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bstract

The effects of oxygen in the photolysis of 3-benzoylpyridine (3-By) and 3,3′-dipyridylketone (3,3′-Dy) in aqueous solution were studied in the
resence of appropriate donors: formate, ascorbic acid, amines, e.g. triethylamine and alcohols, e.g. 2-propanol. The quantum yield of oxygen
ptake (Φ−O2 ) increases with the donor concentration, approaching Φ−O2 = 0.6, e.g. for ascorbic acid or triethylamine (>1 mM) and 2-propanol
>0.1 M). Quenching of the triplet state by the donor and subsequent reaction of both acceptor and donor radicals with oxygen leads to formation

f hydrogen peroxide. The radicals of the mono- and dipyridylketones terminate into an “iso”benzpinacol-type product. This reaction is minor
nd major in the presence and absence of air, respectively. For N-methylphthalimide, a related heterocyclic sensitizer, the mechanism of oxygen
ptake is the same: oxidation of the donor and conversion of oxygen via the hydroperoxyl radical into H2O2, but the Φ−O2 values are smaller. The
elevant properties of donors, the radicals involved and the pH and concentration dependences are discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The photodynamic action of a sensitizer generally refers to
lectron transfer (type I) yielding hydroperoxyl/superoxide ion
adicals (HO2

•/O2
•−) and to energy transfer (type II) yielding

inglet molecular oxygen: O2(1�g) [1–7]. Compilations of the
atter quantum yields (Φ�) from biologically relevant molecules
re available [6,7]. In addition, the superoxide radical can be gen-
rated, for Rose Bengal in aqueous solution the quantum yield is
mall (0.02–0.2) with respect to Φ� = 0.76–0.86 [3,5]. Related
ystems utilize methylene blue [8], eosin [9] and flavins [10]. For
iboflavin the quantum yields of formation of the HO2

•/O2
•−

adical and of O2(1�g) are 0.01 and 0.5, respectively [10a]. Vita-
in C (ascorbic acid) is known to enhance the quantum yield of

xygen uptake (Φ−O2 ) as a measure of the conversion of oxy-
en via the superoxide radical into hydrogen peroxide [8]. The

inetic features of the HO2

•/O2
•− radical in aqueous solution

re known from radiolysis [11–14].
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Recently, the photoinduced O2 uptake/consumption was
tudied in air-saturated mixtures of water with acetonitrile
n the presence of appropriate donors for anthraquinone
nd ketones, such as acetophenone, benzophenone (Bp), 4-
arboxybenzophenone and benzil [15,16]. Some of these
etones have been intensively investigated by photochemical
eans [17–30]. It is interesting to question the role and sub-

equent fate of oxygen in the photochemistry of other sensitiz-
rs, e.g. specific heteroaromatic ketones. The photolytic prop-
rties of benzoylpyridines (Bys) and dipyridylketones (Dys),
hich are heterocyclic homologues of Bp, and a few related

rylpyridylketones have been reported [31–35]. The position of
he nitrogen is a major factor in the photochemistry since for
-By and 2,2′-Dy cyclization has been reported [32]. The char-
cteristic features of the ketyl radicals in aqueous solution are
lso known, e.g. pKa = 9.2 for 3-By [36].

Φ−O2 values are presented in this work for 3-By, 3,3′-Dy
nd N-methylphthalimide (Me-Pi) in the presence of H-atom

onors, such as 2-propanol, methanol or formate. Moreover,
scorbic acid and several amines, e.g. triethylamine (TEA),
iethylamine (DEA), N,N-diethylhydroxylamine (DHA) or
thylenediaminetetraacetate (EDTA), were used as electron
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Four donor types were chosen for irradiation of the
ketone/water/air system: formate, ascorbic acid as unique radi-
cal scavenger, 2-propanol as example of a reactive alcohol and
aliphatic amines. Photoreduction yields the Ar2

•COH/Ar2CO•−
06 H. Görner / Journal of Photochemistry and

onors. Me-Pi is a frequently used photosensitizer with regards
o oxidative cyclization [37–40]. UV irradiation of the three

odel compounds in air-saturated aqueous solution in the
resence of a donor leads to the conversion of O2 into hydrogen
eroxide. The results are compared with those from quenching
f the ketone triplet state by these electron or H-atom donating
dditives and the radicals by oxygen using time-resolved
V–vis spectroscopy at 248 and 308 nm. Oxygen acts by
uenching of the triplet state and scavenging of the radicals
erived from both the donors and the ketones.

. Experimental details

3,3′-Dy was prepared by Aldo Romani and a gift from Pro-
essor G. Favaro from Perugia, the other compounds (EGA,
igma) and the solvents (Merck) are commercially available
nd were checked for impurities and used as received; DEA and
EA were purified by distillation. Water was from a millipore
illiQ system. The UV/vis absorption spectra were monitored

n a diode array spectrophotometer (HP, 8453). For photocon-
ersion the 280, 313 or 366 nm lines of a 1000 W Hg-Xe lamp
nd a monochromator were used, pathlength 1 cm. The solu-
ions in the presence of ascorbic acid were at pH 2–3. For the
EA or DHA cases the typical pH was 12–13. The ion concen-

ration was kept as low as possible, e.g. pH was close to 7 in
he presence of alcohols or formate, albeit phosphate buffer in
hese cases appeared to have no effect on Φ−O2 . It should be
oted that traces of metals in buffers were claimed to affect the
ormation of hydrogen peroxide in the case of riboflavin and
scorbic acid [10b], but here Φ−O2 was found to be unchanged
or 3-By in the presence of 1 mM ascorbic acid and 10 mM phos-
hate buffer at pH 7. The oxygen concentration was determined
y a Clark electrode (Hansatech). The oxygen concentration
nder air at 24 ◦C is taken as 0.27 mM and it generally decreases
pon photolysis in a specific way, mostly with a linear portion.
he relative yield of oxygen consumption was determined from

he slope versus irradiation time. As actinometers at 280 and
13/366 nm uridine and aberchrome 540 were used, respectively
41]. The experimental error in the quantum yield determination
s ±15% for Φ−O2 larger than 0.1 and ±30% for the smaller val-
es. Excimer lasers (Lambda Physik, pulse width of 20 ns and
nergy <100 mJ) were used for excitation at 308 and 248 nm
EMG 200, EMG 210 MSC). The absorption signals were mea-
ured with two digitizers (Tektronix 7912AD and 390AD) and an
rchimedes 440 computer for data handling. The molar absorp-

ion coefficients for the triplet of 3-By and 3,3′-Dy are like Bp:
525 = 6 × 103 M−1 cm−1 [30]. The values of the radicals are

imilar, based on ε525 = 5.6 × 103 M−1 cm−1 for Ar2

•COH of
-By and ε605 = 5.6 × 103 M−1 cm−1 for Ar2CO•− [36]. The k3
alues, due to the spectral similarities of triplet and radical at pH
12, were taken at pH 12.5–13; the experimental error (±30%)

s larger than for ketones. The measurements refer to 24 ◦C.

F
a
(
a

Scheme 1.

. Results and discussion

.1. Initial photoreactions of mono- and dipyridylketone

Aromatic ketones containing phenyl or pyridyl rings have
enerally a high quantum yield of intersystem crossing (Φisc)
28,30] and a high Φ� [6,7]. The photoreactions of the mono-
nd dipyridylketones start from the triplet state (3∗

Ar2CO) after
ntersystem crossing (Scheme 1). The triplet lifetime (τT) in
rgon-saturated aqueous solution at room temperature is 6–8 �s
nd up to 12 �s, when the substrate concentration and the
aser intensity are low enough. A literature value for 3,3′-Dy
n acetonitrile is τT = 18 �s [33]. The lifetime in air-saturated
olution is shorter, e.g. τT = 2.1 and 2.9 �s for 3-By and 3,3′-
y, respectively. The rate constant for quenching of the triplet

tate by oxygen is k2 = 2.5 × 109 M−1 s−1 for 3,3′-Dy in ace-
onitrile [33] and k2 is similar in water. For various ketones
n acetonitrile–water (1:1, vol) k2 = (1–12) × 109 M−1 s−1 [15].
uenching reaction (2) yields singlet molecular oxygen [6,7].
ractically no O2(1�g)-mediated product is expected in the
bsence of macromolecules since the ketone concentration is
oderate and the lifetime of O2(1�g) in aqueous solution is as

hort as a few �s. Triplet quenching by oxygen competes with
uenching by the respective donor, reaction (3).
∗
Ar2C = O + DH → Ar2

•COH/Ar2CO•− + D•/HD•+ (3)
ig. 1. Transient absorption spectra of 3-By in argon-saturated aqueous solution
t (a) pH 7 and (b) pH 13 in the presence of 10 mM fomate at 20 ns (©), 1 �s
�), 10 �s (�), 0.1 ms (�) and 1 ms (�) after the 248 nm pulse; insets: kinetics
s indicated.
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Table 1
Rate constants for quenching (109 M−1 s−1) by donorsa

Donor 3-By 3,3′-Dy Me-Pi Bpb

Formate 0.2 0.1 <0.002 0.10
Ascorbic acid 2 2 1 1.2
tert-Butanol 0.001 0.001 <0.001
2-Propanol 0.04 0.02 0.001 0.002
TEA 2 2c 1.2 1.6
EDTA 2 2 2 1.5

a In argon-saturated aqueous solution.
b Taken from Ref. [15].
c Same value for DHA.

Fig. 2. Transient absorption spectra of 3-By in argon-saturated aqueous solution
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t (a) pH 7 and (b) pH 13 in the presence of 0.1 M 3-propanol at 20 ns (©), 1 �s
�), 10 �s (�), 0.1 ms (�) and 1 ms (�) after the 248 nm pulse; insets: kinetics
s indicated.

adical as observable secondary transient, at least under argon.
ransient absorption spectra and kinetics upon pulsed 248 nm
hotolysis are shown for 3-By in argon-saturated aqueous for-
ate solution at pH 7 and 13 (Fig. 1a and b). The spectra have the

wo characteristic maxima around 310 and 500 nm for the triplet
tate. The spectra of the (di)pyridylketone radical and triplet state
re rather similar. The rate constant k3 was determined from plots
f 1/τT versus the donor concentration (Table 1). Different to Bp,
here decay of the radical yields mainly the ketone, the results

n Fig. 1a and b show the conversion into a photoproduct with
aximum at 360 nm. The transient absorption spectra in pres-
nce of 2-propanol and TEA reveal the same 360-nm product
Figs. 2 and 3). This is in agreement with the literature, as the
hotoproduct of 3-By in oxygen-free 2-propanol–water has a
haracteristic absorption band centered at 360 nm [34].

t
F
b
n

Scheme 2
ig. 3. Transient absorption spectra of 3-By in argon-saturated water at (a) pH
and (b) pH 13 in the presence of 1 mM TEA at 20 ns (©), 1 �s (�), 10 �s (�),
.1 ms (�) and 1 ms (�) after the 308 nm pulse; insets: kinetics as indicated.

.2. Photoproducts of 3-benzoylpyridine and
,3′-dipyridylketone

The observed 360-nm product is a so-called light absorbing
ransient (LAT). LATs are quasi-stable intermediates resulting
rom radical termination. Involvement of LATs in the photore-
uction of Bp by alcohols, benzhydrol or other H-donating
gents has been intensively investigated [17–25]. The LAT for-
ation by radical termination via cross-coupling, reaction (I)

n Scheme 2, is generally accepted [22–25]. A LAT yield of
0% for Bp/2-propanol in acetonitrile was ascribed to competi-
ion kinetics, taking kq = 0.5 × 108 M−1 s−1 for self-reaction of
he ketyl radicals, kq = 11 × 108 M−1 s−1 for self-reaction of the
-hydroxy-propyl radicals and kq = 9 × 108 M−1 s−1 for cross-
eaction of the two radicals [25].

For the 3-By/2-propanol system in deoxygenated aqueous
olution Albini et al. [34] have assigned the LAT-photoproduct
o an “iso”benzpinacol-type structure (denoted here as HBy-
yH). They proposed a slightly different mechanism, where the

adical termination takes place via self-reaction (II). Here, the
hanges are shown for 3-By in argon-saturated aqueous solution
n the presence of formate, ascorbic acid, 2-propanol and TEA
Fig. 4a–d). The spectra are not indicative for the kind of donor,
upporting the mechanism of radical self-coupling. For 3,3′-Dy

he four donor types can also be applied, an example is shown in
ig. 5 for 2-propanol. The results reveal a similar photoinduced
and centered at 360 nm and likewise the self-coupling mecha-
ism is proposed. Photolysis of 3-By and 3,3′-Dy in the presence

.



108 H. Görner / Journal of Photochemistry and Photobiology A: Chemistry 187 (2007) 105–112

Fig. 4. Absorption spectra of 3-By in argon-saturated aqueous solution prior to
(full line) and after irradiation at 254 nm (broken) in the presence of (a) 0.1 M
formate, (b) 1 M 2-propanol, (c) 1 mM ascorbic acid and (d) 1 mM TEA.

Fig. 5. Absorption spectra of 3,3′-Dy in argon-saturated aqueous solution prior
t
p
a

o
Φ
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F

Table 2
Quantum yield of decomposition (Φ–py) in the presence of donorsa

Donor 3-By argon 3-By air 3,3′-Dy argon 3,3′-Dy air

None <0.01 <0.01 <0.003 <0.01
Formate 0.9 0.06 0.9 0.1
Ascorbic acid 0.7 0.08
2-Propanol 0.9 0.05 0.9 0.1
TEA 0.4 (0.8)b 0.06 0.8 0.08
EDTA 0.9 0.1 0.6 <0.1
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The half-concentrations, [formate]1/2, i.e. the donor concentra-
tions for 50% of the maximum Φ−O2 values, are 8 and 6 mM for
3,3′-Dy and 3-By, respectively (Table 4). The reactions of the
formate ion with a triplet state of an acceptor have been stud-
o (full line) and after 254 nm irradiation (broken) in the presence of 0.1 M 2-
ropanol; insets: time dependence at 270 nm (cirlces) and 360 nm (triangles) (a)
rgon- and (b) air-saturated.

f donors leads to a quantum yield (Φ–py) of decomposition of
–py = 0.1–1 (Table 2).
LAT formation requires the exclusion of oxygen [17–25,34].
uch a photoprocess in air-saturated aqueous solution is now
resented for the first time (to our knowledge), see Scheme 3.
ormation of the 360 nm band under air is observable (inset
ig. 5 and Table 2), but Φ–py is much smaller (ca. 10-fold) than

Scheme 3.

F
f
p
o

a In aqueous solution, using concentration of 0.001, 0.01, 0.1 and 1 M, for
scorbic acid, amines, formate and 2-propanol, respectively, λirr = 254 nm.
b For DHA.

n the oxygen-free case. For Bp it is known that oxygen addition
after oxygen-free LAT formation) causes splitting into Bp and
he alcohol [17–25]. In contrast, no oxygen-mediated splitting
ffect was found for the two pyridylketones.

.3. Photoreactions of (di)pyridylketones with oxygen and
ormate

Upon UV irradiation at 280, 313 or 366 nm of ketones in air-
aturated aqueous solution, the voltage of the Clark electrode as
measure of the O2 concentration decreases with time. Exam-
les of the electrode signal versus time in the presence of formate
re shown in Fig. 6 (inset), λirr = 313 nm. The plots of the oxy-
en concentration versus irradiation time are initially downward
urved, reach a major linear part and level off. The slope of this
s taken to be proportional to the quantum yield of the O2 con-
umption. The Φ−O2 values increase with [formate], as shown
n Fig. 6 for 3-By. Φ−O2 is 0.6 for irradiation of 3-By and 3,3′-
y at 313 nm using 0.1–1 M formate (Table 3). The k3 values

re 1 × 108 M−1 s−1 (Table 1) which is larger than for Bp [15].
ig. 6. Semilogarithmic plot of the quantum yield Φ−O2
• (λirr = 313 nm) as a

unction of the formate concentration for 3-By in air-saturated aqueous solution.
H 7; insets: plots of the O2 concentration vs. irradiation time in the presence
f formate: 0, 0.1, 0.3, 1, 3 and 30 mM, 1–6, respectively.
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Table 3
Quantum yield of oxygen uptake (Φ−O2 ) in the presence of donorsa

Donor 3-By 3,3′-Dy Me-Pi Bpb

None <0.01 <0.01 <0.003 <0.01
Formate 0.6 0.6 <0.01 0.5
Ascorbic acid 0.5 (0.4)c 0.7 0.23 0.7
tert-Butanol 0.08 0.1
2-Propanol 0.5 [0.4]d 0.5 0.01 0.9
TEA 0.4 0.5 0.1 0.8
DHA 0.4 0.3 0.2
EDTA 0.3 0.4 0.2 0.8

a In air-saturated aqueous solution, donor concentrations as in Table 2,
λirr = 313 nm.

b Taken from Ref. [15].
c Using λirr = 280 nm.
d Using λirr = 366 nm.

Table 4
Experimental values of half-concentration (mM) for Φ−O2 in the presence of
donorsa

3-By 3,3′-Dy Me-Pi Bpb

[Formate]1/2 6 (5)c 8 20 (17)
[Ascorbic acid]1/2 0.4 0.2 2 2 (1.4)
[2-Propanol]1/2 60 50 >1000 900 (800)
[TEA]1/2 <0.3 (0.2) 0.2 <2 (1.0)
[DHA]1/2 0.5 2
[EDTA]1/2 0.5 1
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In air-saturated aqueous solution, λirr = 313 nm.
b Taken from Ref. [15].
c Values in parentheses were calculated using τT = 2 �s for 3-By.

ed for 4-carboxybenzophenone and Bp-4-sulfonate [27]. The
eactions of formate with the ketone triplets are illustrated in
chemes 4 and 5. Quenching occurs via H-atom transfer (3a),

hereby the acceptor (ketyl) radical is formed which is con-
erted back into the ketone via reaction (4). The lifetime of the
etyl radical under air was found to be not longer than τT, i.e.

Scheme 4.

Scheme 5.
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4 > 1 × 108 M−1 s−1.

r2
•COH + O2 → Ar2C O + HO2

•/(O2
•− + H+) (4)

O2
•− + O2 → CO2 + O2

•− (5a)

× HO2
•/(O2

•− + H+) → H2O2 + O2 (6)

CO2
− + O2

•− + H+ → CO2
•− + H2O2 (7a)

eaction (5a) occurs with k5 = 4 × 109 M−1 s−1 [29] and eventu-
lly oxygen is converted via the HO2

•/O2
•− radical into H2O2.

he kinetics of dismutation of superoxide radicals have char-
cteristic pH dependence [13]. One step for H2O2 formation
s reaction (6). The rate constant is k6 = 0.9 × 106 M−1 s−1 for
O2

• which has pKa = 4.8, whereas k6 < 0.3 M−1 s−1, for O2
•−

n the alkaline range [12]. Reaction (7a) does not take place for
etone [15].

.4. Photoreactions of (di)pyridylketones with oxygen and
scorbic acid

Curves of the O2 concentration versus irradiation time in the
resence of ascorbic acid are linearly decreasing. The quantum
ield for irradiation at 313 nm of the pyridylketone/ascorbate
ystem is up to Φ−O2 = 0.7 for irradiation at 313 or 366 nm
f 3,3′-Dy. The Φ−O2 values as a function of log of the ascor-
ic acid concentration show a sigmoidal shape (Fig. 7), indi-
ating that oxygen is consumed, when competition kinetics
avour radical formation. Ascorbic acid (AscH) has pKa = 4.2
42] and the ascorbate radical (Asc(–H)•−) terminates via reac-
ion (8) into Asc(–H) (deoxyascorbate, Scheme 5) and Asc−
ith a strong pH dependence, at pH 7: k8 = 2 × 106 M−1 s−1

13]. The photoinduced reactions of ketones in aqueous solu-
ion with ascorbic acid are initiated by electron transfer, reaction
3b), yielding the ketyl radical which reacts with oxygen via

eaction (4). The rate constant for the pyridylketones in water
t pH 7 is k3 = 2 × 109 M−1 s−1, corresponding to [ascorbic
cid]1/2 = 0.1 mM (Tables 1 and 4). In contrast to the case of for-
ate, the ascorbate radical is not quenched by oxygen, reaction

ig. 7. Semilogarithmic plots of the quantum yield Φ−O2 (λirr = 313 nm) as a
unction of the ascorbic acid (�, pH 2–4) and 2-propanol (�, pH 7) concentra-
ions for 3-By in air-saturated aqueous solution.
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5b), but ascorbic acid reacts via reaction (7b) with HO2
•/O2

•−
adicals, where k7 = 1.2 × 107 M−1 s−1 at pH 2–7 [13].

O2
•/(O2

•− + H+) + AscH/(Asc− + H+)

→ H2O2 + Asc(–H)•− + H+ (7b)

× Asc(–H)•− → Asc− + Asc(–H) (8)

hotodamage occurs in the presence of both ascorbic acid and
xygen. This is mainly caused by formation of hydrogen per-
xide via reaction (3b) of the triplet state with ascorbic acid,
eaction (4) of the ketyl radical with oxygen and reaction (7b).
he photolytical and thermal H2O2 formation steps are clearly
eparated, as shown by the constant O2 concentration in the
ime range prior to irradiation or by the nearly constant [O2] at
onger times without illumination. For 3-By and 1 mM ascorbic
cid Φ−O2 = 0.5 in both the absence and presence of 10 mM
hosphate buffer at pH 3 and 7, respectively.

.5. Photoreactions of (di)pyridylketones with oxygen and
lcohols

Plots of the O2 concentration versus time using variable
ntensities are shown in Fig. 8 for 3-By in air-saturated 2-
ropanol–water. The slope is proportional to the irradiation
ntensity and the quantum yield is up to 0.5 for 3-By and 3,3′-
y. Upon irradiation at 280 nm the values are similar and 0.4

or irradiation at 366 nm (Table 3). The Φ−O2 values as a func-
ion of log 2-propanol concentration show a sigmoidal shape
Fig. 7). The triplet state is quenched by alcohols via H-atom
bstraction leading to the alcohol radical and the ketyl radi-
al. The pKa of the 2-hydroxy-2-propyl radical is 12.2 [14].

eaction (3c) under air in the presence of alcohols takes place
hen the donor concentration is sufficiently high. The ketyl

adical is essentially converted back into the ketone, reaction
4). Alcohol radicals are involved in reaction (5c) with oxygen,

ig. 8. Plots of the O2 concentration vs. irradiation time (313 nm) for 3-By in
ir-saturated aqueous solution at pH 7 in the presence of 0.2 M 2-propanol; the
ntensity was reduced by a factor of 1, 0.5, 0.24, 0.12, 0.06, 0.03, 0.015 and
.007: 1–8, respectively.
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hereby a peroxyl radical is an intermediate. The rate constant
f quenching is k5 = (1–9) × 109 M−1 s−1 for the 2-hydroxy-2-
ropyl radical [15,43].

2
•COH + O2 → R2COHO2

• (5c)

2COHO2
• → R2C O + O2

•− + H+ (5′c)

ventually, O2
•− is converted into H2O2 [14] and 2-propanol is

ssentially transformed via the 2-hydroxy-2-propyl radical into
cetone. Reaction (3c) also successfully competes with reac-
ion (2) in the presence of 1–5 M methanol or ethanol. For Bp
nd other ketones k3 is small in the presence of tert-butanol
nd therefore Φ−O2 is very low [15]. Surprisingly, for 3-By
nd 3,3′-Dy in the presence of 5 M tert-butanol the values are
uch larger, Φ−O2 = 0.1, indicating H-atom transfer to a large

xtent. Such a reaction is, however, not known for Bp. The
tert-butanol]1/2 = 1 M for 3-By can be compared to the much
maller [2-propanol]1/2 value of 0.05 M, reflecting the differ-
nces in 1/k3. The transient absorption spectra of 3-By (Fig. 2)
nd 3,3′-Dy in argon-saturated water/2-propanol at pH 7 and 13
how formation of the LAT. Air-saturation leads to fast decay of
he ketyl radical.

.6. Photoreactions of (di)pyridylketones with oxygen and
mines

Plots of the O2 concentration versus irradiation time are
hown in Fig. 9 (inset) for 3-By in presence of TEA. The
−O2 values as a function of log [TEA] show a sigmoidal shape

Fig. 9). The maximum quantum yield is Φ−O2 = 0.5. The k3
alues, due to quenching via electron transfer, are compiled in
able 1. To keep the DEA, DHA or TEA (Et2RN, R: H, OH or Et,
espectively) in aqueous solution reactive, a pH >10 is necessary
44]. Concerning the pH dependence of Φ−O2 it is worthwhile

oting that protonation of the amino group in aliphatic amines
auses a strong decrease in reactivity, except for EDTA. Φ−O2

f the 3-By/TEA system is more than 10 times smaller in the
resence of 0.03 M phosphate buffer at pH 7–8. EDTA as dis-

ig. 9. Semilogarithmic plot of the quantum yield Φ−O2
• (λirr = 313 nm) as a

unction of the TEA concentration for 3-By in air-saturated aqueous solution;
nsets: plots of the O2 concentration vs. irradiation time in the presence of TEA
0.01, 0.2, 2 and 10 mM 1–4, respectively).



Photobiology A: Chemistry 187 (2007) 105–112 111

o
k

(
l
[

E

E

E

R
c
i
i
k
[
c
r

D
z
s
T
u
1
T
s
a
(
l
b
1
1
r
a
D

3

F
o
(
b
t
w
t
k
c
u
t
E
m

F
i
2

3

f
f
T
k
h
t
H
t
p
(
o
d
c

a
q
a
a
w
i
p
u
s
c
p
f
k

4

H. Görner / Journal of Photochemistry and

dium salt was used for 3-By in aqueous solution at pH 6–8:
3 = 2 × 109 M−1 s−1 and Φ−O2 = 0.4 (Tables 1 and 3).

The radical cation Et3N•+ forms the �-aminoethyl radical
Scheme 5) due to deprotonation reaction (9) and/or an equi-
ibrium with the amine yielding Et2RNH+ and EtRN–•CHMe
44,45].

t2RN•+ → EtRN–•CHMe + H+ (9)

tRN–•CHMe + Ar2C O + OH−

→ EtRNCH CH2 + Ar2CO•− + H2O (10)

tRN–•CHMe + O2 → EtRNCH CH2 + O2
•− + H+ (5d)

eaction (10) of the Et3N–•CHMe radical occurs with a rate
onstant of k10 = (0.5–1) × 106 M−1 s−1 for phenylnaphthalim-
nes [39] and ketones [15]. Under air, however, reaction (5d)
s more efficient than reaction (10). For trimethylamine, where
5 = 3.5 × 109 M−1 s−1, hydrogen peroxide is a photoproduct
45]. The photolytical and thermal H2O2 formation steps are
learly separated, as shown by the different slopes in the time
anges prior to and during irradiation (Fig. 9, inset).

Φ−O2 = 2.9 and 4.2 have been reported by Bartholomew and
avidson [26] for the photosensitized oxidation of Bp in ben-

ene using 0.1 and 0.3 M TEA, respectively. This indicates a
pecial chain reaction in a medium of low polarity, which is
EA concentration dependent and does not take place for DEA
nder the same conditions. Virtually the same Φ−O2 value below
was found for Bp in aqueous solution and both amines [15].
his is comparable to the results for the 3-pyridylketone/amine
ystem (Table 3). The transient absorption spectra of 3-By in
rgon-saturated water at pH 7 and 13 in presence of TEA
Fig. 3a and b) show formation of the LAT. Air-saturation
eads to fast decay of the ketyl radical and a small Φ–py for
oth 3-By and 3,3′-Dy (Table 2). A different case results for
,4-diazabicyclo[2.2.2]octane, where the rate constant is ca.
× 1010 M−1 s−1, but Φ−O2 (not shown) is very low. The main

eason is efficient electron back transfer from Ar2CO•− (under
rgon) or O2

•− (in the presence of oxygen) to the radical cation:
ABCO•+.

.7. Photoprocesses of methylphthalimide

Examples of the O2 concentration versus time are shown in
ig. 10 for Me-Pi. The Φ−O2 values for Me-Pi in the presence
f the donors are markedly smaller than for the two ketones
Table 3). This does not reveal that the mechanism is different,
ut that the contribution of physical quenching in competition
o steps (3a)–(3d) is much larger. The reactivity is also smaller
ith respect to the two pyridylketones (Table 1), but comparable

o the values of Bp and a few other ketones [15]. For example,
3 = 1 × 109 M−1 s−1 for Me-Pi/DHA. Moreover, no conversion
ould be registered for formate and 2-propanol at concentrations

p to 1 and 7 M, respectively. Taking τT = 0.5 �s it follows that
he half-concentration [DHA]1/2 is 2 mM. This is similar for
DTA and ascorbic acid (Table 4). A half-concentration is a
easure for the photooxidative power on the donor.

i
o
q

ig. 10. Plots of the O2 concentration vs. irradiation time (313 nm) for Me-Pi
n air-saturated aqueous solution in the presence of formate (0.1 and 1 M), 1 M
-propanol, 10 mM TEA and 10 mM ascorbic acid, 1–5, respectively).

.8. Photoreactivity in the presence of oxygen

The reactivity of triplet ketone or phthalimide with each of the
our donor types is large for ascorbic acid and amines, smaller
or formate or 2-propanol and smallest for tert-butanol (Table 1).
his is mainly due to the changes in the redox potentials of
etone and donor and the triplet energy level [15]. The same
olds for the increase in k3 on going from alcohols or formate
o ascorbic acid or aliphatic amines. Where the mechanism is
-atom transfer, i.e. alcohols or formate, a charge transfer con-

ribution is probably involved. The tert-butanol case for the two
yridylketones is remarkable because Φ−O2 is very small for Bp
not shown). These [donor]1/2 values can be compared with those
btained from the 1/(τT × kq) were τT refers to air-saturated con-
itions. The agreement between both, calculated and measured
oncentration dependences of Φ−O2 is reasonable (Table 4).

A Φ−O2 value of 2 could be possible, when Φisc is unity
nd each oxygen radical is converted into H2O2. The maximum
uantum yield is close to unity for the formate, 2-propanol,
scorbic acid or amine cases. For the sake of simplicity we
ssume that Φisc is unity throughout. In the ascorbic acid case,
here reaction (5b) is not operative, one could assume that Φ−O2

s up to 1 as each superoxide radical is transferred into hydrogen
eroxide, reaction (8b). In the 2-propanol case, where Φ−O2 is
p to 0.5, both radicals are formed per photon, i.e. termination
tep of Me2COHO2

• and HO2
•/O2

•− is effective. In the amine
ase both radicals yield a superoxide radical and Φ−O2 is, due to
hysical quenching, below the maximum of 1. This holds also
or formate. In general, one can exclude chain reactions in the
etone/donor systems examined.

. Conclusion
The photoreactions of a 3-pyridyl and a 3,3′-dipyridyl ketone
n water in the presence of formate, ascorbic acid, alcohols
r amines can be analyzed by a common mechanism. Triplet
uenching by H-atom or electron transfer from the donor yield
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etyl radicals, which converts oxygen into the superoxide radical
hich eventually dismutates into hydrogen peroxide. Competi-

ion kinetics of triplet quenching by oxygen not yielding oxygen
adicals account for the concentration dependence of the quan-
um yield of this oxygen uptake. The maximum Φ−O2 values
f the ketones examined are 0.4–0.7. The dependences of Φ−O2

s a function of the donor concentration indicate that photody-
amic damage of type II does not uptake oxygen in measurable
mounts. For N-methylphthalimide comparable or lower values
ere obtained, supporting the same reaction mechanism.
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