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Introduction

Mono(acyl) and bis(acyl)phosphaneoxides, MAPOs and BAPOs, are among the most successful photoinitiators utilized to start radical polymerization reactions with a very high efficiency [1] . They are widely used for a variety of coatings processes and are especially useful for the curing of thick layers and highly pigmented formulations. The unique bleaching of the longwavelengths absorption makes them especially suitable for use in white coatings. [2] Apart from their industrial relevance, the parent molecules and their follow-up products have prominent optical absorption bands [1b, 1c] and are well suited for spectroscopic investigations [1f, 3] providing detailed understanding of the elemental chemical steps involved in these applications.

Despite their widespread use, the fundamental chemistry of MAPOs and BAPOs is little explored. A yet underestimated property of phosphaneoxides is their ability to accept electrons. It was shown that a variety of phosphaneoxides can be reduced by chemical and electrolytic reduction, yielding EPR spectra. [4] We have performed cyclovoltammetric measurements and recorded EPR/ENDOR spectra of one-electron reduced photoinitiators MAPOs and BAPOs 1-4. Their electronic properties have been investigated with density functional theory (DFT) calculations. 

Results and Discussion

Cyclic voltammograms (CV) of 1-4 (Figure 1) reveal quasireversible reduction peaks with E1/2 between -1.8 and -2.04 V vs. Fc + /Fc (Table 1). The reduction potentials of bisacylphosphaneoxides 1 and 4 are approximately 200 mV less negative than those of monoacyl compounds 2 and 3. Notably, the reduction potentials of 1-4 are markedly less negative than those of acetophenone (AC) and benzophenone (BP) [5] , indicating that the R3P=O moiety contributes to the electron-accepting ability in 1-4 and allows electron delocalization in spite of its pyramidal geometry. [6] Table 1. Reduction potentials and CV peak separations for 1-4 (all values vs. Fc + /Fc)

1 2 3 4 BP [c] AP [c] E1/2 / V [a] -1.86 -2.03 -2.04 -1.81 -2.23 -2.60
Ep / mV [b] 89 98 99 97 --

[a] E1/2 = (Epc+Epa)/2, Epc, Epa are cathodic and anodic peak potentials, respectively [b] Ep = (Epa -Epc) [c] Taken from Ref [5] and recalculated to Fc + /Fc as the reference

The quasi-reversible character of the voltammetric peak indicates that radical anions of 1-4 should be rather persistent. Indeed electrochemical (Pt-mesh working electrode) and chemical (K metal in THF, DME, and DME/HMPA) reduction (Scheme 1) led to well-distinguishable EPR spectra, attributed to 1 •--4 •-. In chemically reduced samples, signal intensities remain constant at temperatures below -40 °C. Warming of the solutions to room temperature leads to a substantial decrease of the EPR signal, revealing the decomposition of radical anions into EPR silent products. The EPR spectra are only fairly resolved and dominated by 31 P isotropic hyperfine coupling constants (hfcs) of 2-2.5 mT. Noteworthy, the EPR spectra are better resolved, when the radical anions are generated by electrolysis (Figure 2 and SI). We were able to obtain ENDOR spectra for all radical anions generated by the K-metal reduction. They provided, the absolute values of the 1 H hfcs, not discernible in the EPR spectra, as well as the 31 P hfcs. This does not only lead to a satisfying simulation of the EPR spectra, but also allows estimation of the amount of spin transferred into the aryl and alkyl substituents (Table 2).

As an example, Figure 2 shows the experimental EPR and ENDOR spectra of 1 •-together with the corresponding EPR simulations. The 1 H hfcs of 0.060 mT (6 H), 0.039 mT (12 H), and 0.012 mT (4 H) can be easily discerned in the ENDOR spectrum, whereas they are not resolved in the EPR signals. The EPR data of 1 •--4 •-are summarized in Table 2.

The 1 H hfcs multiplicities obtained for BAPO 1 •-indicate, that the spin and the charge are evenly distributed within the two mesityl substituents, whereas the P-phenyl group does not carry detectable spin. The two mesityl groups are not equivalent in BAPO 4 •-, presumably due to the decrease of the overall symmetry by the 3,6-dioxoheptyl substituent at P(O). MAPO 2 •-reveals three 1 H hfcs of 0.142, 0.165, and 0.100 mT, due to 6, 3, and 2 protons, respectively, attributable to the ortho and para methyl groups and the two meta protons of the mesitoyl moiety. Analogous multiplicities hold for MAPO 3 •-. Accordingly, it can be deduced, that delocalization is exclusively confined to the electronwithdrawing substituents. The (not markedly) differing absolute values of the sets of hfcs indicate, that the alkyl and phenyl substituents produce electronic effects, however, without participating in electron delocalization.

The development of DFT calculations in recent years, has provided relatively accurate predictions of hfc values in organic radicals [7] . It is thus rather remarkable that for 1 •--4 •-the 1 H and 31 P hfcs calculated by DFT (Table 2) differ significantly from the experimental values. In addition to the basis sets given in Table 3, we tested for the most populated conformer of 1 •-a large variety of different basis sets (including EPR-III, cc-pVTZ), their impact was marginal (data not shown). The calculation systematically overestimates the 1 H hfcs. This may be traced back to ion pairing, where ion pairs between the two (formally negative) oxygen atoms and the counterion could lead to conformations, which markedly alter the spin distribution and thereby change the hyperfine coupling in the mesitoyl substituent. Indeed, with ion-paired states included into the calculations, the agreement between experimental and calculated 1 H hfcs improves substantially. S2, Supporting Information). [a] . g factors:

1 •-, 2.0042; 2 •-2.0039; 3 •-2.0038; 4 •-2.0044
A more detailed insight into these ion-pairing phenomena, is presented with MAPO radical anion 2 •-as a paradigm. The results are summarized in Table 3. Changes of the basis set have some influence on the 31 P hfc, while the 1 H hfcs hardly alter. However, introduction of either K + or Et4N + , as the counterion, leads to a marked change in the 1 H hfcs. The hfcs for the six equivalent methyl protons in the ortho position and the three para (methyl) protons are almost halved in the presence of K + , and the effect is well distinguishable but less pronounced for Et4N + . Clearly, this is not a consequence of the use of different basis-sets, but a result of the specific interactions between the radical anion and its environment. The ion pairing leads also to a shift in the population of conformational states. In the absence of the counterion, there exists only a single conformational minimum for 2a •-with the two oxygen bonds in trans configuration (Figure 3). In the presence of K + /Et4N + additional conformers can be identified. The conformational equilibrium shifts from trans to cis upon ion pairing. The cis conformer 2b •-has significantly lower 1 H hfcs than the trans conformers 2a' or 2a''. For the 31 P hfcs of 1 •--4 •-the deviation between calculation and experiment seems to be less systematic than for the 1 H hfcs.

The calculation of the 31 P hfcs is extremely sensitive to the geometry of these radical anions. For example, a rotation of the mesitoyl ring between two rotamers of 3 •-can alter the 31 P hfc by 0.6 mT (see also Figue S3). A more accurate calculation of the 31 P hfc for MAPO and BAPO radical anions may therefore require an approach that integrates accurate calculation of conformer populations (conformational free energies) and explicit treatment of solvent and counterion effects. DFT calculations indicate, that the spin and the charge in 1 •--4 •-, are delocalized within the π-electron system of the molecule. This includes the two mesitolyl substituents and the PO unit in 1 •-, and one mesitolyl unit and the PO group in 2 •-, as shown in Figure 4. The largest contributions to this π-type spin system are from the p-orbitals of the carbonyl group (ca. 70% for 2 •-), the phosphorus atom (15%) and the mesitoyl carbons (12%). The singly-occupied molecular orbital of 2 •-(Figure 4) reflects this distribution. Although the values of the 31 P hfcs are relatively high, they reflect a small amount of the spin population at the P atom (since even a low spin population at phosphorus leads to large 31 P hfc values [8] ). This is nicely illustrated by comparing 2 •-with the corresponding phosphorus-centred diphenyl-phosphanoyl radical Ph2(P•)=O, P2 (obtained by the photo-induced homolytic cleavage of the P-CO bond in 2). P2 is well described, since its reactivity is the basis for the success of 2, as photoinitiator of radical polymerization. [1a, 1b, 9] In P2, the 31 P hfc amounts to 36.0 mT [3g, 3i, 10] , more than one order of magnitude larger than in 2 •-. The reason for this immense difference is two-fold: i) the overall phosphorus spin population in P2 is exceedingly higher, and ii) the s-orbital character in P2 is more pronounced.

Thus, experiment and calculation both suggest that 1 •--4 •-are π-type delocalized radical anions. The reason for the diminished symmetry in 4 •-is very likely connected with the alkoxy chain, which, together with a single carbonyl group, is involved in a strong complexation of the counterion. Accordingly, an asymmetric spin distribution among the two mesitoyl units is induced. Here, binding and unbinding of the counterion, are slow at the hyperfine EPR time scale diminishing the overall symmetry.

Conclusions

We have shown that phosphane oxides display, in addition to their photochemical reactivity, a well-defined redox chemistry and form remarkably persistent radical anions. The electron distribution in these radical anions reflects the π*-orbital. This property relates to the photochemistry of BAPOs where upon n-π* excitation, one P-C bond breaks and the acyl group is cleaved off selectively in a Norrish type I reaction. [10a] A related follow-up reaction, the cleavage [R 1 R 2 P(=O)-COMes] - R 1 R 2 P(=O) -+ MesCO  contributes to the thermal instability of MAPO and BAPO radical anions. However, MAPOs and BAPOs may possess valuable properties, since π-π* transition-based electron transfer reactions could be coupled to the n-π* type chemistry, as such transitions can be excited selectively, since they are well separated (Figure 4). These distinct photochemical characteristics together with the electron distribution in the one-electron reduced stages of acylphosphane oxides, which is markedly different from the parent molecules, opens new opportunities for their chemical reactivity. This is the subject of on-going investigations.

Experimental Section

Materials. (Photoinitiators (PIs) 2,4,6-bis(trimethylbenzoyl)phenylphosphane oxide 1 (Irgacure® 819) 2,4,6-trimethylbenzoyl)diphenylphosphane oxide 2 (Lucirin® TPO) and Ethyl-2,4,6trimethylbenzoylphenylphosphinate 3 (Lucirin® TPO-L) were purchased from BASF SE and were used as received. The BAPO derivative 2,4,6-bis(trimethylbenzoyl)- (2-(2methoxyethoxy)ethyl)phosphane oxide 4 was prepared in 92 % yield as yellow oil as reported in ref. [1h] Acetonitrile (ROTIPURAN®, ≥99,5 %, p.a.; Roth) and Tetrabutylammonium perchlorate (N(Bu)4ClO4, puriss. electrochemical grade, Fluka, dried under reduced pressure at 340 K for 24 h prior to use) were used in the electrochemical experiments. Tetrahydrofuran (THF, Sigma-Aldrich) was heated to reflux over a Na/K alloy and stored over a Na/K alloy under high vacuum. Its deep blue color in combination with benzophenone was used as an indicator for rigorously water-free conditions. Cyclic voltammograms (CV) were obtained with a PG580 potentiostat (Uniscan, UK) using the standard three electrode electrochemical cell with platinum disk working (WE) and counter (CE) electrodes and a silver wire pseudoreference electrode (RE). Approximately 1 mM sample solutions were prepared in CH3CN with 0.1 M N(Bu)4ClO4 supporting electrolyte and purged with argon for 10 min before each experiment. CVs were recorded at the 100 mV s -1 scan rate. All potentials are given vs. Fc/Fc + used as internal reference and are uncorrected from ohmic drop. EPR/ENDOR Spectroscopy Radical anions of 1-4 were prepared by controlled potential electrolysis in the 0.2 M N(Bu)4ClO4/CH3CN solutions and/or by the chemical reduction in THF. The electrolysis was performed at ambient temperature, in situ in the cavity of the EPR spectrometer using EPR electrochemical flat cell (Pt mesh WE, Pt wire CE and Ag wire RE) and applying potential 100 mV more negative than the halfwave potential (E1/2) of the corresponding reduction process. Samples for the chemical reduction were prepared in a special three compartment EPR sample tube connected to the vacuum line. K-metal mirror was sublimated to the wall of the tube and about 0.4 mL of THF was freshly condensed to dissolve the investigated compound. The sample was successively degassed by three freezepump-thaw cycles and sealed under high vacuum. Reductions were performed by contact of the THF solution of the parent molecule with the K-metal mirror in the evacuated sample tube. Two Bruker X-band spectrometers, EMX (100 kHz field modulation) and ESP 300 (equipped with an ENDOR unit, 12.5 kHz field modulation), both with an EUROTHERM temperature control unit, were used to record the cw-EPR and ENDOR spectra. Typical experimental conditions for the EPR spectra were 2 mW microwave power and 0.03 mT field modulation. ENDOR spectra were recorded with 20 mW microwave power, 0.1 mT field modulation, 10 MHz pump frequency, 100 kHz modulation depth and field locked at the maximum of the high field line of the phosphorus doublet. Spectra were analyzed with WinEPR and SimFonia software provided by the spectrometers manufacturer as well as with WinSim [11] , a public domain program. Calculations Software: Molecular dynamic simulations were performed with the program CHARMM [12] , version c36b1; clustering was done with the trajectory analysis tool Wordom0.22 [13] , version 0.22; and density functional theory (DFT) calculations were carried out with the program Gaussian09 [14] , RevA02. Conformational sampling: A systematic conformational analysis was performed for radical anion 2 •-on the level UB3LYP/6-31+G* by a constrained scanning around the P-C(=O) bond and one of the P-C(Ph) bonds. Subsequent unconstrained geometry minimization and subsequent removal of conformational duplicates yielded a single conformer. In addition, we optimized the geometry of 2 •-in the presence of counterions K + and Et4N + which yielded three conformers. For the more flexible systems 1, 3 and 4 we initially performed for their neutral state a 1-s molecular dynamics simulation at 350K using the Merck force-field MMFF (parameters were obtained from SwissParam [15] ). Conformations were extracted every 100 ps and minimized for 2000 steps of adopted basis Newton-Raphson prior to clustering [16] using the root-mean-square deviation of nonhydrogen atoms as clustering criterion; the leader algorithm was applied with a cutoff criterion of 0.5 Å. Cluster headers were minimized as radical anions on the DFT level UB3LYP/6-31+G* and conformational duplicates were removed. This yielded six, ten and 44 confomers for radical anions 1 •-, 3 •-and 4 •-, respectively. Calculation of electronic properties: Based on the UB3LYP/6-31+G*-minimized structures, the potential energy and spin densities were determined by single-point calculations on the level UB3LYP/6-311++G**. In addition, we tested the effect of the solvent (THF) using the continuum solvation model PCM. [17] Finally, the isotropic hyperfine coupling constants were calculated through a Boltzmann-weighted average over all confomers; the weight of a given conformer i was

𝑝(𝑖) = 𝑒 -𝐸(𝑖) 𝑘 B 𝑇
𝑍 with kB the Boltzmann constant, T the temperature, and E(i) the single-point energy of conformer i; Z is the sum of all weights. For chemically identical nuclei the mean value is reported in Table S2 (assuming fast exchange).
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Scheme 1 .

 1 Scheme 1. Bis-and Mono-Acylphosphaneoxides 1-4

Figure 1 .

 1 Figure 1. Cyclic voltammograms of 1-4 (0.5 mM, solvent, CH3CN; supporting electrolyte, 0.1 M tetrabutylammonium perchlorate) using a Pt working electrode, Pt counter electrode and Ag pseudo-reference electrode (potentials are given vs. Fc + /Fc) and 100 mVs -1 scan rate. The direction of the potential sweep is indicated by the arrow.

Scheme 2 .

 2 Scheme 2. Reduction of 1-4 leading to the corresponding persistent radical anions 1 --4 -

Figure 2 .

 2 Figure 2. a) EPR spectra obtained by electrochemical reduction (Pt cathode, g = 2.0042) of 1 and 2 (solvent CH3CN, supporting electrolyte, N(Bu)4ClO4), with the simulation, T =298K; b) EPR spectrum of 1 after chemical reduction with K in THF, T = 200 K, with the simulation; c) corresponding ENDOR spectrum (THF, T = 200 K).

Table 2 .

 2 31 P and 1 H hfcs (/mT, values in parentheses indicate the number of equivalent nuclei) together with their calculated counterparts (UB3LYP[PCM=THF]/6-311 ++ G ** ) and g factors for 1 •--4 •-(K + /THF, T = 200 K). Calculated hfcs < 0.03 mT are not listed (see instead Table

Figure 3 .

 3 Figure 3. The calculated conformers of 2 •-.in the absence (top) and presence (bottom) of the counterion K + . Dominant conformers are indicated by a frame. The 1 H hfcs of the mesitoyl ring are shown (in mT) as well as the relative energy (UB3LYP[PCM=THF]/6-311 ++ G ** , in kcal/mol) for the ion pairs.

Figure 4 .

 4 Figure 4. The lowest-energy conformers of 1 •-and 2 •-and their singly occupied molecular orbitals.

Figure 5 .

 5 Figure 5. UV-VIS spectra of 1-4 displaying the regions for π-π* and n-π* transitions.

  Figure S1. a) EPR spectrum obtained by electrochemical reduction (Pt cathode, g = 2.0038) of 3 (solvent CH3CN, supporting electrolyte, N(Bu)4ClO4), with the simulation ; T =298K; b) EPR spectrum of 3 after chemical reduction with K in THF, T = 200 K, with the simulation; c) corresponding ENDOR spectrum (THF, T = 200 K).

Figure

  Figure S2. a) EPR spectrum obtained by electrochemical reduction (Pt cathode, g = 2.0044) of 4 (solvent CH3CN, supporting electrolyte, N(Bu)4ClO4); T =298K; b) EPR spectrum of 4 after chemical reduction with K in THF, T = 200 K, with the simulation; c) corresponding ENDOR spectrum (THF, T = 200 K).

Figure S3 .

 S3 Figure S3. The two most populated conformers of radical anion 3 •-. The energy difference is 0.04 kcal/mol. A 90-degree rotation around the C(=O) -C(Mes) bond changes the 31 P hfc by than 0.5 mT.

  

Table 3 .

 3 31 P and 1 H hfcs (/mT) for 2 •-with different basis sets, solvent models, and counterions. The hfcs of the phenyl substituents are not listed since they are substantially smaller than those of the mesitoyl substituent. The complete data are presented in the Supporting Information TableS2).

		31 P	1 H -mesitoyl	
			o-Me	m	p-Me
			6 H	2 H	3 H
	6-31+G*	-2.029	0.209	0.131	0.282
	6-311++G**/6-31+G*	-2.395	0.200	0.121	0.275
	6-311++G**/6-31+G*	-2.502	0.205	0.130	0.281
	[PCM=THF]				
	with counterion K +				
	6-31+G*	-2.385	0.108	0.112	0.119
	6-311++G**/6-31+G*	-2.773	0.104	0.106	0.117
	6-311++G**/6-31+G*	-2.724	0.107	0.106	0.123
	[PCM=THF]				
	with counterion Et4N + :				
	6-31+G*	-2.133	0.155	0.128	0.213
	6-311++G**/6-31+G*	-2.261	0.147	0.113	0.190
	6-311++G**/6-31+G*	-2.551	0.149	0.120	0.210
	[PCM=CH3CN]				

  •-(hfcs are given in mT) in CH3CN/N(Bu)4 + 298K

	31 P	1 H (o)	1 H (p)	1 H (m)	1 H (o') 1 H (p') 1 H (m') g factor
	1 •-(exp) a 2.35 0.053 (12) 0.060 (6)		2.0042
	2 •-(exp) a 2.43 0.119 (6)	0.165 (3) 0.104 (2)	2.0039
	3 •-(exp) a 2.23 0.094 (6)	0.134 (3) 0.026 (2)	2.0038
	a Spectra were recorded in CH3CN at 298K		

Supporting Information Analytical details on 4,EPR/ENDOR spectra of 3 •-and 4 •-, the complete set of calculated EPR data of 1 •--4 •-, calculated orbital spin populations of 2 •-, and a figure displaying populated conformations in 3 •-.
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Calculations

Table S2. Calculated isotropic hyperfine coupling constants (in mT) for radical anions 1