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Abstract 

The excited state behaviour of l-phenyl-3 (2,4,6-trimethylphenyl)-4,5-dihydropyrazole (1) and of the corresponding 1- (4-diethylamino- 
phenyl) (2) and 1-(4-morpholinophenyl) (3) derivatives has been explored. All of these compounds fluoresce efficiently and the Stokes 
shift ( 11.6× 10 3 cm ~ with 1) increases by (2-3) × 103 cm ~ with the introduction of the electron-donating groups. They are unaffected 
both by direct irradiation in deoxygenated solution or by photosensitization with benzophenone. Compounds 1 and 2, but not 3 are dehydro- 
genated to the corresponding pyrazoles by irradiation in deoxygenated acetone. In air-equilibrated toluene, acetonitrile or ethanol, direct 
irradiation (A > 300 nm) of these pyrazolines causes only a slow reaction. However, 2 and 3 are dehydrogenated by irradiation at 254 nm in 
toluene. 1 is dehydrogenated by singlet oxygen in a dye-sensitized reaction, but this is not the case with 2 and 3, and these compounds act as 
physical quencher of singlet oxygen with no measurable reaction. The key factor for rationalizing these reaction is the low oxidation potential 
of the substrates. © 1997 Elsevier Science S.A. 
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1. Introduction 

A LPyrazolines ( IH-4,5-dihydropyrazoles)  have long 
been known for their strong fluorescence and count among 
the most largely used optical whiteners [ 1 ]. Substituents at 
positions 1 and 3 have a major effect on the luminescing 
properties, and most of the substrates studied are 1,3-diaryl- 
1H-4,5-dihydropyrazoles, for which fluorescence quantum 
yields are commonly > 0.8 [2 -6 ] .  It has been demonstrated 
that steric hinderance to planarity in the ground state (e.g. 
introducing ortho substituents in 1,3-diphenyl derivatives) 
causes a blue shift in the absorption spectrum and virtually 
no effect on the fluorescence spectrum, and thus leads to a 
large Stokes shift (of  the order of 104 cm ~) [2,7].  This 
property makes such substrates convenient for monocom- 
ponent scintillating solutions, since the Stokes shift is large 
enough to make unnecessary the use of  a second component 
for minimizing the superimposition between absorption and 
fluorescence spectra. Indeed, l -phenyl-3-(2,4,6-tr imethyl-  
phenyl)-4,5-dihydropyrazole  (PMP) has come into use as a 
scintillator for J4C and 3H counting, and its convenience with 
respect to traditional scintillators has been demonstrated as 
well as its applicabili ty as a polymer (e.g. polyvinyltoluene, 
polystyrene) dispersion in optical fibres [ 8 ]. Obviously,  pho- 
tostability is of the utmost importance for this use. Therefore, 
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we presently report our recent work about the photoreactions 
of PMP and some of  its derivatives. 

2. Results 

The substrates studied were the 1-phenyl derivative 
I = P M P  and the corresponding l - (4-die thylaminophenyl)  
and 1-(4-morpholinophenyl)  derivatives (2 and 3).  The last 
two derivatives were prepared in order to test whether sub- 
stitution would further widen the Stokes shift observed with 
1. Absorption and corrected fluorescence spectra of  com- 
pounds 1 to 3 are reported in Table I and Fig. 1. On the other 
hand, no phosphorescence was detected, nor was any tran- 

Table 1 
Absorption and fluorescence maxima about the pyrazoles and pyrazolines 
considered ( inMeCN, 10 Scm ~) 

Compound p~ ~'~ A Vst 

l 34.5 22.9 11.6 
2 33.9 19.2 14.7 
3 33.3 19.5 13.8 
4 34.5 22.8 
5 35.1 25.6 
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Fig. 1. (a) Corrected and normalized fluorescence (arbitrax 3, units) spectra 
of the pyrazolines 1 ( ), 2 (- - -), 3 (...). (b) Corrected fluorescence 
spectrum of the pyrazole 4. 

Table 2 
Yield of chemical products 

S ubstrate Conditions Products ( % yield) 

1 Me2CO, hv > 300 nm, 10 h 4 (70) 
l RB, MeCN, hv>300 nm, 1 h 4 (86) 
2 Me2CO, hv > 300 nm, 25 h 5 (82), 6 (12) 
2 PhCH3, hv 254 nm, 30 h 5 (40) 
3 PhCH 3, hv 254 nm, 20 h 7 (31) 

sient observed by laser flash photolysis. Irradiation of  these 
compounds in deaerated acetonitrile, ethanol or toluene solu- 
tion at A > 300 nm led to no measurable decomposit ion after 
several hours. With air-equilibrated solution a slow reaction 
took place, yielding a complex product distribution. 

Irradiation of  argon-flushed acetone solutions led to an 
efficient reaction with compounds 1. A single photoproduct 
was isolated, and was shown to be the pyrazole 4 by its 
analytic and spectroscopic properties ( see Section 4,Table  2 
and Scheme 1 ). The reaction of compound 2 was slower, but 
rather clean, and gave the diethylaminophenylpyrazole 5 as 
the main product, accompanied by a minor amount of  the 
corresponding monoethylamino derivative 6. In a separate 
experiment,  it was shown that irradiation in acetone of  pre- 
formed 5 led to 6. On the other hand, the pyrazoline 3 showed 
very little decomposit ion under this condition, with formation 
of  a trace of  the pyrazole 7 (see below) and of unidentified 

products. 

Me 

Mc @ ~ N - - @ X  

Me 

Irradiation of  air-equilibrated toluene solutions at 254 nm 
gave modest  decomposit ion with 1, while a rather efficient 
reaction took place with 2, to give again 5 as the main product, 
as well as, although more slowly, with 3, to give 7. 

Irradiation in acetonitrile in the presence of  benzophenone 
( > 300 nm) caused very little decomposit ion of  all of  the 
above substrates. The reaction was carried out preparatively 
(in MeCN)  with 1, where the only product detected was 
benzopinacol (not measurably formed by irradiation of  
Ph2CO for the same time in the absence of  1 ). 

Visible light irradiation of  an oxygen-equil ibrated solution 
of  1 in MeCN in the presence of  Rose Bengal led to a clean 
conversion to the pyrazole 4. On the other hand, both 2 and 
3 underwent only a very slow reaction, giving a trace of  
products 5 and 7, respectively, under this condition. Further 
experiments included the measurement of the total quenching 
constant of  singlet oxygen, directly measured via lumines- 
cence quenching, and, in the case of  product 1, the measure- 
ment of  the rate of  chemical reaction with singlet oxygen in 
acetonitrile by comparison with ottaline (for which the value 
determined in benzene was used).  The results are reported in 
Table 3. 

Some experiments were then carried out: in order to test 
whether the pyrazol ine-pyrazole  conversion observed under 
some conditions could be obtained also thermally, in partic- 
ular by radical initiators. It was found that, while AIBN is 
ineffective, N-bromosuccinimide converts 3 into 7 efficiently 
in refluxing acetonitrile. 

Finally, voltammetric measurements showed a irreversible 
oxidation wave for pyrazoline 1 and a reversible wave for the 
two dimethylaminophenyl  derivatives 2 and 3 (see Fig. 2).  
The evaluated oxidation potentials are listed in Table 3. 

hv 

3. D i s c u s s i o n  

The photophysics of arylpyrazolines has been extensively 
investigated, as one may expect in view of  the great signifi- 
cance of  these products as optical brighteners and scintilla- 
tors. The relevant information for this study can be 
summarized as follows. These molecules fluoresce strongly 
(e.g. 1,3-diphenylpyrazoline, 8, qbF=0.75, rv = 3.25 ns in 

Me 

Me 

Me 

I X=H 
2 X=NEt2 
3 X=Morpholino 

P h - - ~ N  --Ph 

8 
Scheme 1. 

4 X=H 
5 X=NEt2 
6 X=NHEt 
7 X=Morpholino 
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Table 3 
Redox parameters for the pyrazolines 1-3 

145 

Substrate Eox (V vs. SCE) AG~t (eV) ~ 

Me2CO 3. Ph2CO 3. 102 

k. ( × '02) k, ( X '02) 

(M 1S 1) (M is  i) 

1 0.91 + 0.42 - 0.26 + 0.53 8.4 × 107 
2 0.26 -0 .22 -0 .92  -0 .12  
3 0.35 -0.13 -0.83 -0.03 1.1 X 10  9 

1 X 10  6b 

The A G~ for electron transfer was calculated according to the Weller equation, A G~ = Eox(D) -E~a(A)  - E , ~  + e2/em For the oxidation potential of the 
pyrazolines, see above. For the reduction potential and excitation energies of the ketones and oxygen see Refs. [9-11 ]. In the case of acetone, the reduction 
potential in MeCN is assumed to be at - 2.90 V vs. SCE, with respect to the reported value of - 2.34 V in water, viz that the shift is similar to that observed 
for benzophenone in the two solvents. 
b Based on competition experiments with ottaline. The rate constant measured for ottaline in benzene has been used, 1.84× 106 M-~ s-  ~ [ 12]. 
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Fig. 2. (a) Cyclic voltammetry for pyrazoline 1. (b) Cyclic voltammetry 
for pyrazolines 2 ( ) and 3 (- - -). In every case the scan speed was 
50 mV s -~. 

ance maximum and a marked red shift in the fluorescence 
maximum with respect to compound 1 (see Table 1 ). This 
effect is in the same direction as, although nmch larger than, 
that previously observed with other p-substituted l-phenyl- 
pyrazolines (e.g. 1-(4-methoxyphenyl)-3-phenylpyrazoline 
shows v~(max) =27 .03×  103 c m  -1 ,  u f ( m a x )  =21 .10×  
103 cm -~) [2]. This is rationalized with reference to the 
polarization from N~ to N2 existing in these compounds. The 
large Stokes shift observed with these amino derivatives 
( (14-15) × 103 c m -  l) is thus understandable in view of the 
internal charge transfer character of the excited singlet of 
these compounds, and makes them suitable candidates for the 
use as scintillators. 

benzene) [2]. Substituting a mesityl for a phenyi ring in 
position 3 hinders planarity in the ground state and leads to 
a marked blue shift of the absorption spectrum and thus to a 
larger Stokes shift ( 10.37 × 103 c m -  i for compound 1 vs. 
4.98 X 103 c m  J for parent 8), but has otherwise little effect 
on the excited singlet state characteristics (qbF=0.70, 
rF=3.01 ns in benzene for 1). As far as the triplet state is 
concerned, no monomolecular phosphorescence has been 
detected in glassy solvent at 77 K, but only a weak emission 
originating from associated species. On the basis of an indi- 
rect evidence, it has been proposed that the triplet of 8 is at 
47-49 kcal mol -  t [ 13 ]. 

As for the photochemistry, Schrader reported that com- 
pound 8, as well as 1,3,4- and 1,3,5-triphenylpyrazoline are 
photodehydrogenated to the corresponding pyrazoles by irra- 
diation in air-purged benzene [ 14]. Evans observed the for- 
mation of pyrazoles from various pyrazolines both on direct 
irradiation and on dye-sensitization, and proposed a singlet 
oxygen mechanism [ 15-18]. Davidson raised doubts about 
the implication of singlet oxygen in the direct irradiation of 
8 (for which he detected no triplet-triplet absorption), and 
found that observation of a solvent isotope effect is not nec- 
essarily an indication of such a mechanism [ 191. 

3.2. Photochemistry 

The photochemistry has been explored in representative 
apolar, polar and protic solvent. Direct irradiation of these 
compounds is inefficient in all cases, and leads to some reac- 
tion only in oxygen-saturated solutions ( see below). The lack 
of reactivity is understandable since emissive decay from the 
singlet accounts for the largest part of the absorbed quanta. 
It is doubtful whether a significant intersystem crossing takes 
place, since the present compounds, similarly to the pyrazo- 
lines previously tested [ 19], show neither phosphorescence 
nor triplet-triplet absorption in flash photolysis. At any rate, 
triplet states, if formed, have no radical character as shown 
by the lack of reactivity in deoxygenated alcohols. 

On the other hand, these substrates under various condi- 
tions all undergo photodehydrogenation to the corresponding 
pyrazoles, which obviously limits their application as scintil- 
lators and leads to a new, blue-shifted fltuorescence (see 
Fig. 1 (b) tor compound 7). Although the chemical reaction 
remains the same along the series, the contrasting structure 
and conditions dependence observed with the three substrates 
studied suggest that different mechanisms are possible. The 
determining factor is in any case the easy oxidation of these 
compounds (see Table 3). 

3.1. Photophysics 3.3. Photoreaction in the presence of ketones 

As for the presently considered derivatives, the amino- 
phenyl pyrazolines 2 and 3 show a minimal shift in the absorb- 

Beginning with the reaction in the presence of ketones, the 
lack of reaction in the presence of benzophenone (under 
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conditions where only the ketone absorbs the light) can be 
rationalized with reference to Table 3. This shows that single 
electron transfer to benzophenone triplet is exothermic [ 9]. 
Thus, a radical ion pair is formed (Scheme 2, path a). How- 
ever, no irreversible chemical reaction results, showing that 
pyrazoline radical cations do not undergo efficient deproton- 
ation. Indeed, it has been shown that related radical cations 
(those of anilines) are relatively weak acids (for the dime- 
thylamine radical cation the pKa in MeCN is 9, and the value 
is higher with electron donating substituted dimethylanilines, 
which can be compared with compounds 2 and 3) [ 20]. Thus, 
proton transfer is slow in the absence of a nucleophile 
[21,22]• The radical anion of benzophenone is formed, as 
indicated by the obtaining under this conditions of a little 
amount of pinacol arising from protonation ol' the radical 
anion by moisture present in the solvent. However, this spe- 
cies is not sufficient basic [22,10] to make proton transfer 
from the pyrazoline radical cation fast enough to overcome 
back electron transfer (see also below). As a result, physical 
decay to give the ground state reagents is the main path for 
the radical ion pair (Scheme 2). 

On the other hand, pyrazolines 1 and 2 react upon irradi- 
ation in acetone (again, the ketone absorbs the light). The 
interpretation here is less straightforward, since the reduction 
potential of acetone in MeCN has not been reported, and the 
value in water [ 10] is expected to be much less negative than 
that in MeCN. An estimate shown in Table 3 suggests that 
electron transfer exothermic also in this case with 2 and 3, 
while it is endothermic with 1. Thus, with 1 the reaction may 
be initiated by hydrogen abstraction (Scheme 2, path b), but 
with 2 single electron transfer is still the first step (path a). 
That compound 2 react in this case and not with benzophe- 
none can be attributed to the stronger basicity of the acetone 
radical anion with respect to the delocalized radical anion of 
benzophenone, which makes proton transfer competitive with 
back electron transfer. Indeed, the reported pKa for the con- 
jugate acids in water are 12.2 for the Me2COH" radical and 
9.2 for the PhzCOH. radical [ 10]. In an aprotic solvent, both 
radical anions are expected to be stronger bases, but the dif- 
ference remains. 

It is noteworthy that in the case of compound 2 proton 
transfer from the ring-methylene largely overcomes that from 

the diethylamino group, giving 5 as the only detectable pri- 
mary photoproduct. Only after the first dehydrogenation step 
leading to aromatization of the pyrazoline ring does hydrogen 
transfer from the diethylamino group takes place, yielding 6 
as a secondary photoproduct from 5 (see separate 
irradiation). 

This suggests that the conformation of the initial caged 
radical ion pair determines the chemoselectivity, since back 
electron transfer cuts down any process not sufficiently fast. 
The fact that pyrazoline 3 is not rearomatized in acetone may 
be explained by a conformation unfavourable to proton trans- 
fer from position 4 (the morpholino group is less bulky than 
the diethylamino group, and this may alter the preferred con- 
formation, with the acetone anion now closer' to the exo amino 
function). That 3 is slowly consumed under this condition 
probably depends on the occurrence of different reactions 
involving the morpholino moiety• 

3.4. Dye-sensitized reaction 

The dye-sensitized reaction involves singlet oxygen. The 
chemical reaction of 1 is pyrazoline ring rearomatization,just 
as previously reported with parent 8 [ 14,15,]l 9 ]. The reaction 
is slow and the chemical yield of 4 is unsatisfactory owing to 
its further decomposition at a long irradiation time. The total 
rate for quenching of singlet oxygen ( 8.4 × 107 M -  ~ s - ~ ) is 
much higher than that for chemical reaction, with physical 
quenching approaching 99%. This may be: compared with 
similar easily oxidized substrates, e.g. dialkylanilines which 
have a similar total quenching rate for singlet oxygen (e.g. 
for N,N-dimethylaniline a value of 7.3 × 10 7 M - I  s - l  has 
been reported), and for which physical quenching appears to 
be the only mechanism [ 23 ]. With 1, this predominates again, 
but some chemical reaction takes place. This can be ration- 
alized as proton transfer from the pyrazoline to singlet oxygen 
within a strongly polarized complex (Scheme 3, path a). The 
primary chemical process is clean, although at increasing 
conversion secondary reactions of 4 complicate the product 
distribution. Apparently, the thermodynamic drive towards 
the fully conjugated system precludes the loath to the other 
products one may have anticipated, such as 3-pyrazolones or 
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ring-cleaved derivatives, which are not formed in detectable 
amounts. 

On the other hand, dye-sensitization is ineffective with the 
pyrazolines 2 and 3. The total quenching rate grows by over 
one order of magnitude, but chemical reaction does not occur 
to a measurable extent. As one can see from Table 3, in this 
case electron transfer is exothermic, thus a radical ion pair 
rather than a polarized complex is formed (Scheme 3, path 
b). The superoxide anion is a moderate base in water (pKa 
of the conjugate acid is 4.8), and although it has been esti- 
mated that it is stronger in apolar solvents (pKa = 12) [ 11 ] 
this is not sufficient for fast proton transfer, and thus, just as 
in the benzophenone case, the radical ion pair undergoes no 
chemical reaction, although the initial quenching of singlet 
oxygen is fast ( see Table 3). These pyrazolines act as purely 
physical quenchers of singlet oxygen. Thus, a charge transfer 
interaction allows some chemical reaction (proton transfer 
within the complex), but full electron transfer precludes it. 

3.5. Photoreaction in oxygenated solutions 

The decomposition of 1 by direct irradiation in oxygenated 
solutions may occur, as suggested for parent 8 [ 15], via a 
self-sensitized singlet oxygen path. However, this is certainly 
not the case for the slow dehydrogenation occurring with 
compounds 2 and 3 in aerated toluene solutions, since, as has 
been shown above, the singlet oxygen reaction is too slow in 
this case. It is noteworthy that the reaction occurs only by 
short-wavelength irradiation, viz when the solvent absorbs 
the light. Thus, the reaction is due to the generation of 
hydroxy or peroxy radicals under this conditions, reasonably 
via irradiation of the toluene-O2 complex [24,25]. 

PhMe-. "O2 + hv --* PhCH2", PhCH202", OOIT 

radical initiated reactions 

In accordance with this rationalization, when a ground state 
radical initiator is used, aromatization of the pyrazole ring is 
obtained also in the case of compound 3, which thus does not 
differ from parent 1 as far as the liability to radical attack is 
concerned, even though it is more stable to photosensitized 
conditions (both ketone triplet and singlet oxygen). This 
lability is important from the applicative point of view, since 
such molecules are candidates for being used as scintillators 
as dopant in polystyrene [26], of which the toluene solution 
is a model. 

3.6. Conclusion 

In conclusion, introducing a 4'-dialkyamino substituent in 
1-phenyl-3-mesitylpyrazolines causes a marked red-shift of 
the fluorescence, thereby increasing the Stokes shift via an 
electronic effect. This substitution makes the molecules very 
good donors, and this increases their photostability, since the 
observed efficient quenching of both singlet oxygen and 
excited ketones involves electron transfer and leads to phys- 
ical decay rather than to chemical reaction. These molecules 
are still liable to radical attack, and this remains a path to 
rearomatization; however, such a pathway is operative only 
under particular conditions, e.g. short-wavelength irradiation 
of a toluene solution. 

4. Experimental 

The pyrazolines 1-3 were prepared and purified as sepa- 
rately reported [26]. 

The photochemical reaction were carried out in an immer- 
sion well apparatus (200 ml) by irradiation by a Pyrex-fil- 
tered medium pressure mercury arc ( 125 W) while flushing 
with argon or oxygen. Rose Bengal (10 mg/200 ml) sensi- 
tized experiments were carried out in the same apparatus, 
fitted with a coloured (Atr> 450 nm) lamp filter. Short wave- 
length irradiations were carried out in quartz tubes (20 ml) 
which were flushed with argon or oxygen, serum capped and 
irradiated by means of six external 6 W low pressure mercury 
lamps. 

The photolysed solutions were evaporated and the residue 
chromatographed on silica gel eluting with light petroleum 
ether-diethylether (or methyl acetate) mixtures. 

4.1. Isolated products 

1-Phenyl-3- (2,4,6-trimethylphenyl) pyr~zole (4). Col- 
ourless crystals, m.p. 48 °C (Light petroleum ether) (Found: 
C, 82.2, H, 7.0, N, 10.5%. Calcd for Ct8H~8N2: C, 82.40, H, 
6.92, N, 10.68) 6H (CDC13) 2.2 (s, 6H), 232 (s, 3H), 6.33 
(d, 1H, J 2), 6.92 (s, 2H), 7.25 (m, 1H), 7.'75 (m, 2H), 8.02 
(d, 1H, J = 2 ) .  v /cm -~ 1500. 

1-(4-Diethylaminophenyl)-3-(2,4,6-trimethylphenyl)- 
pyrazole (5). Colourless crystals, m.p. 87'. °C. (Found: C, 
79.1, H, 8.0, N, 12.6. Calcd for C2eH27N3: C, 79.24, H, 8.16, 
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N, 12.60). ~H 1.18 (t, 6H, J=7) ,  2.2 (s, 6H), 2.32 (s, 3H), 
3.38 (q, 4H, J=7) ,  6.3 (d, 1H, J=2) ,  6.7 (d, 2H, J=8) ,  
6.92 (s, 2H), 7.52 (d, 2H, J=8) ,  7.75 (d, 1H, J=2)  u/ 
cm- 1 1500. 

1- (4-Ethylaminophenyl)-3-(2,4,6-trimethylphenyl)- 
pyrazole (6). Colourless crystals, m.p. 85 °C. (Found: C, 
78.8, H, 7.5, N, 13.6. Calcd for C2oH23N3: C,  79.05, H, 7.59, 
N, 13.76). ~i 1.28 (t, 3H, J=7) ,  2.18 (s, 6H), 2.32 (s, 3H), 
3.18 (q, 2H, J=7) ,  6.3 (d, IH, J=2) ,  6.65 (d, 2H, J=8) ,  
6.9 (s, 2H), 7.5 (d, 2H, J=8) ,  7.82 (d, 1H, J=2)  v/cm -l 
1500. 

1- (4-Morpholinophenyl)-3- (2,4,6-trimethylphenyl)- 
pyrazole (7). Colourless crystals, m.p. 110-115 °C (cyclo- 
hexane-benzene) (Found: C, 76.0, H, 7.2, N, 12.0, Calcd for 
C22H25N30: C, 76.05, H, 7.25, N, 12.10). ~ 2.18 (s, 6H), 
2.3 (s, 3H), 3.18 (m, 4H), 3.82 (m, 4H), 6.4 (d, 1H, J=  2), 
6.4 (d, 1H, J=2) ,  6.92 (s, 2H), 7.08 (d, 2H, J=3) ,  7.72 
(d, 2H, J=8) ,  8.3 (d , J=2)  ~,/cm -j 1500. 

4.2. Radical oxidation 

A solution ofpyrazoline 3 (50 mg) andN-bromosuccinim- 
ide in 4 ml acetonitrile was flushed with argon and then 
refluxed for 5 min. The greenish solution was evaporated and 
the residue chromatographed as above to yield 30 mg com- 
pound 7. 

4.3. Measurements 

Oxidation potentials were voltammetrically measured by 
Prof. T. Soldi, University of Pavia, who is gratefully thanked. 
Fluorescence spectra were measured by means of a Perkin- 
Elmer self-corrected fluorimeter. Rate constants for the 
quenching of singlet oxygen were determined by laser pulse 
spectroscopy, by measuring the emission lifetime at 1.27/zm 
after oxygen sensitization by phenalenone [ 27 ]. 

Acknowledgements 

Partial support of this work by MURST is gratefully 
acknowledged. 

References 

[ 1 ] A. Wagner, C.W. Schellhammer, S. Petersen, Angew. Chem. Int. En. 
Engl. 78 (1966) 699. 

[2] H. Straehle, W. Seitz, H. Guesten, Ber. Bunsenges. Phys. Chem. 80 
(1976) 288. 

[3] H. Guesten, G. Heinrich, H. Fruehbeis, Ber. Bunsenges. Phys. Chem. 
81 (1977) 810. 

[4] Z. Raciszewski, J.F. Stephen, J. Am. Chem. Soc. 91 (1969) 4338. 
[5] O. Neunhoeffer, D. Rosahl, Z. Elektrochem. 57 (1953) 81. 
[6] O. Neunhoeffer, G. Alsdorf, H. Ulrich, Chem. Ber. 92 (1959) 252. 
[7] H. Guesten, P. Schuster, W. Seitz, J. Phys. Chem. 82 (1978) 459. 
[ 8 ] H. Guesten, W. Seitz, in L.T. Peng, D.L. Horrocks, E.L. Alpen (Eds.), 

Liquid Scintillation Counting, Academic Press, San Francisco, CA, 
1980, p. 51. 

[9] G.J. Kavarnos, N.J. Turro, Chem. Rev. 86 (1986) 401. 
[10] E. Hayon, M. Simic, Acc. Chem. Res. 7 (1974-) 114; R.O. Loutfy, 

R.O. Loufty, Can. J. Chem. 50 (1972) 4052; H.A. Schwarz, R.W. 
Dodson J. Phys. Chem. 93 (1989) 409. 

[ 11 ] D.H. Chin, G. Chiericato, E.J. Nanni, D.T. Sawyer, J. Am. Chem. Soc. 
104 (1982) 1296. 

[ 12 ] L.E. Manring, R.C. Kanner, C.S. Foote, J. Am. Chem. Soc. 105 (1983) 
4707. 

[ 13] I.H. Leaver, Mol. Photochem. 5 (1973) 411. 
[ 14] L. Schrader, Tetrahedron Lett. ( 1971 ) 2977. 
[ 15] N.A. Evans, I.H. Leaver, Aust. J. Chem. 27 (1974) 1797. 
[ 16] N.A. Evans, D.E. Rivett, J.F.K. Wilshire, Aust, J. Chem. 27 (1974) 

2267. 
[ 17] N.A. Evans, Aust. J. Chem. 28 (1975) 433. 
[ 18] N.A. Evans, D.E. Rivett, P.J. Water, Text. Res. J. 46 (1976) 214. 
[ 19] R.S. Davidson, J.E. Pratt, Photochem. Photobiol. 40 (1984) 25. 
[20] V.D. Parker, M. Tilset, J. Am. Chem. Soc. 113 ( 1991 ) 8778. 
[21] X. Zhang, S.R. Yeh, S. Hong, M. Freccero, A. Albini, D.E. Falvey, 

P.S. Mariano, J. Am. Chem. Soc. 116 (1994) 4211. 
[22] J.D. Simon, K.S. Peters, J. Am. Chem. Soc. 103 (1981) 6403; N.J. 

Pienta, in M.A. Fox, M. Chanon (Eds.), Photoinduced Electron 
Transfer, Elsevier, New York, 1988, p. 421 ; M. Hoshino, H. Shizuka. 
in M.A. Fox, M. Chanon (Eds.), Photoinduced Electron Transfer. 
Elsevier, New York, 1988, p. 313; U.C. Yoon.. P.S. Mariano, Acc. 
Chem. Res. 25 (1992) 233; S.G. Cohen, A. Parola, G.H. Parsons. 
Chem. Rev. 73 (1973) 141. 

[23] D. Bellus, in B. RS~nby, J.K. Rabeck (Eds.), Singlet Oxygen, Wiley, 
Chichester, 1978, p. 61; R.H. Young, D. Brewer, R.A. Keller, J. Am. 
Chem. Soc. 95 (1973) 375. 

[24] H. Tsuboruma, R.S. Mulliken, J. Am. Chem. Sc~:. 82 (1960) 5966. 
[25] S. Logunov, M.A.J. Rodgers, J. Phys. Chem. 97 (1993) 5643; M. 

Kristiansen, R.D. Scurlock, K.K. Iu, P.R. Ogilby, J. Phys. Chem. 95 
(1991) 5190; H. Sakuragi, G. Furusawa, K. Ueno, K. Tokumaru. 
Chem. Lett. (1982) 1213. 

[26] E. Barni, G. Viscardi, C. D'Ambrosio, H. Leutz, D. Puertolas, S 
Tailhardat, P. Destruel, P. Jolinat, H. Guensten, Appl. Spectrosc., in 
press. 

[27] R. Schmidt, C. Tanelian, R. Dunsbach, C. Wolff, J. Photochem 
Photobiol. A: Chem. 79 (1994) 11. 


