative organic synthesis of pure HCP. If successful, description 
of the photochemistry of HCP in solid argon.  

Key findings (Chapter 3): 

HCP, the heavier analogue of hydrogen cyanide, was successfully synthesized and its 

vibrational spectroscopy studied in a solid argon. A hydrogen bond interaction between HCP 

and H2O was identified via IR absorption for the first time. 

UV photolysis of HCP produced CP as the sole detectable photoproduct, enabling the first-

ever cryogenic isolation and spectroscopic analysis of CP. Fluorescence from the B2Σ+—X2Σ+ 

and B2Σ+—A2i systems was observed. Unexpectedly, a very rare case of quartet–doublet 

phosphorescence was discovered and new electronic systems of CP were described: a4Σ+—X 
2Σ+ and a4Σ+—A2Пi). The measured quartet state lifetime is 0.1 s.    

 

Goal 2: Description of differences in photolyzes of the methylpnictines CH3PH2, CH3AsH2, and 
CH3SbH2.  How do these compare to methylamine, CH3NH2? Spectroscopic characterization 
of the respective photoproducts. 

Key findings (Chapter 4): 

CH₃PH₂ and CH₃AsH₂, displayed similar photochemical behavior under VUV irradiations, 

yielding CH₂XH (X represents P or As), HCX, CH₄, and diatomic products (CX, XH). 

Secondary UV photolysis (254 nm) destroyed CH₂XH with no evidence of monovalent (CH₃-

X) or pentavalent (CH₂=XH₃) intermediates. 

In contrast, CH₃SbH₂ underwent dehydrogenation to form CH₃-Sb, an exotic compound of 

monovalent antimony. Cleavage of the C-Sb bond produced SbH and CH₄, a process more 

efficient than in CH₃PH₂ and CH₃AsH₂. 

The photochemistry of methylphosphine and methylarsine in an argon matrix was found to 

be similar to the methylamine photochemistry, whereas methylstibine followed a different 

photochemical pathway.   
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Goal 3: Finding whether the ethynylstibinidene, HCCSb, can be obtained in a rare gas matrix 

following the photodehydrogenation route already explored for ethynylarsinidene, HCCAs, and 

ethynylphosphinidene, HCCP. If successful, spectroscopic (IR and UV/Vis absorption) 

characterization of HCCSb, as well as the search for electronic luminescence of HCCSb, 

HCCAs, and HCCP.  

Key findings (Chapter 5): 

Photolysis of HCCSbH₂ successfully yielded HCCSb, marking its first experimental 

detection. IR- and UV/Vis-spectroscopic characterization was performed. Luminescence 

studies revealed electronic emission for both HCCSb and HCCAs, attributed to the radiative 

relaxation between two singlet excited states. Further experimental and theoretical studies are 

needed to validate this assignment. 

 

Goal 4: Attempt to obtain phosphabutadiyne, HC3P, by photodehydrogenation of a suitable 

precursor (reported spectroscopy of HC3P being limited to the radio frequency range). If 

successful, spectroscopic characterization of this phosphorous-bearing analogue of 

cyanoacetylene. 

Key findings (Chapter 6): 

UV photolysis of propadienylphosphine and its isomers yielded HC₃P together with 

CH₂=CHCP, HCP, HCCH, HCCP, and CH₄, while VUV irradiations primarily produced HC₃P. 

Five IR bands of HC₃P were recorded for the first time, along with signatures of 

vinylphosphaethyne (a possible direct HC₃P precursor) and HCCP. These findings are of 

relevance to astrochemistry of phosphorus-bearing species. 

 

7.2. Future outlook 

 

Several aspects of the research lines presented in this dissertation remain open to further 

exploration:  

1.  Astrochemical relevance of HCP and HC₃P:  Concentration-dependent studies of 
intermolecular interactions and radiation-induced reactions of HCP or HC3P with molecules 

like acetylene, hydrogen cyanide, carbon monoxide, ammonia, water, etc. should deepen our 

understanding of the first stages of chemical evolution ultimately leading to biomolecules. 

Targeted experiments to assess the possibility of HC₃P formation in analogues of icy dust grains 

may be helpful in detecting this molecule in astrophysical environments. 
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2. Theoretical insights into methylpnictine photochemistry: Advanced theoretical studies are 

needed to clarify the observed similarities and differences in the photochemical behavior of 

methylpnictines, particularly the stand-out case of methylstibine.   

 

3. Luminescence of pnictinidenes: Reliable theoretical predictions of excited-state potential 

energy surfaces will assist in (thus far only tentative) interpretation of the detected 

luminescence spectra of HCCSb and HCCAs. 

 

The Author hopes that his doctoral dissertation provides useful information on the 

photochemistry and spectroscopy of kinetically unstable pnictogen-containing molecules, also 

paving the way for further research in this direction.   
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9.  Appendices  

 

9.1. Closed-cycle two-stage helium refrigerator  

Cryogenic temperatures are achieved by passing He gas through the cryostat with the help of 

the compressor and an expander (Figure 9-1, Figure 9-2). Two lines are used to cycle He: the first 

of these supplies high-pressure gas from the compressor to the expander, and the other one returns 

the low-pressure gas to the compressor. After two adiabatic expansion stages, the temperature below 

10 K is attained at the sample holder made of copper. A substrate window (CsI, CaF2, or KBr) is 

attached to the holder, the proper thermal contact being secured with indium washers. The vacuum 

shroud of the cryostat is equipped with external windows made of CsI, KBr, CaF2, fused silica or 

MgF2 (see Table 9-1, for the transparency ranges of these materials).    

 

 
Figure 9-1. Cryostat components, Source: ARS official website. 
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9.2. Spectral transparency of optical materials 

 
Table 9-1. Transparency ranges of select materials used in IR and UV/Vis (Moore et al., 2009). 

 CsI Sapphire Fused silica 
a  KBr MgF2 

Range (cm-1) 150 – 33 000 2000 – 66 000 3000 – 55 600 400 – 33 000 1000 – 
100 000 

 
a) high-purity quartz 
 

 

 

 

 

 

 

 

 

 

Figure 9-2. Cryostat, principle of operation; Source: ARS official website. 
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9.3. Results of quantum chemical calculations 

 
Table 9-2. B3LYP/aug-cc-pVTZ)-derived vibrational frequencies, absolute infrared intensities, and electronic energies 
for several a priori possible products of methylphosphine photolysis. 

 
Table 9-3. B3LYP/aug-cc-pVTZ)-derived molecular geometries for several a priori possible products of 
methylphosphine photolysis. 

 

Molecule Infrared frequency 
(cm-1) 

Relative Intensity 
(%) 

Absolute Intensity 
(km/mol) 

Energy 
+ ZPE 

(Hartree) 

CH2PH3 

283.561 
459.446 
645.641 
678.105 
912.702 
929.496 
949.557 
1115.16 
1132.97 
1332.12 
2058.72 
2348.66 
2366.65 
3014.56 
3101.02 

1.38374 
31.5632 
2.21126 
7.96961 
10.9213 
6.63309 
3.26196 
43.3618 
1.89747 
2.48572 

100 
14.1505 
7.51789 
0.275399 
0.272134 

5.04 
115.03 
8.06 

29.05 
39.80 
24.17 
11.89 
158.03 
6.92 
9.06 

364.45 
51.57 
27.40 
1.00 
0.99 

-382.435938 

CH3PH 

214.594 
650.589 
699.02 

752.386 
990.482 
1257.72 
1401.91 
1404.12 
2242.67 
2902.26 
2960.79 
2989.59 

1.53975 
16.1432 
0.503948 
0.767086 
33.4249 
1.34516 
5.63687 
7.37155 

100 
10.1127 
7.21983 
7.98892 

1.38 
14.46 
0.45 
0.69 

29.94 
1.21 
5.05 
6.60 

89.57 
9.06 
6.47 
7.16 

-381.87749 

CP 1225.24 100 0.905 -379.338873 

Molecule Molecular geometry Cartesian coordinates 

CH2PH3 

 

C -1.1983920000   0.0009360000   -0.061754000 
P   0.4781400000   0.0000820000   0.0050460000 
H -1.6971980000   0.9207670000   0.2107210000 
H -1.6940930000   -0.9216810000   0.2071910000 
H   1.0390540000   1.1073170000   -0.6585330000 
H   1.3399360000   0.0134300000   1.1663550000 
H   1.0305550000   -1.1266780000   -0.630900000 

CH3PH 

 

C  0.0565630000   1.1505290000    0.0000000000  
H -0.4534180000   1.5406920000    0.8823050000  
H  1.0824530000    1.5143640000    0.0000000000  
P   0.0565630000    -0.7096810000   0.0000000000  
H -0.4534180000    1.5406920000    -0.8823050000  
H -1.3634410000    -0.8537140000   0.0000000000  

CP 
 

C   0.0000000000   0.0000000000   -1.1127910000  
P   0.0000000000   0.0000000000   0.4451160000  
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Table 9-4. B3LYP/aug-cc-pVTZ)-derived vibrational frequencies, absolute infrared intensities, and electronic energies 
for several a priori possible products of methylarsine photolysis. 

 

S.no Molecule Infrared frequency 
(cm-1) 

Relative 
Intensity 

(%) 

Absolute 
Intensity 
(km/mol) 

Energy 
+ ZPE 

(Hartree) 

1. CH2AsH3 

288.797 
510.937 
544.367 
555.669 
751.906 
879.921 
906.617 
955.428 
1001.8 

1334.09 
1863.54 
2182.94 
2198.58 
2957.34 
3040.6 

2.03294 
3.73199 
4.29961 
25.7444 
7.88452 
1.34355 
3.13848 
28.5886 
0.124869 

0.0599704 
100 

10.1279 
7.58049 
1.30394 
1.30165 

9.78 
17.95 
20.68 

123.81 
37.92 
6.46 

15.09 
137.48 

0.60 
0.29 

480.90 
48.71 
36.46 
6.27 
6.26 

-2 276.976656 

2. CH3AsH 

184.01 
540.055 
638.106 
728.644 
910.667 
1225.05 
1402.91 
1403.32 
2043.2 

2915.91 
2986.34 
3004.88 

0.0125689 
10.4236 
0.974733 
0.923029 
18.4533 
0.489687 
3.25028 
4.01569 

100 
7.20163 
4.13296 
4.92151 

0.02 
14.60 
1.37 
1.29 

25.84 
0.69 
4.55 
5.62 

140.03 
10.08 
5.79 
6.89 

-2 276.460974 

3. CH2AsH2 

173.076 
453.49 

574.291 
595.478 
710.873 
873.801 
929.485 
1329.31 
2054.29 
2075.34 
3009.72 
3114.64 

1.0332 
32.8158 
13.4432 
1.06039 
11.5319 
9.26802 
21.7407 
2.86104 
87.214 

100 
5.28148 
1.2108 

1.17 
37.05 
15.18 
1.20 

13.02 
10.46 
24.54 
3.23 

98.46 
112.89 

5.96 
1.37 

-2 276.414746 

4. CH3As(singlet) 

482.405 
639.949 
751.959 
1199.26 
1246.87 
1401.29 
2818.77 
2942.16 
2992.82 

22.5206 
56.8748 
79.6667 
42.5545 
25.1213 
79.9749 
13.8993 

100 
0.432437 

5.91 
14.93 
20.91 
11.17 
6.59 

20.99 
3.65 

26.25 
0.11 

-2 275.799267 

5. CH3As(triplet) 

537.243 
733.322 
733.783 
1214.17 
1390.99 
1391.33 
2903.22 
2978.71 
2979.27 

100 
10.0538 
10.0196 
0.135971 
42.2118 
42.4409 
47.0465 
25.989 

26.2059 

17.28 
1.74 
1.73 
0.02 
7.30 
7.34 
8.13 
4.49 
4.53 

-2 275.84248 

6. CHAsH2 (singlet) 206.946 22.1918 24.02 -2 275.735457 
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536.821 
740.967 
789.573 
906.629 
958.228 
2046.87 
2206.6 
2896.4 

38.8886 
2.16851 
17.7289 
6.37334 
57.1899 

100 
20.7692 
15.6623 

42.10 
2.35 

19.19 
6.90 

61.91 
108.25 
22.48 
16.95 

7. CHAsH2 (triplet) 

275.19 
555.896 
651.173 
695.69 

796.714 
936.519 
2041.22 
2047.08 
3049.78 

20.7996 
1.82639 
18.8598 
6.96693 
26.347 

23.2376 
92.8972 

100 
4.09348 

18.99 
1.67 

17.22 
6.36 

24.05 
21.21 
84.80 
91.28 
3.74 

-2 275.736474 

8. CH2As 

684.666 
797.577 
802.021 
1343.06 
2972.66 
3054.49 

1.29418 
100 

4.82063 
1.61452 
3.88317 
0.252806 

1.04 
80.26 
3.87 
1.30 
3.12 
0.20 

-2,275.223225 

9. CHAsH 

547.248 
684.732 
750.735 
854.243 
1985.56 
3081.82 

24.0397 
53.3483 
21.2349 
1.62252 

100 
0.314796 

24.41 
54.18 
21.57 
1.65 

101.56 
0.32 

-2,275.164198 

10. CAs 1010.39 100 1.251 -2,273.912938 
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Table 9-5. B3LYP/aug-cc-pVTZ)-derived molecular geometries for several a priori possible products of methylarsine 
photolysis. 

 

 

S.No. Molecule Molecular 
geometry Cartesian coordinates 

1 CH2AsH3 

 

C       -0.0030980000      1.4845470000      0.0000000000                  
As      -0.0030980000     -0.2995740000      0.0000000000                  
H       -0.9284220000      2.0312680000      0.0000000000                  
H        0.9572410000      1.9673630000      0.0000000000                  
H        1.3974700000     -0.8300540000      0.0000000000                  
H       -0.6527400000     -1.0949530000     -1.1409500000                  
H       -0.6527400000     -1.0949530000      1.1409500000 

2 CH3AsH 

 

C        0.0353540000      1.5479150000      0.0000000000                  
H       -0.4747440000      1.9254160000      0.8851850000                  
H        1.0643160000      1.8996970000      0.0000000000                  
As       0.0353540000     -0.4388800000      0.0000000000                  
H       -0.4747440000      1.9254160000     -0.8851850000                  
H       -1.4936160000     -0.5549900000      0.0000000000 

3 CH2AsH2 

 

C       -0.0398480000      1.5415880000      0.0000000000                  
H        0.9795350000     -0.5712520000      1.1182520000                  
H       -0.2025020000      2.0789630000     -0.9236740000                  
As      -0.0398480000     -0.3716650000      0.0000000000                  
H       -0.2025020000      2.0789630000      0.9236740000                  
H        0.9795350000     -0.5712520000     -1.1182520000 

4 CH3As(singlet) 

 

C        1.5075550000      0.0000140000     -0.0216750000                  
As      -0.4445350000      0.0000000000     -0.0028650000                  
H        1.9644420000      0.9028940000     -0.4208780000                  
H        1.9645380000     -0.9024680000     -0.4216860000                  
H        1.6953570000     -0.0005140000      1.0671700000                  

5 CH3As(triplet) 

 

C        1.5298800000      0.0000000000     -0.0000030000                  
As      -0.4511540000     -0.0000010000      0.0000130000                  
H        1.9025820000      0.8896640000     -0.5076680000                  
H        1.9026480000     -0.8844980000     -0.5165850000                  
H        1.9035640000     -0.0051410000      1.0238560000                  

6 CHAsH2 
(singlet) 

 

C       -1.5128870000      0.1662950000      0.0629790000                  
H       -1.9487260000     -0.8439480000      0.0334080000                  
As       0.2709810000     -0.0065540000     -0.0417310000                  
H        0.9821320000      1.2170140000      0.4517790000                  
H        1.1015320000     -1.1545400000      0.5140500000                  

7 CHAsH2 (triplet) 

 

C        1.5580710000     -0.0000660000      0.1808950000                  
H        2.3875010000      0.0002940000     -0.5166290000                  
As      -0.3156010000      0.0000440000     -0.0732060000                  
H       -0.6607830000      1.1066450000      0.9242300000                  
H       -0.6603100000     -1.1079910000      0.9228110000 

8 CH2As 

 

C        1.4003170000      0.0000020000      0.0001560000                  
As      -0.3746440000      0.0000010000     -0.0000420000                  
H        1.9806420000     -0.9167580000      0.0002300000                  
H        1.9806970000      0.9167260000      0.0002310000 

9 CHAsH 

 

C        0.0197910000      1.4378420000      0.0000000000                  
H       -1.5084620000     -0.4958970000      0.0000000000                  
As       0.0197910000     -0.3145100000      0.0000000000                  
H        0.7366170000      2.2476760000      0.0000000000                  

10 CAs 

 

C        0.0000000000      0.0000000000     -1.4164370000                  
As       0.0000000000      0.0000000000      0.2575340000  
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Table 9-6. B3LYP/aug-cc-pVTZ)-derived vibrational frequencies, absolute infrared intensities, and electronic energies 
for several a priori possible products of methylstibine photolysis. 

S.no Molecule 
Infrared 

frequency 
(cm-1) 

Relative 
Intensity 

(%) 

Absolute Intensity 
(km/mol) 

Energy 
+ ZPE 

(Hartree) 

1. CH2SbH3 

256.594 
388.9 

402.497 
508.715 
701.175 
786.648 
791.038 
795.871 
895.174 
1327.23 
1695.33 
1949.8 

1959.96 
2914.78 
2996.65 

2.46645 
9.66986 
7.43299 
7.53701 
14.2339 
1.6656 

4.62126 
39.8416 
1.34261 

0.0688668 
100 

16.8391 
17.8299 
2.10428 
2.29811 

11.74 
46.03 
35.38 
35.88 
67.75 
7.93 

22.00 
189.64 
6.39 
0.33 

475.99 
80.15 
84.87 
10.02 
10.94 

-281.332925 

2. CH3Sb(singlet) 

465.657 
602.103 
638.781 
1171.04 
1267.03 
1397.89 
2874.58 
2969.28 
3010.59 

65.3691 
53.681 

100 
32.7176 
18.8047 
84.583 

22.9004 
88.2127 
3.6642 

13.24 
10.88 
20.26 
6.63 
3.81 

17.14 
4.64 

17.87 
0.74 

-280.192640 

3. CH3Sb(triplet) 

474.811 
687.405 
688.078 
1175.81 
1393.74 
1394.17 
2917.65 
2999.8 

3000.38 

100 
17.5184 
17.5844 
12.1777 
33.0009 
33.0992 
59.5033 
28.8298 
29.1074 

19.52 
3.42 
3.43 
2.38 
6.44 
6.46 

11.62 
5.63 
5.68 

-280.231892 

4. CHSbH2 (singlet) 

282.246 
482.082 
576.837 
585.555 
796.878 
846.069 
1810.01 
1899.4 

2845.66 

10.5703 
22.6351 
2.95452 
43.4047 
43.6044 
8.47816 

100 
67.9516 
24.4717 

13.60 
29.12 
3.80 

55.84 
56.09 
10.91 
128.64 
87.41 
31.48 

-280.089622 

5. CHSbH2 (triplet) 

239.608 
486.115 
562.077 
575.947 
689.386 
783.811 
1808.69 
1813.48 
3033.82 

11.0611 
0.943009 
10.6319 
3.27425 
24.5418 
18.9427 
89.5099 

100 
4.27092 

18.12 
1.55 

17.42 
5.36 

40.20 
31.03 
146.62 
163.81 
7.00 

-280.103414 

6. CH2SbH 

556.591 
680.322 
692.395 
758.063 
783.304 
1344.25 
1821.5 

2.14641 
10.3099 
1.93942 
34.5994 
12.6331 

0.0693491 
100 

4.46 
21.42 
4.03 

71.89 
26.25 
0.14 

207.79 

-280.208129 
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3010.43 
3109.33 

2.05809 
0.0743542 

4.28 
0.15 

7. CH2Sb 

634.579 
674.883 
738.423 
1330.2 

2984.34 
3074.94 

3.27879 
4.61561 

100 
0.00145173 

5.60458 
0.529324 

2.94 
4.13 

89.55 
0.0 

5.02 
0.47 

-279.597593 

8. CHSbH 

461.587 
601.754 
631.065 
705.501 
1783.46 
3067.73 

8.18574 
31.339 

16.1512 
1.34222 

100 
0.397912 

13.89 
53.19 
27.41 
2.28 

169.71 
0.68 

-279.528092 

9. HCSb 

575.787 
575.787 
892.761 
3146.64 

100 
100 

2.8743 
5.54216 

102.99 
102.99 
2.96 
5.71 

-278.968231 

10. CSb 806.82 100 0.017 -278.279262 
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Table 9-7. B3LYP/aug-cc-pVTZ)-derived molecular geometries for several a priori possible products of methylsibine 
photolysis. 

 

 

 

 

Molecule Molecular geometry Cartesian coordinates 

CH2SbH3 

 

C        1.8065150000     -0.0000560000     -0.1154080000                  
Sb      -0.2364140000     -0.0000020000      0.0068320000                  
H        2.1739520000     -0.8955500000      0.3930930000                  
H        2.1737220000      0.8956190000      0.3929620000                  
H       -0.8470330000     -1.3165800000     -0.8581270000                  
H       -1.4359660000     -0.0007440000      1.2727230000                  
H       -0.8466380000      1.3176970000     -0.8566410000 

CH3Sb(singlet) 

 

C        1.8267320000     -0.0001340000     -0.0151610000                  
Sb      -0.3438750000     -0.0000080000     -0.0011060000                  
H        2.2511710000     -0.9018720000     -0.4504980000                  
H        2.0755540000      0.0044010000      1.0551640000                  
H        2.2505070000      0.8986700000     -0.4572850000   

CH3Sb(triplet) 

 

C        1.8404580000      0.0000010000      0.0000020000                  
Sb      -0.3464290000      0.0000000000      0.0000010000                  
H        2.2084070000      0.7801980000      0.6658220000                  
H        2.2082820000      0.1865550000     -1.0085960000                  
H        2.2084380000     -0.9667360000      0.3427140000                  

CHSbH2 (singlet) 

 

C        1.8336020000      0.1649200000     -0.0709010000                  
Sb      -0.2296300000     -0.0040550000      0.0463690000                  
H        2.2282730000     -0.8695840000     -0.0517850000                  
H       -0.7040430000      1.3244560000     -0.8982620000                  
H       -0.8147030000     -1.2375900000     -0.9893620000     

CHSbH2 (triplet) 

 

C        1.8342440000     -0.1685210000      0.0258860000                  
Sb      -0.2473010000      0.0530520000     -0.0083180000                  
H        2.6858030000      0.4989450000     -0.0766670000                  
H       -0.5405080000     -1.2882400000     -1.0436230000                  
H       -0.5384250000     -0.9052080000      1.3891880000                  

CH2SbH 

 

C        1.6998030000      0.0187590000     -0.0001560000                  
Sb      -0.2801310000     -0.0357310000      0.0000270000                  
H        2.2738550000     -0.9001800000     -0.0001530000                  
H        2.2795020000      0.9326030000     -0.0002570000                  
H       -0.4655020000      1.6772890000     -0.0000500000                  

CH2Sb 

 

C       -0.0000270000     -1.6911040000      0.0000000000                  
Sb      -0.0000270000      0.2881910000      0.0000000000                  
H        0.0007750000     -2.2755510000      0.9144150000                  
H        0.0007750000     -2.2755510000     -0.9144150000                  

CHSbH 

 

C        0.0179100000      1.7140600000      0.0000000000                  
Sb       0.0179100000     -0.2444560000      0.0000000000                  
H        0.6822580000      2.5706680000      0.0000000000                  
H       -1.7031440000     -0.3877580000      0.0000000000                  

HCSb 

 

C        0.0000000000      0.0000000000     -1.6054370000                  
Sb      0.0000000000      0.0000000000      0.2414790000                  
H        0.0000000000      0.0000000000     -2.6828070000   

CSb 

 

C        0.0000000000      0.0000000000     -1.6835640000                  
Sb      0.0000000000      0.0000000000      0.1980660000                  
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Table 9-8.B3LYP/aug-cc-pVTZ)-derived vibrational frequencies, absolute infrared intensities, and electronic energies 
for singlet (11) HCCAs  

 
Table 9-9. B3LYP/aug-cc-pVTZ)-derived molecular geometry for singlet (11) HCCAs. 
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molecule. .......................................................................................................................................... 3 
Figure 1-2. Potential energy of a quantum oscillator. D0 is the dissociation energy. ...................... 3 
Figure 1-3. Jablonski diagram for a typical molecule featuring a singlet-multiplicity electronic 
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S.no Molecule Infrared frequency 
(cm-1) 

Relative 
Intensity 

(%) 

Absolute 
Intensity 
(km/mol) 

Energy 
(Hartree) 

1. HCCAs  
singlet (11) 

204.698 
303.69 

338.962 
548.631 
796.345 
1853.57 
3310.03 

9.61576 
26.0791 
77.4707 
13.4507 
14.1177 
1.035 
100 

8.339 
22.617 
67.186 
11.665 
12.243 
0.898 

86.724 

-2,312.656559 

S.No. Molecule Molecular geometry Cartesian coordinates 

1. HCCAs  
singlet (11)  

C        0.0000000000      0.0000000000     -2.3153390000                  
H        0.0000000000      0.0000000000     -3.3779870000                  
C        0.0000000000      0.0000000000     -1.0889180000                  
As       0.0000000000      0.0000000000      0.7213190000 
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