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1 Introduction to Raman and NMR Matrix 

Isolation Spectroscopy 

 

The investigation of intermediates or highly reactive molecules is an important part of research 

in modern natural sciences. These include, for example, free radicals, molecules in transition states 

and other highly reactive species. Their short life time is problematical, since it makes the 

characterization challenging. The matrix isolation technique, which was developed independently 

by Pimentel and Porter in 1954, offers the possibility to realize a characterization using different 

spectroscopic methods. [1-3] The basic idea of this method is to capture a reactive molecule at a 

low temperature in a rigid matrix that prevents further reactions and ensures sufficient substrate 

concentration for detection. [2, 4] Pimentel et al. lists the following key requirements for such a 

matrix material: [3]  

1.  Inertness: The matrix must be inert with respect to its reaction with the active species. 

Therefore, noble gases are often preferred. 

2.  Rigidity: The matrix must be sufficiently rigid to prevent diffusion of the active species. In 

addition, the matrix must be suitable for accommodating the active molecules. 

3.  Transparency: The matrix must not absorb in the spectral region of interest. Even a weak 

signal can interfere with a substrate signal of interest. 

Noble gases meet the above requirements particularly well and are therefore preferred as host 

materials. For the preparation it is essential that the host material is vaporizable without 

decomposition. Furthermore, condensation at low temperatures on a cold surface must be possible. 
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For this, a low vapor pressure at the corresponding temperature must be present, otherwise the host 

cannot condense on the cold surface. Thus, a material-dependent upper temperature limit is 70 K 

for xenon, 35 K for argon and 30 K for nitrogen. [3]  

In general for matrix isolation experiments a matrix to substrate ratio of about 
1

100
 to 

1

5000
 is 

chosen. [5] The substrate species is enclosed by the host lattice and is thus isolated from other 

reactive species due to its rigidity and cryogenic temperature, which  suppresses the diffusion. This 

prevents the reaction of the species with each other as well as a disturbance by undesired foreign 

molecules and a reaction of these with the guest species to be investigated. However, the mobility 

of the guest species can be increased by selective heating to higher temperatures, the so-called 

tempering or annealing, which enables a certain diffusion and controlled reactions. 

Depending on the problem and the technical equipment, different analytical methods can be 

used. UV and infrared spectroscopy are most frequently chosen due to their high sensitivity and 

applicability in the gas phase. [6] The spectroscopic methods, Raman and NMR spectroscopy, 

used in the course of this dissertation are rather uncommon analytical methods for matrix isolation 

experiments. If the scifinder database is searched with the term “Matrix Isolation Spectroscopy” 

only 10% of the results concern Raman spectroscopy and merely 1% relates to NMR spectroscopy. 

An overview of the analysis techniques of a scifinder search for the term “Matrix Isolation 

Spectroscopy” is given in FIG. 1. [7] 
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FIG. 1:   Types of spectroscopy used in matrix isolation experiments. 
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1.1 Raman Spectroscopy  

Investigation of molecular vibrations began in 1801 with the discovery of infrared radiation by 

F.W. Herschel. Nevertheless, the systematic evaluation of vibrational spectra remained a highly 

challenging task for a long time. [8] More than one hundred years after the discovery of the Raman 

effect by C.V. Raman, the present day vibrational spectroscopy began. [8] For his discovery he 

was awarded the Nobel Prize in Physics in 1930. [9] 

When Raman began his experiments, the effect of the molecular tidal radiation postulated by 

Lord Rayleigh, today known as Rayleigh scattering, was already discovered. [10] Raman studied 

this effect not only in white light, but first used a light filter which was only transparent for the 

violet end of the spectrum and later a mercury vapor lamp. [10] When scattering light on liquid 

benzene, he noticed that the scattered light contained several frequency shifted lines. [9] At the 

beginning it was suspected that the samples were fluorescent. The decisive proof for a new kind 

of radiation was finally provided by the observation of the scattering behavior of N2O and CO2. 

Here, the Raman lines appear in a spectral range in which fluorescence is excluded. [10] 

The first experiments employing Raman laser spectroscopy in matrix isolation experiments 

were performed by Nibler and Coe [11], Shirk and Claasen [12] and Ozin and co-workers [13] in 

1971. Many of the Raman matrix isolation studies are based on special Raman effects, such as 

stimulated Raman spectroscopy (SRS), in order to overcome detection problems resulting from 

the low sensitivity of Raman spectroscopy. [14] The application of resonance Raman spectroscopy 

is another possibility to solve this problem. [15-17] Moreover, Multi-Channel Raman Matrix 

Isolation Spectroscopy was invented in 1997 by Kornath. It is capable to detect species in high 

dilutions in a region from 20 cm−1 to 5000 cm−1 at moderate integration times, without external 
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excitation. In the course of this PhD study Multi-Channel Raman matrix Isolation Spectroscopy 

was used to investigate the reaction behavior of pentel hydrides with hydrogen halides, in order to 

mimic extra-terrestrial atmospheric conditions (see Chapter 2 “Pnictogen Hydrides and Hydrogen 

Halides under Extra-Terrestrial Conditions”). Moreover, it was used to investigate the reaction 

behavior of thermalized arsine (see Chapter 3 “Investigation on the Dimerization of Arsanyl in 

noble Gas Matrices (Prepared Manuscript)”). 
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1.2 NMR Spectroscopy  

Only few groups have studied matrix isolated samples with NMR spectroscopy so far. To our 

knowledge, the first published study is the matrix isolation of HCl and (HCl)2 in argon by White 

and his co-workers in 1978. [18] Further early examples are studies by Grant and Michel, 

presenting a 13C NMR spectrum of a mixture of ethylene, ethane and methane or ethylene in 

argon. [19] Further studies were reported by White. [20, 21] All the approaches have in common, 

that they attempt to build an NMR spectrometer around a cold surface. Here, the sample is 

condensed on the surface during the experiment (FIG. 2). Apart from those, only very few further 

publications exist that treat matrix isolation studies. [22-28] 

 

 

FIG. 2:  Concept drawing of the apparatus used in the mentioned matrix isolation experiments employing 

NMR spectroscopy. 
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In 2009 Kaufmann started to study a new approach to achieve matrix isolation conditions 

applicable to NMR spectroscopy. The method employs adamantane instead of noble gases as the 

host material. [29] Consequently, the rigidity of the matrix is also maintained at higher 

temperatures. In the course of this PhD project the mobility of white phosphorus and its 

thermalization products inside the adamantane matrix are studied and discussed in relation to 

Kaufmann’s results in CHAPTER 4 (“Spectroscopic Studies of Di- and Tetra-Phosphorus in 

Adamantane Matrices – an approach to room temperature stable matrices. (Prepared 

Manuscript)”). 
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2 Pnictogen Hydrides and Hydrogen Halides 

under Extra-Terrestrial Conditions 

2.1 Introduction  

The composition of Saturn and Jupiter’s atmospheres is well investigated by several probes 

and space missions. The major part of their atmosphere consists of hydrogen and helium, though 

further compounds have been identified in minor concentrations. Examples are pnictogen hydrides 

and hydrogen halides. In TABLE 1 a comprehensive overview of compounds detected by space 

missions or probes is given.  

 

 

FIG. 3:  Picture of Saturn by the NASA space probe Cassini from 2016, published by the NASA Jet 

Propulsion Laboratory; California Institut of Technology showing the northern hemisphere of the 

gas giant. [30] 
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TABLE 1:  Composition of the atmospheres of Saturn und Jupiter. [31-33] 

            

Compound Composition Saturn Composition Jupiter 

H2  96.00 % 86.20 % 

He  3.00 % 13.60 % 

CH4  0.40 % 0.21 % 

NH3  0.01 % 0.025 % 

PH3  4.00 ppm 60.00 ppm 

H2S  - % 77.00 ppm 

C2H6  0.10 ppm 4.00 ppm 

C2H2  3.50 ppm 0.20 ppm 

CH3CCH  0.60 ppb - % 

C4H2  90.00 ppt - % 

H2O  1015 molec/cm2 1015.00 molec/cm2 

CO2  3*1014 molec/cm2 3*1014 molec/cm2 

AsH3  3.00 ppb 0.30 ppb 

GeH4  0.40 ppb 0.70 ppb 

HF  8.00 ppt 27.00 ppt 

HCl  67.00 ppt 2.30 ppb 

HBr  130.00 ppt 1.00 ppb 

HI   1.40 ppb 7.60 ppb 

      
 

The coexistence of NH3, PH3 and AsH3 with hydrogen halides raised our interest, as these 

compounds are known to eventually yield onium salts under laboratory conditions. [31-33] While 

the ammonium salts are stable, which is based on the Brønsted basicity of ammonia (pKB=4,75), 

their heavier homologs are unstable. [34] The most stable example, PH4
+

 I
− is known to decompose 

at a pressure of 70 mbar. This behavior is caused by the considerably lower Brønsted basicity of 

phosphine (pKB=26). [34, 35] Similarly, the products of the co-condensation of arsine and HBr or 

HI are even less stable and decompose at −103°C and −123°C. [35]  
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The mean temperatures of Saturn and Jupiter are −139°C and −108°C respectively on the zero-

elevation surface. For a gas planet, this is the level at which the gas pressure is 1 bar. Jupiter’s 

zero-elevation level is located at an altitude of 71392 km at the equator. At higher altitudes of the 

atmosphere the respective temperatures are lower. Jupiter, for example, has a temperature of 

−161 °C at a pressure of 0.1 bar. [36] 

Taking the decomposition temperatures of the onium halides and the temperatures of the gas 

giants into consideration, we decided to investigate whether the formation of such halides is 

possible in their atmospheres. Here, special focus is put on the relation of the pKB values and the 

period of the pnictogen atom. In the course of our studies, three different experimental systems 

have been studied under matrix isolation conditions by Raman spectroscopy. These systems are 

AsH3 - HX, PH3 - HX (X = F, Br) and SbH3 - HF. At first, each experiment is discussed separately 

in the Chapters 2.2, 2.3 and 2.4. In a second step all experiments are discussed with regard to each 

other in the Chapter 2.5 “Theoretical comparative studies on the System PnH3 – HX (Pn = P, As, 

Sb; X = F, Br)”. 
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2.2 Raman Matrix Isolation Study on the System 

AsH3 – HF (Prepared Manuscript) 

 

Florian Zischka,1 Andreas V. Hulm,1 Sean Hartmann1 and 

Andreas J. Kornath,1a 

1 Inorganic Chemistry, Department of Chemistry, Ludwig-Maximilians-University Munich, Butenandtstr. 

5-13-(D) in 81377 Munich, Germany  

 

Abstract: Noble gas matrices containing AsH3 and HF were prepared by co-condensation on 

a cold surface at 10 K and investigated by Raman spectroscopy. The Raman spectra indicate the 

formation of a new species. The molecules AsH4
+, AsH4F, AsH2

+ and AsH2F are discussed as 

reaction products. The analysis of the spectra proves the existence of AsH2
+ and AsH2F. The 

antisymmetric and symmetric As-H stretching modes of AsH2
+ are observed at 2184 cm−1 and 

2173 cm−1. At lower dilutions in argon and xenon matrices the formation of AsH2F is achieved 

(νas = 2116 cm−1, νs = 2107 cm−1). The observations are verified by deuterium substitution 

experiments showing redshifted As-D stretching modes, which agree with the H/D isotopic 

effect. [8] The vibrational frequencies are compared to vibrational frequencies calculated on the 

CCSD/aug-cc-pvtz level of theory. An intermolecular H2 elimination pathway, including two 

possible transition states, is discussed theoretically at the MP2/aug-cc-pvtz level of theory.  
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2.2.1 INTRODUCTION 

Saturn and Jupiter are the two heaviest planets of our solar system. Saturn is 95 times 

heavier than earth. Jupiter is even more than three times heavier than Saturn. Both planets have 

been the destination of many space missions in recent history. Until today, eight space probes 

have orbited or passed the two gas giants. The last probes which passed or orbited Saturn and 

Jupiter were Cassini–Huygens and the New Horizon Space mission. The composition of the 

atmosphere of the planets has been studied by these space missions as well as spectroscopically 

by observations from earth. The main components of the atmosphere are hydrogen and helium. 

Jupiter contains 15.7% and Saturn contains 3.4% of helium. [37] In addition, the existence of 

further elements and molecules in minor concentrations has been proven. [38, 39] In 1991, Noll 

and Larson showed by 4.5 to 5.0 µm microwave spectroscopy that the mole fraction of AsH3 

is about 3 ppm in Saturn’s atmosphere and about one order of magnitude lower in Jupiter’s 

atmosphere. The abundances of the elements As and P has been linked to the solid components 

of the solar nebula. [38] Hydrogen fluoride was also detected by the Cassini/CIRS mission on 

Jupiter and Saturn in reasonable concentrations. [32, 33] In Jupiter’s atmosphere 27 ppm of HF 

were measured, whilst Saturn’s atmosphere merely contains 8 ppm of HF. Especially the 

existence of hydrogen fluoride and AsH3 attracted our attention, because laboratory 

experiments and infrared spectra at approximately 80 K have already proven that the arsonium 

halide salts, AsH4
+

 Br− and AsH4
+

 I
− can be formed by co-condensation of arsine and the 

corresponding hydrogen halide. [40] Jupiter, for example, has a temperature of approximately 

113K C at a pressure of 0.1 bar. [36] In contrast to the room temperature stable PH4
+ I−, which 

is the most stable of the onium halides besides NH4
+ I-, arsonium iodide decomposes at 

190 K. [40] Furthermore, the analogous bromide compound AsH4
+

 Br− is stable up to 

150 K. [40] In general, the phosphonium salts are substantially more stable, than the 
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corresponding arsonium salts. [35] To our knowledge, no reactions of arsine with pure HF have 

been described in literature. Only reactions of arsine with anhydrous hydrogen fluoride and the 

presence of a Lewis acid have been reported yet. In the respective superacidic solution of 

Hydrogen fluoride and metal fluorides the corresponding salts AsH4
+ MF6

− (M=As, Sb) and 

AsH4
+ Ta2F11

− are formed. [41, 42] These observations prompted us to investigate whether an 

arsonium fluoride can be formed under extra-terrestrial conditions like in Saturn’s or Jupiter’s 

atmosphere.  
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2.2.2 EXPERIMENTS 

2.2.2.1 Apparatus and Materials 

The Multi-Channel Raman matrix Isolation Spectroscopy apparatus and the general 

procedure are described in detail elsewhere. [43] Argon (99.9996%) and nitrogen (99.996%) 

(Messer Griesheim) was dried over P4O10. Xenon (99.99%) was used without further 

purification. AsH3 was synthesized from Zn3As2 and diluted sulfuric acid as described in the 

literature. [44] For the deposition experiments, the gas mixture was expanded from an 

apparatus consisting of a reservoir steel cylinder, a regulation valve and a pressure sensor 

(MKS Baratron) into to the matrix isolation apparatus (see supporting information for detailed 

description). The reservoir contained an AsH3 and HF or DF mixture with a ratio of 1 to 1.1. 

Synthesis and handling of AsH3 and HF or DF was performed by employing standard Schlenk 

techniques and a stainless steel vacuum line.  

The matrix layers were prepared by continuous injection of the AsH3/HF or AsH3/DF 

mixture into a noble gas flow and subsequent condensation on the cold tip. The ratio is referred 

to as S/M, meaning arsenic species to noble gas in a molar ratio. The inert gas flow of 

approximately 4 mmol (100 cm3 at standard temperature and pressure) at a flow rate of 

3 mmol/h (75 cm3/h) was controlled by a needle valve. The AsH3/HF or AsH3/DF mixture was 

filled in a small separate volume of approximately 20 ml every five minutes. The decrease of 

the pressure in the separate expansion vessel was monitored in order to calculate the S/M ratio. 

The average thickness of the layers deposited on the 10 K cold tip was approximately 100 µm. 

If required, a layer of nitrogen for the calibration of the Raman spectrometer was added on top 

of the deposited matrix layers. A drawing of the apparatus is shown in the supporting 

information (FIG S. 2). After a deposition time of one and a half hours, a white homogenous 

layer had formed. Annealing cycles of the argon matrices showed no influence on the Raman 
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spectra until 45 K. After the spectroscopic measurements it has been observed that evaporation 

of the matrix layer, leads to remained arsenic as a metallic residue on the cold tip, due to the at 

least partial decomposition of the arsenic species. For the Raman spectroscopy, a CCD Raman 

spectrometer (Jobin-Yvon T64000) was used, equipped with a frequency doubled Nd:YAG 

DPSS laser (Cobolt 05-01 Series Samba; 532 nm) as the light source.  

2.2.2.2 Computational Methods 

The optimized geometries and vibrational frequencies for all arsenic hydrogen species were 

calculated using the Coupled Cluster Singles and Doubles (CCSD) post Hartree Fock coupled 

cluster method. [45-49] All Raman intensities and the geometry optimization used for the 

elimination pathway calculations were conducted employing second order Møller Plesset 

perturbation theory (MP2). [50-55] In all calculations the triple zeta Dunning's correlation-

consistent basis set, augmented with diffuse orbitals (aug-cc-pvtz) was used. [56-61] All 

methods are implemented in the program package GAUSSIAN 09. [62] All vibrational 

frequencies are scaled by an empirical factor of 0.95. 
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2.2.3 RESULTS AND DISCUSSION 

2.2.3.1 Theoretical Considerations 

For the analysis of the experimental results several reaction products must be considered. 

The first one is the tetrahedral arsonium cation, which is formed by the protonation of arsine 

by hydrogen fluoride. The second possibility is the formation of a covalent arsonium fluoride, 

with the point group C3v. In a subsequent reaction step the decomposition of the arsonium 

species into fluoro arsine, AsH2F or AsH2
+F- can occur. The existence of AsH2F has to be 

considered since fluoro arsine already has been observed by Lester Andreas via fluorination of 

arsine in an argon matrix. [63] The decomposition of AsH4
+ or AsH4F may take place by a 

hydrogen elimination. For a better understanding of the elimination, the decomposition of 

AsH4
+ and AsH4F was simulated with Gaussian09. [62] The optimizations and the energy 

calculations of the stationary points were conducted at the MP2/aug-cc-pvtz level of theory. 

The vibrational analysis of the stationary points on the hypersurface marking the transitions 

states, exhibits a single negative frequency as expected. Because of the high symmetry of 

AsH4
+, all hydrogen atoms are indistinguishable, and it is therefore irrelevant which hydrogen 

atoms are approaching each other in order to form the arsine-like transition state. However, the 

reaction is endothermic with 173 kJ/mol and exhibits a high activation barrier of 209 kJ/mol. 

(FIG. 4) 
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FIG. 4:  Reaction pathways and transition states (TS) for the hydrogen elimination and the formation of 

AsH2
+ and AsH2F, respectively. 

 

The formation of hydrogen from AsH4F is more complex. Altogether, it is possible to either 

form hydrogen inside the H-As-H plane of the bipyramid or by the approach of one hydrogen 

atom in the plane towards the hydrogen on the top of the pyramid. The angle, which separates 

the two atoms in the plane is 120° and the axial angle is only 90°. Therefore, a mechanism via 

the second option is supposed. As expected, only one true transition state can be estimated for 

option 2. According to the quantum chemical calculations, the reaction is exothermic with 

64 kJ/mol in the gas phase. Although the activation barrier of the reaction is 158 kJ/mol, it was 

taken into consideration for the analysis of the Raman data. Overall, in the present study the 

vibrational frequencies of the following species are taken into consideration: AsH3, AsH4F, 

AsH4
+, AsH2F and AsH2

+. The formation of AsH2
+ or AsH2F is discussed in Chapter 2.5.3.4 in 

detail. 
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2.2.3.2 Calculated Vibrational Frequencies 

The calculated vibrational frequencies of the arsine hydrogen species are summarized in 

TABLE 2 and TABLE 3. The quantum chemical calculations at the CCSD/aug-cc-pvtz level 

of theory predict the As-H stretching vibrations of arsine at 2171 cm−1 and 2146 cm−1. 

Compared to the experimental values of 2123 cm−1 and 2116 cm−1, which are found by gas 

phase IR spectroscopy, they are slightly overestimated but still in reasonable agreement. [64] 

The antisymmetric and symmetric H-As-H bending vibrations are predicted at 990 cm−1 and 

892 cm−1, respectively. Experimental values of 1003 cm−1 and 906 cm−1 show that the As-H 

bending modes are underestimated by the calculations only by 13 cm−1 and 14 cm−1 

respectively. [64] The overestimation of the As-H stretching modes and underestimation of the 

As-H bending modes is observed for all discussed arsenic hydrogen species. 

Compared to the As-H stretching vibrations of arsine, the As-H valence modes of AsH4
+ 

are shifted to higher wavenumbers by about 180 cm−1 and are observed at 2348 cm−1 

and 2321 cm−1. A discussion of the reason for the observed blueshift is presented later in 

Chapter 2.2.3.3. Like for the arsonium cation, the As-H stretching modes of AsH2
+ are expected 

to be shifted to higher wavenumbers, compared to the As-H valence modes of arsine and are 

predicted at 2176 cm−1 (νas) and 2156 cm−1 (νs). The most characteristic mode of the deuterium 

isotopomeric species is the As-D stretching vibration, which is found at 1540 cm−1 (AsH2D), 

1663 cm−1 (AsH3D
+) and 1542 cm−1 (AsHD+). The vibrational data of the deuterium 

isotopomeric species is summarized in TABLE 3. 
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TABLE 2:  Calculated and literature-known vibrational data of AsH3, AsH4
+ and AsH2

+. Vibrational 

frequencies calculated on the CCSD/aug-cc-pvtz level of theory. 

Vibrational Frequencies [cm−1] 

Assignment AsH3 AsH4
+ AsH2

+ 

 calc.[a] 
Lit. 

(gas) [64] 
calc. [a] 

Lit. (AsF6
−) 

[65] 
calc. [a] 

νas (AsH) 2171 2123 2348 2341 2176 

νs (AsH) 2146 2116 2301 2321 2156 

δas (AsH2) 990 1003 996 1024  

δs (AsH2) 892 906 854 941 981 

[a] scaled with an empirical factor of 0.95  

 

 

TABLE 3:  Calculated data of AsH2D, AsH3D+ and AsHD+. Vibrational frequencies calculated on the 

CCSD/aug-cc-pvtz level of theory. 

Vibrational Frequencies [cm−1] 

Assignment AsH2D Assignment AsH3D+ AsHD+ 
 calc. [a]  calc. [a] calc. 

νas (AsH) 2171 νas (AsH) 2348 2165 

νs (AsH) 2155 νs (AsH) 2313  

ν (AsD) 1540 ν (AsD) 1663 1542 

δs (AsH2) 969 δas (AsH2) 959  

δas (AsH2D) 855 δs (AsH2) 854  

δs (AsH2D) 794 δ (AsHD) 739 852 
[a] scaled with an empirical factor of 0.95 

 

For the calculated molecules AsH4F and AsH2F, the vibrational frequencies are listed in 

TABLE 4. Three observable As-H valence modes of arsonium fluoride (C3v) are expected, 

which are all Raman active. The As-H valence modes in the plane of the bipyramid are 

predicted at higher wavenumbers as the axial As-H stretching mode. The As-F vibration is 

anticipated at 483 cm−1 by quantum chemical calculations.  

The antisymmetric and the symmetric As-H valence modes of AsH2F are expected at 

2145 cm−1 and 2129 cm−1 respectively and are shifted to lower wavenumbers in comparison to 

the As-H valence modes of AsH2
+. The ν (As-F) is predicted at 654 cm−1. For the deuterated 

isotopomer AsHDF, the calculations predict the A-H valence mode at 2178 cm−1 and the As-D 
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valence mode at 1522 cm−1. In comparison to AsH2F, the As-F stretching mode remains the 

same and for AsHDF and it is calculated at 657 cm−1. All vibrational data concerning AsH4F, 

AsH2F and AsHDF is summarized in TABLE 4. 

 

TABLE 4:  Summarized calculated and literature-known vibrational data of AsH4F, AsH2F and AsHDF. 

Vibrational frequencies calculated on the CCSD/aug-cc-pvtz level of theory. 

 AsH4F  AsH2F  AsHDF 

Assignment calc. [a] Assignment calc. [a] lit. [63] Assignment calc. [a] lit. [63] 

νas (AsH) 2294 νas (AsH) 2145 2117 ν (AsH) 2178 2113 

νs (AsH) 2245 νs (AsH) 2129 2108 ν (AsD) 1522 1522 

ν (AsH) 2010 δs (AsH2) 980 984 δ (AsHD) 851  

δ (AsH) 1135 δs (AsHF) 814 842 δ (AsHF) 799  

δas (AsH) 990 δas (AsHF) 782  ν (AsF) 657 654 

δs (AsH) 814 ν (AsF) 654 649 δ (AsDF) 577  
δ (AsH) 517       

ν (AsF) 483       

[a] scaled with an empirical factor of 0.95 

 

 

2.2.3.3 Structure of the considered arsenic Species 

The structures of AsH4
+, AsH2

+, AsH2F and AsH3 were calculated with the post Hartree 

Fock Method CCSD and with the correlation consistent basis set aug-cc-pvtz, which is known 

to yield precise results for small to medium sized molecules. [45, 57] The calculated geometry 

parameters of the discussed species are summarized in TABLE 5. The calculation of the 

structure of arsine was used to verify the applicability of the mentioned level of theory by 

comparison with experimental results. The molecular structure of arsine has been investigated 

by gas electron diffraction (GED) by Noble. [66] In the GED experiment, an As-H bond length 

of 1.503(2) Å and a H-As-H angle of 93.2(9)° were observed. The calculations on the CCSD 

level of theory yield an As-H bond length of 1.508 Å, which is within three standard 
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deviations (Ω) of the experimental value, and a H-As-H angle of 92.6°, which is within one Ω 

of the experimental value. In conclusion, the chosen level of theory reproduces the 

experimental results well. In AsH3, the H-As-H angle is close to 90°, which is different from 

the H-N-H angle in NH3 of 107.8°. According to chemical behavior of second row main group 

elements, the formation of four equivalent sp3-hybrid orbitals, which widen the H-As-H angle 

up to the tetrahedron angle like in NH3, is expected. Nevertheless, this rule cannot be transferred 

to heavier pnictogen hydrides, showing a reduced trend to isovalent hybridization. According 

to Kunzelnigg, the distance of the s-AOs and p-AOs to the atom core and the consequent 

enlargement of the valence angle, which causes a reduction of the Pauli repulsion, are decisive 

for the hybridization manner. [67] Compared to NH3, the 4p-AOs of arsine are locates 

significantly more distant from the atom core than the 4s-AOs. Consequently, the Pauli 

repulsion in AsH3 between the As-H bond is lower than between the N-H bonds in NH3. As a 

result, AsH3 is less likely to form hybrid orbitals.  

In order to form the arsonium species by protonation of AsH3, the generation of a fourth 

binding site is required. Consequently, the 4s-AO must be promoted to a higher level of energy 

and four equivalent sp3-hybrid orbitals have to be formed with a widened H-As-H angle. 

According to the quantum chemical calculations, the arsonium cation is predicted as a 

tetrahedron with an As-H bond length of 1.475 Å and a H-As-H angle of 109.5° like in an ideal 

tetrahedron. As a result, AsH4
+ must have four sp3-hybrid valence orbitals. Compared to AsH3 

the s-orbital proportion in the valence orbitals of the arsonium cation is increased, which leads 

to a shortening of the As-H bond and as a consequence the As-H valence modes are shifted to 

higher wavenumbers. The blueshift and the associated strengthening of the As-H bond of arsine 

by its protonation is an unusual behavior. Nevertheless, the blueshift of the tetrahedral 

arsonium cation and pnictogen cations in general is also reported in the literature by 

experiments in superacidic solutions or by co-condensation experiments. [40, 68] In case of the 
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AsH4
+

 AsF6
− salt, the As-H stretching vibrations are detected at 2341 cm−1 and 2321 cm−1, 

respectively. 

 

TABLE 5:  Geometric parameters of AsH4
+, AsH3, AsH2

+ and AsH2F calculated at the CCSD/aug-cc-pvtz 

level of theory. 

 Point group Bond length [Å] Bond angle 

AsH3 C3v As-H: 1.508 H-As-H: 92.6◦ 

AsH2
+ C2v As-H: 1.514 H-As-H: 91.7◦ 

AsH2F Cs 
As-H: 1.513 

As-F: 1.745 

H-As-H: 91.6◦ 

H-As-F: 95.4◦ 

AsH4
+ Td As-H: 1.475 H-As-H: 109.5° 

 

Compared to AsH4
+, the As-H bond (1.514 Å) of the AsH2

+ is elongated, which is consistent 

with the shift to lower wavenumbers of the H-As stretching modes. The H-As-H angle of 

AsH2
+ (C2v) is 91.7°.. Furthermore, the As-H bonds are slightly elongated. The length of the 

As-H bond and the H-As-H angle remain unchanged irrespective whether AsH2
+ is simulated 

as a naked cation or as AsH2F. The As-F bond of 1.475 Å is expected to be shorter than the 

As-F bond of AsF3 with 1.706 Å. [69] Nevertheless, the As-F bond of AsH2F is a regular As-F 

single bond. [70] 

 

 

2.2.3.4 Raman Spectra of the System AsH3 − HF 

For the matrix deposition experiments dilution series of AsH3 with and without HF in 

argon, noble matrices with a S/M ratio from 1/10 to 1/100 were condensed and Raman 

spectroscopically investigated. The vibrational frequencies are summarized in TABLE 6 and 

are depicted in FIG. 5. For the sake of completeness, it has to be stated, that in the Raman 
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experiments two of the vibrational modes of the As4 tetrahedron are detected at 357 cm−1 and 

254 cm−1, which are not depicted in FIG. 5.  

 

 

FIG. 5:  Raman matrix spectra of AsH3 co-condensed with and without HF in argon at 10 K 

(experimental conditions: 100 µm layer, laser wavelength 532 nm, laser power 1000 mW, Raman 

intensity is normalized).  

 

The antisymmetric and symmetric As-H valence modes of arsine in argon matrices are 

observed at 2152 cm−1 and 2142 cm−1, respectively. The antisymmetric and symmetric As-H 

bending modes of AsH3 are detected at 1003 cm−1 and 915 cm−1. At lower dilutions 

(arsine / argon 1/10) the As-H valence modes of AsH3 are red-shifted. Here, the symmetric and 

antisymmetric As-H stretching modes are observed at 2130 cm−1 and 2116 cm−1, respectively 
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and the antisymmetric and symmetric As-H bending modes are detected at 994 cm−1 and 

908 cm−1. This red-shift from experiment Arsine + HF / Argon (1/100) to 

Arsine + HF / Argon (1/10) in FIG. 5 of up to 24 cm−1 can be explained by the increased 

interactions between the AsH3 molecules. 

The first As-H species to be discussed in this context is AsH4
+. The two As-H valence 

modes of AsH4
+ are predicted at 2348 cm−1 and 2301 cm−1, by quantum chemical calculations. 

Therefore, the As-H stretching modes of AsH4
+ are expected to be blue-shifted by more than 

180 cm−1 compared to the antisymmetric As-H stretching vibration of arsine. No vibrational 

modes are detected at wavenumbers higher than 2184 cm−1. In addition, no Raman lines can 

be attributed to the H-As-H deformation modes of AsH4
+. Therefore, the formation of AsH4

+ 

can be excluded for the system AsH3 − HF. Further experimental information on AsH4
+ is given 

in the experiment of the system AsH3 − HBr, which is discussed in Chapter 2.2.3.6. 

Even though AsH4
+ is absent in the Raman spectra, the possible existence of the arsorane 

structure AsH4F must be taken into consideration. According to calculations the two in-plane 

As-H stretching modes of AsH4F are predicted at slightly lower wavenumbers than the 

corresponding As-H modes of AsH4
+ at 2348 cm−1 and 2301 cm−1. The third As-H valence 

mode is expected to be observed at 2009 cm−1. However, none of the predicted valence and 

deformation modes of the arsorane are detectable in the course of the matrix isolation 

experiments. Taking all observations into consideration, the arsorane species as well as AsH4
+ 

are not formed from arsine and hydrogen fluoride under the conditions of the experiment.  

As discussed in the theoretical part 2.2.3.2, the As-H valence modes of AsH2
+ and AsH2F 

are expected at higher wavenumbers than the two As-H valence modes of arsine. In the course 

of the AsH3 - HF dilution series experiments, the νas (As-H) of AsH2
+ is observed at 2184 cm−1 

and the νs at 2173 cm−1. The H-As-H deformation mode is superimposed with the 
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antisymmetric H-As-H deformation mode of arsine at 998 cm−1. At a higher S/M ratio of 1/10, 

new broadened Raman lines are observed in superposition with the As-H valence modes of 

arsine. In experiments employing xenon as host material, these vibrational modes are 

distinguishable from the valence modes of arsine. The spectra are depicted in FIG S. 1 in the 

supporting information. The broadened Raman lines are assigned to the As-H valence modes 

of AsH2F. The precise frequencies of 2116 cm−1 for the νas  and 2107 cm−1 for the νs are derived 

from experiments in xenon and are in good agreement with the observations of Lester 

Andrews. [63] The δ (H-As-H) of AsH2F is observed in superposition with the δs (H-As-H) of 

AsH3 at 995 cm−1. Additional bending modes of AsH2F are detectable in the isotopic exchange 

experiments and are discussed in the following chapter. 
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2.2.3.5 Raman Spectra of the System AsH3 – DF 

For a complete vibrational analysis, the mixture AsH3 - DF was investigated in an argon 

matrix. In these experiments an isotopic exchange was detected. The spectra of these 

experiments are shown in FIG. 6.  

 

 

FIG. 6:  Raman matrix spectra of AsH3 co-condensed with DF in argon at 10 K (experimental conditions: 

100 µm layer, laser wavelength 532 nm, laser power 1000 mW, Raman intensity is normalized)  

 

All Raman lines, which have been identified as As-H vibrational modes of AsH3, AsH2
+ 

and AsH2F by the experiments discussed in 2.2.3.4 are observable. Therefore, the matrices 

must contain a mixture of the deuterium and the corresponding hydrogen substituted arsenic 
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species. This is achieved by either an incomplete H-D exchange or the decomposition 

mechanism mentioned in the theoretical part 2.2.3.1 of this study. The ν (As-D) of AH2D, 

which may result from a H/D exchange at arsine in the reservoir vessel, is observed at 

1545 cm−1, whilst the ν (As-D) of AsHD+ is detected at 1569 cm−1 (FIG. 6). The experimental 

shift is in good agreement with the H/D isotopic effect [8] and the quantum chemical 

calculations, which predict a Raman line at 1542 cm−1 for the As-D valence mode. The As-H 

stretching mode of AsHD+ is observed at 2179 cm−1 and it is located between the two As-H 

stretching modes of AsH2
+. The δ (H-As-H) and δ (H-As-D) of AsH2

+ and AsHD+ are observed 

as shoulders of the δs (H-As-H) of AsH3 and AsH2D at 1004 cm −1 and 873 cm−1 respectively.  

At a S/M ratio of 1/25 or higher, the νs (As-D) of AsHDF is observed at 1534 cm−1. This is 

in satisfying agreement with the H/D isotopic effect. [8] The ν (As-H) of AsHDF superimposes 

with the As-H valence modes of AsH3 and AsH2F at approximately 2119 cm−1. This value is 

in reasonable agreement with Lester Andrews, who observed this mode at 2113 cm−1 as well 

as with the quantum chemically calculated value of 2145 cm−1. [63] The deformation modes 

of AsHDF are observed at 867 cm−1 (H-As-D), 809 cm−1 (H-As-F) and 588 cm−1 (D-As-F). 

The most meaningful vibrational mode in order to prove the existence of AsH2F or AsHDF is 

the As-F stretching vibration, which is detected at 654 cm−1 as a weak Raman line at a dilution 

of 1/10 for the protonated and the deuterated molecule. The intensity decreases with the dilution 

of the matrix and the amount of formed AsH2
+.  

At a S/M ratio of 1/25 the amount of AsH2F or AsHDF in the sample is enough to observe 

the H-As-F bending mode at 822 cm−1 and 809 cm−1, respectively. (FIG. 6) The Raman line of 

the δas (H-As-H) of AsH3, δ (H-As-H) of AsH2
+ and δs (H-As-H) of AsH2F, shifts from 

1004 cm−1 at a S/M of 1/100 to 995 cm−1 at S/M of 1/10. The same effect is observed for 

the Raman lines of their deuterated counterparts, which shift from 873 cm−1 at S/M 1/100 
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to 867 cm−1 at a S/M of 1/10. The δas (H-As-D/H) of AsHDF and AsH2F are assigned to the 

Raman lines at 588 cm−1 and 822 cm−1 respectively.  

 

TABLE 6:  Experimental and calculated vibrational frequencies of AsH2F and AsHDF at 10 K. Vibrational 

frequencies were calculated at the CCSD/aug-cc-pvtz level of theory and are given in cm−1. 

Raman intensities are calculated at the MP2/aug-cc-pvtz level of theory and are listed in Å4/u. 

  Vibrational Frequencies [cm−1]  

Species Experimental Rel. Int. Lit. [63] Calc.[a] Int. [˚A4/u] Assignment 

AsH2F 2116 (Xe) (± 3) 0.68 2117 2145 130 νas (AsH) 

 2107 (Xe) (± 3) 1.00 2108 2129 271 νs (AsH) 

 995 (± 3) 0.07 984 980 7 δs (AsH2) 

 822 0.05 842 814 10 δs (AsHF) 

 809 0.05  782 9 δas (AsHF) 

 645 0.01 649 654 8 ν (AsF) 

AsHDF 2119 (Ar) (± 5) 1.00 2113 2178 199 ν (AsH) 

 1535 0.73 1522 1522 103 ν (AsD) 

 867 0.23  851 5 δ (AsHD) 

 809 0.07  799 9 δ (AsHF) 

 654 0.01 654 657 7 ν (AsF) 

 588 0.02  577 5 δ (AsDF) 

AsH2
+ 2184 0.75  2176 91 νas (AsH) 

 2173 1.00  2156 213 νs (AsH) 

 998 shoulder  981 9 δ (AsH2) 

AsHD+ 2179 1.00  2165 150 ν (AsH) 

 1569 0.48  1542 78 ν (AsD) 

 873 shoulder  852 7 δ (AsHD) 

[a] scaled with an empirical factor of 0.95 

 

In summary, the H/D isotopic exchange experiments support the hypothesis, that AsH2
+ 

and AsH2F are formed by the co-condensation of the system AsH3 and HF in noble gases. If 

the AsH2 species are formed via a protonation or deuteration of AsH3 and a subsequent 

condensation step, as sketched in FIG. 4, either H2 or HD can be eliminated. As a result of this 

elimination, a mixture of AsH2
+, AsHD+, AsH2F and AsHDF must be observed in the 

experiments. (FIG. 7) All these species have been identified during the Raman measurements. 

Taking these vibrational observations into consideration, the formation of the AsH2 species 
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must take place via the protonation of arsine and a subsequent partly decomposition of AsH4
+ 

or AsH4F.  

 

 

FIG. 7:   Possible reaction pathway leading to the formation of AsH2
+, AsHD+, AsH2F and AsHDF. 

  

 

2.2.3.6 Raman Spectra of the System AsH3 − HBr 

The experiments of AsH3 with hydrogen fluoride had shown that no tetrahedral arsonium 

species was formed. In order to investigate, weather the tetrahedral arsonium species can be 

observed under different conditions, the co-condensation of arsine and hydrogen bromide, 

which is known to form the AsH4
+ Br- species as a pure solid, was studied. [40] If arsine in 

argon and HBr in argon are separately condensed on the cold tip at a S/M of 1/500, two 

additional blue-shifted As-H valence modes are detected at wavenumbers higher than 

2300 cm−1. (FIG. 8) These modes are assigned to the AsH4
+ cation. The antisymmetric As-H 

valence mode is observed at 2378 cm−1 and the symmetric As-H valence mode at 2367 cm−1. 

Unscaled calculations at the CCSD/aug-cc-pvtz level of theory predict the antisymmetric As-H 

valence vibration at 2472 cm−1 and the symmetric As-H stretching mode at 2422 cm−1. The 
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symmetric H-As-H deformation mode of AsH4
+ is coincident with the antisymmetric H-As-H 

bending mode of AsH3.  

To examine, if a bromo arsorane might be present AsH4Br and its vibrational data have 

been calculated. The arsorane is supposed to exhibit a third As-H valence mode at 2081 cm-1 

due to its reduced C3v symmetry, which is not detected and therefore, it can be excluded. The 

experimental and calculated data is summarized in TABLE 7. 

 

 

FIG. 8:  Raman spectrum of the co-condensation experiment of AsH3 and HBr on to the cold tip in an 

argon matrix at a S/M of 1/500 and the spectrum of arsine (1/100). (experimental conditions: 

100 µm layer, laser wavelength 532 nm, laser power 1000 mW, Raman intensity is normalized) 
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TABLE 7:  Comparison of experimental and calculated frequencies of AsH4
+ and AsH4Br. Vibrational 

frequencies were calculated at the CCSD/aug-cc-pvtz level of theory and are given in cm−1. 

Raman intensities are calculated at the MP2/aug-cc-pvtz level of theory and are listed in Å4/u. 

  Vibrational Frequencies [cm−1]  

Species Experimental Rel. Int. Calc. Calc. [a] Int. [˚A4/u] Assignment 

AsH4
+ 2398 0.20 2472 2348 150 νas (AsH) 

 2371 0.50 2422 2301 310 νs (AsH) 

 1001 0.01 1048 996 30 δs (AsH) 

 - - 899 854 6 δas (AsH) 

AsH4Br - - 2466 2343 89 νas (AsH) 

 - - 2402 2282 297 νs (AsH) 

 - - 2191 2081 480 ν (AsH) 

 - - 1104 1049 40 δ (AsH) 

 - - 853 810 10 δas (AsH) 

 - - 840 798 40 δs (AsH) 

 - - 470 447 4 δ (AsH) 

 - - 165 157 3 ν (AsF) 

[a] scaled with an empirical factor of 0.95 

 

 

 

2.2.4 CONCLUSION 

AsH3 and HF have been co-condensed in argon and xenon matrices in order to study their 

reaction behavior. The formation of AsH2
+ and AsH2F was observed by Raman spectroscopy 

and is confirmed by isotopomeric exchange experiments. The corresponding tetrahedral AsH4
+ 

cation was not observed. Matrix isolation experiments of the system AsH3 − HBr prove that 

the generation of AsH4
+ is possible with heavier hydrogen halides. The experimental 

vibrational data are discussed together with calculations at the CCSD/aug-cc-pvtz level of 

theory, which predict a C2v structure for AsH2
+ and a Cs structure for AsH2F. 
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Supporting Information on the Experiments of the 

System AsH3 − HX (X = F, Br) (Chapter 2.2) 

 

The vibrational data of co-condensation experiments of premixed AsH3 and HF 

experiments is summarized in TABLE S 1. The corresponding Raman spectra are 

depicted in FIG. 5. 

 

TABLE S 1:  Experimental and calculated vibrational frequencies of AsH3, or AsH3 and HF in argon 

at 10 K. Vibrational frequencies were calculated at the CCSD/aug-cc-pvtz level of 

theory and are given in cm−1. Raman intensities are calculated at the MP2/aug-cc-pvtz 

level of theory and are listed in Å4/u. 

Arsine Arsine + HF Calculated  

1/100 1/10 1/100 Int. 1/50 Int. 1/10 Int. 
Scaled[

a] 
Int. Species Assignment 

- - 2184 0.79 2182 0.81 2184 0.35 2276 91 AsH2
+ νas (AsH) 

- - 2173 0.81 2171 0.83 2167 0.42 2156 213 AsH2
+ νs (AsH) 

2152 - 2154 0.98 2152 0.89 - - 2171 120 AsH3 νas (AsH) 

2142 - 2143 1.00 2141 1.00 2143 0.66 2146 331 AsH3 νs (AsH)/ 

      2119 0.90 2145 130 AsH2F νas (AsH) 

- 2130 - - - - 2130 0.83 2171 120 AsH3 νas (AsH) 

- - - - - - - - 2128 271 AsH2F νs (AsH) 

 2116 2116 0.27 2116 0.43 2116 1.00 2146 331 AsH3 νs (AsH) 

- - 1547* 0.71 
1547

a 
0.70 

1535

a 
0.25 1540 103 AsHDF ν (AsD) 

1003 994 1003 0.21 1003 0.22 996 0.35 990 8 AsH3 δas (AsH)/ 

        981 9 AsH2
+ δ (AsH) 

915 908 915 0.10 909 0.12 906 0.18 892 2 AsH3 δs (AsH) 

- - 874 0.06 870 0.06 866 0.10 841 9 AsHDF δ (AsHD) 

*artifacts of previous experiments with DF.  
[a] scaled with an empirical factor of 0.95 

 

 



Pnictogen Hydrides and Hydrogen Halides under Extra-Terrestrial Conditions 

 

 

33 

The vibrational data of the co-condensation experiments of premixed AsH3 and DF in an 

argon matrix is summarized in TABLE S 2. The corresponding Raman spectra are depicted in 

FIG. 6. 

 

TABLE S 2:  Experimental and calculated vibrational frequencies of AsH3, or AsH3 and DF in argon 

at 10 K. Vibrational frequencies were calculated at the CCSD/aug-cc-pvtz level of 

theory and are given in cm−1. Raman intensities are calculated at the MP2/aug-cc-pvtz 

level of theory and are listed in Å4/u. 

Arsine + DF Calculated  

1/100 Int. 1/50 Int. 1/25 Int. 1/10 Int. Scaled[a] Int. Species Assignment 

2184 0.32 2182 0.41 2182 0.58 2178 0.22 2176 91 AsH2
+ νas (AsH) 

2179 0.30 2178 0.37 2178 0.55 - - 2165 150 AsHD+ ν (AsH) 

2173 0.35 2173 0.47 2173 0.61 2171 0.30 2156 213 AsH2
+ νs (AsH) 

2152 0.88 2151 0.85 2150 0.72 - - 2171 120 AsH3/ νas (AsH) 

        2171 120 AsH2D νas (AsH) 

2147 0.50 2145 0.57 - - - - 2155 257 AsH2D νs (AsH) 

2143 1.00 2142 1.00 2115 1.00 2115 0.67 2146 331 AsH3/ νs (AsH)/ 

    2124 0.90   2124 0.96 2145 130 AsH2F νas (AsH) 

- - - - 2130 0.93 2130 0.93 2171 120 AsH3 νas (AsH) 

- - - - 2111 sh 2111 sh 2129 271 AsH2F νas (AsH) 

2119 0.40 2118 0.33 2118 0.82 2118 1.00 2146 331 AsH3 νs (AsH) 

1569 0.25 1567 0.22 1567 0.39 1566 0.24 1542 78 AsHD+ ν (AsD) 

1547 0.56 1545 0.54 1543 0.48 - - 1540 100 AsH2D ν (AsD) 

- - - - 1535 0.47 1532 0.42 1522 103 AsHDF νas (AsD) 

1004 0.35 1001 0.31 999 0.36 995 0.25 990 8 AsH3/ δas (AsH2) 

        981 9 AsH2
+/ δ (AsH2) 

        980 7 AsH2F δs (AsH2) 

 985 0.11   985 0.17 983 0.19   981 0.20 969 7 AsH2D δs (AsH2) 

915 0.10 914 0.09 907 0.13 906 0.09 892 2 AsH3 δs (AsH3) 

873 0.28 871 0.24 868 0.23 867 0.24 855 6 AsH2D/ δs (AsHD)/ 

        852 7 AsHD+/ δ (AsHD) 

        851 5 AsHDF/ δs (AsHD)/ 

- - - - 823 0.12 822 0.08 814 10 AsH2F δs (AsHF) 

809 0.12 809 0.08 809 0.14 809 0.10 799 9 AsHDF/ δas (AsHF)/ 

        794 2 AsH2D δs (AsH2D) 

        782 9 AsH2F δas (AsHF) 

693 0.09 691 0.10 689 0.09 687 0.07   ? ? 

      654 0.01 657 7 AsHDF/ ν (AsF) 

        654 8 AsH2F ν (AsF) 

589 0.25 588 0.12 588 0.11 588 0.08 577 5 AsHDF δas (AsHD) 

357 0.24 -  356 0.06 358 0.03 - - As4 νs (As-As) 

255 0.29 256 0.24 252 0.10 254 0.05 - - As4 νas (As-As) 

 [a] scaled with an empirical factor of 0.95 
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The vibrational data of the experiments of premixed AsH3 and HF in a xenon matrix 

is summarized in TABLE S 3 and the spectra are depicted in FIG S. 1. 

 

 

FIG S. 1:  Raman matrix spectra of AsH3 co-condensed with HF in xenon at 10 K (experimental 

conditions: 100 µm layer, laser wavelength 532 nm, laser power 1000 mW, Raman 

intensity is normalized) *marks deuterated residues from former experiment. 

 

 

 

 

 

 

 

 

 



Pnictogen Hydrides and Hydrogen Halides under Extra-Terrestrial Conditions 

 

 

35 

TABLE S 3:  Experimental and calculated vibrational frequencies of AsH3, or AsH3 and HF in xenon 

at 10 K. Vibrational frequencies were calculated at the CCSD/aug-cc-pvtz level of 

theory and are given in cm−1. Raman intensities are calculated at the MP2/aug-cc-pvtz 

level of theory and are listed in Å4/u. 

Arsine Arsine + HF Calculated  

1/100 1/10 1/100 Int. 1/50 Int. 1/10 Int. Scaled[a] Int. Species Assignment 

- - 2174 0,26 2176 0,15 2174 0,17 2176 91 AsH2
+ νas (AsH) 

- - 2158 0,48 2159 0,28 2157 0,32 2156 213 AsH2
+ νs (AsH) 

- - 2142a 0,46 2143a 0,28 2143a 0,24 2137 199 AsHDF ν (AsH) 

- - - - - - 2116 0,71 2145 130 AsH2F νas (AsH) 

2129 2129 2129 0,52 2130 0,56 2127 0,72 2171 120 AsH3 νas (AsH) 

- - - - - - 2107 0,76 2129 271 AsH2F νs (AsH) 

2118 2117 2117 1,00 2119 1,00 2117 1,00 2146 331 AsH3 νs (AsH) 

- - 1531a 0,02 1531a 0,02 1530a 0,02 1522 103 AsHDF ν (AsD) 

990 989 991 0,32 992 0,24 991 0,37 990 8 AsH3/ δas (AsH2)/ 

        981 9 AsH2
+ δ (AsH2) 

903 903 903 0,03 903 0,03 903 0,07 892 2 AsH3 δs (AsH2) 

- - 862* 0,01 862* 0,01 862* 0,01 841 9 AsHDF        δas (AsHD) 

*artifacts of previous experiments with DF.  
[a] scaled with an empirical factor of 0.95 

 

The vibrational data of AsH3, AsH2
+ and AsH2F was calculated based on different 

methods. The results are listed in TABLE S 4. 

 

TABLE S 4:  Calculated vibrational frequencies of AsH3, AsH2
+ and AsH2F at different levels of 

theory in cm−1. 

 HF/ 

aug-cc-pvtz 

B3LYP/ 

aug-cc-pvtz 

MP2/ 

aug-cc-pvtz 

QCISD/ 

aug-cc-pvtz 

CCSD/ 

aug-cc-pvtz 
Assignment 

AsH3 2330 2195 2285 2283 2285 νas (AsH) 

 2328 2181 2259 2256 2259 νs (AsH) 

 1106 1016 1042 1041 1042 δas (AsH3) 

 1002 932 939 939 939 δs (AsH3) 

AsH2
+ 2363 2211 2309 2290 2290 νas (AsH) 

 2356 2200 2285 2269 2269 νs (AsH) 

 1105 1012 1052 1033 1033 δ (AsH2) 

AsH2F 2315 2145 2275 2257 2258 νas (AsH) 

 2314 2131 2252 2239 2241 νs (AsH) 

 1097 1003 1043 1031 1032 δs (AsH2) 

 916 820 869 855 857 δs (AsHF) 

 867 784 838 820 823 δas (AsHF) 

 724 644 691 683 688 ν (AsF) 
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The apparatus, which was used for the co-condensation experiments is depicted 

in FIG S. 2 as a schematic drawing and as a photography in FIG S. 3. 

  

FIG S. 2:  Schematic drawing of the apparatus for the deposition of AsH2
+ and AsH2F. 

 

 

FIG S. 3.  Photography of the apparatus for the deposition of AsH2
+ and AsH2F. 
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2.3 Raman Matrix Isolation Study on the System 

PH3 – HX 

2.3.1 INTRODUCTION 

Earth's shell, atmosphere, hydrosphere, biosphere and lithosphere consist to 0.07 % by 

weight of phosphorus, which is mostly present in the form of compounds having coordination 

numbers of one to six. [71] The knowledge about the existence of different phosphorus species 

in space is strongly limited. [71, 72] Already in 1974, evidence for the existence of PH3 in the 

Jupiter atmosphere by means of infrared spectroscopy has been provided. [73, 74] Three years 

later, the proof for the same compound followed in the atmosphere of Saturn. [74-76] 

Presumably, PH3 is formed in the hot depths of the atmosphere of these planets and 

subsequently transported to higher altitudes by atmospheric turbulences.  

 

 

FIG. 9:  Picture of Jupiter. Taken on 10 July 2017 at 19:12 o’clock by the Juno spacecraft during its 

seventh close flyby. The turbulent Great Red Spot fades from Juno's perspective as the dynamic 

bands of the southern Jupiter region move into focus. North is on the left side of the picture, 

south on the right. [77] 
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In 1975, Prinn and Lewis proposed, based on a theoretical study, that the reddish coloration 

of the atmosphere and the “Great Red Spot”, a giant oval anticyclone on the surface of Jupiter, 

could be traced back to the photolysis of PH3 to red phosphorus. A reaction sequence was 

proposed including a disproportionation of the previously formed PH2. [78, 79] 

 

 

FIG. 10:   Photolysis of PH3 to P4. [78, 79] 

 

Another popular theory for the origin of the “Great Red Spot” was proposed by Hudson 

and Loeffler, which explains the color with NH4SH and acetylene. Here, the reaction of the two 

compounds is supposed to form a reddish thiolin compound. [80] Ferris and Benson were able 

to show that P2H4 is formed as a photo product by simulating the conditions on Jupiter in the 

laboratory and thus describing an alternative mechanism that proposes the formation of P2H4 

from PH2. [81, 82] 

Experiments that simulate the conditions present on Saturn and Jupiter in combination 

with quantum mechanical simulations contribute to the general understanding of the 

atmosphere on distant planets. In addition to phosphine, hydrogen halides were also detected 

on Saturn and Jupiter in concentrations comparable to PH3. [32, 33] An investigation of the 

possible reaction between the two molecules under corresponding conditions has not yet been 
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studied. This prompted us to investigate the behavior of the system PH3 − HF and PH3 − HBr 

under matrix isolation conditions. These experiments can give an insight whether the PH4
+ 

species or related phosphorus hydrogen species could form in Jupiter’s and Saturn’s 

atmosphere. 

 

 

2.3.2 RESULTS AND DISCUSSION 

2.3.2.1 Theoretical Considerations 

For the analysis of the experimental results several reaction products must be taken into 

account. The first one is the tetrahedral phosphonium cation, which could be generated by the 

protonation of phosphine by hydrogen halides. The formation of a covalent phosphonium 

fluoride has also been considered. Irrespective of the formed species between PH3 and HF, a 

hydrogen elimination of the phosphonium species could lead to PH2F or PH2
+ in a subsequent 

reaction step. PH2F has been observed by Lester Andreas via fluorination of phosphine in an 

argon matrix and by Helmut Beckers via the gas phase reaction of H3PF2 with hydrides by IR 

spectroscopy. [83-85]  

The possible formation of PH2
+ or PH2F from PH4

+ or PH4F is assumed to take place by a 

hydrogen elimination. For a better understanding of the elimination, the decomposition 

pathway of PH4
+ and PH4F was calculated in order to investigate if the elimination is more 

likely to take place from PH4
+ or PH4F. The optimizations and the energy calculations of the 

stationary points were conducted under employment of the MP2/aug-cc-pvtz level of theory. 

The vibrational analysis of the stationary points on the potential energy surface exhibits a single 

negative frequency and therefore marks the transition state as anticipated. PH4
+ exhibits 
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tetrahedral symmetry and therefore all hydrogen atoms are indistinguishable. As a result, it is 

irrelevant which hydrogen atoms are approaching each other during the elimination process, 

forming the phosphine-like transition state. However, the reaction is endothermic by 

221 kJ/mol and the activation barrier of 229 kJ/mol is relatively high. (FIG. 11) 

 

FIG. 11:  Possible reaction pathways and transition states (TS) for the hydrogen elimination and the 

formation of PH2
+ and PH2F respectively. 

 

The hydrogen elemination from PH4F undergoes a different mechanism. Altogether, it is 

possible to either form hydrogen inside the H-P-H plane of the bipyramid or by approaching 

one hydrogen atom in the plane towards the hydrogen on the top of the pyramid. For the first 

option, the two atoms are separated by an angle of 120°, whilst for the second option the angle 

merely measures 90°. Therefore, a mechanism via the second possibility (top hydrogen towards 

plane hydrogen) is supposed. As expected, only one true transition state can be observed here. 

The quantum chemical calculations predict PH2F and H2 to be 5 kJ/mol more stable than PH4F. 

The activation barrier of the reaction is 163 kJ/mol. On the bottom line, in this study the 

vibrational frequencies of the following species are considered: PH3, PH4F, PH4
+, PH2F and 

PH2
+. The formation of PH2

+ or PH2F is discussed in Chapter 2.5.3.4 in detail. 
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2.3.2.2 Calculated Vibrational Frequencies 

The vibrational frequencies of the considered phosphor hydrogen species are summarized 

in TABLE 8 and TABLE 9. The quantum chemical calculation at the CCSD/aug-cc-pvtz level 

of theory predicts the P-H stretching vibrations of phosphine at 2365 cm−1 and 2352 cm−1. 

Compared to the experimental values of 2328 cm−1 and 2323 cm−1, measured by gas phase IR 

spectroscopy, they are slightly blue-shifted but still in reasonable agreement. [64] The 

antisymmetric and symmetric H-P-H bending vibrations are predicted at 1103 cm−1 and 

963 cm−1 respectively. The calculations underestimate the H-P-H bending modes by 14 cm−1 

and 29 cm−1 respectively, compared to the experimental values of 1118 cm−1 and 

992 cm−1. [64] The overestimation of the H-P stretching modes and underestimation of the 

H-P-H bending modes is observed for all discussed phosphonium hydrogen species discussed 

later.  

According to the vibrational analysis of the global minimum of PH4
+, the P-H stretching 

modes are calculated at 2501 cm−1 and 2447 cm−1. The P-H valence modes of PH4
+SbF6

−, 

reported by Minkwitz in 1992, are observed at 2528 cm−1 and 2473 cm−1. [86] Here, the 

calculated and experimental values of the stretching modes are also in good agreement. In 

summary, the chosen quantum chemical model reflects the experimental values and therefore 

it is suitable for subsequent simulations of unreported species. 

The calculations predict the νas (P-H) and the νs (P-H) of PH2
+ at 2363 cm−1 at 2350 cm−1 

respectively. The P-H stretching modes of PH2
+ are expected between the P-H stretching modes 

of phosphine and the P-H stretching modes of PH4
+. TABLE 8 summarizes the calculated 

vibrations of the deuterated analogs. 
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TABLE 8:  Summarized calculated and literature-known vibrational data of PH3, PH4
+ and PH2

+. 

Vibrational frequencies calculated on the CCSD/aug-cc-pvtz level of theory. 

Vibrational Frequencies [cm−1] 

Assignment PH3 PH4
+ PH2

+ 

 calc. 
Lit. 

(gas) [87]  
calc. Lit. (SbF6

−) calc. 

νas (PH) 2365 2328 2501 2528[a] 2363 

νs (PH) 2352 2323 2447 2473[a] 2350 

δas (PH2) 1104 1118 1108 1128[a]  
δs (PH2) 963 992 967 991[a] 1102 

[a] SbF6
− salt described by Minkwitz in 1992 [86] 

 

TABLE 9:  Summarized calculated data of PH2D, PH3D+ and PHD+. Vibrational frequencies calculated on 

the CCSD/aug-cc-pvtz level of theory. 

Vibrational Frequencies [cm−1] 

Assignment PH2D Assignment PH3D+ PHD+ 
 calc.  calc. calc. 

νas (PH) 2358 νas (PH) 2460 2349 

νs (PH) 2350 νs (PH) 2424  

ν (PD) 1690 ν (PD) 1758 1687 

δs (PH2) 1076 δas (PH2) 1051  

δas (PH2D) 952 δs (PH2) 955  

δs (PH2D) 863 δ (PHD) 830 958 

 

The calculated vibrational modes of PH4F and PH2F are summarized in TABLE 10. Due to 

the C3v structure of the fluoro phosphorane, three P-H valence modes are expected, which are 

all Raman active. The P-H valence modes in the bipyramidal plane are predicted at higher 

wavenumbers as the axial P-H stretching mode. The P-F vibration is anticipated at 602 cm−1.  

The P-H valence modes of PH2F are expected slightly red-shifted compared to these of 

PH2
+ at 2404 cm−1 and 2399 cm−1 respectively. Compared to the experimental vibrational 

frequencies of Bürger, the chosen quantum chemical model overestimates the valence modes 

of PH2F by about 100 cm−1. [85] Nevertheless, the difference between the symmetric and 

antisymmetric P-H bending modes is distinct. The ν (P-F) is predicted at 822 cm−1, but should 

be expected at lower wavenumbers. The calculated vibrational data of the deuterated 

isotopomers of the above discussed compounds is summarized in TABLE 10. 
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TABLE 10:  Summarized calculated and literature-known vibrational data of PH4F and PH2F. Vibrational 

frequencies calculated on the CCSD/aug-cc-pvtz level of theory. 

 PH4F  PH2F  

Assignment calc. Assignment calc. lit.  Assignment 

νas (PH) 2573 νas (PH) 2404 2287[a] ν (PH) 

νs (PH) 2515 νs (PH) 2399 2283[a] ν (PD) 

ν (PH) 2277 δs (PH2) 1146  δ (PHD) 

δ (PH) 1388 δs (PHF) 984  δ (PHF) 

δas (PH) 1179 δas (PHF) 935  ν (PF) 

δs (PH) 989 ν (PF) 822  δ (PDF) 

δ (PH) 616     

ν (PF) 602     

[a] IR-study conducted by Bürger in 1995. [85] 
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2.3.2.3 Raman Spectra of the System PH3 – HBr 

The Raman spectra of system PH3 – HBr display different features, depending on the M/S 

ratio (FIG. 12). Co-condensation experiments of the pure reactants [PH3 + HBr (solid)] result 

in spectra with very strong and broad lines at 2379 cm−1 and 2327 cm−1
,
 which are identified as 

the P-H stretching modes of PH4
+Br−. The values are consistent with Raman spectroscopy 

experiments reported in 1969. [88] The experimental and aforementioned vibrational 

frequencies are summarized in TABLE 11.  

 

 

FIG. 12:  Raman matrix spectra of PH3 co-condensed with and without HBr in argon at 10 K 

(experimental conditions: 100 µm layer, laser wavelength 532 nm, laser power 1000mW, 

Raman intensity is normalized). 
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If the host material argon is mixed to the gas stream of the PH3 – HBr mixture 

[PH3 + HBr / argon (1/10)], the P-H valence modes of the PH species in FIG. 12 are shifted to 

lower wavenumbers. At an even higher dilution with argon (S/M 1/100) the superposition of 

the lines decreases and four well resolved vibrational modes are recorded at 2346 cm-1, 

2341 cm-1, 2315 cm−1 and 2300 cm−1. The two modes with the highest wavenumbers are 

assigned to the P-H stretching modes of phosphine, resulting from the direct co-condensation 

of phosphine in argon at the S/M ratio of 1/100. As discussed before by quantum chemical 

calculations in 2.3.2.2, the only P-H species in question showing red-shifted P-H valence 

modes in comparison to the valence modes of phosphine is PH2
+. The P-H bending mode of 

PH2
+ is than superimposed with the antisymmetric P-H bending mode of phosphine. The 

vibrational frequencies of all observed species are summarized in TABLE 12. In summary, the 

system PH3 - HBr forms depending on the S/M ratio either: PH4
+Br− or PH2

+. The vibrational 

modes of the unreacted starting material PH3 are detected in all matrix isolation experiments. 

 

TABLE 11:  Summary of the vibrational frequencies of PH4
+Br−. 

 PH4
+

 Br−  

Ra exp Lit.[a] Assignment 

2379 2379 νas (PH4⁺) 

2327 2329 νs (PH4⁺) 

1891 1891 2 x δ (PH4⁺) 

1453 1444 δ (PH4⁺) + τ 

1298 1287 δ (PH4⁺) + τ 

1115 1114 δ (PH4⁺) 

940 941 δ (PH4⁺) 

351 343 Τ 

 [a] Raman-study conducted by Rush in 1969. [88]  
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TABLE 12:  Summary of the vibrational frequencies of PH3 and PH2
+. Vibrational frequencies calculated on 

the CCSD/aug-cc-pvtz level of theory. 

PH3 PH2
+  

Ra exp calc. Lit.[a] Ra exp. calc  Assignment 

2346 2365 2328 2315 2363 νas (PH) 

2341 2352 2323 2300 2350 νs (PH) 

1111 1104 1118 - - δas (PH2) 

990 963 992 1105 1102 δs (PH2) 

[a] several Raman studies [89-91]  
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2.3.2.4 Raman Spectra of the System PH3 – AF (A=H, D) 

Raman spectra of the system PH3 – HF/DF in argon (S/M 1/100) are depicted in FIG. 13. 

A summary of the vibrational data is given in TABLE 13. The Raman spectra display none of 

the Raman lines observed in the PH3 – HBr System. (2.3.2.3).  

 

 

FIG. 13:  Raman matrix spectra of PH3 co-condensed with and without HF and DF in argon at 10 K 

(experimental conditions: 100 µm layer, laser wavelength 532 nm, laser power 1000mW, 

Raman intensity is normalized). 

 

The P-H valence modes of PH2
+ (2315 cm−1 and 2300 cm−1), which have been identified in 

the system PH3 – HBr, are present in all Raman spectra, but are found to be slightly red-shifted. 

In the experiments with deuterium fluoride, two additional Raman lines at 2315 cm−1 and 
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2300 cm−1 are observed very close to Raman lines assigned to PH2
+. Hence, at least one 

additional P-H species muss be present. Furthermore, two Raman lines at 1683 and 1673 cm−1 

are observed. Wavenumbers in this region are typical for P-D stretching vibrations. Therefore, 

it must be presumed that two further H-P-D species are found. According to quantum chemical 

calculations (TABLE 9), the P-H stretching mode of PHD+ is blue-shifted to the asymmetric 

valence mode of PH2
+. Consequently, the Raman line at 2322 cm−1 is assigned to the P-H 

stretching mode of PHD+ and the Raman line at 1673 cm−1 is allocated to the corresponding 

P-D valence mode. The remaining Raman lines at 2309 and 1673 cm−1 are assigned to the P-H 

and P-D valence modes of PHD, based on the relative differences of vibrational frequencies 

obtained by the calculations. One P-H stretching vibration of PH2 was observed by Abraham 

in 1992 by Raman spectroscopy at high temperatures and deconvolution studies at 

2310±2 cm−1, which supports the present assignment. [89] In the Raman spectrum of the 

experiments of PH3 and HF further Raman lines are detected at 2529, 2476 and 1122 cm−1. 

These lines are assigned to the νas (P-H), νs (P-H) and δas (H-P-H) of the PH4
+ moiety, 

respectively. The values are consistent with experiments reported by Minkwitz and Kornath in 

1992. [86] In summary, the reaction of PH3 with HF or DF yields PH2
+, PH4

+, PHD and PHD+.  

 

TABLE 13:  Summary of the vibrational frequencies of the system PH3 – HF/DF in argon.  Vibrational 

frequencies calculated on the CCSD/aug-cc-pvtz level of theory. 

PH3 PH2
+ PH4

+  

Ra exp calc. Lit.[a] exp. calc Ra exp. Calc. Lit. (SbF6
−) Assig. 

2346 2365 2328 2315 2363 2529 2376 2528[b] νas (PH) 

2341 2352 2323 2300 2350 2476 2325 2473[b] νs (PH) 

1111 1104 1118 - - 1122 1053 1128[b] δas (PH2) 

990 963 992 1105 1102 - 919 991[b] δs (PH2) 

[a] several Raman studies [89-91] 
[b] SbF6

− salt described by Minkwitz in 1992 [86] 
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TABLE 14:  Summary of the vibrational frequencies of the system PH3 – HF/DF in argon. Vibrational 

frequencies calculated on the CCSD/aug-cc-pvtz level of theory. 

PHD+ PHD  

Ra exp. Calc. Ra exp. Calc PH2 Lit. Assig. 

2322 2349 2309 2338 2310±2 [a] ν (PH) 

1673 1687 1673 1679 - ν (PD) 

- 958 - 945 - δ (PHD) 

[a] Abraham in 1992 by Raman spectroscopy at high temperatures [89] 

  

 

2.3.3 CONCLUSION ON THE SYSTEM PH3 – HX 

(X = F, Br) 

PH3 and HBr have been co-condensed in order to study the reaction behaviour and the 

reaction products was identified as PH4
+

 Br-. If PH3 and HBr are condensed as a diluted noble 

gas mixture PH3 and PH2
+ are identified by Raman spectroscopy inside the so formed argon 

matrix. The Raman spectra of co-condensation experiments comprising a PH3 and HF or PH3 

and DF mixture with argon show the formation of PH2, PH4
+ and PH2

+ in the argon matrix.  
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2.4 Raman Matrix Isolation Study on the System 

SbH3 – HF 

2.4.1 INTRODUCTION 

While the formation of NH3 from its elements is exothermic by -46 kJ/mol, the standard 

enthalpy (ΔfH
0) of PH3 is already +5 kJ/mol. This endothermic behavior increases with the 

weight of the pnictogen atom. The ΔrH
0 of SbH3 is 145 kJ/mol. While PH3 and AsH3 are 

kinetically stable compounds, SbH3 decomposes slowly at room temperature. [92]  The proton 

affinity of the pentel hydrides decreases with the weight of the pentel from ΔacidH298K = 203.2 

kJ/mol for NH3 via 185.3 kJ/mol for PH3 and 176.6 kJ/mol for AsH3 to 175.4 kJ/mol for SbH3 

(calculated at BP86/QZ4P//BP86/TZ2P). [93]  

In the experiments comprising the system AsH3 – HF the formation of AsH4
+, AsH2

+ and 

AsH2F was observed. In order to investigate weather analogous behavior can be observed the 

experiments involving the system SbH3 – HF in argon were conducted. 



Pnictogen Hydrides and Hydrogen Halides under Extra-Terrestrial Conditions 

 

 

51 

2.4.2 RESULTS AND DISSCUSSION 

2.4.2.1 Theoretical Considerations 

For the analysis of the experimental results of the system SbH3 – HF different reaction 

products must be considered. Most prominent is the possible observation of the tetrahedral 

stibinium ion, which may be generated by the protonation of stibine with hydrogen fluoride. 

The possible observation of a covalent bonded stibinium fluoride is less reasonable, but 

nevertheless it has been considered. Regardless which of these species is observed, a 

subsequent degradation step of the stibinium species into SbH2F or SbH2
+ in analogy to arsenic 

has been contemplated. While PH2F and AsH2F have already been detected, SbH2F has not 

been observed yet. [63, 83-85]  

SbH2
+ and SbH2F may be formed from SbH4

+ or SbH4F. In order to gain a better 

understanding of this elimination pathway, the decomposition was simulated. Here, the 

MP2/aug-cc-pvtz level of theory was employed for the optimizations and the energy 

calculations of the stationary points. The vibrational analysis of the stationary points with the 

highest energy on the potential energy surface exhibits a single negative frequency and 

therefore marks a transition state as anticipated. SbH4
+ exhibits a tetrahedral symmetry and 

accordingly all hydrogen atoms are equivalent. As a result, it is irrelevant which hydrogen 

atoms are approaching each other during the elimination process in order to form the stibine-

like transition state. However, the reaction is not favored energetically in this direction and the 

activation barrier of 219 kJ/mol is high. (FIG. 14) Thus, a reaction following this pathway is 

very unlikely. 
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FIG. 14:  Possible reaction pathways and transition states (TS) for the hydrogen elimination and the 

formation of SbH2
+ and SbH2F respectively. 

 

The hydrogen elimination from SbH4F is different from that of SbH4
+. Altogether, it is 

possible to either form hydrogen inside the H-Sb-H plane of the bipyramid or by approaching 

one hydrogen atom in the plane towards the hydrogen on the top of the pyramid. For the first 

option, the angle separating the two atoms is 120°, whilst for the second one the angle only is 

90°. Therefore, a mechanism via the axial hydrogen atom can be presumed. As expected, only 

one true transition state can be detected for the second option. According to the quantum 

chemical calculations, the reaction is exothermic by 75 kJ/mol in the gas phase. Although the 

activation barrier of the reaction is 181 kJ/mol, it was taken into consideration for the analysis 

of the Raman data. All in all, in this study the vibrational frequencies of the following species 

are considered: SbH3, SbH4F, SbH4
+, SbH2F and SbH2

+. The formation of SbH2
+ or SbH2F is 

discussed in Chapter 2.5.3.4 in detail. 
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2.4.2.2 Calculated Vibrational Frequencies 

The quantum chemical calculations are conducted at the MP2/aug-cc-pvtz level of theory 

and are scaled by a factor of 0.90, which is determined empirically. The deviation of the 

experimental frequencies of Shimanouchi and the calculated data is less than 3%. [87]  

The predicted vibrational frequencies of SbH4
+ are also in good agreement with the 

experimental data reported by Kornath and Minkwitz in 1994. [68] The Sb-H valence modes 

of SbH2
+ are predicted at lower wavenumber than those of SbH3 at 1927 and 1925 cm−1. The 

comparison of SbH3 and SbH4
+ shows that the chosen level of theory reflects the experimental 

data in satisfying agreement. The vibrational frequencies of the antimony hydrogen species are 

summarized in TABLE 15 and TABLE 16. 

 

TABLE 15:  Summarized calculated and literature-known vibrational data of SbH3, SbH4
+ and SbH2

+. 

Vibrational frequencies calculated on the MP2/MWB48/aug-cc-pvtz level of theory. 

Vibrational Frequencies [cm−1] 

Assignment SbH3 SbH4
+ SbH2

+ 
 Calc. Lit. (gas)  Calc.[d] Lit. (SbF6

−) Calc. [d] 

νas (SbH) 1872 1894 [b] 2042 2061[a] 1927 

νs (SbH) 1868 1891 [c] 2021 2051[a] 1925 

δas (SbH2) 808 831 [b] 797 842[a]  

δs (SbH2) 761 782 [b] 710 795[a] 824 

[a] SbF6
− salt described by Kornath and Minkwitz in 1994 [68] 

[b] Shimanouchi in 1972 uncertainty 3~6 cm−1 [87] 

[c] Shimanouchi in 1972 uncertainty 1~3 cm−1 [87] 
[d] scaled with an empirical factor of 0.90 
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TABLE 16:  Summarized calculated and literature-known vibrational data of SbH4F and SbH2F. Vibrational 

frequencies calculated on the MP2/MWB48/aug-cc-pvtz level of theory. 

 SbH4F  SbH2F  

Assignment Calc. [a] Assignment Calc.[a] Assignment 

νas (SbH) 1981 νas (SbH) 1859 ν (SbH) 

νs (SbH) 1957 νs (SbH) 1855 ν (SbD) 

ν (SbH) 1766 δs (SbH2) 813 δ (SbHD) 

δ (SbH) 900 δs (SbHF) 638 δ (SbHF) 

δas (SbH) 817 δas (SbHF) 604 ν (SbF) 

δs (SbH) 675 ν (SbF) 536 δ (SbDF) 

δ (SbH) 448 
   

ν (SbF) 388 
   

[a] scaled with an empirical factor of 0.90 

 

 

2.4.2.3 Raman Spectra of the System SbH3 – HF 

Raman spectra of the system SbH3 – HF are depicted in FIG. 15. Due to the endothermic 

character of stibine, all spectra show vibrational modes of decomposition products. In order to 

identify, which Raman lines are caused by the decomposition products a matrix was gently 

evaporated, thus the less volatile decomposition products remain on the cold tip. The 

corresponding Raman spectrum is given in the FIG. 15. Raman spectra of pure SbH3 in argon 

(S/M 1/50) exhibit three Raman lines. The one at 1892 cm−1 is assigned to the not resolved 

Sb-H stretching modes of SbH3. The corresponding Sb-H deformation modes are observed at 

827 and 732 cm−1. The assignments are in good agreement with the data reported by 

Shimanouchi in 1972. [16] Co-condensation of stibine and HF with argon (S/M 1/300) yields 

four Raman lines in the region typical for Sb-H valence modes. The two lines at 1883 and 

1880 cm−1 are assigned to the antisymmetric Sb-H and the symmetric Sb-H valence modes of 

SbH3, with two corresponding Sb-H bending modes being observed at 824 and 781 cm−1. In 

accordance with the quantum chemical calculations (2.4.2.2), the two remaining Raman lines 

at 1919 cm−1 and 1913 cm−1 are assigned to the antisymmetric and symmetric Sb-H valence 
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modes of SbH2
+. Here, the corresponding Sb-H deformation mode is observed overlaid with 

the antisymmetric bending mode of SbH3 as a shoulder. All discussed vibrational data are listed 

in TABLE 17. 

 

 

FIG. 15:  Raman matrix spectra of SbH3 co-condensed with and without HF in argon at 10 K 

(experimental conditions: 100 µm layer, laser wavelength 532 nm, laser power 1000mW, Raman intensity is 

normalized). * marks residues from decomposition on the cold tip.  

 

TABLE 17:  Summary of the vibrational frequencies of the system SbH3 – HF in argon. Vibrational 

frequencies calculated on the MP2/MWB48/aug-cc-pvtz level of theory. 

SbH3  SbH2
+  

Ra (1/50) exp Ra (1/300) exp Calc. Lit.[a] Exp. Calc  Assig. 

1892 (br) 
1883 1872 1894 [b] 1919 1927 νas (SbH) 

1880 1868 1891 [a] 1913 1925 νs (SbH) 

827 824 808 831 [b] - - δas (SbH2) 

783 781 761 782 [b] 833 (sh) 824 δs (SbH2) 

[a] Shimanouchi in 1972 uncertainty 1~3 cm−1 [87] 

 [b] Shimanouchi in 1972 uncertainty 3~6 cm−1 [87] 
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2.4.3 CONCLUSION ON THE SYSTEM SbH3 − 

HF 

The quantum chemical calculations predict a lower stability for the tetrahedral SbH4
+ and 

the trigonal-bipyramidal SbH4F than for their lighter homologs. This prediction is reflected by 

the Raman matrix experiments. Under matrix isolation conditions in argon, only SbH2
+ was 

observable. Neither SbH4
+ nor SbH4F were detected. 
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2.5 Theoretical comparative studies on the System 

PnH3 – HX (Pn = P, As, Sb; X = F, Br) 

In order to gain insight into the decomposition mechanisms and the energy minimum 

structures of the discussed species, extensive quantum chemical studies have been conducted. 

In the course of the theoretical investigation, the structure, stability and decomposition 

behavior of the species are discussed. 

 

2.5.3.1 Calculated Structures at an Energy Minimum 

The structures of the PnH2
+, PnH4

+ and PnH4F (Pn = P, As, Sb) were calculated at the 

CCSD/aug-cc-pvtz level of theory. Additionally, MWB48 ECP was employed for the 

calculation for Pn being Sb. The optimized minimum structures are depicted in FIG. 16 and 

FIG. 17. The bond lengths and the bond angles are summarized in TABLE 18 and TABLE 19. 

 

FIG. 16: Depicted molecular structures of the PnH2
+ and PnH2F (Pn = P, As, Sb) species calculated at the 

CCSD/aug-cc-pvtz level of theory. For the calculations of the species comprising antimony, the MWB48 ECP 

was employed. Structure parameters are summarized in TABLE 18. 
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TABLE 18:  Structure parameters of PnH2
+ and PnH2F (Pn = P, As, Sb) species calculated at the CCSD/aug-

cc-pvtz level of theory. For the calculations of the species comprising antimony, the MWB48 

ECP was employed.  

 PH2
+ AsH2

+ SbH2
+ PH2F AsH2F SbH2F 

r (Pn-H) 1.42 Å 1.51 Å 1.67 Å 1.42 Å 1.51 Å 1.71 Å 

r (Pn-F)b - - - 1.62 Å 1.74 Å 1.93 Å 

α (H-Pn-H) 92.7° 91.75° 90.98° 92.37° 91.59° 91.5° 

β (H-Pn-F) - - - 97.61° 95.37° 94.18° 

 

The Pn-H bond is elongated if the Pn atom gets heavier and the H-Pn-H angle is reduced 

in the same manner. This is expected, as the Pn atom radius increases with its weight and the 

steric repulsion of the hydrogen and fluoride atoms is reduced. In comparison to the 

corresponding starting materials, PnH3, r (Pn-H) of PnH2
+ and PnH2F is slightly shortened. A 

comparable shortening is observed if α (H-Pn-H) of PnH2
+ and PnH2F is compared to the 

corresponding H-Pn-H angle in PnH3. [94-96] In the case of PnH2
+ this predicted behavior is 

expected, because it has less hydrogen atoms than PnH3 and therefore steric repulsion is less 

problematic. The P-F bond length in PH2F is slightly longer than in PH2F and is about the same 

length as P-Faxial in PH2F3. The P-Fplane bond in PH2F3 is longer than the P-F in PH2F. [97] This 

differences are reasonable, because of the different binding situation in the trigonal bipyramidal 

PH2F3 molecule. 
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FIG. 17:  Depicted molecular structures of the PnH4
+ and PnH4F (Pn = P, As, Sb) species calculated at the 

CCSD/aug-cc-pvtz level of theory. For the calculations of the species comprising antimony, the 

MWB48 ECP was employed. Structure parameters are summarized in TABLE 19. 

 

TABLE 19:  Structure parameters of PnH4
+ and PnH4F (Pn = P, As, Sb) species calculated at the CCSD/aug-

cc-pvtz level of theory. For the calculations of the species comprising antimony, the MWB48 

ECP was employed.  

 

 PH4
+ AsH4

+ SbH4
+ PH4F AsH4F SbH4F 

r (Pn-Heq) 1.40 Å 1.48 Å 1.66 Å 1.40 Å 1.48 Å 1.67 Å 

r (Pn-Hax) - - - 1.69 Å 1.85 Å 2.00 Å 

r (Pn-F) - - - 1.44 Å 1.54 Å 1.73 Å 

α (Heq-Pn-Heq) 109.47° 109.47° 109.47° 119.88° 119.42° 119.28° 

β (Heq-Pn-Hax) - - - 87.98° 85.59° 85.29° 

γ (Heq-Pn-F) - - - 92.02° 94.41° 94.70° 

 

As observed before, the Pn-H bond is elongated and the H-Pn-H angle is reduced if the 

Pn atom gets heavier. This is expected, as the atom radius of Pn increases with its weight and 

the steric repulsion of the hydrogen and fluoride atoms is lowered. The PnH4
+ cations and 

PnH4F species show a shortened Pn-H bond compared to their corresponding starting material, 

due to the change of the hybridization and the therefore added s-orbital proportion to the 

bonding Pn-H hybrid orbitals. The H-Pn-H angle on the other hand is widened compared to 

PnH3. [94-96] PH4F exhibits a shorter P-F bond than PHF4 or PH2F3 although it has the same 

binding character. [97] 
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2.5.3.2 Calculated Structures at an Energy Maximum (Transitions State) 

Six transition states, which can be of interest for the decomposition of PnH4
+ and PnH4F 

into H2 and PnH2
+ (Pn = P, As, Sb) were optimized to a maximum on their potential energy 

surface employing the Berny algorithm and the Gaussian 09 program package. The chosen 

level of theory is a Hartree Fock calculation with a Møller-Plesset expansion truncated at 

second order and Dunning's correlation consistent triple-zeta basis sets aug-cc-pvtz. The 

frequency analysis of all optimized gas phase structures shows one imaginary frequency. This 

proves them as true transition states. The vector of this frequency is always consistent with the 

process of a hydrogen elimination. The structures of the transition states are depicted in FIG. 

18. Bond lengths and bond angles are listed in TABLE 20. 

 

 

FIG. 18:  Depicted molecular structures of the PnH4
+-transition states and PnH4F-transition states (Pn = P, 

As, Sb) species calculated at the MP2/aug-cc-pvtz level of theory. For the calculations of the 

species comprising antimony, the MWB48 ECP was employed. Structure parameters are 

summarized in TABLE 20. 
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TABLE 20:  Structure parameters of PnH4
+-transition states and PnH4F-transition states (Pn = P, As, Sb) 

species calculated at the MP2/aug-cc-pvtz level of theory. For the calculations of the species 

comprising antimony, the MWB48 ECP was employed.  

 PH4
+-TS AsH4

+-TS SbH4
+-TS PH4F-TS AsH4F-TS SbH4F-TS 

r (Pn-H1) 1.46 Å 1.52 Å 1.69 Å 1.43 Å 1.51 Å 1.69 Å 

r (Pn-H2) 1.54 Å 1.62 Å 1.82 Å 1.65 Å 1.74 Å 1.95 Å 

r (H1-H2) 1.15 Å 1.27 Å 1.42 Å 1.25 Å 1.38 Å 1.48 Å 

r (Pn-H3/4) 1.41 Å 1.48 Å 1.66 Å 1.39 Å 1.47 Å 1.65 Å 

r (Pn-F) - - - 1.67 Å 1.83 Å 2.00 Å 

α (H2-Pn-H3/4) 78.17° 78.92° 82.84° 78.08° 79.74° 80.38° 

β (H1-Pn-H3/4) 104.68° 106.35° 108.82° 149.57° 147.59° 150.45° 

γ (H1-Pn-H2) 44.89° 47.73° 47.45° 47.13° 49.48° 47.36° 

Δ (H3-Pn-H4) 106.13° 108.07° 111.02° 123.25° 122.61° 122.29° 

Ε (H2-Pn-H3/4) - - - 99.97° 102.89° 102.71° 
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2.5.3.3 Single Point Energies of the Calculated Structures  

The energies of the calculated structures were analyzed in order to gain better 

understanding of the experimental results discussed in previous Chapters. The single point 

energies of the structures were determined by calculation with the program set 

Gaussian 09. [62] These calculations were conducted after the optimization of the minimum 

structures and transition states at the MP2/aug-cc-pvtz level of theory and the 

CCSD/aug-cc-pvtz level of theory. The raw data is summarized in TABLE 21. The single point 

energies of PnH4
+, PnH4F, PnH2

+ and PnH2F are referenced to PnH3 in kJ/mol (Pn = P, As, Sb). 

In general, the single point energies are consistent, irrespective whether they are calculated on 

the CCSD or MP2 level of theory, solely exhibiting minor differences.   

TABLE 21:  Differences of the single point energies of the PnH2
+, PnH2F , PnH3, PnH4

+ as well PnH4F species 

and PnH3 (Pn = P, As, Sb) and their transition states calculated at the MP2/aug-cc-pvtz and 

CCSD/aug-cc-pvtz level of theory in kJ/mol. The ECP MWB46 was employed for the 

calculation of species containing antimony. All energies are scaled to the single point energy of 

PnH3. 

 

Species  

ΔEsp at MP2/aug-cc-pvtz ΔEsp at CCSD/aug-cc-pvtz 

Minimum TS Minimum TS 

PH3 0 - 0 - 

PH4
+ -799 -573 -811 -578 

PH4F -260857 -260696 -263406 -263236 

PH2
+ +2584 - 2607 - 

PH2F -257828 - -260338 - 

     

AsH3 0 - 0 - 

AsH4
+ -781 -573 -794 -577 

AsH4F -260795 -260638 -263346 -263180 

AsH2
+ 2524 - 2549 - 

AsH2F -257822 - -260331 - 

     

SbH3 0 - 0 - 

SbH4
+ -795 -578 -811 -591 

SbH4F -260831 -260651 -263385 -263201 

SbH2
+ 2400 - 2433 - 

SbH2F -257867 - -260369 - 

     

      



Pnictogen Hydrides and Hydrogen Halides under Extra-Terrestrial Conditions 

 

 

63 

By subtraction of the single point energy of the pnictogen hydride PnH3 from the 

corresponding pnictogen hydrogen species, the calculated energies can be scaled to a 

comparable level. The single point energy differences of PnH3 and PnH4
+, PnH4

+-TS or PnH2
+ 

show a linear correlation, indicating that the energy difference between PH3 and PH4
+, for 

example, is comparable to the difference between AsH3 and AsH4
+. This is found for MP2 as 

well as for the CCSD calculations. The linear correlation is also found for the energetic 

difference between PnH3 and the corresponding PnH4F, PnH4F-TS and PnH2
+ species. CCSD 

and MP2 generate slightly different single point energies in the case of PnH4F, PnH4F-TS and 

PnH2F. In FIG. 19 and FIG. 20 the single point energies of the pnictogen species are plotted. 

 

 

FIG. 19:  Plotted energy differences ΔEsp of the species PnH4
+, PnH4

+-TS and PnH2
+. Single point energy 

values calculated on the MP2/aug-cc-pvtz and CCSD/aug-cc-pvtz level of theory. The ECP 

MWB46 was employed for the calculation of species containing antimony. 
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FIG. 20:  Plotted energy differences ΔEsp of the species PnH4F, PnH4F-TS and PnH2F. Single point energy 

values calculated on the MP2/aug-cc-pvtz and CCSD/aug-cc-pvtz level of theory. The ECP 

MWB46 was employed for the calculation of species containing antimony. 

 

 

2.5.3.4 Decomposition of PnH4
+ to PnH2

+ and Hydrogen 

The Raman experiments indicate a high instability of the tetrahedral PnH4
+ cation 

(Pn = P, As, Sb), which can only be observed by direct co-condensation at high noble gas 

dilutions for Pn = P and As. At the MP2/aug-cc-pvtz level of theory, PH4
+, AsH4

+ and SbH4
+ 

are predicted to be 221, 173 and 101 kJ/mol more stable than PH2
+ + H2, AsH2

+ + H2 or 

SbH2
+ + H2 respectively. This theoretical observation stands in contrast to the experimental 

observations, which have been discussed in previous Chapters. In the experimental studies, 

PnH4
+ structures (Pn = P, As) proved to be only isolable at high dilutions and in most 

experiments only PnH2
+ was observed. Therefore, if PnH4

+ is more stable than PnH2
+ and H2, 

the question arises why it is so difficult to stabilize and observe the PnH4
+ species. The 
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influence of the anion cation interaction and the hybridization barriers on the stability of PnH4
+ 

is discussed in the following chapters. An overview of the decomposition energies is given in 

TABLE 22 and FIG. 21. 

 

TABLE 22:  Energy differences of the considered hydrogen eliminations calculated at the MP2/aug-cc-pvtz 

and CCSD/aug-cc-pvtz level of theory in kJ/mol. The ECP MWB46 was employed for the 

calculation of molecules containing antimony or iodine.  

Species MP2/aug-cc-pvtz 

1 2  
ΔEsp [1-(2+H2)] in 

kJ/mol 

ΔEsp [1-TS] in 

kJ/mol 

PH4
+ PH2

+ 221 226 

AsH4
+ AsH2

+ 173 208 

SbH4
+ SbH2

+ 101 218 

    

PH4F PH2F -5 163 

AsH4F AsH2F -64 158 

SbH4F SbH2F -75 181 

    

PH4Cl PH2Cl -34 - 

PH4Br PH2Br -40 - 

PH4I PH2I -66 - 

    

AsH4Cl AsH2Cl -82 - 

AsH4Br AsH2Br -89 - 

AsH4I AsH2I -120 - 
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FIG. 21:  Investigated ways of PnH4
+ and PnH4

+F− hydrogen eliminations calculated at the MP2/aug-cc-

pvtz level of theory. The ECP MWB46 was employed for the calculation of species containing 

antimony. 
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2.5.3.5 Pn-F Distance and the Stability of the PnH4
+ Moiety 

In a thought experiment regarding the reactions of the system PnH3 – HF two extreme 

points on the energy hypersurface from which the decomposition can start, can be taken into 

consideration. The first starting point is the PnH4
+ structure which is not influenced by its 

counterion at all. The second start is a hypothetical covalently bound PnH4F, which exhibits 

the strongest possible Pn-F interaction, a covalent Pn-F bond. Between these two extremes for 

the Pn-F interactions, various Pn-F interactions of different strength must be considered. As a 

start, the focus is directed on the two options. In the following these options are discussed with 

respect to arsine as an example. The energies of the discussed moieties are listed in TABLE 

22. An overview of the reaction of AsH3 – HF as an example is given in FIG. 22. 

 

 

FIG. 22:  Illustration of possible reaction pathways at different P-F distances for the hydrogen elimination 

of the system PH3 – HF. 
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Hydrogen elimination option one, comprising the “naked” tetrahedron AsH4
+ in the gas 

phase, is always endothermic by more than 150 kJ/mol. As result, a decomposition process 

without any ion pair interactions between AsH4
+ and F− is very unlikely. This applies for the 

case of AsH4
+, whose decomposition to hydrogen and AsH2

+ consumes 173 kJ/mol. In contrast, 

for the decomposition via option two, the covalently bound AsH4F is energetically disfavored 

by 64 kJ/mol in the gas phase. A hydrogen elimination process of PH4F and SbH4F is also 

favored energetically. As result, it must be concluded that the interaction of the arsonium cation 

and the fluoride anion is responsible for the hydrogen elimination behavior. In a real matrix 

isolation environment, several interaction possibilities of varying strength, depending on the 

Pn – F distance must exist between the two extreme starting points. Here, the question is how 

long this Pn – F distance can be, while maintaining the influence on the stability of the PnH4 

moiety.  

In order to investigate this influence, AsH4F was modelled at its energetic minimum 

structure at the CCSD/aug-cc-pvtz level of theory with the program Gaussian09. [62] In a 

subsequent step, the As-F bond was elongated 400 times by 0.05 Å and the resulting geometry 

was optimized at the B3LYP/6-31g level of theory. The energy profile of the simulation is 

depicted in FIG. 23 and FIG. 24.  
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FIG. 23:  Single point energies of AsH4
+

 F− at different As-F distances at the B3LYP/6-31g level of theory. 

 

 

FIG. 24:  Energy change of AsH4F at different As-F distances at the B3LYP/6-31g level of theory. 

 

The graph of the energy profile shows that the stability of AsH4F decreases with the length 

of the As-F bond, due to the increasing charge separation. Here, the more interesting aspect is 

the degree of the influence at larger distances. Interestingly, the first step of the optimization is 

exothermic, which is an artefact of the low level of theory and the high quality of the starting 
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structure for the experiment. Further discussion is provided in the reevaluation of the 

experiment at the M06/aug-cc-pvtz level of theory. 

At an As-F distance of 5.80 Å, an elongation of 0.05 Å still accounts for a change of 

1 kJ/mol. The van der Waals radius of arsenic and fluorine is 1.85 Å and 1.47 Å respectively, 

adding up to 3.32 Å. [98] This means that the van der Waals radii of As and F fit approximately 

1.8 times in the distance of 5.80 Å. The van der Waals radius of argon is 1.88 Å. [98] Thus 

about 0.7 argon atoms fit between the counterparts of the ion pair. This way the hydrogen atoms 

are not taken into consideration, which is reasonable, because in the simulation the hydrogen 

atoms are pushed to the side by the fluoride atom. From the true-to-scale drawing (FIG: 25), 

we must conclude, that approximately one matrix layer of argon atom fits between the As and 

the F atom. Thus, the fluoride anion can lower the stability of the AsH4
+ tetrahedron even if 

arsenic and fluoride are separated by one layer of argon atoms.  

 

 

FIG: 25.  2D-Projection of the arsonium cation (hydrogens are neglected) and the fluoride anion inside an 

argon matrix 

 

For a better consideration of the diffuse interactions, which are crucial for the energy 

quantification, the theoretical experiment was reevaluated at the M06/aug-cc-pvtz level of 
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theory. The resulting single point energies are depicted in FIG. 26 and FIG. 27. Due to the 

resource demanding method, only 120 points on the energy hypersurface of AsH4
+F− were 

simulated. The general trend of the experiment coincides with the experiment above.  

In general, a destabilization of the system due to an elongation of the As-F interaction is 

observed. Owing to the higher quality of the quantum chemical method, none of the elongation 

steps is exothermic. The calculations at the M06/aug-cc-pvtz level of theory show that at an 

As-F distance of 5.8 Å a further extension of 0.05 Å causes an energy change of 1.7 kJ/mol. 

This difference of 58 % between the calculations at the B3LPY/6-31g and the M06/aug-cc-pvtz 

level of theory demonstrates the influence of the diffuse interactions, which are crucial for the 

discussion of the bonding situation in this case. At an As-F distance of approximately 2.0 to 

3.7 Å, each further elongation of 0.05 Å in the As-F distance accounts for an energy shift of 

more than 6 kJ/mol. Thus, the As-F and therefore the Pn-F distance must have a severe impact 

on the stability of the PnH4
+ F− ion pair. 

 

 

FIG. 26:  Single point energies of AsH4
+

 F− at different As-F distances at the M06/aug-cc-pvtz level of 

theory. 
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FIG. 27:  Energy change of AsH4F at different As-F distances at the M06/aug-cc-pvtz level of theory. 

 

Consequently, the question arises at which As-F distance the AsH4
+ moiety becomes a 

perfect tetrahedron, given that throughout the Raman experiments no PnH4
+X− species with a 

symmetry lower than Td was observed. If the above discussed data set, containing the 120 single 

point minimum structures is analyzed, a perfect tetrahedral H-As-H angle of 109.5° is found at 

an As-F distance of 3.25 Å. This distance is similar to the sum of the van der Waals radii of As 

and F (3.32 Å). At an As-F distance of 2.85 Å the H-As-H angle is already widened to 107.9°. 

Some exemplary key structures are depicted in FIG. 28 

 

FIG. 28:  Minimum structures of AsH4
+ and F− at different As-F interactions examples for the influence 

of fluoride on the PnH4
+ geometry at the M06/aug-cc-pvtz level of theory.  
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As already discussed, at an As-F distance of 3.25 Å and larger, the AsH4
+

 F
− species is a 

ideal tetrahedron and only two valence As-H modes can be detected by Raman spectroscopy. 

In the matrix isolation experiments discussed earlier, tetrahedral PnH4
+ (Pn = P, As) was only 

observable at high dilutions, whilst PnH2
+ was observed under all examined experimental 

conditions. Taking the simulation results into consideration, it makes sense that PnH4
+ is only 

stable at high dilutions. The higher the dilution, the greater is the probability that the distance 

between Pn and F is large enough to minimize the effect of the fluoride on the PnH4
+ moiety. 

Consequently, the PnH4
+ species is less destabilized and can be detected in the matrix isolation 

experiments by Raman spectroscopy. Thus, in general, in experiments comprising pure solid 

PnH4
+X− species (Pn = P, As, Sb; X = Cl, Br, I, AsF6

−, SbF6
−), lattice stabilization effects must 

overcompensate destabilizing effects, which are dominant under matrix isolation conditions. 

[35, 40, 86, 99] Pure solid PH4
+

 I
− is, for instance, known as a stable compound. [40] 

Not only the distance of the halogen ion to the pnictogen center influences the stability. A 

variation of the halogen anion shows a crucial impact on the stability of the PnH4X 

(Pn = P, As / X = F, Cl, Br, I) species. Single point energies of the optimized minimum 

structures are summarized in TABLE 22. A general trend can be identified for reactions in the 

gas phase: The heavier and larger the halogen ion, the more energy is released when the 

PnH2
+

 X
− species (X = F, Br) is formed. In pure solid samples this is again compensated by 

lattice effects.  
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2.5.3.6 Hybridization Effects and the Stability of PnH4
+ 

The amount of energy needed during the elimination process decreases with the weight of 

the pnictogen atom. Thus, the PnH4
+ (Pn = P, As, Sb) cation is more stable if the pnictogen 

atom is lighter. This effect is explained by the hybridization effect. In his review from 1984 

Kutzelnigg lists three different reasons for isovalent hybridization. The first reason is that 

hybrid orbitals cause a better overlap and ensure a stronger bonding to the bonding partner. 

The second reason for hybridization is that the addition of p-character to the s-orbital sterically 

moves it away from Pn-H bonds. As a result of this hybridization, the Pauli repulsion is 

minimized. The third reason is present if the hybridization leads to an enlargement of the 

valence angle, which causes a reduction of the Pauli repulsion as well.  

Irrespective of the reason for hybridization, the s-orbital must be energetically promoted to 

the p-orbitals in order to form the hybrid orbital. Consequently, at first glance the amount of 

energy needed for the hybridization depends on the energy difference between the s- and the 

p-orbitals, which must be overcome. Therefore, the energy needed for the hybridization may 

be considered as a hybridization barrier. The composition of this barrier is discussed later. In 

the pnictogen group the trend to form hybrid orbitals declines with the increase of the pnictogen 

atom’s weight, because the energy difference between the 3s and 3p orbitals is smaller than 

between the 4s and 4p or 5s and 5p orbitals. As a result, this hybridization barrier increases 

with the atomic number of the pnictogen atom. Whilst sp3-hybridization is inevitable for the 

formation of PnH4
+ and PnH4F, it becomes obsolete with the elimination of hydrogen and the 

hybridization fades. During this dehybridization process, depicted in FIG. 29, an amount of 

energy, which is proportional to the size of the hybridization barrier, is released. 
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FIG. 29:  Illustration of the hybridization and dehybridization during the generation of PnH2
+ F−. 

 

Due to the reasons discussed later in this chapter, depending on the pnictogen atom’s 

weight, more energy is generated during the dehybridization of SbH4
+ or SbH4F than for its 

phosphorus containing analogs. After the hydrogen elimination, PnH2
+ or PnH2F are no longer 

sp3-hybridized and the gained energy increases with the pnictogen’s weight in the investigated 

moiety. Therefore, SbH4
+ is more likely to decompose than AsH4

+ or PH4
+. This explanation is 

consistent with the Raman experiments, in which AsH4
+ and PH4

+ were observed, whilst SbH4
+ 

was not. 

In order to quantify the hybridization barrier, the unhybridized s- and p-orbitals were 

simulated at the CCSD/aug-cc-pvtz level of theory for NH4
+, PH4

+, AsH4
+ and SbH4

+. In this 

theoretical experiment the exact quantitative comparison is only possible between the first three 

cations, because for the calculation of SbH4
+ the ECP potential MWB48 was employed. The 

results are depicted in FIG. 30. As not expected, the energy difference between the s- and the 

p-orbitals decreases with the weight of the pnictogen atom. The values are consistent with the 

Atomic Energy Levels summarized by Moore in 1949. [100] According to the simulations, 

heavier pnictogen hydrides are expected to form hybrid orbitals more easily, which is however 
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not the case in experimental chemistry. Consequently, the energies of the s- and p-AOs cannot 

solely be responsible for the behavior observed in the matrix experiments.  

 

 

FIG. 30:  Energy difference between the valence s-orbital and the valence p-orbitals of NH4
+, PH4

+, AsH4
+ 

and SbH4
+. Energies calculated on the CCSD/aug-cc-pvtz level of theory. The ECP MWB46 

was employed for the calculation of species containing antimony. 

 

Not only the energetic difference between s- and p-AOs is relevant for the chemical 

behavior, but the localization of the orbitals is also important. If the distance of the valence 

electrons in s- and p-orbitals rs and rp from the atom core is considered, it can be observed that 

the heavier the pnictogen atom, the larger becomes the difference between rs and rp orbitals. 

Quantum chemical calculations by Desclaux at a relativistic level of theory also show this 

increase. [101] Kutzelnigg summarizes this effect in his review to a great extent and states that 

the rs and rp only differ by 10% in the second period. This difference rises via 20-33% in the 

third period to 24-40% in the fourth and fifth period. [101] After all, this localization difference 
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of the electrons in the s- and p-orbitals has a larger impact on the hybridization barrier of the 

PnH4
+ moiety than the calculated energetic difference between the valence s- and p-orbitals. 

Thus, the trend to dehybridize becomes stronger with the weight of the pnictogen atom Pn and 

more energy is generated with the formation of PnH2
+F−. 

In order to understand the elimination process, not only the thermochemistry of the starting 

material and product is of interest, but the energy to overcome the transition state also has to 

be taken into consideration. All found transitions states are exothermic compared to the PnH4
+ 

or PnH4F species. The discussed PnH4F (Pn = P, As, Sb) transition states are less stable than 

those of PnH4
+ The activation barrier of the decomposition of PH4F is higher than that of 

AsH4F. Due to the employment of the ECP potential for the calculation of the stibonium salts, 

a comparison with the phosphonium and the arsonium salt is not possible. Nevertheless, the 

activation barrier seems to be higher, the lighter the pnictogen atom is. For our calculations of 

NH4F, no reasonable decomposition path was found. Therefore, we conclude that the activation 

barrier of the hydrogen elimination of SbH4F is lower than that of PnH4F (Pn = N, P, As). This 

theoretical result is also backed up by the fact that high amounts of antimony and arsenic were 

found on the cold tip surface of the matrix isolation apparatus.   

There are several possible ways to overcome this activation barrier. Inside the reservoir 

cylinder or matrix isolation apparatus collisions or catalytic interactions with the walls are 

reasonable possibilities. The low pressure of only 500 mbar inside the reservoir cylinder is 

likely to favor the hydrogen elimination, too. The same is true for the low pressure of 10-6 bar 

inside the matrix isolation apparatus. During the travel from the reservoir to the cold tip, 

collisions with the tube walls of the matrix isolation apparatus and of course with the cold tip 

itself are inevitable. The energy of the laser light (532nm, 225 kJ/mol) used for the Raman 

spectroscopy also is high enough to decompose the onium species. Finally, intermolecular 

decomposition reactions comprising two or more onium species cannot be excluded.  
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2.6 Conclusion on Pnictogen Hydrides and 

Hydrogen Halides under Extra-Terrestrial 

Conditions 

Pnictogen hydrides react with hydrogen fluoride or hydrogen bromide to PnH4
+ cations 

(Pn = P, As, Sb) under matrix isolation conditions. Whether these cations are stable or not 

depends on the distance between the pnictogen central atom and the formed anion. At high 

dilutions (S/M>1/100), the tetrahedral PH4
+ and AsH4

+ species were observed, whilst SbH4
+ 

was not observed under the chosen conditions. The energetic destabilization of SbH4
+ is caused 

by the hybridization, which is inevitable in order to form the tetrahedron, and the very different 

s- and p-orbital distances to the atom core, which make a hybridization unfavorable.  

Irrespective of the S/M ratio the degradation products PnH2
+ (Pn = P, As, Sb) are observed 

in each experiment. The amount of hydrogen elimination products depends on the distance 

between the pnictogen cation and the halogen anion. This distance seems to increase with the 

S/M ratio. Quantum chemical simulations indicate that even if one matrix layer of atoms is 

located between the cation and the anion, the change of the Pn – X (Pn = P, As, Sb; X = F) 

distance has an impact on the energy of the PnH4
+ species and can result in a destabilization of 

the cation. This influence cannot be observed in the Raman experiments as the Td symmetry 

already is formed at an As-F distance of 3.25 Å according to quantum chemical simulations. 

At this distance, a change of 0.05 Å still accounts for a destabilization of approximately 

7 kJ/mol. At closer distances, a C3v-like symmetry for the PnH4
+ F− ion pairs are expected. This 

symmetry degradation of a tetrahedron, which is accompanied by the splitting of the two Pn-H 

stretching modes into three Pn-H valence modes, was not observed. As a result, we must 

conclude that under the chosen conditions, the PnH4 F
− ion pairs exhibit a Pn-F distance of at 
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least 3.25 Å in the matrix. The interaction of PnH2
+ and F− was investigated in the case of the 

AsH2
+ F− ion pair experimentally. Depending on the S/M ratio, AsH2

+ F− ion pairs as well as 

AsH2F were observed.  

In the isothermal layer (160 K) of the Jovian atmosphere (90-290 km) [102], the existence 

of such a PnH4
+ species may be possible on a very fast time scale, but according to the 

experimental data, decomposition processes by hydrogen elimination occur. The same must be 

assumed for the 0.5 - 2 bar pressure range of Saturn’s atmosphere, which exhibits a temperature 

range of 100 – 160 K. At a pressure of 0.1 bar temperatures are significantly lower. Jupiter’s 

temperature is 112 K and Saturn’s temperature is 84 K. [36] At these temperatures we assume 

a higher probability for the formation of PnH4
+ species. 
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Abstract: AsH2 was generated from arsine (AsH3) by thermolysis and characterized by 

Matrix Isolation Raman spectroscopy at 10 K in a solid argon matrix. The structure obtained 

from quantum chemical calculations at the CCSD/aug-cc-pvtz level of theory is discussed with 

respect to MO theoretical calculations and a comparison to the arsanyl cation is given. In 

subsequent dimerization studies As2H4 was observed Raman spectra at 10 K. The spectroscopic 

assignment is supported by quantum chemical calculations at the CCSD/aug-cc-pvtz level of 

theory. The calculated the molecular structure of As2H4 a the CCSD/aug-cc-pvtz level of theory 

shows an As-As bond length 2.449 Å and C2h symmetry. 
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3.1 INTRODUCTION  

Although arsine has been known for a long time, it still is a key example for an endothermic 

molecule, which slowly degrades into its elements at room temperature. Its instability is already 

a topic in chemistry undergraduate education, due to its analytical use in the Marsh test. [70] 

Nowadays, arsine is of great importance in the semiconductor industry as a precursor for the 

synthesis of gallium arsenide. [103-106] Several mechanisms for the production of GaAs 

involve the dissociation of AsH3 into AsH2, AsH and elementary arsenic. Therefore, the study 

of its dissociation products provides precious insights in the formation of GaAs. AsH2 can be 

generated from AsH3 by 193.3 nm irradiation and detected by HRTOF mass 

spectroscopy. [107] 

The electronic spectrum of AsH2 was studied by Dixon in 1967 for the first time and a first 

insight in the molecular structure of the ground and excited state was derived from the 

rotational constants. [108] In 1986, the photolysis at 193.0 nm, detected by emission 

spectroscopy, was reported for the first time. [109] Microwave spectroscopy was conducted by 

Saito, providing a complete set of molecular constants and an estimated equilibrium structure 

for AsH2 and AsD2. [110, 111] In the most recent years, further studies employing laser 

induced fluorescence spectroscopy and cavity ring-down spectroscopy have been 

reported. [112, 113] All these studies propose geometries and even provide limited information 

about the vibrational data, which were mainly deduced from rotational constants. [112, 113] 

According to these studies the νs (AsH) and δ (H-As-H) are derived to occur at 2096 cm−1 and 

981 cm−1 respectively. The νas (AsH) has not yet been detected or deduced from experiments. 

In summary, some vibrational modes have been derived from different spectroscopic 

experiments, but not detected directly by vibrational spectroscopy.  
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Even less information is available regarding its dimer As2H4, although its existence was 

already supposed by decomposition experiments in 1947 carried out by Nast. [114] Using 

modern analytic techniques, the hydrazine analogous molecule has so far only been reported 

by mass spectroscopy in silent discharge experiments. [115] In terms of reaction, the 

dissociation of AsH3 to AsH2 is not limited to photolytic conditions. Pyrolysis at atmospheric 

and low pressures also yields AsH2. [116-118] This prompted us to investigate, if As2H4 could 

be generated by the dimerization of AsH2 generated from AsH3 by thermolysis. 
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3.2 Experiment, Apparatus and Materials 

The matrix isolation apparatus consists of a standard high vacuum pumping system and a 

gas mixing unit. In order to perform the condensation of the gas mixtures, the cryostat 

(ARS 202B) is cooled by a closed-cycle helium refrigerator to 10 K. The cold tip attached to 

the cryostat consists of a copper block, which is coated with silver. Argon (99.9996%) and 

nitrogen (99.996%) (Messer Griesheim) were dried over P4O10. Xenon (99.99%) was used 

without purification. AsH3 was synthesized from Zn3As2 and diluted sulfuric acid according to 

the literature. [44] For the thermolysis, a thermolysis cell comprising a tantalum filament was 

used. The apparatus for the Multichannel Raman Matrix Isolation Spectroscopy is described in 

detail elsewhere. [43] 

The layers containing As2H4 and AsH2 were prepared by passing AsH3 from a reservoir 

vessel over a tantalum filament heated to elevated temperatures. The pressure decay in the 

reservoir vessel can by tracked by a pressure sensor. The thermolysis vapor was mixed with 

the noble gas stream in front of the cold tip and condensed together with the inert gas flow of 

approximately 4 mmol (100 cm3 at standard temperature and pressure) at a flow rate of 

3 mmol/h (75 cm3/h). The substrate to matrix ratio (S/M-ratio) was calculated with respect to 

the pressure changes and the known container volumes. A drawing of the apparatus is shown 

in the supporting information in FIG S. 5. After 1-2 h a white homogenous layer has formed. 

Annealing cycles showed no influence on the Raman spectra up to the evaporation temperature 

of the host material. If needed, a layer of nitrogen was added for the calibration of the Raman 

spectrometer. The Raman spectra were detected with a CCD Raman spectrometer (Jobin-Yvon 

T64000). A frequency doubled Nd: YAG DPSS laser (Cobolt 05-01 Series Samba; 532 nm) 

was used as a light source with an angle of 55°. After evaporation of the matrix, arsenic remains 

as a metallic residue on the cold tip, due to a partial decomposition of AsH3 and AsH2. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Raman Spectroscopy 

A comprehensive overview of the obtained Raman spectra is shown in FIG. 32. The 

observed frequencies and the quantum chemically calculated frequencies are listed in . 

According to the quantum chemical calculations, AsH3 exhibits C3v symmetry. Therefore, the 

four fundamental vibrations are all Raman active. At a S/M ratio of 1/100 in argon, the 

antisymmetric As-H valence vibration of AsH3 is recorded at 2152 cm−1
 and the symmetric 

As-H valence vibration at 2142 cm−1. According to the quantum chemical calculations, the νas 

and νs are expected at 2171 cm−1 and 2146 cm−1 respectively and are hence slightly 

overestimated by the calculations. The δas (H-As-H) of arsine is observed at 1003 cm−1 and the 

δs (H-As-H) is observed at 915 cm−1. Both experimental values are slightly underestimated by 

our quantum chemical calculations, which predict the δas (H-As-H) at 990 cm−1 and the 

δs (H-As-H) at 892 cm−1. In experiments performed at lower dilutions, the Raman lines are 

slightly red-shifted, due to higher substrate to substrate interactions. In samples containing a 

larger amount of the arsenic species, the red-shifted As-H valence vibrations of AsH3 (2) are 

detected at 2130 and 2116 cm−1. These values are in good agreement with the frequencies 

derived from literature. [87]  
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FIG. 31:  Overview of the Raman spectra of 

AsH3 in argon 1/100 (1), AsH3 in 

argon 1/10 (2), thermolyzed arsine in 

argon 1/55 (3), thermolyzed arsine in 

xenon 1/55 (4) and AsH2 in argon (5). 

(experimental conditions: 100 µm 

layer, laser wavelength 532 nm, laser 

power 1000 mW, Raman intensity is 

normalized) 
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According to quantum chemical calculations, AsH2 exhibits C2v symmetry and three 

Raman active vibrations. The antisymmetric and symmetric AsH stretching vibrations of 

AsH2 are shifted by 50 cm−1 towards lower wavenumbers compared to AsH3. This shift is in 

accordance with the quantum chemical calculations, which only slightly overestimate the νs. 

In the present study, the antisymmetric As-H stretching vibration is observed at slightly higher 

wavenumbers at 2117 cm−1. In spectrum (5), the νs (As-H) of the AsH2 radical is recorded at 

2094 cm−1, which is in good agreement with the value extracted from LIF spectroscopy by 

Clouthier and He in 2007. [112] The quantum chemical calculations overestimate the νs by 

33 cm−1. The identification of the H-As-H bending modes of all the AsH species 

superimposing with the H-As-H bending modes of AsH3 is difficult. In experiment (5), the 

resolution is high enough to distinguish the δas (H-As-H) of AsH3 (1/10) (2) from the 

δ (H-As-H) of AsH2 at 983 cm−1. The value of this vibrational mode is in good agreement 

with v=981 cm−1 derived from absorption spectroscopy by Chen in 2009. [113] 

According to quantum chemical calculations, As2H4 exhibits C2h symmetry. Consequently, 

ten fundamental vibrations are expected, but only four exhibit a satisfyingly strong Raman 

activity. The As-H stretching modes of As2H4 (νas = 2123 cm−1, νs = 2099 cm−1) are recorded 

in the same range as the As-H stretching modes of AsH2. The resulting superposition 

constitutes a challenge identifying AsH2, since the existence of AsH2 in the experiments (3) and 

(4) cannot be excluded. This superposition is illustrated in FIG. 32 in spectrum (3), with the 

As-H stretching modes of AsH3 being observed as shoulders of the As-H stretching modes of 

As2H4 and AsH2 at 2130 cm−1 and 2116 cm−1. From the discussion of the As-H stretching 

modes we may conclude that experiments (3) to (5) contain a mixture of at least AsH3 and 

AsH2. The H -As-H bending modes of As2H4 cannot be detected, due to their low Raman 

intensity and the superposition with the bending modes of AsH3. Due to the comparable As-H 
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vibrations of AsH2 and As2H4, the most meaningful vibration for the identification of the dimer 

is the As-As stretching mode. The quantum chemical calculations predict this vibration at 

253 cm−1. Experimentally, it is observed as a well resolved Raman line at 266 cm−1 in the 

spectra (3) and (4). This value is comparable to the As-As valence mode observed in liquid 

trans and gauche As2(CH3)4, which was identified by Durig at 272 cm−1 and 254 cm−1 

respectively. [119] At this point it should be stated that the Raman spectrum contains As4 as a 

decomposition product, but the line at 266 cm-1 does not belong to a As4 vibration. The νs of 

As4 is observed at 362 cm−1. The other As-As modes of the As4 tetrahedron are recorded at 

274 cm−1 and 216 cm−1. These values are in satisfying agreement with values reported by the 

literature at the low dilutions, which are needed to observe the dimerization of AsH2. [120]  

 

 

TABLE 23:  Experimental, literature and calculated frequencies of AsH3, AsH2 and As2H4. Vibrational 

frequencies were calculated at the CCSD/aug-cc-pvtz level of theory and are given in cm−1. 

Raman intensities are calculated at the MP2/aug-cc-pvtz level of theory and are listed in Å4/u. 

(Fractions are S/M Ratio; Numbers in brackets are Raman intensities) 

AsH3  

Ra 1/100 

AsH3  

Ra 1/10 

AsH3  

Lit. [b] 

AsH3  

Calc. [a] 

AsH2  

Ra  

AsH2  

Lit.[c]
              

AsH2  

Calc. 
[a] 

As2H4  

Ra 

As2H4 

Calc.[a] 

Assignment. 

2152 (67) 2130 (70) 2123 2171 (36) 2117 (50) - 2146 (48) 2123 (70) 2143 (50) as (AsH) 

2142 (100) 2116 (18) 2116 2146 (100) 2094 (100) 2096 2129 (100) 2099 (100) 2131 (100) s (AsH) 

1003 (19) 1001 (18) 1003 990 (2) - - - - - δas (HAsH) 

- - - - 983 (15) 981 975 (2) - - δ (HAsH) 

915 (6) 914 (6) 906 892 (1) - - - - 963 (3) δs (HAsH) 

- - - - - - - 266 (5) 253 (5)  (AsAs) 

[a] Optimization and vibrational frequencies were calculated at the CCSD/aug-cc-pvtz level of theory.  

     Raman Intensities are calculated at the MP2/aug-cc-pvtz level of theory. 

[b] Gas phase IR values. [87] 

[c] Lit. [112, 113] 
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3.3.2 Theoretical Calculations 

All calculations regarding the optimization vibrational analysis were performed at the 

Coupled Cluster Singles and Doubles (CCSD) post Hartree Fock coupled cluster method and 

Dunning’s correlation consistent basis set aug-cc-pvtz. [45-49, 56-61] Raman intensities were 

calculated at the second order Møller Plesset perturbation theory MP2/aug-cc-pvtz. [50-55] 

The calculated values listed in TABLE 24 are compared with the experimental frequencies of 

the condensed species.  

AsH2 possess a calculated H-As-H angle of 91.26° and an As-H bond length of 1.513 Å. 

Compared to values derived from experiments by Dixon, Saito, Clouthier and Chen, the 

H-As-H angle is slightly overestimated and the As-H bond is underestimated. [108, 111-113] 

In summary, the calculated structural parameters are in reasonable agreement with the reported 

data. The calculated geometric parameters of AsH2 are compared to the experimental values 

derived from various studies and listed in TABLE 24. 

 

TABLE 24:  Geometry of AsH2 calculated at the CCSD/aug-cc-pvtz level of theory and geometry parameters 

from the literature. 

 Calc. Dixon [108] Saito [111] Clouthier [112] Chen [113] 

θH-As-H 91.26° 90.44° 90.79°  90.75° 90.77° 

r As-H 1.513 Å 1.518 Å 1.516 Å 1.518 Å 1.525 Å 

  

 

The structure of AsH2 is very similar to that of AsH2
+described in Chapter 2.2.3. A 

comparison of the calculated parameters is given in TABLE 25 and depicted in FIG. 32. The 

two species AsH2 and AsH2
+ merely differ in their number of electrons. The arsanyl cation may 

be considered as the oxidation product of the arsanyl radical. Comparing the geometric 

parameters, the close relationship is undeniable. The bond lengths are essentially unchanged 
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by the oxidation of the arsanyl radical. The H-As-H angle is widened in the AsH2
+ cation 

compared to the AsH2 radical only slightly. 

 

FIG. 32.  Optimized structures of AsH3, AsH2, AsH2
+ and As2H4 calculated at the CCSD/aug-cc-pvtz level 

of theory. 

 

TABLE 25:  Physical parameters of AsH2, AsH2
+ and As2H4. Geometric parameters and energy calculated at 

the CCSD/aug -cc-pvtz level of theory and geometry parameters from the literature. 

 θH-As-H
[a] r As-H

[a] νas [cm−1] [b] νs [cm−1] [b] Energy [kJ/mol] [a,c] 

AsH2
+ 91.70° 1.514 Å 2184 2173   0 

AsH2 91.26° 1.513 Å 2117 2094  −904 

As2H4 92.30° 1.511 Å 2123 2099 −1009 

[a] Calculated at the CCSD/aug-cc-pvtz level of theory.  

[b] Experimental values.   

[c] The energy of AsH2
+ is used as an origin and considered as zero. The zero-point energy of As2H4 is divided by 

two in order to give a comparable value. 

 

 

The comparison of the molecular orbitals, which are shown in FIG. 33, provides a deeper 

understanding of the similarity between AsH2 and AsH2
+. In AsH2

+ the LUMO is positioned 

orthogonal to the H-As-H plane and the HOMO-LUMO-gap of 17.14 eV is high. Naturally, 

the HOMO p-orbital, which contains the unpaired electron of arsanyl is orthogonal to the 

H-As--H plane. Therefore, no overlap with the LUMO, which is in the H-As-H plane can be 

observed and no elongation of the As-H bonds is predicted. Forming As2H4 and pairing the 
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electrons is exothermic by −211 kJ/mol, according to quantum chemical calculations. (TABLE 

25) 

 

FIG. 33.  MO-diagram of AsH2 (left) and AsH2
+ (right) calculated at the CCSD/aug-cc-pvtz level of 

theory. 

 

If two of the occupied LUMOs of AsH2 come together, As2H4 is formed. The As-H valence 

modes of As2H4 are observed at 2123 cm−1 and 2099 cm−1 in the matrix isolation experiments. 

The quantum chemical calculations slightly overestimate the experimental values and predict 

the As-H valence modes at 2143 cm−1 and 2131 cm−1. The ν (As-As) is observed at 266 cm−1 

and calculated at 253 cm−1. Altogether, the experimental and calculated values are in 

reasonable agreement. According to the quantum chemical calculations, As2H4 exhibits an 

almost unchanged As-H bond compared to AsH2 with 1.511 Å. Moreover, the H-As-H angle 

is slightly widened to 91.50° in comparison to AsH2. The H-As-As angle is 92.30° and the 

As-As bond length is 2.449 Å, which is longer than the As-As bond of As2(Me)4 

(2.433(2) Å). [121] An overview of the structural parameters is given in TABLE 25 and 

depicted in FIG. 32. 
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3.4 CONCULSION 

Arsine was passed over a heated filament and thermolyzed. The thermolysis products were 

diluted with a noble gas, condensed on a cold tip and investigated by Raman spectroscopy. The 

analysis of the Raman spectra shows, depending on the S/M ratio, the formation of AsH2 and 

As2H4. Characteristic for the As2H4 is the As-As vibration at 266 cm-1. According to quantum 

chemical calculations, the As-As bond has a length of 2.449 Å. The arsanyl radical has a 

H-As-H angle of 91.26° and a As-H bond length of 1.513 Å, which is almost identical to the 

molecular structure of the AsH2
+ cation. 
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SUPORTING INFORMATION (Chapter 3) 

 

FIG S. 4:  Overview of the experiments of thermalized AsH3 in argon and xenon. (experimental 

conditions: 100 µm layer, laser wavelength 532 nm, laser power 1000 mW, Raman 

intensity is normalized) 
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FIG S. 5:  Apparatus for thermolysis of AsH3. 
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Cartesian coordinates of AsH2 optimized at the CCSD/aug-cc-pvtz level of theory. 

  0.0000    0.0000    0.0605  As 

  0.0000    1.0816   -0.9976 H  

  0.0000   -1.0816   -0.9976  H 

 

Cartesian coordinates of As2H4 optimized at the CCSD/aug-cc-pvtz level of theory. 

  0.0000    1.2247   -0.0000  As  

  1.0516    1.2853    1.0839  H   

  1.0525    1.2854   -1.0831  H   

  0.0000   -1.2247   -0.0000  As  

 -1.0516   -1.2853    1.0839  H   

 -1.0525   -1.2854   -1.0831 H   

 

 TABLE S 5:  Experimental, literature and calculated frequencies of AsH3, AsH2, As2H4 and As4. 

(Fractions are S/M Ratio; Numbers in brackets are Raman intensities) 

          

AsH3  

Ra 

1/100 

AsH3  

Ra 

1/10 

AsH3  

Lit. 

[87] 
[b] 

AsH3  

Calc. 
[a] 

AsH2  

Ra  

AsH2 

Lit.[112, 

113] 

AsH2  

Calc. 
[a] 

As2H4  

Ra 

As2H4 

Calc. 
[a] 

As4 

Ra 

As4 

Lit. 

[120] 

As4 

Calc. 
[a]                       

Assignment 

2152  

(67) 

2130 

(70) 

2123 2171    

(36) 

2117    

(50) 

- 2146     

(48) 

2123 

(70) 

2143 

(50) 

- - - νas (AsH) 

2142   

(100) 

2116  

(18) 

2116 2146  

(100) 

2094 

(100) 

2096 2129   

(100) 

2099 

(100) 

2131 

(100) 

- - - νs (AsH) 

1003    

(19) 

1001 

(18) 

1003 990       

(2) 

- - - - - - - - δas (AsH) 

- - - - 983     

(15) 

981 975         

(2) 

- - - - - δ (AsH) 

915        

(6) 

914               

(6) 

906 892        

(1) 

- - - - 963  

(3) 

 - - δs (HAsH) 

- - - - - - - - 725 

(1) 

- - - δs (HAsAs) 

- - - - - - - 266 

(5) 

253 

(5) 

- - - ν (AsAs) 

- - - - - - - - - 362 

(100) 

356 - νs (AsAs) 

- - - - - - - - - 274 

(50) 

266 - νas (AsAs) 

- - - - - - -   216 

(27) 

208 - ν (AsAs) 

 
[a] Optimization and vibrational frequencies were calculated at the CCSD/aug-cc-pvtz level of theory.  

     Raman intensities are calculated at the MP2/aug-cc-pvtz level of theory. 

[b] Gas phase IR values 
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Abstract: White phosphorus and mixtures of P4 and P2 are deposited in adamantane by 

condensation in a specially developed high vacuum apparatus. The samples are characterized 

by 31P MAS NMR spectroscopy and Raman spectroscopy. NMR experiments at low 

temperatures provide information about the mobility of P4 inside the host. The experimental 

NMR shifts are in good agreement with quantum chemical calculations at various levels of 

theory depending on the calculated model size. Furthermore, Raman spectra at low 

temperatures were measured. The vibrational modes of P4 and P2 in an adamantane matrix 

display a line splitting, which is discussed in combination with the results of the NMR 

experiments.  
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4.1 INTRODUCTION 

In his book Historia inventionis Phosphori (1710) Gottfried Wilhelm Leibniz used the Latin 

phrase “ignis quidem tectus”, meaning hidden fire to emphasize the high flammability of white 

phosphorus. [122] The origin of this behavior is the strong P-O bond of the oxidation products 

(330 to 650 kJ mol-1) as well as the weak P-P bonds of white phosphorus (bond dissociation 

energy, BDEp-p = 200 kJ mol-1) resulting in the well-known high flammability. Its lighter 

homolog nitrogen exhibits a BDE of 945 kJ/mol. [123] The flammability is not the only 

difference between phosphorus and its lighter homolog. Dinitrogen exists as a very stable N2 

molecule, whereas the very unstable analogous phosphorus species P2 is only producible by 

breaking the P4 bonds at high temperatures. Vice versa, the N4 molecule seems to be existent 

but very unstable. [124, 125]  

Even more than 300 years after its discovery the use of white phosphorus remains a great 

challenge in synthesis applications. The less stable diphosphorus still is not isolable at room 

temperature. Until now it has only been isolated by matrix isolation at 15 K. [126] Strategies 

to trap P4 in host frameworks, in order to minimize the inherent synthetic risks, are of great 

interest. Different techniques aiming for this goal have been investigated extensively.  

One of the recent examples is the encapsulation of P4 in [(ZnI2)3(TPT)2]n (TPT=2,4,6-tris(4-

pyridyl)-1.3.5-triazine) via gas phase diffusion by Kawano, using a metal organic framework 

(MOF) as the host material. [127] The air and light stable storage of white phosphorus was also 

achieved by Wu et al. employing an Anion-Coordination-Based Tetrahedral Cage. [128] A 

self-assembling capsule was used by Nitschke in 2009, which allows P4 to be obtained by 

replacing it with benzene and dissolving it into the organic solvent. [129] In 2018 Scheer et al. 

were able to store white phosphorus in a porous material made from activated carbon. Its use 
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as a reagent was verified by synthesizing several compounds containing phosphorus for the 

first time. [130]  

In all these studies 31P MAS NMR spectroscopy is the key analytic method in order to 

verify whether the storage material was loaded with white phosphorus and if the tetrahedral 

structure is still intact. All the 31P NMR signals observed in these studies show a remarkably 

sharp signal for solid state compounds. The most prominent study showing this effect is the 

synthesis of (P4)2C60 in 1994. In this study, the half-line band width (ω1/2) only is 

55 Hz. [131, 132] Until now an enormous effort has been made to synthesize and characterize 

phosphorus storage compounds for subsequent syntheses, but only little research concerning 

the interactions of white phosphorus with its carrier material has been reported. This prompted 

us to examine the interactions of phosphorus in adamantane matrices.  
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4.2 RESULTS AND DISCUSSION 

4.2.1 Preparation of the MAS NMR Samples 

The samples of P4 in adamantane were prepared using a specially designed gram scale co-

condensation apparatus. A schematic drawing of the apparatus is presented in FIG. 34. It 

consists of a cylindrical, rotatable copper cold tip (2) (diameter 40 mm) mounted to the 

recipient with a custom-built ultra-high vacuum rotational feedthrough (1) (manufactured by 

Ferrotec), which ensures leak ratios below 10-6 mbarLs-1 throughout rotation.  

 

 

FIG. 34:  Gram scale co-condensation apparatus equipped with the transfer tool (5). 
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In a typical experiment, the recipient is evacuated by a turbomolecular pump and heated up 

to 120°C overnight for desorption. After cooling down to room temperature, the cold tip (2) is 

rotated with 5 rpm by a drive belt of an external motor and then cooled with liquid nitrogen. 

The recipient is equipped with two orifices directed to the cold tip, which allow an independent 

supply with adamantane vapor (3) and the guest species respectively. The vapor pressure of 

adamantane at room temperature (≈ 10-3 mbar) is sufficient for gas flow rates up to 2 mmolh-1 

(272 mgh-1), which are controlled by a calibrated valve. A thin layer of adamantane (≈ 1 μm) 

is initially condensed to prevent reactions of the guest molecules with the copper of the cold 

tip. Then vapor of solid white phosphorus is co-condensed at different condensation rates in 

order to form different dilutions with a constant adamantane gas flow of 0.5 mmolh-1. After 

7-8 h of deposition, a matrix layer of approximately 500 μm thickness and a total amount of up 

to 1 g is formed. The matrix layer is scratched from the cold tip with a linear manipulator 

comprising a PTFE tip (4) and collected in a Schlenk vessel connected to the recipient. 

Afterwards, the matrix samples are transferred into a 4 mm solid state NMR rotor inside a glove 

box. For the diffusion control experiments, a specially designed transfer tool (5), which enables 

cooling to 195 K under inert gas atmosphere and a subsequent cooled transfer into a precooled 

MAS NMR spectrometer, was used. Detailed description is provided in the Supporting 

Information. The layers of matrix-isolated P4/P2 were prepared in the same manner, with the 

phosphorus gas being passed over a tantalum filament (6) heated up to approximately 1200°C. 
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4.2.2 Raman Matrix Spectroscopy 

The apparatus for multichannel Raman matrix isolation spectroscopy and the general 

procedure are described elsewhere. [43] White phosphorus (Merck, 99.6%) was purified by 

sublimation. Adamantane (ABCR, 99.8%) was mixed with P4O10 for removing any residue 

moisture and then purified by vacuum sublimation. The layers of matrix-isolated P4 were 

prepared by co-condensation of vapor of white phosphorus cooled down to –30 °C and 

adamantane vapor generated by sublimation at +20 °C. Both components were mixed in front 

of the cold surface (77 K) of the cryostat. The evaporation conditions of P4 for a dilution ratio 

of 1:1000 were elaborated by comparison of P4 lines with the ν (14N15N) line in nitrogen 

matrices, as previously described, [126] and the flow rate of adamantane vapor was adjusted 

to these conditions. The resultant matrix layer had a thickness of up to 100 μm. For the Raman 

measurement, the matrix was cooled to 15 K. The following annealing procedures were carried 

out by heating the layer to 77 K, 150 K and 293 K, respectively over a period of 10 min. 

Subsequently, the temperature of the matrix was again reduced to 15 K for the measurement. 

The layers of matrix-isolated P4/P2 were prepared in the same manner, with the phosphorus 

vapor being passed through a tantalum filament heated to ≈ 1200°C. The reproduced Raman 

spectra are recorded with a resolution of 0.6 cm−1 and an accuracy of ±0.3 cm−1 compared to 

the excitation line of the Ar+-laser at 514.5 nm. 
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4.2.3 MAS NMR Spectroscopy at Room Temperature  

The solid state 31P MAS (10 kHz) NMR spectrum of P4 in the adamantane matrix (FIG. 35) 

reveals two singlets at -540.9 ppm (ω1/2 = 21.6 Hz) (1) and at -461.5 ppm (ω1/2’= 79.4 Hz) (2). 

In the following chapters these signals will be referred to as signal (1) and signal (2). Signal (1) 

is identified as a P4 tetrahedron isolated in adamantane. Signal (2) is identified as an 

agglomeration of white phosphorus. No oxidation products were detected. Signal (2) is only 

observed at low dilutions. Considering the detected chemical shifts and narrow half-line band 

widths, the P4 tetrahedra seem to be intact in both cases.  

 

FIG. 35:  31P MAS (10 kHz) NMR spectra of P4 in the adamantane framework at room temperature at 

different dilutions, showing signals (1) for the isolated trapping site on the right and (2) for the 

agglomerated trapping site on the left. 

 

-400 -450 -500 -550 -600d / ppm

(1)(2)
S/M

1/5

1/125

1/500

S/M = 1:500 

S/M = 1:125 

S/M = 1:5 
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Signal (1) is shifted upfield compared to white phosphorus as a solid (–462 ppm), a liquid 

(–460 ppm) or dissolved in benzene (–522 ppm). [133-136] Other P4 molecules encapsulated 

in porous materials or cages resonate between approximately –490 and –528 ppm. [127, 129, 

130, 132, 137, 138] Compared to gaseous P4 (–551.5 ppm), signal (1) is shifted downfield by 

10.6 ppm. However, to our knowledge, it shows the highest similarity of all other P4 species to 

the gas phase value. [139] (see TABLE 26) As a result, it can be concluded that the interactions 

of white phosphorus (1) with the environment are weaker than in other known compounds or 

composites.  

 

TABLE 26: Summary of 31P NMR shifts of phosphorus. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

[a] Values derived from this study. 

 

This hypothesis is supported by the very narrow half-line width (22 Hz) of (1) at a MAS 

frequency of 10 kHz, indicating a higher grade of rotational freedom of the P4 tetrahedron 

inside the adamantane matrix than it would be expected in a solid sample. The compound most 

suitable for comparison to our knowledge is (P4)2C60 resonating at -490 ppm with a half-line 

band width of 55 Hz, which still is twice as broad. [132] 

Phosphorus Allotropes δ 31P [ppm] exp. 

P4 isolated in adamantane (1)[a] –540.9 

P4 (g)[139] –551.5 

P4 aggregated in adamantane (2)[a] –461.9 

P4 (l)[139] –460.0 

P4 (solution in (CD3)2CO)[140] –527 

P4 in [P6 6 6 1 4][NTf2] [141] –520.6 

Solid Red Phosphorus [142-144] 65-50 

Red Phosphorus in [P6 6 6 1 4][NTf2] [141] –454.3 

Hittorf`s Phosphorus [145] –84.5 - 171.3 

Black Phosphorus [146] 22.2 
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Without MAS, the ω1/2 of signal 2 is 537 Hz. The half-line band width of comparable 

compounds like the one recently published by Scheer show a ω1/2 of 1582 Hz. [130] Therefore 

a very high degree of rotational freedom is expected for the P4 molecule isolated in adamantane. 

At dilutions lower than S/M 1/500, signal (2) assigned to not aggregated phosphorus is 

detected. It gains intensity with the amount of phosphorus deposited on the cold tip. Signal (2) 

cannot be excited by cross polarization (FIG. 36), which proves the absence of hydrogen atoms 

associated with adamantane molecules located close to the phosphorus atoms, as no dipolar 

coupling exists. We propose that the chemical environment may be compared to liquid white 

phosphorus, observed at a chemical shift of –460 ppm, which indicates a similar 

shielding. [136] Dissolved phosphorus tetrahedra are shifted upfield. This shift differs from the 

peak representing the aggregated species (2) by 1.5 ppm. [139] The difference of the peak 

between the isolated species (1) and gaseous phosphorus is 10.6 ppm, which can be explained 

by the fact that the isolated species is enclosed by adamantane, whereas the aggregated species 

is mostly surrounded by other phosphorus atoms.  

 

FIG. 36:  31P cross polarization (CP) NMR spectrum of white phosphorus in adamantane at 10 kHz. The 

signal at −461.5 is no longer observable and the signal at −540.9 is excited by the 1H channel. 
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4.2.4 MAS NMR Spectroscopy at Low Temperature  

As mentioned previously, the half-line band width of the signals is notably small for a solid 

state NMR experiment. The signal of the aggregation (2) exhibits a half-line width of 79 Hz, 

which already is very narrow. However,  the signal of the isolated molecule (22 Hz) is more 

than three times sharper. This indicates that only very weak interactions are existent. Due to 

the observed high isotropy, it cannot be excluded that the phosphorus molecules spin around 

their own axes and boost their isotropy. In order to investigate the root cause for the narrow 

signals, the experiment with a S/M ratio of 1/125 was performed at different temperatures 

starting at room temperature and decreasing it to 180 K.  

Comparing the ω1/2 of the signals in the spectra (FIG. 37) at different temperatures, a strong 

rise of ω1/2 for the signal of the aggregated phosphorus at 200 K is observed, resulting in a 

splitting into three signals. Thus, the signal of the aggregated phosphorus (2) consists of at least 

three distinguishable chemical environments. Considering this spontaneous rise of the line 

width, the phase transition of adamantane at 208 K must be responsible for this 

behavior. [147-149] At temperatures higher than 208 K, adamantane crystallizes in its 

α-modification and is able to spin at its own lattice site. [150] Therefore, the environment of 

the species encapsulated in the adamantane bulk is dynamic and the anisotropy of the signals 

is lowered. Consequently, only with the dynamics of the host, all the phosphorus species 

forming the signal are chemically equivalent. The phase transition of α-phosphorus to 

β-phosphorus at 196 K, which is associated with the freeze of the rotation of the phosphorus 

atom around its lattice site, is rather unlikely to be responsible for the observed signal 

broadening as it already occurs at significantly higher temperatures. [151] In contrast to a solid 

P4 (−405±10 ppm) [152], only short range order and no long range order seems to be existent. 

This is comparable to the situation of frozen liquid P4 (−460 ppm). [139]  
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FIG. 37:  31P NMR spectra of white phosphorus in adamantane at different temperatures and 4 kHz. The 

signal at −461.5 ppm is caused by an aggregation of P4 molecules in the adamantane 

environment and the signal at −540.9 ppm is caused by its isolated equivalent 

 

The signal of the isolated phosphorus molecule (1) is less affected by temperature. 

Therefore, it can be concluded that all isolated P4 tetrahedra must be trapped in a chemically 

equivalent trapping site. Consequently, no influence of the phosphorus phase transition can be 

recognized either. The half-line width increases from 22 Hz at 293 K to 51 Hz at 180 K. The 

half-line width of the other signal raises from 79 Hz at 293 K to 171 Hz at 220 K. Due to the 

minor changes to signal (1), it seems reasonable to assume that it was not possible to freeze the 

self-rotation of the isolated phosphorus tetrahedra. Thus, there is only a negligible influence of 

the dynamic environment and adamantane phase transition on the isolated phosphorus 

tetrahedron. The half-line widths (ω1/2) are summarized in TABLE 27. Furthermore, the shift 

-450 -455 -460 -465 -470 -525 -530 -535 -540 -545 -550

a-adamantane

(1)(2)

180K

200K

220K

240K

260K

280K

293K

d / ppm

b-adamantane



Spectroscopic Studies of Di- and Tetra-Phosphorus in Adamantane Matrices – an approach to 

room temperature stable matrices. (Prepared Manuscript) 

 

 

106 

of the peaks is temperature dependent. The agglomeration is shifted downfield, whilst the 

signal of isolated P4 shifts upfield.  

 

TABLE 27:  Half-line width of ω1/2 (1) and ω1/2 (2) in Hz and chemical shift in ppm at different temperatures 

and a MAS speed of 4 kHz. 

 

 

4.2.5 Diffusion of P4 inside the Matrix 

In order to investigate if the interactions between phosphorus and adamantane are weak 

enough to allow diffusion of P4 through the matrix material, experiments to monitor such a 

movement were conducted. P4 in solid adamantane was prepared, employing a persistent 

cooling chain and the sample was inserted in a precooled NMR spectrometer. In order to pack 

a precooled NMR rotor and transport the sample to the precooled NMR spectrometer a novel 

transport packing vessel was designed, enabling a consistent temperature of –78°C in the 

sample. This vessel is further described in the Supporting Information. Inside the spectrometer, 

the temperature of the sample was then raised from 220 K to room temperature.  

If the transfer of a matrix with the S/M dilution of 1/125 from the matrix apparatus into the 

NMR rotor is performed under controlled conditions, as described above, at 220 K only the 

isolated species (1) and no agglomerated phosphorus (2) is detected. This contrasts with the 

observations made at room temperature, where signal (2) can be detected at comparable 

Temperature [K] ω1/2 (1) Chem. Shift (1) ω1/2 (2) Chem. Shift (2) 

293 21.6 −461.1 79.4 −541.0 

280 21.5 −460.9 99.9 −541.2 

260 23.3 −460.2 107.2 −541.5 

240 24.7 −459.5 135.9 −541.7 

220 26 −458.6 170.8 −542.1 

200 30.2 −458.3 367.8 −542.6 

180 50.6 −455.2 354.4 −542.9 
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dilutions. The probability of isolation at single site isolation at a M/S ratio of 100 is only 

88.6 %. [4] In the present experiment, the isolation of P4 at 220 K is almost quantitative. This 

is a remarkable difference, because of the chemical shift and the narrow signal, the P4 tetrahedra 

are intact and trapped in chemically equivalent trapping sites.   

At 220 K the adamantane matrix must be rigid enough to prevent the diffusion of isolated 

P4 molecules until a temperature of 260 K is reached.(FIG. 38) At 260 K the P4 molecules leave 

their chemically equivalent trapping sites, diffuse through the host material and form an 

agglomeration (2), again observed at about –460 ppm. This observation is not dependent on 

the phase transition of adamantane, which was described above. Above a temperature of 260 K, 

the host-guest interactions are already too weak to keep at least some of the tetrahedra in their 

trapping site. 

 

FIG. 38:  NMR spectra of white phosphorus in adamantane at different temperatures and 4 kHz. The 

signal at −461.5 ppm is caused by an aggregation P4 molecules and the signal at –540.9 ppm is 

caused by its isolated equivalent. 
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4.2.6 Raman Matrix Spectroscopy of P4 and P2 inside 

Adamantane Matrices 

In previous matrix isolation studies P4 and even P2 were trapped in noble gas 

matrices. [126] In order to estimate if the unstable diphosphorus can be trapped with the gram 

scale apparatus, we decided to reinvestigate Raman matrix isolation experiments employing 

adamantane as matrix material. The experimental conditions were kept as similar as possible 

to those of the NMR experiment. 

A mixture of P4 and P2 was generated by passing P4 over a tantalum filament heated to 

1200 °C. For the Raman experiments the isolation of P4 and a mixture of P2 and P4 in 

adamantane is carried out at 77 K in order to form a mixture of P4 and P2. For the subsequent 

Raman measurements, the cold tip was cooled to 15 K. Measurements over 77 K showed an 

evaporation of the matrix by the laser.  

The isolation of P4/P2 in the adamantane host at 77K was successful. P2 and P4 are the only 

species that are observed in the adamantane matrix. Although P2 and P4 were trapped as a 

mixture in the adamantane matrix, the Raman spectra are in good agreement with the 

literature. [126] The Raman spectrum of adamantane is not influenced by embedded guest 

molecules. All vibrational frequencies are summarized in TABLE 28. The Raman matrix 

spectra at different temperatures are shown in FIG. 39 together with a spectrum of adamantane.  
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FIG. 39:  Matrix isolation Raman spectra of P4/P2 trapped in adamantane at different temperatures. 

 

 

TABLE 28:  Raman frequencies (cm−1) and relative intensities (in brackets) of P4 isolated in argon, xenon 

[126] and adamantane matrices. Raman intensities are listed in Å4/u. 

 

 

 

Assignment In Ar at [126] 

15 K 

In Xe at [126] In adamantane at 

15 K 15 K 77 K 150 K 

ν1(P4) A1 613.6    (100) 
611.4 

617.1 
(100) 

606.4 

609.7 
(100) 

600.0 

604.5 

597.5 

601.0 

ν2(P4) E 371.8    (44) 
369.9 

371.5 
(46) 

366.6 

368.7 
(42) 

359.5 

364.4 
358.3 

ν3(P4) F2 467.3    (109) 
465.6 

469.6 
(109) 

462.4 

464.8 
(88) 461.2 457.6 

ν (P2)  773.6  
770.9 

774.6 
 767.5  - - 
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If the measurement is carried out at 77 K, annealing cycles towards higher temperatures are 

possible. Above 250 K, a pressure increase in the apparatus is observed, caused by the slow 

sublimation of the adamantane host. Due to the isolation vacuum in the matrix apparatus, the 

P4/P2 in the adamantane solid is only stable for a short time at room temperature. This effect 

can be reduced by venting the apparatus with inert gas and adamantane vapor. The annealing 

cycles do not lead to the formation of other molecules beside P4, but the P-P valence mode of 

P2 is already not detectable at 77 K. Annealing at 150 K for several hours amplifies the splitting 

of the Raman line, but still no additional species are formed.  

The NMR experiments presented earlier indicate the presence of agglomerations and 

isolations of P4 inside the adamantane. These agglomerations are likely to form by the diffusion 

of P4 through the matrix and the subsequent agglomeration process. Therefore, we conclude 

that the splitting is caused by the morphological differences of an isolated white phosphorus 

tetrahedron and an agglomeration of P4 molecules. Long annealing cycles (10 h) in the vented 

apparatus at 300 K lead to a massive loss of signal intensity, due to sublimation of the matrix 

or the reaction of the diphosphorus to a less Raman active phosphorus species. Therefore, P2 

either again forms P4 or a product, which is not detectable by Raman spectroscopy.   
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4.2.7 NMR Spectroscopy of the P2/P4 Mixture in 

Adamantane  

In order to investigate which species are formed from P2, the condensation of a P2/P4 

mixture was generated analogously to the Raman experiments and investigated with 31P NMR 

spectroscopy. (FIG. 40).  

FIG. 40:  NMR spectra of thermolyzed white phosphorus in adamantane at different S/M ratios and 4 kHz. 

The signal (4) is caused by red phosphorus and the signal at –540.9 ppm is caused by isolated 

P4. 

 

Some of the P4 tetrahedra seem to remain intact and are assigned to signal (1). 

Agglomerated phosphorus (2) is not detectable. Thus, only isolated white phosphorus 

molecules are persistent under these conditions or signal (2) is super positioned with signal (4). 

Thermolyzed non-isolated P4 exhibits signals (3) and (4). At high dilutions, a discrete signal 

S/M = 1:350 

S/M = 1:50 

S/M = 1:125 
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(3) at –518 ppm is observed. It loses sharpness and shifts downfield at lower dilutions. The 

chemical shift is a strong indication for the intact tetrahedral geometry of the represented 

molecules. A possible explanation for the observation of the signal is the formation of a white 

phosphorus metal complex by reaction of P4 with the most volatile impurity of the tantalum 

filament. The filament contains up to 50 ppm of nickel, being the most volatile of all listed 

residue metals. The Ag(P4)2
+ cation, for example, is known to exhibit a 31P MAS NMR signal 

at −511 ppm. [153, 154] Quantum chemical calculations find a true minimum for a tetrahedral 

Ni(P4)2 complex with a calculated chemical shift of –501 ppm. Further explanations are given 

in the Supporting Information. Another possibility is the formation of not completely 

aggregated parts of red phosphorus. The higher isotropy at higher dilutions, which is an 

indication for smaller and thus more mobile species, supports this hypothesis. Moving to lower 

dilutions, the signal broadens and a new broad signal (4) gains intensity at –461 ppm. This 

signal is in good agreement with that of red phosphorus diluted in the ionic liquid 

[P6 6 6 1 4][NTf2] at –454.3 ppm. This is also supported by the observed reddish color of the 

sample at room temperature. [141] Solid red phosphorus or black phosphorus are not detectable 

in the 31P NMR spectrum at their known chemical shifts of 50 or 22 ppm respectively. 

[142-144, 146]  

Comparable to the experiments concerning P4 trapped in adamantane, the agglomerated 

phosphorus (2) and (4) are recorded in a state comparable to a frozen liquid. As the generation 

of red phosphorus must be a consequence of the formation of diphosphorus and its reaction 

with white phosphorus, we assume that the decline of the Raman signal of P2 in our experiment 

is due to the formation of red phosphorus. As a result, we can conclude that P2 shows even 

fewer interactions with adamantane as P4 and is able to diffuse through the matrix material in 

order to form amorphous red phosphorus.  
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4.2.8 NMR Spectroscopy of P2 

Repetitions of the experiments comprising the P4/P2 mixture with considerably higher 

concentrations of phosphorus vapor exhibit a signal at 729 ppm in the 31P spectrum. NMR 

signals of red phosphorus, phosphorus oxides at around 0 ppm and a broad signal (31 ppm) of 

solid black phosphorus are detected (FIG. 41). [146] The NMR measurements were conducted 

at room temperature. This new downfield signal at 729 ppm is in satisfying agreement with the 

calculated chemical shift of diphosphorus (703 ppm). Information concerning the calculation 

is given in the theoretical section below. 

The signal of P2 exhibits a half-line band width of 55 Hz, which is twice as broad as the 

signal of isolated white phosphorus. Therefore, P2 seems to be less rotationally free than P4 in 

adamantane, either because of its linear shape or the large amount of red phosphorus and 

phosphorus oxides in the matrix. Given the fact that the signal could not be detected at lower 

dilutions, we assume that P2 can only be stabilized by red phosphorus or phosphorus oxides. 

The various phosphorus compounds interact much stronger with each other than with the 

adamantane matrix. Therefore, we can state that in the present case, P2 is not isolated by 

adamantane in a classical matrix isolation way. Nevertheless, the half-line band width still is 

remarkably narrow for a solid sample, meaning P2 still can spin around its own axis at an 

enormous speed. It remains an unsettled question, if diphosphorus can be isolated in a classic 

manner in a less interacting environment such as adamantane at room temperature and further 

experiments will have to be conducted in order to identify a matrix host that is able to form the 

required interactions for isolating P2 at room temperature. 
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FIG. 41:  (a) 31P MAS NMR spectrum of red phosphorus in adamantane at low dilutions. (b) 31P MAS 

NMR spectrum of red phosphorus and diphosphorus in an adamantane - red phosphorus mixture 

at 4 kHz. All spectra are recorded at room temperature. 

 

 

0 -200200600 -400400800

P2

exp: 1290 ppm

MP2/aug-cc-pvtz*: 1255 ppm

 /ppmd

Pred

800 400 0 -400600 200 -200  /ppmd

a)

b)

Pred

P4 isolated



Spectroscopic Studies of Di- and Tetra-Phosphorus in Adamantane Matrices – an approach to 

room temperature stable matrices. (Prepared Manuscript) 

 

 

115 

4.2.9 Theoretical Calculations  

All theoretical calculations were conducted with the program package GAUSSIAN 09, 

Revision B.01. [62] Considering the different sizes of models calculated in this work, varying 

models of theory were employed. The used methods are specified in the subchapters. The 

absolute shielding of the herein presented molecules were scaled with respect to the 

experimental chemical shift of gaseous white phosphorus, as it was determined by Heckman in 

1972. [139] 

 

4.2.9.1 Chemical Shift of Tetraphosphorus in the Gas Phase 

In order to calculate the chemical shift of P4, optimizations at the CCSD/aug-cc-pvtz level 

of theory were conducted. [45-49, 56-61] The calculation of the chemical shift was carried out 

under consideration of the second order Møller Plesset perturbation theory (MP2) and the basis 

set aug-cc-pvtz. [50-55] 

The variety of 31P NMR shifts is very large and it is dependent on several conditions. A 

prominent example is the unique upfield shift of the phosphorus tetrahedron. [155] Even very 

small changes of the geometry are responsible for a large change of the chemical shift. Another 

example is the difference between gaseous and liquid white phosphorus of 90 ppm, which is 

quite large, given that the intramolecular changes are obviously rather small. [139] Even higher 

differences are to be expected when changing the bonding situation. Known compounds 

containing a P-P double bond exhibit a severe shift downfield in the 31P NMR experiment 

compared to compounds containing a P-P single bond. 1,2-bis-(2,3,5-tri-tert-butylphenyl) 

diphosphene is found at an isotopic shift of 494 ppm in 31P MAS NMR experiments. [156] Free 
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diphosphorus contains a triple bond. Therefore, its NMR signal must be even more shifted 

downfield. This is supported by recent theoretical investigations. [157, 158]  

 

4.2.9.2 Chemical Shift of Diphosphorus in the Gas Phase 

According to our own calculations, the magnetic shielding of P2 is –345 ppm. After scaling 

it to the shielding of gaseous P4, this accounts for an experimental shielding of 703 ppm. The 

experimental and the calculated values differ by 26 ppm, which equals a deviation of 2 %. 

Taking these facts into consideration, it can be stated that the experimental and the calculated 

values are in satisfying agreement.  

 

4.2.9.3 Chemical Shift of isolated White Phosphorus  

For the calculations of P4 isolated in an adamantane matrix, a model containing one P4 

tetrahedron and eight adamantane molecules was created.( FIG. 42) After optimization on the 

M06/cc-pvdz level of theory, a true minimum was found. The P-P bond of the white 

phosphorus molecule in the gas phase is 0.008 Å shorter than in our quantum chemical model 

of P4 isolated in adamantane. NMR calculations were conducted on both models, employing 

the GIAO method, the M06 DFT method and cc-pvdz as a basis set. Scaled to the experimental 

NMR shift of white phosphorus, the signal of P4 isolated in adamantane in our quantum 

chemical model is expected at a chemical shift of –509 ppm. This is in reasonable agreement 

with the experimental chemical shift of –540 ppm of P4 in the adamantane matrix. In order to 

investigate the influence on the shielding contributed by the matrix environment, we calculated 

the shielding of P4 in the adamantane model after the removal of the adamantane molecules, 
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thus neglecting the influence of the adamantane matrix. This results in a chemical shift of 

−541 ppm. As a result, we assume that the influence of the environment on P4 is overestimated. 

This is a rather reasonable assumption, considering that our model only has one coordination 

sphere. Therefore, no further interactions of first-sphere adamantane with the adamantane 

molecules in the next spheres are considered. As a result, in the calculated model, the 

interactions between P4 and adamantane have to be stronger than in the NMR experiment. 

The elongation of the P-P single bond, due to the interactions with the environment, is in 

agreement with experimental data from Resing, who determined the P-P bond in solid white 

phosphorus to be 2.24±0.03 Å long by relaxation NMR experiments. [159] 

 

 FIG. 42:  Calculated structure of P4 in the gas phase and P4 isolated in the adamantane matrix. 
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4.2.9.4 Chemical Shift of agglomerated White Phosphorus inside the 

Adamantane Matrix 

In order to model the chemical shift of liquid white phosphorus, the chemical shift of P4 

was calculated at different distances. Two different geometries are possible for such a dimer: a 

gauche conformation (I) and an eclipsed conformation (II). The conformations are depicted in 

FIG. 43. The gauche conformation seems to be more reasonable, as it is expected to exhibit a 

lower energy. Further information on the determination of the chemical shift is given in the 

Supporting Information. According to simulations of Hohl and Jones, the smallest 

intermolecular distance between two P4 molecules in liquid phosphorus is 2.75 Å at 

500 K. [160] In our calculation, the influence of the temperature is neglected. Calculations of 

the chemical shift of the described dimer yield a value of –486 ppm at the B3LYP/aug-cc-pvqz 

level of theory. This is in reasonable agreement with our experimental shift of –461.7 ppm.  

 

 

 

 

 

FIG. 43:  Calculated 31P NMR shifts of two P4 tetrahedra in the geometry I and II. Calculations are 

conducted at the B3LPY/aug-cc-pvqz level of theory. 
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4.3 CONCLUSION 

Employing our herein presented NMR matrix isolation technique, the morphology of a 

matrix and the interaction with its guest are described for the first time. These results enabled 

us to identify the reason of the splitting of the Raman spectrum of P4 and P2. It originates from 

agglomerated and isolated P4 species. In the present study, the dynamics of P4 in a room 

temperature stable matrix material was gathered by NMR experiments at low temperatures. 

They revealed that the mobility of agglomerated P4 tetrahedra is mainly influenced by the host 

environment. The rotation of the host has no influence on isolated P4 and its narrow signals are 

not affected by the chosen conditions. Above 260 K, the diffusion of white phosphorus in the 

host material was observed. Therefore, the ability of the host material to form interactions is 

even more critical than expected for the storage of white phosphorus. 
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SUPPORTING INFORMATION (Chapter 4) 

Preoptimized P4 tetrahedra were taken and placed at different distances according to 

geometry (I) and (II). 

 

 

 

FIG S. 6:  Fit of the calculated NMR shift of P4 subject to the P4-P4 distance in the different 

geometries (I) and (II). 

 

 

2,4 2,6 2,8 3,0 3,2 3,4 3,6 3,8 4,0 4,2

-600

-550

-500

-450

-400

-350

-300

-250

ch
e
m

. 
sh

ift
 [
p
p
m

]

P4-P4 distance [Å]

 I

 Fitted Y of I

 95% Confidence Band of I

 95% Prediction Band of I

y = a-b*c x̂

I

Reduced Chi-Sqr 5,25945

Adj. R-Square 0,99924

a -561,65197 ± 1,4507

b -507747,00248 ± 72481,66042

c 0,04047 ± 0,00246

2,0 2,5 3,0 3,5 4,0 4,5

-580

-560

-540

-520

-500

-480

-460

-440

-420

c
h
e
m

. 
s
h
if
t 
[p

p
m

]

 II

 Fitted II

 95% Confidence Band of II

 95% Prediction Band of II

P4-P4 distance [Å]

y = a-b*c^x

B

Reduced Chi-Sqr 16,18709

Adj. R-Square 0,98907

a -561,4992 ± 1,97793

b -1,25494E7 ± 9183193,19885

c 0,00407 ± 0,00141

Geometry (I) Geometry (II) 



Spectroscopic Studies of Di- and Tetra-Phosphorus in Adamantane Matrices – an approach to 

room temperature stable matrices. (Prepared Manuscript) 

 

 

121 

TABLE S 5:  Calculated 31P NMR shifts of two P4 tetrahedra in the geometry (I) and (II). Calculations 

are conducted at the B3LPY/aug-cc-pvqz level of theory. 

Intermolecular Distance 

[A˚] 

31P NMR shift of P4 in 

geometry (I) [ppm] 

Intermolecular Distance 

[A˚] 

31P NMR shift of P4 in 

geometry (II) [ppm] 

2.35 −288.1 2.10 −436.7 

2.44 −362.0 2.15 −473.9 

2.53 −411.5 2.20 −496.9 

2.62 −447.7 2.25 −512.1 

2.70 −474.9 2.30 −522.6 

2.79 −495.5 2.35 −530.2 

2.88 −511.0 2.40 −535.8 

2.97 −523.5 2.45 −540.1 

3.06 −531.9 2.50 −543.4 

3.16 −539.1 3.00 −557.4 

3.25 −545.7 3.50 −561.7 

3.71 −558.7 4.00 −565.2 

4.19 −564.9 4.50 −566.3 

 

The Ni(P4)2 geometry was optimized employing the M06/aug-cc-pvtz level for 

phosphorus and M06/MDF10 for nickel. For the NMR calculation, the GIAO method 

was used. The level of theory was MP2/aug-cc-pvtz for phosphorus and MP2/MDF10 

for nickel. The optimized structure is given in FIG S. 7. The structure is a true minimum 

exhibiting no negative frequencies. 

 

 

 

 

 

FIG S. 7:  Gas phase structure of Ni(P4)2 calculated at the MP2/MDF10/aug-cc-pvtz level of theory 

 

Cartesian coordinates of Ni(P4)2 
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 P, 0, -1.874361816,   0.8986380005,  -0.7499535246 

 P, 0, -1.874361816,  -0.8986380005,   0.7499535246 

 P, 0,  1.874361816,   0.8986380005,   0.7499535246 

 P, 0,  1.874361816, -  0.8986380005,  -0.7499535246 

 P, 0, -3.3806343536,    0.7033828809,   0.8434036845 

 P, 0, -3.3806343536,  -0.7033828809,  -0.8434036845 

 P, 0,  3.3806343536, -  0.7033828809,   0.8434036845 

 P, 0,  3.3806343536,    0.7033828809, -  0.8434036845 

Ni 0,  0,0000000000,    0.7000000000, -  0.0000000000 

 

 

 

FIG S. 8:  Schematic drawing of the solid state NMR handling device. The tap with rod is used to 

adjust the height of the NMR rotor. Precooled metal rods are used to pack the NMR 

rotor. The glass device is continuously flushed with argon throughout the process. 
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FIG S. 9:  Photographs of the solid state NMR handling device. On the left side, it is attached to 

the co-condensation apparatus. On the right, it is attached to a stainless steel vacuum 

line and ready for the packing process. 
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5 Summary 

Pnictogen Hydrides and Hydrogen Halides under Extra-Terrestrial Conditions 

Mixtures of pentel hydrides and hydrogen halides have been condensed in noble gas 

matrices on a cold tip. The reaction products were examined with Raman spectroscopy. The 

formation of PH4
+, AsH4

+, PH2
+, AsH2

+ and SbH2
+ cations has been observed. SbH4

+ was not 

observed under the chosen conditions. The energetic destabilization of SbH4
+, which is caused 

by hybridization effects, has been investigated by theoretical studies. The formation of the 

PnH2
+ (Pn = P, As, Sb) is observed in each experiment. Their reaction pathway, which 

comprises a hydrogen elimination from the XH4
+ cations (Pn = P, As, Sb) are discussed by 

theoretical calculations. The interactions between the XH4
+ cation and its corresponding halide 

anion are discussed and the importance of the interaction’s strength for the elimination process 

is emphasized. The interaction of PnH2
+ and F− was investigated in the case of the AsH2

+ F− 

ion pair by Raman spectroscopy. Depending on the S/M ratio, AsH2
+ F− ion pairs as well as 

AsH2F were observed. All together the existence of a PnH4
+ species may be possible in the 

isothermal layer (160 K) of the Jovian atmosphere (90-290 km) on a very fast time scale [102], 

but according to the experimental data, decomposition processes by hydrogen elimination 

should occur. 

 

FIG. 44:  Depicted molecular structures of the PnH2
+ and PnH4

+ (Pn = P, As, Sb) species calculated at the 

CCSD/aug-cc-pvtz level of theory. For the calculations of the species comprising antimony, the MWB48 

ECP was employed. 
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Investigation on the Dimerization of AsH2 in Noble Gas Matrices  

In the course of this study, arsine was thermolyzed on a tantalum filament and a mixture of 

AsH3, AsH2 was co-condensed with argon on a helium cooled surface. At high dilutions with 

noble gases, AsH2 radicals can be trapped in argon matrices and investigated by Raman 

spectroscopy. If higher amounts of AsH3 are thermolyzed, the recombination of AsH2 in the 

gas phase leads to the formation of As2H4, which was proven by Raman spectroscopy. Most 

prominent is the occurrence of the As-As stretching mode as a Raman line at 266 cm-1
. 

According to quantum chemical calculations, the As-As bond is 2.449 Å long and the 

molecular structure of the arsanyl radical is almost identical to the structure of the AsH2
+ cation. 

 

 

FIG. 45: Optimized structures of AsH2 and As2H4 calculated at the CCSD/aug-cc-pvtz level of theory. 
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Spectroscopic Studies of Di- and Tetraphosphorus in Adamantane Matrices – an 

Approach to Room Temperature Stable Matrices.  

The development of the presented matrix isolation technique enables the isolation of P4 and 

P2 in the host material adamantane. In the 31P NMR spectra of the room temperature stable 

matrices the NMR signals of white phosphorus and diphosphorus can be observed. The 

31P NMR spectra show a reasonable signal to noise ratio and remarkably narrow 31P NMR 

signals. All NMR Experiments can be performed on a conventional NMR spectrometer and no 

special matrix isolation NMR setup is needed. Employing this new matrix isolation technique, 

the morphology of the matrix and the interaction with its guest are described for the first time. 

These results enabled the identification of the origin for the splitting of the Raman lines of P4 

and P2, which is caused by the existence of two P4 species.  

The method has to potential to be applied on every NMR active isotope with a sensitivity 

comparable to the 31P isotope. In this way proximity information, for example, can be 

determined by employing cross polarization methods either on the species or the matrix 

material. Such experiments provide a deeper understanding of the morphology of matrix 

isolated samples. Even information on the metallic character of the trapped substrate can be 

accessed by the measurement of the Knight Shift, supplying a tool to examine the borderline 

between clusters and metals. 
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6 Experimental Part 

6.1 USED CHEMICALS 

All reactions and experiments in the work were carried out employing stainless steel 

vacuum lines and SCHLENK technique. The used chemicals are listed in TABLE 29. Nitrogen, 

dried by passing through a glass tube filled with Orangegel and Sicapent®, and argon 5.0 were 

used as protective inert gases.  

 

TABLE 29:  Chemicals used in the course of this work. 

Compound  Purity Producer 

Neon 99.9 % Messer Griesheim 

Argon 99.999 % Messer Griesheim 

Xenon 99.9999 % Messer Griesheim 

Phosphine  - In-house production 

Arsine  In-house production 

Stibine  In-house production 

Deuterium fluoride - In-house production 

Hydrogen fluoride - Linde 

Hydrogen bromide - Fluka 

Hydrogen iodide - In-house production 

Adamantane 98.0% (sublimated)  ABCR 

White phosphorus 
99.9% (double 

sublimated) 
chemPUR 
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6.2 SYNTHESIS OF PENTEL HYDRIDES  

The handling of all PnH3 (Pn = As, Sb) species was carried out in a stainless steel vacuum 

line and they were stored in Young cold traps at −196 °C under hydrogen atmosphere. 

Antimony or arsenic and magnesium powder heated under vacuum in a stoichiometric ratio of 

one to three were sintered to Mg3Pn2 (Pn = As, Sb) in a previously heated and evacuated glass 

ampoule. The Mg3Pn2 powder was gradually added at 0 °C in the hydrogen stream to an excess 

of aqueous 6 M HCl solution, whereupon the gaseous PnH3 was condensed after passing 

through a cold trap (−20 °C) in a Young cold trap (−80 °C). FIG. E. 1 shows the apparatus used 

for synthesis of SbH3: 

 

 

 

FIG. E. 1:  Schematic representation of the apparatus used for the synthesis of SbH3 with a reaction vessel 

in an ice water bath at 0 °C (E), a cold trap at −20 °C (K), as well as a Young cold trap at −80 

°C (Y) and two wash bottles with aqueous 6 M NaOH solution (W). Color coding: Hydrogen 

gas in green, Mg3Sb2 powder in magenta, aqueous 6 M HCl solution in dark blue and SbH3 gas 

or condensate in orange. 
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6.3 Raman Matrix Isolation Experiments 

The deposition experiments are executed in an apparatus consisting of a reservoir steel 

cylinder, a regulation valve and a pressure sensor (MKS Baratron). This apparatus is connected 

to the matrix isolation apparatus. [43] Two different types of experiments, A and B, are 

performed. In the series of the A experiments, the reservoir contains a mixture of PnH3 and HX 

(Pn = P, As; X = F, Br, Cl, I), which is formed by co-condensation of PnH3 (Pn = P, As) and 

H/DX (X = F, Br, Cl, I) in a stainless steel gas cylinder. The hydrogen halide is used in excess 

of 1.1 equivalents. In the deposition process, the gas flow from the standard reservoir stainless 

steel cylinder is mixed with an inert gas flow at defined conditions. 

Throughout the experiments B, the pure pnictogen hydrides are stored in the reservoir 

cylinder. In the deposition process, the hydrides are mixed with a hydrogen or deuterium halide, 

which is already diluted in the noble gas flow. For the storage of phosphine and arsine, a 

standard stainless steel cylinder was employed as the reservoir cylinder. For the storage of 

SbH3, a glass vessel with a greaseless valve was used. In order to minimize the decomposition 

of stibine, the vessel was cooled to –40 °C by a cryostat. The storage vessel was merely warmed 

to room temperature for the extraction of stibine. This procedure allowed to use one SbH3 batch 

for approximately four days of experiments. The synthesis and handling of PnH3 

(Pn = P, As, Sb) and H/DX (X = F, Br, Cl, I) was accomplished under employment of standard 

Schlenk technique, using a stainless steel vacuum line.  

In order to detect the very small pressure changes, which are needed to achieve the high 

dilutions of PnH3 (Pn = P, As, Sb) and H/DX (X = F, Br, Cl, I) mixture in the noble gas, a small 

container (20 ml) of the apparatus that is connected to a pressure sensor, was used as an 

expansion vessel. It was refilled every five minutes and the decay of the pressure was measured. 
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The sum of these pressure differences was used to calculate the S/M ratios. A drawing of the 

apparatus is shown in the supporting information (FIG S. 2). After approximately 2 h, a white 

homogenous layer had formed on the cold tip. Annealing cycles showed no influence on the 

Raman spectra until the matrix evaporation temperature was reached. After evaporation of the 

matrix, a metallic residue remained on the cold tip. It most likely consists of phosphorus, 

arsenic or antimony, depending on the used hydride. 
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6.3.1 RAMAN MATRIX SPECTROSCOPY 

The apparatus for recording Raman matrix spectra consists of four units: a pumping station, 

a gas supply, a cryostat and the Raman spectrometer. (FIG. E. 2) The apparatus is described in 

detail by A. Kornath in the literature. [43] In the following, the focus is put on the 

improvements made for the experiments. The Raman spectra were detected with a CCD Raman 

spectrometer (Jobin-Yvon T64000). A frequency doubled Nd: YAG DPSS laser 

(Cobolt 05-01 Series Samba; 532 nm) was used as a light source with an angle of 55°. 

 

 

FIG. E. 2:  Photography of the Raman matrix isolation apparatus. 
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6.3.2 Condensation of PH3 or AsH3 

For the investigation of the reactions comprising PH3 and AsH3, a separate supply line was 

constructed for a supply reservoir, in which the pentel hydride and the desired hydrogen halide 

were mixed. A continuous inflow and a variable flow rate must be ensured for successful 

condensation of the matrix to be investigated. In addition, the use of a separate inlet for the 

gaseous product offers the advantage that the supply lines to the gas supply as well as to the 

storage vessel for the gas species can be evacuated and regulated independently. A schematic 

drawing of this supply line is shown in FIG. E. 3 for the condensation of AsH3 as an example. 

 

 

FIG. E. 3:  Schematic drawing of the apparatus for the condensation of AsH3. 
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The specially designed supply line consists of a shut-off valve followed by a Swagelok 

bellows metering valve (TYPE: SS-4BMG). A crosspiece is then connected to the two valves, 

to which the reservoir is attached by another shut-off valve, and a MKS Baratron manometer 

(TYPE: HS A-B1000SP) on the opposite side. The remaining connection of the crosspiece is 

connected to another shut-off valve. This bypass allows the product source to be evacuated 

separately from the rest of the equipment. The various components are connected via 6 mm 

steel pipes and 6 mm fittings from Swagelok. 

 

6.3.3 Condensation of SbH3 

For the experiments with SbH3, the used apparatus was varied, as the stainless steel 

reservoir cylinder proved to speed up the decomposition of SbH3. In order to overcome this 

problem, a coolable glass vessel was employed for the storage of SbH3. In the course of the 

study, this technique enabled us to store and use one batch of SbH3 for one week of 

experiments. The apparatus is pictured in FIG. E. 4 

 

 

FIG. E. 4:  Schematic drawing of the apparatus for the condensation of SbH3. 
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6.4 THERMOLYSIS CELL 

The thermolysis cell can be attached to the Raman matrix isolation apparatus and the NMR 

matrix isolation apparatus. It was used for the thermalization of AsH3 in order to generate 

As2H4 and for the thermalization of P4 in order to form P2.  

 

 

FIG. E. 5:  Schematic drawing of the thermolysis cell used for the thermalization of AsH3 and P4. 

 

The thermolysis cell consists of two quartz tubes pushed into each other (FIG. E. 5). The 

tantalum winding serves as a heating wire. In this work, temperatures of approximately 

1600 °C were reached in the thermolysis cell. FIG. E. 6 shows the thermolysis cell at working 

temperature. 
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FIG. E. 6: Picture of the thermolysis cell attached to the matrix isolation NMR apparatus at 1600°C.  
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6.5 NMR MATRIX ISOLATION 

SPECTROSCOPY  

The gram scale co-condensation apparatus has already been described in Chapter 4.2.1. In 

this chapter additional information is given. The samples of P4 in adamantane and the P4/P2 

mixture in adamantane were prepared using a specially designed gram scale co-condensation 

apparatus. A schematic drawing of the apparatus is presented in FIG. E. 7 and FIG. E. 8. It 

consists of a cylindrical, rotatable copper cold tip (2) (diameter 40 mm) mounted to the 

recipient with a custom-built ultra-high vacuum rotational feedthrough (1) (manufactured by 

Ferrotec), which ensures leak ratios below 10−6 mbarLs−1 throughout rotation and a 

thermolysis cell (6), which is described in Chapter 6.4 

 

FIG. E. 7:  Gram scale co-condensation apparatus equipped with the transfer tool (5). 
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The recipient is equipped with two orifices directed to the cold tip which allow an 

independent supply with adamantane vapor (3) and the guest species, respectively. A linear 

manipulator with a PTFE tip (4) allows to scratch the matrix layer from the cold tip. Under the 

rotating cold surface different matrix collection vessels can be mounted. For the diffusion 

control experiments a special designed transfer tool (5), which enables cooling to 195 K under 

inert gas atmosphere and a subsequent cooled transfer into a precooled MAS NMR 

spectrometer, was used. The transfer tool is described in in the supporting information of 

Chapter 4.. For the other experiments a sealable Schlenk vessel which can be transferred into 

a glove box was employed. A picture of the apparatus is given in FIG. E. 9. 

 

 

FIG. E. 8:  Gram scale co-condensation apparatus from the top. 
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FIG. E. 9:  Picture of the gram scale co-condensation apparatus. 

 

All MAS NMR experiments were recorded on a Bruker DSX Avance 500 FT NMR 

Spectrometer. The magnetic field strength of the device is 11.7 T. The proton frequency is 

500 MHz. The matrices were measured in commercially available rotors with a diameter of 

4 mm. The usual rotation frequency of the measurements was 10 kHz. During the experiments 

at low temperatures, the sample was cooled with tempered nitrogen. The rotation frequency 

during these measurements was 4 kHz in order to avoid excessive heat input due to friction 

during the measurement.  
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7 Appendix 

7.1 List of Abbreviations 

Å Angström 

δas Antisymmetric bending mode 

νas Antisymmetric stretching mode 

δ Bending mode 

BDE Bond dissociation energy 

CCD Charged coupled device 

CF Conflat 

CCSD Coupled Cluster Singles Doubles 

cm3 Cubic centimeter 

cm3/h Cubic centimeter per hour 

° Degree 

°C Degree Celsius 

eV Electron volt 

g Gaseous 

X Halogen 

HRTOF High resolution time of Flight 

h Hour 

K Kelvin 

kJ kilo joule 

kJ/mol kilo joule per mol 

l liquid 

MAS Magic angle spinning 

mbar Millibar  

mmol Millimole 

mW Milliwatt 

mmol/h Mmol per hour 

molec/cm2 Mole equivalents per square centimetre 

mol Mole 

NIST National Institute of Standards and Technology 

Nd:YAG Neodymium-doped yttrium aluminum 

garnet; Nd:Y3Al5O12 

NMR Nuclear magnetic resonance 

ppb Parts per billion 

ppm Parts per million 

% Percentage 

Pn Pnictogen 

MP2 Second order Møller-Plesset Correction  

Ω Standard Deviation 
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ν Stretching mode 

S/M Substrate to Matrix ratio 

δs Symmetric bending mode 

νs Symmetric stretching mode 

TS Transition state  

2D Two dimensional 
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