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Abstract: Understanding the characteristics of radicals formed from 

silicon-containing heavy analogues of alkenes is of great importance 

for their application in radical polymerization. Bulky and electronic 

substituent effects in such compounds as phosphasilenes not only 

stabilize the Si=P double bond, but also influence the structure and 

species of the formed radicals. Herein we report our first 

investigations of radicals derived from phosphasilenes with Mes 

(2,4,6-trimethylphenyl), Tip (2,4,6-triisopropylphenyl), Dur (2,3,5,6-

tetramethylphenyl) and NMe2 (dimethylamino) substituents on the P 

atom, using muon spin spectroscopy and DFT calculations. Adding 

muonium (a light isotope of hydrogen) to phosphasilenes reveals 

that: a) the electron-donor NMe2 and the bulkiest Tip-substituted 

phosphasilenes form several muoniated radicals with different 

rotamer conformations; b) bulky Dur-substituted phosphasilene 

forms two radicals (Si- and P-centred); and c) Mes-substituted 

phosphasilene mainly forms one species of radical, at the P centre. 

These significant differences result from intramolecular substituent 

effects. 

Since the breakthrough isolation of the first disilene[1] and 

silene[2] in the early 1980s, silicon-containing heavy analogues 

of alkenes have moved into the focus of inorganic chemists. The 

initial emphasis was on the reactivity of Si=Si/Si=C containing 

molecules which can be polymerized and thence transformed 

into special high-performance inorganic materials (e.g. silicon 

carbide fibres).[3] Within a decade, a feasible method was 

developed to obtain the first isolable and structure-characterized 

stable phosphasilene (a molecule containing the Si=P- 

fragment) by an elimination reaction.[4] From then on, acyclic and 

cyclic-phosphasilenes have enjoyed increased attention 

regarding their exploitation in synthesis and exploration of the 

reactivity and properties of the Si=P bond.[5]  

In view of the thermodynamic instability of the Si=P bond, a 

primary focus of phosphasilene chemistry has been on kinetic 

stabilization, by incorporation of peripheral bulky substituents,[5,6] 

and electronic stabilization via the introduction of electron-

donors/acceptors[6d] or -conjugated units,[6e,6f] thus avoiding 

thermally-induced oligomerization and other undesired 

transformations, such as cyclization, addition, and bond 

dissociation.[5a] Although steric protection of the silicon atom is 

more important than that of phosphorus,[5a] electronic 

stabilization is also necessary.[6e,6f] Because silicon is less 

electronegative than phosphorus, the Si=P bond is σ-polarized. 

Electron-donating groups (e.g. silyl, NH2) on the Si or P atom of 

phosphasilenes will electronically interact with the -acceptor 

Si=P bond. Thus the Si=P-Si,[4a] P-P-Si=P,[4b] and Si-Si=P 

skeletons result in isolable and stable phosphasilenes with good 

yields.[7] Functionalized phosphasilenes have been developed 

for use as transfer reagents[8] and as catalysts in the form of π-

accepting ligands in transition-metal complexes, either P-

metalated via the phosphorus lone pair,[7a,9] or coordination of 

both the Si and P atoms with the transition metal centre.[10]  

Although the recently developed synthetic method of 1,3-

migration in the Si=Si-P skeleton has been used to generate 

stable phosphasilenes based on Si-Si=P,[5d,7b,7e] phosphasilene 

chemistry is still restricted to small, neutral molecules. Despite 

recent advances in understanding the reactions of 

phosphasilenes,[5c] their reactivity towards free radicals seems to 

be unexplored. We plan to investigate this using an H-atom 

surrogate. 

Our experimental technique is muon spin rotation (SR), a 

form of magnetic resonance spectroscopy based on the spin 

precession of muons.[11] Muons are short-lived subatomic 

particles ( = 2.2 µs) which can be produced as highly spin-

polarized beams at various particle accelerators (we use the 

TRIUMF facility, in Vancouver, Canada). In matter, the positive 

muon can act as the nucleus of the single-electron atom 

muonium (Mu). Although Mu has only one-ninth the mass of H, 

their atomic properties are very similar, and Mu can be 

considered as a light isotope of hydrogen.[12] In particular, Mu 

adds to low-valent molecules to form muoniated radicals (free 

radicals in which an H atom has been replaced by Mu).[11c,13] 

Unlike ESR spectroscopy, the method of choice for persistent 

free radicals,[14] muon spin spectroscopy is ideal for the study of 

transient radicals. Because muon beams are spin-polarized, 

useful spectra can be obtained from as few as 107 radicals. 

Furthermore, SR has been used to investigate free radical 

chemistry under conditions not amenable for study by more 

conventional spectroscopic techniques. Examples range from 

the gas phase[15] to superheated, pressurized water.[16]  
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In recent years we have applied muon spin spectroscopy to 

study the radical chemistry of low-valent molecules containing 

silicon,[17] germanium[17b,18] and phosphorus[19]. By studying 

monomer radicals we are able to gain more insight into the 

mechanism of polymerization,[19] specifically the initial step of 

selective addition of radicals to different sites in the monomer. In 

addition, the structure of the parent compound can influence the 

possibility of migration of the radical centre, resulting in a 

different structure of the repeating unit of the polymer.[20] Thus, 

investigation of monomer radicals is important for the study of 

radical polymerization. However, to date there have been no 

investigations of radicals formed from phosphasilenes.  

Herein, we report unprecedented radical species derived 

from phosphasilenes substituted with different bulky groups. All 

these compounds (1-4 in Scheme 1), including the newly 

synthesized compounds 2 and 3, were isolated pure and fully 

characterized (see Supporting Information). They were studied 

in solution by SR. 

 

Scheme 1. Phosphasilenes investigated (CCDC No. for 2: 1989736 and 3: 

1989735). Mes = 2,4,6-trimethylphenyl, Tip = 2,4,6-triisopropylphenyl, Dur = 

2,3,5,6-tetramethylphenyl, NMe2 = dimethylamino. 

The first phosphasilene which we investigated was 4 

(Scheme 1). On the basis of prior experience of Mu reactions 

with silenes[17a,17d,17g] and phosphaalkenes[19] we expected two 

radicals, corresponding to Mu addition at the Si and P ends of 

the double bond, as shown in Scheme 2. However, the 

transverse-field µSR spectrum (Figure 1) obtained from a 

solution of 4 in hexane shows the characteristic precession 

signals of at least four muoniated radicals.  

 

Scheme 2. Reactivity pattern anticipated for phosphasilenes 1-4 in reaction 

with Mu.   

In principle, Mu could add to the phenyl rings of the Tip 

(2,4,6-triisopropylphenyl) substituents, but in this case muon 

hyperfine constants (hfcs) greater than 400 MHz would be 

expected for the cyclohexadienyl-type products.[21] The much 

smaller hfcs observed are instead consistent with the original 

expectation of Mu addition at the Si=P bond. It is well 

established that rotation about a carbon–carbon bond affects the 

magnitude of muon hfcs in alkyl radicals, because overlap of the 

unpaired electron orbital (pz) with the muon varies with the 

dihedral angle ø between C-Mu and C(2pz).[22] The 

corresponding effect was invoked to explain hyperfine isotope 

effects in muoniated radicals derived from a phosphaalkene,[19] 

and it seems reasonable that the conformational effect would 

also apply to Mu adducts of Si=P. Thus, the multiple radical 

signals obtained from 4 might be due to two or more conformers 

of each radical (Scheme 2). The possibility of identifying distinct 

conformers prompted our further investigations, both 

experimental and computational.  

 

Figure 1. Transverse-field µSR spectrum at 14.48 kG obtained from a solution 

of 4 in hexane at 50.6°C. This Fourier transform corresponds to a 3 µs time 

window delayed by 85 ns. The truncated signal labelled D is due to muons in 

diamagnetic molecules, whose spins precess at the muon Larmor frequency 

(196.15 MHz at this magnetic field). A1, A2, A3 and A4 denote the separation of 

the pairs of radical precession frequencies and thus comprise the muon 

hyperfine constants.  

If conformation is important, then modifying the substituents 

should have an effect on the muon hfcs. We therefore 

investigated a series of available phosphasilenes, 1-4, which 

have different substituents on the P atom. The µSR spectra 

show strong differences, both in number of radical species and 

their hfcs (see Figure 2). These and additional spectra are 

included in the Supporting Information, together with lists of 

precession frequencies used to calculate the muon hfcs. The 

µSR spectra were found to depend on Fourier transform 

conditions, specifically the time delay between the muon stop 

and the data time window used in the transform. This is not 

simply a result of delayed onset of some frequencies, because 

the amplitudes of the precession frequencies vary with delay 

time in a sinusoidal manner. A similar effect has been previously 

noted for muoniated radicals derived from heteroatomic double 

bonds: C=O,[23] Si=C,[17d] and P=C.[19] A practical consequence 

of this effect is that “standard” µSR display (no Fourier transform 

delay) can result in missing a particular signal. Thus, the 

spectrum derived from 2 shown in the middle panel of Figure 2 

reveals only two radicals, whereas adjustment of the transform 

delay time reveals the precession signals of a third radical 

(compare Figures S16 and S17). Careful examination of all 

spectra by varying the Fourier transform delay revealed 

oscillations in signal amplitudes but no more radicals. 
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Figure 2. Transverse-field µSR spectra at 14.48 kG obtained from a solution 

of 1 in tetrahydrofuran at 53.5°C (upper), 2 in tetrahydrofuran at 53.7°C 

(middle), and 3 in tetrahydrofuran at 54.6°C (lower).  

A summary of the muon hfcs for all radicals detected is given 

in Table 1. The data are grouped into columns with similar 

values, labelled A1–A4, although the largest entry for 2 appears 

to be an outlier and possibly represents a different structure to 

the others in the A4 column. The effect of varying the substituent 

on P is best seen in the A1 column. There is also a clear effect of 

temperature. Both observations suggest that the bulk of the 

substituent (R in Schemes 1 and 2) influences the relevant 

dihedral angle ø. The effect is strongest for the smallest hfcs (A1) 

because those correspond to values of ø close to 90°, and  

hyperfine constants depend on cos2ø.[24] The temperature 

dependence of the other sets of hfcs is small, consistent with 

larger dihedral angles. There is also a small solvent dependence, 

evident in the spectra taken at 25°C. These findings all suggest 

that the significant differences in the hfc results arise from 

intramolecular effects.   

To assign the muon hfcs to individual radical structures and 

conformations, DFT calculations were carried out for 

phosphasilenes 1-4 and the radicals formed by adding an H 

atom to either end of the Si=P bond. Molecular geometries were 

optimized, and relaxed potential energy surface (PES) scans 

were performed for rotation about the Si-P bond of each radical. 

Computational details are given in the Supporting Information. 

Within the Born-Oppenheimer Approximation an electronic PES 

should apply to all nuclear isotopes, so the equilibrium radical 

geometries and PES scans were assumed to apply to the 

analogous muoniated radicals. Similarly, proton hfcs were 

simply scaled by the ratio of the muon/proton magnetic moments 

(3.183) to estimate muon hfcs; no attempt was made to account 

for mass-dependent isotope effects.[12b] This limitation should be 

taken into consideration when comparing experimental hfcs with 

predictions. In the absence of extensive vibrational analysis, 

computed hfcs correspond to the geometry at the minimum of 

the electronic potential surface. Zero-point vibrational effects can 

result in significant isotope effects for a light atom such as 

muonium.[12b]  

 
Table 1. Summary of muon hyperfine constants determined from µSR spectra. 

Sample[b]  Temp./°C 

Muon Hyperfine Constant/ MHz[a] 

A1 A2 A3 A4 

1 53.5 19.0(1) - - - 

2 53.7 30.1(1) - 61.7(1) 149.0(1) 

3 54.6 21.3(1) - - 101.9(1) 

4 25.3 15.0(1) 48.5(1) 60.4(1) 111.9(1) 

4' 6.3 13.8(2) 48.3(1) 62.0(2) 112.8(1) 

4' 25.2 16.4(2) 47.4(1) 61.1(1) 111.6(1) 

4' 50.6 19.9(1) 46.3(1) 60.2(1) 110.1(1) 

[a] The decimal digits in parentheses denote statistical fit uncertainties. [b] 

THF solvent except for 4' for which the solvent was hexane. 

Figure 3 shows the PES scans for the two radicals formed 

from 4. In both cases there are radical conformations with similar 

energies. Similar scans for the radicals formed from the other 

phosphasilenes can be found in the Supporting Information. In 

all cases Mu addition to Si gives the lower-energy radical. 

However, only the scans for 4 include equiergic minima 

indicating pairs of radical conformations with the same energy. 

This may be why there are more radicals detected from 4 than 

the other phosphasilenes. 

Assignment of the radical signals to specific rotamers 

involves comparison of the experimental hfcs (Table 1) with 

computed values. For ease of discussion the two radicals will be 

denoted 4-SiMu and 4-PMu. The muon hfcs calculated for 4-

SiMu are 90 MHz and 43 MHz for dihedral angles 53° and 213°, 

respectively. For the lowest-energy rotamers of 4-PMu the 

calculated hfcs are 57 MHz and 19 MHz for dihedral angles 200° 

and 320°, respectively. There is also a local minimum in the 4-

PMu PES at 40°. Its calculated hfc is 115 MHz, close to one of 

the experimental values (110 MHz). However, the stability of that 

rotamer is questionable (there is a low barrier for conversion to 

the 320° rotamer), and any isotope effect would give a higher 

experimental hfc than the computed value. The three smallest 

experimental hfcs (20 MHz, 46 MHz and 60 MHz) have good 

matches with predictions, suggesting that the largest value 

1 

2 

3 
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corresponds to 4-SiMu at 53°. The isotope effect (90 MHz 

calculated, 110 observed) is typical for alkyl radicals[12b] but 

equivalent data for a phosphorus-centred radical is limited.[19]  

On balance, therefore, we assign the four detected radicals 

to two rotamers of 4-SiMu (dihedral angles Mu3-Si2-P42-N43 53° 

and 213°) and two rotamers of 4-PMu (dihedral angles Mu51-P41-

Si2-Si1 220° and 320°). 

 

Figure 3. Potential energy surface scans for rotation about the Si-P bonds of 

radicals formed by Mu addition to phosphasilene 4 at the Si atom (lower) or 

the P atom (upper). The blue circles denote radical conformations detected by 

muon spin spectroscopy. 

Similar considerations apply to the assignment of the radical 

signals detected from phosphasilenes 1-3 (see Supporting 

Information) and the results are summarized in Table 2.  

One general result is that P-centred radicals are formed from 

all phosphasilenes (i.e. Mu attack on Si). As evident from the 

final column of Table 2, these are the lowest-energy products 

(presumably due to enhanced delocalization of the  system). 

However, Si-centred radicals were also detected for 4 and 3. 

Since these are over 20 kJ mol-1 higher in energy than the P-

centred radicals, it follows that radical formation must be 

kinetically controlled. The rates of the competitive reactions 

depend on their activation energies, and since the radical 

signals are similar in intensity (Figure 1) we conclude that there 

is not much difference in the activation energies. The radical 

formation reactions are all exoergic (Table 2), so energy 

dissipation must be faster than any equilibration processes 

between the multiple products detected. It should be pointed out 

that the non-detection of Si-centred radicals from 1 and 2 does 

not completely rule out their formation. For example, the lowest 

energy conformer of 2-PMu is predicted to have a muon hfc of 

17 MHz (see the table on page S26), which means that weak 

precession signals could be swamped by the diamagnetic peak 

(see Figure S16).   

Table 2. Summary of radical assignments and conformations. 

Radical 

Hyperfine 

constant/MHz 

 
Assignment 

Exp. Calc. 
 

Dihedral angle () 
Energy/ 

kJ mol-1 [a] 

4-SiMu 

46 43  Mu3-Si2-P42-N43 [b]: 213/-147 -242.7 

110 90  Mu3-Si2-P42-N43: 53 -241.6 

4-PMu 

60 57  Mu51-P41-Si2-Si1: 220/-140 -219.7 

20 19  Mu51-P41-Si2-Si1: 320/-40 -219.7 

2-SiMu 

30 31  Mu56-Si2-P3-C4: 34 -251.6 

149 141  Mu56-Si2-P3-C4: -66 -232.9 

3-SiMu 21 21  Mu65-Si2-P3-C4: 30 -250.8 

3-PMu 102 81  Mu27-P3-Si2-Si1: 109 -226.6 

1-SiMu 19 22  Mu62-Si2-P3-C4: 30 -248.8 

[a] ] Reaction energy, ΔE= E(radical)-E(parent)-E(H). [b] The superscript digit 

denotes the atom number in the calculation. 

Electronic and bulky substituent effects not only stabilize 

phosphasilenes in different ways, but also result in derived 

radicals with various characteristics. The electron-donating 

dimethylamino group in 4 electronically stabilizes the structures 

of Si- and P-centred radicals in different conformations when Mu 

adds to the Si=P double bond; thus multiple rotamers are 

observed. However, the situation is different for the bulky 

phenyl-substituted phosphasilenes 1-3, because bulkier groups 

tend to lock in preferred conformations.[25] Thus, of the Mes-, 

Tip-, and Dur-substituted phosphasilenes 1-3, the Tip-

substituted compound 2 has the bulkiest substituent, so the 

preferred conformations of its radicals should be the most 

stabilized. The detection of two rotamers of the P-centred radical 

supports this point, and is consistent with the two clearly defined 

potential minima evident in the lower panel of Figure S23. In 

contrast, a single radical (Mu addition to Si) is observed in the 

less bulky Mes-substituted phosphasilene 1, where there is only 

one clear minimum (Figure S22). 

Since phosphasilenes 1-3 have similar substituents it is not 

surprising that the resulting P-centred radicals have similar 

geometry and characteristics: muon hfcs in the range 20-30 

MHz, a Mu-Si-P-C dihedral angle of 30 and the lowest energy 

of ca. -250 kJ mol-1. NBO analysis (Table S3 in the Supporting 

Information) shows that the half-filled orbital has almost pure p 

character, and the magnitude of the hfc depends on the extent 

of overlap with the Si-Mu bond. 
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Based on the above experimental and computational results, 

we have established that substituent effects influence the 

characteristics of the formed radicals. This is important because 

the relationship between the substituted phosphasilenes and the 

identity and structures of the formed radicals can lead to a new 

perspective for guiding the design and synthesis of 

phosphasilene monomers in radical polymerization. 

In conclusion, we have synthesized phosphasilenes with 

various bulky phenyl substituents (1-3) and an electron-donating 

amino group (4), and explored how the various substituents 

influence radical formation via the reaction with muonium. All 

phosphasilenes form P-centred radicals, and two of them (3 and 

4) also form more energetic Si-centred radicals, suggesting that 

radical formation is kinetically controlled. Remarkably, for the 

first time, radicals with different rotamer conformations were 

identified in the products of 2 and 4. A single P-centred radical 

was detected as the product of 1. This work demonstrates the 

potential influence of substituents on the phosphasilene radical 

characteristics, which should foster understanding of the 

selective design and synthesis of monomers for stereoregular 

radical polymerization. For further investigation of the 

intramolecular substituent effect on the identity and structure of 

radicals derived from silicon-containing heavy analogues of 

alkenes, we plan to extend our SR studies to silenes. 
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