2742

Singlet Oxygen Production from Excited
Azoalkanes

Werner M. Nau,¥ Waldemar Adam,#* and J. C. Scaiand*

Department of Chemistry, Umrsity of Ottawa
Ottawa, Ontario KIN 6N5, Canada

Institut fr Organische Chemie, Upérsitad Wirzburg
Am Hubland, D-97074 Waburg, Germany

Receied July 7, 1995

The mechanisms for the photosensitized production of singlet
oxygen {Ay) from excited organic molecules are of great interest
in organic, physical, and biological chemistry. During the past
few years the research in this field has reached a new level of
intensity and sophisticatioh,? where the relationships between
the singlet oxygen efficiencysy) and sensitizer properties have
been examined, namely, their electronic configuratibaxida-
tion potential:> spin multiplicity 87 and energy2 It is generally
accepted that n* triplet states show low singlet oxygen
efficiencies §, ca.0.3—0.4) whereas most,t*-excited triplets
are significantly more efficient§, ca. 0.8-1.0)1"° This
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Table 1. Photophysical Properties and Oxygen Quenching
Parameters for Azoalkandsand?2 in CCl, and Benzene

azoalkanel

azoalkane
CCly benzene benzene
Es/kcal molt 2 79 76.1
Er/kcal mol? 63 53-56.5
AEst/kcal moi?t 16 20-23
g/ng 4.1 2.8 456
T7/Ing 620 580 25
KfLP ML gtdg 2.1 8.1 8.7
kfLP M-t g 1dg 0.30 0.31 56
i 0.77 0.59 0.0
Oox gkl 0.79 0.66 0.97
glhm 0.10 0.18 0.97
Frolm 0.69 0.63 0.55
Dp9! 0.51 0.40 0.41
S\ 0.94 0.96 0.7

aFrom 0-0 fluorescence band.From 0-0 phosphorescence band
(ref 10c).¢ Reference 12¢ Obtained by time-resolved transient absorp-
tion or fluorescence spectroscopy (355 nm excitatibReference 12c:
434 ns.fDetermined in cyclohexane by time-resolved photoacoustic
calorimetry; R. A. Caldwell, personal communication; see also ref 12d.
9 Oxygen concentrations of saturated benzene and @&én as 9.3
and 12.1 mM!IValue in CCk: 4.5 x 1®® M~ s, ' Assuming the

dichotomy has been suggested as an experimental criterion forsame triplet lifetime in benzene and cyclohexari2etermined by the

the differentiation between anst, or 7z,7* configuration22.5.9
We felt that the examination ofa* chromophores other than
ketones was desirable to demonstrate the limitations of the

proposed generalization and have examined the oxygen quench

ing of azoalkanes. We now find a singlet oxygen efficiency
approaching unity for the n* triplet state of azoalkang, which
demonstrates that low values 8¢ are not related to the a*
configuration of the sensitizer but rather to its specific chemical
constitution. A highSs value of 0.7+ 0.1 has also been
estimated for azoalkan2

In contrast to aromatic ketonés?°tthere is no doubt that
the lowest excited triplet state of azoalkanes possessesran n,
configuration; this is corroborated by their phosphorescence

properties, the absence of heavy-atom effects, and their pro-

pensity to undergo hydrogen abstraction reactién&or 2,3-
diazabicyclo[2.2.1]hept-2-ene, the parent structurk dies,7*
triplet state has been proposed to lie 42 kcal/mol above tte n,
triplet1? The photophysical properties of azoalkardleand 2
are shown in Table 1. Azoalkarkeis a member of the rare
class which exhibits FT absorption {max = 290/450 nm) and
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energy transfer method using triplet 1-methylnaphthaléne. & 416
nm; Er = 61 kcal/mol) as indicator for triplet formation and benzophe-
none as referenced; = 1.00); the selected quencher concentration
(70 mM) ensured total quenching 99%) of 1 and benzophenoné(
ca. 10 and 10 M~1 s1), kReference 13.Values refer to oxygen-
saturated solution$! Fraction of quenched excited state§,eq 7.

a long triplet lifetime ¢r ca. 600 ns)!® The singlet-excited
azoalkane (s ca. 450 ns in benzene) fluoresces strongly, but
does not undergo efficient intersystem crossing (ISC) 1iké

The possible interactions of molecular triplet oxygen with
sensitizers are generally discussed in terms of processés 1
For azoalkand the energy transfer process 1 does not have to
be considered due to the singtétiplet energy gapAEst, which
is significantly smaller than for oxygen (lfersus22.5 kcal
mol~1); all singlet oxygen must arise frofd through process
4. Singlet oxygen formation from azoalkaBemay originate
from both processes 1 and 4, but whether process 1 is at all
feasible cannot be decided since the energy gap is not accurately
known (AEst = 20—23 kcal/mol)*?

'Sens*+ 0, — *Sens*+ O,(‘A,) 1)
'Sens*+ 0, — 3Senst O, )
'Sens*+ 0, — Senst+ O, (3)

’Sens*+ O, — Senst O,(*A,) (4)
®Sens*+ O, — Senst+ O, (5)

Singlet oxygen quantum yieldsb() were determined by
detection of its phosphorescence at 1270 nm upon laser excita-
tion of oxygen-saturated solutions, relative to phenazine in
benzenedgs = 0.83F and phenalenone in CQps"e = 0.97)2
For azoalkanel, three independent measurements in benzene
afforded®, = 0.40 £ 0.03 and two determinations in CClI
gaved, = 0.51+ 0.03. The actual singlet oxygen efficiencies
for 1 (Sy) are calculated aSy = ®A/(fip™), whereF and ¢®*
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Figure 1. Singlet oxygen quantum yields for the dire@)(@nd triplet-
sensitized @) irradiation of azoalkan@ in benzene as a function of
oxygen concentration. The fitting with the experimental data 0.98)
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are the oxygen quenching rate constant for the excited singlet
and triplet states, andS is the efficiency for process 7.

@, =oFg with Fg="kzJO,l/(1 + 'kzdO,)) (6)
®, = S\FFr with Fr= %7 [0,)/(1 + *k7[0,])  (7)

The upper function in Figure 1 was calculated from eq 6 by
using the known SteraVolmer quenching constaifqzs (Table
1); scaling to achieve the experimental quantum yield in oxygen-
saturated benzene requiredl= 0.42, but clearly no correlation
with the experimental data is found. Satisfactory fittimg=
0.98) to the experimental data was obtained with eq 7 by
employingSy = 0.72+ 0.10 andkgzr = 150+ 40 M. This
suggests that essentially all of the singlet oxygen is formed by
guenching of the triplet state and that quenching of the singlet

assumes exclusive singlet oxygen production from the triplet state State contributes only through population of the triplet state

withkyzs = 4 x 10° ML, 3z = 150 ML, andSy = 0.72 (eq 7). The

(process 2). Process 1 does not have to be invoked to explain

dashed line refers to the expected behavior for exclusive singlet oxygenthe experimental data.

production from the singlet-excited state witkrs = 4 x 106 M~!
andaS = 0.42 (eq 6).

are the fraction of quenched triplets and the triplet quantum
yield in the presence of oxygé®. The valueS, is the fraction

When the triplet staté2 was independently generated by
triplet sensitization in oxygen-saturated benz¥rtbe observed
singlet oxygen quantum yield was the same (0&9sus
benzophenone), within experimental error, as the value observed
for direct excitation. Thus, since triplet energy transfer from

of singlet oxygen molecules formed per triplets quenched. Since benzophenone to azoalkanes is expected to be quantitative,

the values forFr and ¢°* can be experimentally determined
(Table 1)1 the singlet oxygen efficiencg, for azoalkanel is
found to beca. 0.95 for both solvents, which constitutes, within

singlet quenching by oxygen must occur with unit efficiency
through oxygen-assisted ISC (process 2). Otherwise, if pro-
cesses 1 and 3 were important, the singlet oxygen guantum

a rather large error of at least 15%, a singlet oxygen efficiency yields upon triplet sensitization would have to be different from

close to unity! The larger error is characteristic for sensitizers
with modest ISC and inefficient oxygen quenching, since in
addition to the experimental error and the inaccuracy of the
reference gy, one needs to consider the individual errors in
the quenching rate constant and triplet quantum yield. It is

the values found upon direct irradiation. The triplet-sensitized
quantum yield for singlet oxygen formation followed the same
dependence on oxygen concentration as in the direct irradiation
mode; the data from the triplet-sensitized photolysis are shown
in Figure 1 for comparison. Fitting of the data points according

reassuring, however, that two quite different solvent/reference to eq 7 (taking=s = 1 to mimic the triplet-sensitized situation)
systems agree well, since all relevant values vary with solvent providesSy = 0.73+ 0.05 and®kqrr = 122+ 15 M1 (r =

(Table 1) and have been independently determined.

The low singlet oxygen quantum yield from benzophenone
(¢s¢" = 0.35§ serves as a well-established value for the low
efficiencies of ng* triplet states, since it§y and @, values
coincide due to quantitative ISC and quenchingy.The singlet
oxygen quantum yield of in oxygenated benzene was found
to beca. 15% higher than for benzophenone. Consequently,
since the ftriplet yield ofl is significantly less than unity and
since oxygen can intercept only about two-thirds of the
azoalkanel triplets due to the low quenching rate constant
(Table 1), the ng* triplet azoalkanel exhibits a much higher

0.99;n = 5), in good agreement with the data obtained from
the fitting of the quantum yields measured for the direct
irradiation of2 (see above).

The Sterr-Volmer quenching constant3{rr ca. 120-150
M~1) and the known triplet lifetime o2 (zt = 25 ns) provide
a guenching rate constant of. 5—6 x 10° M~1s™% It is not
clear why the quenching rate constant for the triplet-excited
azoalkanel is much lower than that fo2. More importantly,
the Sy value ofca. 0.7 for 2 corroborates that the at triplet
azoalkanes display high singlet oxygen efficiencies. Therefore,
the criterion that lowSs values are characteristic for s,

Sa value than assumed to be characteristic for this electronic configurations cannot be generalized. Moreover, since several

configuration (0.3-0.4); indeed, it falls into the 0.2 0.1 range
applicable for mostr,z* chromophores.

Azoalkane? is another interesting singlet oxygen sensitizer,
and in oxygenated benzedg, = 0.41+ 0.03 was determined

relative to phenazine. Phenomenologically, this measurement

constitutes the first example for singlet oxygen production from
a singlet-excitednz* state!” mechanistically, as we will
demonstrate in the following, all singlet oxygen is formed from
the short-lived triplet staté2 after oxygen-catalyzed ISE®

examples ofzn* states with relatively low singlet oxygen
efficiencies are also know¥e? a universal correlation between
singlet oxygen efficiency and electronic configuration must be
questioned.

The lower singlet oxygen efficiencies ofwt;excited ketones
have been attributed to their higher polarizabifitio larger
Frank—Condon factor32to the localization of excitatioff and
to their relatively high triplet energisput even a cursory
examination reveals that the high8x values of azoalkanes

The relative contributions of processes 1 and 4, which may relative to ketones cannot be readily accounted for by any of

both contribute to singlet oxygen production from azoalkane
can be determined by measuridg, as a function of oxygen
concentration (Figure 1). If only singlet quenching is respon-
sible for singlet oxygen formation, the expected quantum yield
(®,) is given by eq 6. If only triplet quenching produces
singlet oxygen, the expected quantum yiéi@ () should follow

the suggested explanations.

Acknowledgment. We thank the Natural Sciences and Engineering
Research Council of Canada (NSERC) and the Deutsche Forschungs-
gemeinschaft for financial support. J.C.S. is grateful to the Canada
Council for the award of a Killam fellowship. W.M.N. is the recipient
of a Canada International and a NATO postdoctoral fellowship awarded

eq 7, which takes the efficiency of process 2 as 100% as con-py NSERC and the Deutscher Akademischer Austauschdienst.

firmed by other measurements (see below). The terms are addi-

tive if both mechanisms apply(y = 1®, + 3®,). FsandFr
are the fractions of quenched singlets and triplétgand 3k,

(13) The triplet quantum yield under oxygef<X) is a composite of
spontaneousit, Table 1) and oxygen-enhanced ISC. The latter was found
to occur with unit efficiency fo2 (see below) and was thus taken to be the
same as the fraction of fluorescence quenching under oxygenrable
1). This yields the relationship:®* = Fs + (1 — Fg)®7, which provides
¢ for 1 under oxygen as 0.18 0.90x 0.77= 0.79 in CC} and 0.18+
0.82 x 0.59= 0.66 in benzene.
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(14) This experiment was performed with a sample containing ben-
zophenone (OB= 0.6 at 308 nm) and azoalka2¢70 mM) by measuring
the singlet oxygen quantum yields upon 308 nm excitation relative to a
sample containing only benzophenone. Under these conditions, 95% of the
308 nm light is absorbed by benzophenone, and more than 96% of the
triplet energy is transferred from triplet benzophenon2 (i, ca. 8 x 10°
M~1 s71, this work), while direct quenching of triplet benzophenone by
oxygen kg ca.2 x 10° M~ s71)38 accounts for less than 4%, even under
oxygen-saturated conditions (9.3 mM).




