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Argon-saturated dilute solutions of pivaloyldiphenylphosphine oxide 
(PDPCJ, dimethylpivaloyl phosphonate (PDME) and diethylpivaloyl 
phosphonate (PDEE) in various solvents were irradiated with 20 ns flashes 
of 347 nm light. All compounds underwent CY scission from excited singlet 
states: a’(o) = 1 (PDPO) and @(a) = 0.3 (PDME and PDEE). The singlet 
lifetimes (determined by single-photon counting) are 30 ns for PDPO and 
11 + 3 ns for PDME and PDEE. In the case of PDPO, singlet deactivation 
occurs predominantly via QI scission. In the case of the phosphonates, triplets 
are also formed (@(T) = 0.6; r = 30 ns) as revealed from quenching with 
naphthalene. Dimethoxyphosphonyl and diethoxyphosphonyl radicals 
reacted very effectively with styrene (&. + st = 2 X lo* M-l s-l), as was 
indicated by the formation of the characteristic absorption of adduct styryl 
radicals at 322 nm. In the case of diphenylphosphonyl radicals kR. + st is 
about three times lower, which is thought to result from the rather flattened 
tetrahedral structure of this radical as compared with the pronounced 
tetrahedral structure of O=P(OR)* radicals. In the case of the phosphonates, 
the optical absorption spectra of three transients with different lifetimes 
were recorded which were tentatively assigned to biradicals, phosphonyl 
radicals and pivaloyl radicals. The extinction coefficient e260nm of pivaloyl 
radicals is 2.8 X lo3 M-’ cm-‘. 

1. Introduction 

In parts I [l] and II [2] of this series it was shown that upon irradia- 
tion with UV light various acylphosphine oxides undergo o scission ac- 

0047-2670/86/$3.50 0 Elsevier Sequoia/Printed in The Netherlands 



192 

cording to 

0 
U,R2 hv 

0 

R’-y-P,RJ- 
II ,R2 

RI-F* + ‘E& 

0 0 

(1) 

with quantum yields Q(o) in the range 0.5 - 1.0. 
For those phosphonates with R2 and R3 being 0CH3 or 0CH2CH3, 

as well as Q! scission, intramolecular hydrogen abstraction leading to bi- 
radicals was observed according to the reaction 

0 0 
II ,0CHzCH3 hv 

R’--C-P 
II 0CH2CH3 

8 
‘OCH,CH, 

- RI-C-P/ 

AH 
‘OCH-CH, 

(2) 

All compounds so far investigated have been aroylphosphine oxides? or 
aroyl phosphonates with R1 being the phenyl group or a methyl-substituted 
phenyl group. Interestingly, some of the o-methyl-substituted compounds 
underwent an enolization process as well as :Q scission, e.g. 

0 0 

(3) 

Whenever (Y scission was observed, it occurred very rapidly with a life- 
time of a few nanoseconds or less and it was assumed that this reaction 
involved excited singlet states. However, biradical formation and enolization 
according to reactions (2) and (3) occurred with comparatively low rates and 
it was indicated in quenching experiments that excited triplet states were 
involved in these reactions. 

The objective of the work described in this paper was to investigate 
the behaviour of acylphosphine oxides and acylphosphonates (with R’ 
being an aliphatic group) under the influence of UV irradiation. As typical 
representatives of this class of compounds the following pivaloyl compounds 
were investigated: 

743 0 0 
.Il ,Ph 

7H3 0 

H,C-77-P, 
II ,0CH3 

7H3 

Ph 
H,C-7--7-P, 

It ,0C2H5 
H,C-Y-Y-P, 

CH3 0 CH3 0 
0CH3 

CH3 0 
OC2HS 

PDPO PDME PDEE 

(PDPO, pivaloyldiphenylphosphine oxide; PDME, pivaloylphosphonic acid 
dimethyl ester; PDEE, pivaloylphosphonic acid diethyl ester.) 

*Aroyl, R-C- group with R = aryl. 

:: 
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2. Experimental details 

2.1. Materials 
PDPO, PDME and PDEE were synthesized as described previously [ 31. 

Dichloromethsne, methanol and cyclohexane, all of Uvasol quality, were 
obtained from E. Merck. They were used without further purification. 

2.2. Irradiations 
Dilute solutions of phosphine oxides, in most cases freed from oxygen 

by bubbling with purified argon, were irradiated in rectangular quartz cells, 
For the flash photolysis studies the irradiations were carried out at X = 
347 nm with a ruby laser operated in conjunction with a frequency doubler. 
The flash duration was about 20 ns. 

Actinometry was performed with solutions of benzophenone (1.15 X 
lOA mol 1-l) containing naphthalene (1.03 X 10-l mol 1-l). The absorbed 
dose per flash was calculated from the concentration of naphthalene triplets 
formed by energy transfer from benzophenone with CT-T = 1.32 X low4 
1 mol-’ cm-’ at 425 nm and a(T) = 1.0. The maximum laser output at X f 
347 nm was 8.4 X 1016 photons per flash. 

Fluorescence spectra were recorded under continuous irradiation using 
a fluorescence spectrometer (MPF-4, Perkin-Elmer). Fluorescence lifetimes 
were determined using single-photon counting apparatus (199 M, Edinburgh 
Instruments). 

3. Results 

3. I. Emission measurements 
Figure 1 shows absorption and emission spectra recorded with the three 

phosphine oxides: PDPO in methanol and PDME and PDEE in cyclohexane. 
The emission spectra possess maxima at about 430 nm and the excitation 
spectra resemble the absorption spectra with a red shift of 15 - 20 nm. 
Therefore it was concluded that the observed emission and absorption bands 
reflect Sc-S1 transitions. From the intersection of the excitation and emis- 
sion spectra at about 337 nm the singlet energy E, (O-O transition) of the 
phosphine oxides was estimated as about 310 kJ mol-l. 

Using the single-photon counting technique, rather long emission life- 
times were measured: rs = 30 ns (PDPO); 7s = 14 ns (PDME); rs = 8 ns 
(PDEE). From the kinetic traces presented in Fig. 2 it is seen that in all three 
cases the decay of the emission was single exponential, indicating the 
existence of only one excited fluorescing species. Phosphorescence was not 
detected. 
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Fig. 1. Ground state absorption and emission spectra of pivaloylphosphine oxides re- 
corded at room temperature: (a) [PDPO] = 7.8 X 10 4 M in methanol; (b) [ PDME) = 
6.6 x 10m3 M in cyclohexane; (c) [PDEE] = 3.6 X lop3 M in cyclohexane; -, absorp- 
tion spectra; - - -, emission spectra; - * -, excitation spectra. 

Fig. 2. Single-photon counting emission measurements in argon-saturated solutions of 
{a) PDPO, (b) PDME and (c) PDEE. For solvents and concentrations see caption to Fig. 1. 
&,,, = 347 nm; &,bs = 425 nm. 

It is notable that in the case of benzoylphosphine oxides much shorter 
singlet lifetimes ranging from 0.3 to 0.7 ns were measured [ 1, 21. 

3.2. Absorption measurements with PDPO 
As was reported previously [ 1, 41, PDPO undergoes QL scission quite 

effectively upon irradiation with 20 ns flashes of 347 nm light: 

H37 0 H37 0 
II ,Ph hv 

H3c-Y-F-P1 

II ,Ph 

Ph 
- H&-F-F - + l P, 

Ph 
H3C 0 H&J 0 

(4) 

Diphenylphosphonyl radicals (see spectrum in Fig. 3(a)) were produced 
during and after the flash and the lifetime of formation is estimated to be 
about 30 ns on the basis of the grow-in curve shown in Fig. 3(b). This value 
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Fig. 3. Flash photolysis of PDPO in argon-saturated CH&l2 solution: (a} transient absorp- 
tion spectrum recorded 100 ns after the flash ([PDPO] = 7.8 X lo4 M; Dabs = 3.6 x 10” 
einstein 1-l); (b) oscilloscope traces illustrating the growing-in of the absorption at x = 
330 nm ([PDPOJ = 5 X 104M;Das= 7.4 x lo* einstein 1-l) (the lower trace depicts the 
flash profile). 

correlates well with the singlet lifetime determined in the emission experi- 
ments (see above). It is therefore concluded that CII scission according to reac- 
tion (4) occurs from the excited singlet states. From the optical density OD 
at 335 nm measured 100 ns after the flash the quantum yield @(cu) of (x 
scission was estimated as being about 1 (with e335nm = 1.9 X lo4 M-l cm-‘). 

The transient absorption decay+ according to 
indicating a self-reaction of the 0=P(Ph)2 radicals. 
constant 2kS was estimated as 5 X lo9 1 mol-’ s-l. 

3.3. Absorption measurements with PDME and PDEE 

second-order kinetics 
The bimolecular rate 

As can be seen from Fig. 4, three transient species were detected upon 
irradiating dilute solutions of PDME with 347 nm light flashes. The tran- 
sients absorb light only weakly as expected for aliphatic compounds. Figure 
4(a) shows three spectra measured at the end of the flash and 200 ns and 
600 ns later. Difference spectra obtained by subtraction of the spectra in 
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Fig. 4. Flash photolysis of PDME in argon-saturated CH&!lz solution ([PDME] = 6.6 k 
1O-3 M; Dabs = 1.3 X IO* einstein 1-l): (a) transient absorption spectra recorded at the 
end of the flash (curve l), 200 ns (curve 2) and 600 ns (curve 3) after the flash;(b) dif- 
ference spectra obtained by subtraction of the spectra in Fig. 4(a). 
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TABLE 1 

Characteristic data for the transient specie8 observed with PDME in cyclohexane or 
dichloromethane solution 

Species &EW 
(=I 

Lifetime Remarks 

A 
B 

C 

330 
330 

(260) 
260 

100 - 200 n8 
400 * 700 ns 

0.4 - 1.1 J& 

First-order decay 
First-order decay 

quenched by 02 
Second-order decay 

Fig. 4(a) are presented in Fig. 4(b). Characteristic data for the three species 
are compiled in Table 1. 

The possibility that one of the three species is the PDME triplet can be 
excluded on the basis of results obtained with solutions containing naphtha- 
lene. The characteristic T-T absorption of naphthalene at 420 nm was 
evidence for the formation of naphthalene triplets, and the quenching rate 
constant k, = 2.6 X 10’ M-l s-l was determined from the grow-in curves. The 
lifetime rr of PDME triplets is about 30 ns and the quantum yield a(T) is 
about 0.6. Taking into account the rather short triplet lifetime, it becomes 
obvious that the three transients with lifetimes significantly longer than TT, 
that were observed by optical absorption measurements, are free radicals. It 
is interesting to note that the spectrum of the transient B was readily 
quenched by Oz. This fmding suggests the possibility of assigning B to the 
phosphonyl radicals O=P(OCH& which should be very reactive towards 
oxygen, as concluded from the work with other phosphonyl radicals [ 11. 
Additional evidence for the assignment of the transients was provided by 
experiments with solutions containing styrene. At styrene concentrations up 
to 2 X 10e2 M, the rather intense absorption band of adduct styryl radicals 
with X,,, = 322 nm (see Fig. 5(a)) was formed after the flash. A pseudo- 
first-order treatment of the measured grow-in rates yielded /zR_ + st = 2.2 X 
lo8 M-l s-l (in the case of PDEE, KR. + st = 2.5 X 10s M-l s-l) and TV = 4 X 
lo-’ s (see Fig. 5(b)). The latter value agrees well with the lifetime of species 
B (see Table 1) and the high value of k R. + St suggests that B is not a carbon- 
cenped radical but is a phosphorus-centred radical, i.e. the ‘radical 
O=P(OCH& formed in reaction (1). Accordingly, the observed formation of 
styryl radicals reflects the occurrence of the reaction 

7’=3 
k 

0CH3 H 

O=T* 
+ H,C=C + H,C=yH 

0CH3 Ph 

3~ O=P-CH,__d. (5) 

Ph &H3 ;h 

In principle, the carbon-centred radicals generated in cy scission can also 
react with styrene, forming adduct styryl radicals which also absorb at 320 
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Fig. 5. Flash photolysis of PDME and PDEE in argon-saturated cyclohexane solution 
containing styrene: (a) transient absorption spectra recorded at the end of the flash and 
1.2 /..& later ([PDEE] = 3.6 X 10” M; [styrene] = 1.4 x 10S2 M; I)&s= 1.1 X lo4 einstein 
1-l); (b) pseudo-first-order rate constants for the formation of the absorption at 322 nm 
as a function of the styrene concentration ([PDME] = 6.6 X 10-j M; Dabs = 1.3 X lO+ 
einstein 1-r). 

nm. However, the rate constants of these reactions are about two orders of 
magnitude lower than the rate constant of the reaction of phosphonyl 
radicals with styrene. At the relatively low styrene concentrations employed 
in these experiments ( [St] < low2 M), therefore, reactions of carbon-centred 
radicals with styrene could be neglected. 

Hints for the assignment of species A were obtained from experiments 
with solutions containing large proportions of styrene. Figure 6 shows a plot 
of the pseudo-first-order rate constant of the decay of the absorp_tion at.360 
nm versus the styrene concentration, measured at concentrations up to 
0.1 M. A second-order rate constant kA +St = 2 X 10s M-l s-l is obtained 
from the slope of the straight line; the intercept coincides with the value of 
the rate constant measured with the styrene-free solution. On the basis of 
these findings A is tentatively attributed to a biradical formed by intramolec- 
ular hydrogen abstraction in triplet excited molecules according to reaction 
(2). 

OOW 
[Styrene ) IM) 

Fig. 6. Flash photolysis of PDME in argon-saturated cyclohexane solution: influence of 
styrene on the decay rate of the transient absorption at 360 nm ([ PDME ] = 6.6 x lop3 M; 
v &,s = 1.3 x IO4 einstein 1-l). 
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It still remains to discuss the nature of the long-lived 
an absorption peak at 260 nm. It appears quite feasible 
species to the pivaloyl radicals 

species C having 
to attribute this 

that are generated by a scission according to reaction (1). Because adduct 
styryl radicals were easily detectable by their characteristic absorption band 
at 320 nm (see Fig. 5(a)) and because the extinction coefficient of styryl 
radicals is known [ 53 (es2* nm = 5.8 X 10’ M-’ cm-’ in cyclohexane at 25 “C) 
the quantum yield of EY scission could be determined: @(a~) = 0.3 was ob- 
tained for both PDME and PDEE. 

Fischer et al. [ 61 have studied the kinetics of both the decarbonylation 
and the self-reaction of pivaloyl radicals in methylcyclopentane solution: 

7H3 

kD 

y3 

H&-y-F* - 
H3C--::* + co 

CHs 0 CH3 

y-h 

2 H&-y-F* % products 

cn3 0 

(6) 

(7) 

From the Arrhenius equations 

log Izn = 11.9 - 2;;T 

and 

log 2ks = 13.0 - 2;;T 
. 

(8) 

(9) 

given by these authors [6] (where R is in kilocalories per mole per kelvin), 
kD = 1.3 X 105 s-l and 2ks = 2.3 X 1O’O M-’ s-l are derived for T = 298 K. 
The decay of the absorption of species C occurred definitely faster than 
expected from r = l/kb = 8 ps, which shows that species C cannot be 
assigned to t-butyl radicals. Moreover, the decay of the long-lived absorption 
followed second-order kinetics; as shown in Fig. 7, a plot of the first half- 
lives versus the reciprocal absorbed dose yields a straight line corresponding to 

1 ed 1 
71/2 = 

2ksW- lo = 2ks(OD), = =S@@)&bs 
(101 

(d = 0.6 cm). It turns out that 212s = (2.0 f 0.1) X 1O’O MS1 s-l in accordance 
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Fig. 7. Flash photolysis of PDME in argon-saturated cyclohexane solution: plot of the 
first second-order half-life of the decrease in the long-lived absorption (species C) at 260 
nm us. the reciprocal absorbed dose per flash ( [ PDME ] = 1.47 x 10V2 M). 

with the reported value, and that the extinction coefficient e260 nm of pivaloyl 
radicals in cyclohexane is 2.8 X 10’ M-l cm-‘. 

It should be pointed out that with both PDME and PDEE quite similar 
results were obtained. Therefore, in most cases, results obtained with only 
one of the two, usually PDME, are presented in this paper. 

4. Discussion 

Conclusions concerning the mechanism of the photolysis of the two 
classes of phosphine oxides investigated during this work are depicted in 
Figs. 8 and 9. Contrary to the results for the aroylphosphine oxides, rather 
long-lived excited singlet states (7s = 10 ns) were detected with all three 
compounds. Regarding the singlet deactivation routes, however, significant 
differences were observed. In the case of PDPO, a scission (from singlet states) 
is the predominant deactivation route. With the pivaloylphosphonic acid 
esters PDME and PDEE, (31 scission also contributes significantly to the 
deactivation of the excited singlet states (Q(a) = 0.3). However, intersystem 
crossing to the triplet manifold is the dominating singlet deactivation process 
in this case t@(T) = 0.6). The results indicate that biradical formation plays 

1 PDPD 

1 

hv 

f 1 uorescence 
lPDPO* - ‘PDPO + hv’ 
I 

a-scission 
kr3xl O’s-1 
O(a)=1 

CH3 
I 

“‘=~~’ + 

i,J’h 
‘p. 

Ph 

Fig, 8. Photolysis of solutions of PDPO in cyclohexane or CHzClz. 
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Fig. 9. Photolysis of solutions of PDME in cyclohexane or CH2Cl2. 

a role in the deactivation of the triplets. However, the extent to which this 
reaction occurs has not yet been determined. 

Finally, the very high reactivity of dimethoxy- and diethoxyphosphonyl 
radicals towards styrene deserves some comment. The rate constants found 
in this work ((2.2 - 2.5) X lOa M-l s-l) are three to four times higher than 
the rate constant of the reaction of diphenylphosphonyl radicals (O=P(Ph)2) 
with styrene. Whereas the high reactivities can be explained in terms of the 
pyramidal structure of, the phosphonyl radicals, with the consequence that 
the unpaired electron is easily accessible to the reactants, the differences in 
reactivities of the different phosphonyl radicals can be understood on the 
basis of a pronounced tetrahedral structure in the case of dimethoxy- 
phosphonyl and diethoxyphosphonyl radicals and the more flattened 
tetrahedral structure in the case of diphenylphosphonyl radicals [ 7, 81. The 
more flattened the pyramid the lower is the reactivity of the phosphorus 
radical towards styrene. This aspect will be elaborated in more detail in a 
forthcoming paper [ 91. 
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