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Abstract

In the present review, the results published by our group and others related with the study of the kinetic behavior

and, in some cases, the mechanism of the dye-promoted photooxygenation of several hydroxypyridines, hydroxyquin-

olines and hydroxypyrimidines—some of them with the basic molecular structures of known pesticides, and of a few

non-hydroxylated model compounds, are compiled and discussed. The main aim was to examine the experimental con-

ditions that maximize the photodegradation efficiencies of all these compounds, under dye-sensitized photooxidation

conditions similar to those frequently found in nature, with a natural dye sensitizer such as riboflavin (vitamin B2),

a pigment habitually present in natural waters. The usual mechanism of action of this compound is rather complex,

in many cases with the concurrent involvement of the oxidative species singlet molecular oxygen (O2ð1DgÞ) and super-

oxide radical anion. In order to simplify the study of the processes, the results found using the synthetic dye Rose Ben-

gal (RB), a sensitizer that generates O2(
1Dg) with high efficiency, are also discussed. RB and similar O2(

1Dg)-generators

could be used for the efficient non-natural photodegradation of related pesticides in aqueous solutions under controlled

conditions.
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1. Introduction

Many agricultural pesticides of profuse use have

molecular structures with a six-membered nitrogen-con-

taining aromatic heterocycle (ND) (Tomlin, 1994), and

significant amounts of these compounds are contami-

nants of surface waters and soils. The knowledge of the

persistence of ND pesticides in the environment is very

important for their use in crop protection and other prac-

tical applications. Consequently, both the thermal and

the photochemical pathways of degradation of such con-

taminants are topics of growing interest (Alseberg et al.,

1994; Garcı́a, 1994). In particular, their photoinduced

degradation to non-toxic products under natural condi-

tions—i.e. in aerated water solution and under sunlight

irradiation—has been tested with variable success, and

the reactions involved have been studied in order to

know more about the natural photochemical decay of

all these substances (Wilkinson et al., 1995; Burrows

et al., 2002). The photochemical decay can become the

most important degradation pathway, in special in sunny

countries and under favorable environmental conditions.

When the contaminant absorbs light in the near-UV

zone, it can be degraded in an aqueous environment

through the direct oxidation of its electronically excited

state with the dissolved oxygen, or through the reaction

with the oxidant species singlet molecular oxygen,

O2(
1Dg), and/or superoxide anion, O��

2 , generated by en-
ND
(sunl

h
Direct photooxidation:

Sensitised photooxidation: S
(sun

h

S = sensitiser

Scheme 1. Possible photooxidation
ergy transfer or electron transfer, respectively, from the

electronically excited contaminant to ground state oxy-

gen (Scheme 1). On the other hand, when the contami-

nant does not absorb any wavelength of the sunlight,

the degradation can also be carried out through

O2(
1Dg)/O

��
2 pathways if another colored (or even non-

colored) sensitizer, able to generate these oxygen species,

is present in the medium.

Few works have been formerly devoted to the study

of the behavior of ND compounds as physical and/or

chemical O2(
1Dg) quenchers (Dalle et al., 1972; Young

and Brewer, 1976; Larson and Marley, 1984), possibly

because of their usually low chemical reactivity to-

wards this oxygen species. Nevertheless, it is known

that in some cases the photooxidative reactivity can be

considerably enhanced by adequate choice of experi-

mental conditions, such as type of dye sensitizer, solvent

polarity, pH of the medium, presence of detergents,

etc. The presence of electron-releasing groups such as

OH or NH2 in the molecule of the ND pesticide should

increase the reactivity with the electrophilic reagent

O2(
1Dg).

Only the commercial pyrimidine fungicides ethirimol

and dimethirimol have a formal OH-group in the

aromatic heterocycle (Scheme 2), although in aqueous

solution the presence of the corresponding 4(3H)-pyri-

midinone tautomer cannot be neglected. On the con-

trary, many ND pesticides have an O-substituted
ight)

ν
ND *

O2 oxidised ND
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ν
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Scheme 2. Some basic structures of OR–ND pesticides.
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group (OR) bound to the heterocycle (Tomlin, 1994).

OR–ND commercial pesticides in current use are 2-OR

pyridines (2-ORP, R = alkyl, substituted alkyl, substi-

tuted aryl; or OR = dimethyl phosphorothioate, diethyl

phosphorothioate), 4-OR pyrimidines (4-ORPD, OR =

dimethylsulfamate, dimethylcarbamate, diethyl phos-

phorothioate), 4,6-dimethoxypyrimidines (4,6-diOM-

ePD), and some 8-OH quinoline derivatives (8-HQ)

(sulfate, Cu(II) quelate, ether ester 8-OR, with R =

CH2CO2Mexyl). Under environmental conditions,

OR–ND pesticides could undergo hydrolysis to the cor-

responding compounds with free OH-group (OH–ND),

which are much more sensitive to photodegradation

via O2(
1Dg)-photooxidation, in special in alkaline media.

On the other hand, a possible way of modulating the

degradation via O2(
1Dg) of a particular ND pesticide,

and hence its permanence in the natural environment,

could be by the introduction of an activating substitu-

ent, such as an OH-group, in the N-heterocycle of the

molecule (Wilkinson et al., 1993).

In the present review, we compile and discuss the

results published by our group and others related with
Scheme 3. Main possible interactions in the visible-light aerobic irradi

sensitizer (S), such as Rose Bengal (RB) or riboflavin (Rf). P denotes
the study of the kinetic behavior and, in some cases,

the mechanism of the dye-promoted photooxygenation

of several hydroxypyridines (HPs), hydroxyquinolines

(HQs) and hydroxypyrimidines (HPDs)—some of them

with the basic molecular structures of known pesticides,

and of a few non-hydroxylated model compounds. The

main aim was to examine the experimental conditions

that maximize the photodegradation efficiencies of all

these ND compounds, under dye-sensitized photooxida-

tion conditions similar to those frequently found in nat-

ure, with a natural dye sensitizer such as riboflavin (Rf)

(vitamin B2), a pigment usually present in natural waters

(Benassi et al., 1967; Chacon et al., 1988). As the usual

mechanism of action of this dye is rather complex, in

many cases with the concurrent involvement of the oxi-

dative species O2ð1DgÞ and O��
2 , we first discuss the re-

sults found using the synthetic dye Rose Bengal (RB),

a sensitizer that generates O2(
1Dg) with high efficiency

(Neckers, 1989; Amat-Guerri et al., 1990), simplifying

in this way the study of the photooxidation processes.

On the other hand, RB and similar O2(
1Dg)-generators

could be used for the efficient non-natural photodegra-

dation of ND pesticides in aqueous solutions under con-

trolled conditions. A review comprising the first results

of our group on the former subjects has been published

(Garcı́a and Amat-Guerri, 2001). A general review on

the photodegradation mechanism of many known pesti-

cides, by both direct photolysis and photosensitization,

has been also published (Burrows et al., 2002).
2. The sensitized photooxidation process

The main possible processes that can take place when

a solution containing a ND compound and a dye sensi-

tizer, S, is irradiated with visible light in the presence of

oxygen are shown in Scheme 3. The prevalence of any of
ation of a six-membered aromatic N-heterocycle (ND) and a dye

a reaction product.



Scheme 4. Mechanism of the interaction between O2(
1Dg) and

OH–ND.
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them usually depends on the experimental conditions

and on the involved ND and S compounds. The initially

generated excited singlet state of the sensitizer (1S*, pro-

cess (1)) can decay to ground state S (2), can be

quenched by ND (3), or can produce excited triplet S

(3S*) (4). 3S* can decay to ground state S (5), can yield

products (6), can be quenched by ground state oxygen,

O2(
3R�

g ), generating O��
2 by electron transfer (7), and

O2(
1Dg) by energy transfer (8), or can accept an electron

from ND yielding semireduced S (S��) (9). S�� can also

generate O��
2 by electron transfer to oxygen (10). On

the other hand, O2(
1Dg) can be physically quenched

either by the medium (11) or by ND (12), or can react

either with S (13) or with ND (14). Reaction (14), with

reactive rate constant kr, is the main pathway of disap-

pearance of ND in O2(
1Dg)-mediated processes. In paral-

lel, the generated O��
2 can chemically react with S (15) or

with ND (16). When the dye RB is employed as a sensi-

tizer, the photogeneration of O2(
1Dg) through processes

(4) and (8) is usually very efficient, with quantum yields

close to 0.9 (Neckers, 1989; Amat-Guerri et al., 1990).

On the other hand, when riboflavin (Rf) is employed in-

stead, both O2(
1Dg) (process (8)) and O��

2 (process (7))

are photogenerated, with reported quantum yields in

water of 0.49 (Wilkinson et al., 1993) and 0.009 (Krishna

et al., 1991). Hence, the generation of the species S�+ and

O��
2 via process (7) is negligible in kinetic terms. Rf is

also a moderate quencher of O2(
1Dg), with an overall

rate constant, ktRf = kqRf + krRf, for the physical and

chemical quenching (processes (12), with Rf instead of

ND, and (13), with S = Rf) of 6 · 107 M�1 s�1 (Chacon

et al., 1988). Nevertheless, in the presence of an ade-

quate substrate such as ND, 3Rf* can give rise, via Rf��

(process (9)), to O��
2 (process (10)). Semireduction of

3Rf* to Rf�� has been proposed in order to explain the

photoinitiation of vinyl polymerizations with Rf (Berto-

lotti et al., 1999), as well as the interaction of ascorbic

acid with the Rf-chromophore radical from flavin-

mononucleotide (Heelis et al., 1981). In the presence of

proton donating species, the generation of Rf neutral

radical (RfH�, process (17)) should occur, with a pK

value of 8.3 (Lu et al., 2000; Lu et al., 2004). Neverthe-

less, although it is known that the reaction of ground

state oxygen with RfH� is much slower than with Rf��

(process (10)), the bimolecular decay of RfH� through

a disproportionation reaction can yield Rf and fully re-

duced Rf (RfH2) (process (18)), which in the presence of

O2 (3R�
g ) can be reoxidized giving Rf and H2O2 (process

(19)) (Lu et al., 2000). In any case, reactions (10) and

(18) constitute pathways for O��
2 and H2O2 production

and Rf regeneration, being both oxygenated species

good candidates to react with ND compounds.

Regarding O2(
1Dg)-mediated photooxidations (pro-

cess (14)), their efficiency is correctly evaluated through

the determination of the photooxidation quantum effi-

ciency, ur = kr[ND]/(kq + kt[ND]) (Bocco et al., 1994;
Garcı́a, 1994). The ur value so determined takes into ac-

count the simultaneous effect of the physical and chem-

ical interactions, being the kq contribution usually

interpreted in practical terms as a form of self-protection

against O2(
1Dg)-mediated photooxidations. Neverthe-

less, the ur value depends on the concentration of the

photooxidizable substrate ([ND] in the present case),

which is particularly difficult to estimate in complex sys-

tems such as contaminated environments. On the other

hand, no relevant information about these photoreac-

tions can be obtained from the straightforward analysis

of isolated kt and kr values (Garcı́a, 1994). A simpler and

more useful approach is the evaluation of the kr/kt ratio,

which can be envisaged as the fraction of the overall

interaction O2(
1Dg)-substrate that leads to effective

chemical transformation. In the present review this ratio

will be used for the discussion of results.

When the kinetics of O2(
1Dg)-mediated photooxida-

tions of aromatic compounds with free OH-group is

studied in different media, two common features are gen-

erally observed (Garcı́a, 1994): (a) the overall O2(
1Dg)

quenching is favored—i.e. the kt value increases—with

the increase of the solvent polarity; and (b) kt values

of the species with the OH-group in ionized form are

ca. two orders of magnitude higher than those of the

un-ionized one, and the reactive quenching of O2(
1Dg)

by the latter is hardly observed. These features have

been rationalized on the basis of a photooxidation

mechanism involving an intermediate complex with par-

tial charge-transfer character, an explanation formerly

used to account for the well known medium dependence

of the kinetic photooxidation behavior of phenols

(Thomas and Foote, 1978; Foote, 1984; Luiz et al.,

1993; Bocco et al., 1994) and other aromatic compounds

with free OH-group (Pajares et al., 1998; Amat-Guerri

et al., 1999). In the cases of the OH–ND compounds

herein studied, the proposed mechanism of interaction

via said intermediate is shown in Scheme 4.
3. Photooxidations sensitized by Rose Bengal

3.1. Hydroxypyridines

The kinetics of the dye-sensitized photooxygenation

of a series of mono- and dihydroxypyridines has been
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studied in different media (Pajares et al., 1998, 2002;

Amat-Guerri et al., 1999). The structures of all the stud-

ied HP compounds are shown in Table 1. Rate constants

kt and kr, determined for the reactive dyes by time-

resolved O2(
1Dg)-phosphorescence detection and polaro-

graphic methods, were in the range 106–108 M�1 s�1.

When aerated solutions of any of these OH–ND com-

pounds, in water or in mixtures acetonitrile/water or

acetonitrile/methanol, were irradiated in the presence

of RB, in most cases important absorbance changes

were observed in their respective absorption spectra

(representative changes are shown in Fig. 1), and oxygen

was consumed during the photoirradiation (see example

in Fig. 2, main). These experimental results, in conjunc-

tion with the quenching of the time-resolved phospho-

rescence signal of O2(
1Dg) by each HP compound

(example in Fig. 2, inset), constitute unambiguous evi-

dence of O2(
1Dg)-mediated photooxidation processes.

The values of the ratio kr/kt were in the range 0.02–1,

in the cases where reaction was observed, with values

significantly higher in alkaline aqueous media. In mono-

hydroxylated pyridines, the position of the OH-group

plays a key role in the efficiency of their interaction with

O2(
1Dg). In 2-HP and 4-HP, the presence of the tauto-

meric oxo form (Scheme 5), much less aromatic that

the hydroxy form (Boulton and McKillop, 1984; Joh-

son, 1984) and, hence, much less reactive towards the

well known electrophilic reagent O2(
1Dg), drastically

suppresses the interaction with the oxidative species.

On the contrary, the OH-ionization greatly enhances

the photooxidative process, as shown in Fig. 3 for the

case of 3-HP. An excellent concordance can be observed

for 3-HP between the inflection point of the curve kr vs.

pH and the pKa value of 3-HP, 8.72 (described by Gra-

chev et al., 1973). Besides, the increase of the kr values

with the solvent polarity is in accord with the proposed

mechanism through the excited complex shown in

Scheme 4.

The hydroxypyridines shown in Table 1 are in most

cases efficient physical and/or chemical scavengers of

O2(
1Dg), but not their non-hydroxylated parent com-

pound pyridine, which shows a kt value in CCl4 solution

of 2 · 103 M�1 s�1 (Young and Brewer, 1976). This

different behavior has been also found in phenols

(Okanioto et al., 1982; Luiz et al., 1993), polyhydroxy-

benzenes (Mártire et al., 1991) and hydroxybiphenyls

(Mártire et al., 1993), with regard to their corresponding

non-hydroxylated compounds (Wilkinson et al., 1995).

Of the three isomeric HP, 3-HP shows the highest kr

value, i.e. is the most susceptible towards O2(
1Dg)-medi-

ated photooxidation. The results found for several

2-substituted 3-HPs indicate that the kt value increases

with electron-releasing substituents at position 2, as well

as in water or in alkaline media, pointing to a quench-

ing process through the mentioned polar complex

[O2(
1Dg)

d�� � �HPd+]. All these 3-HPs are photooxidised,
showing 2-methyl-3-hydroxypyridine (2-Me-3-HP) the

highest kr/kt ratio.

The products of the photooxidation in water of 3-HP

have been analyzed by GC/MS, and products from the

pyridine ring cleavage, as well as 2,3-dihydroxypyridine

(2,3-DHP), have been detected (Amat-Guerri et al.,

1999). All can be derived from a 1,2-dioxetane interme-

diate formed by O2(
1Dg) addition to the 2,3-positions of

the pyridine ring (Scheme 6).

The kinetics of the RB-sensitized photooxidation of

2,3-DHP and 2,4-dihydroxypyridine (2,4-DHP) is some-

what different. These compounds present different tauto-

meric and ionization states, depending on the pH of the

medium (Scheme 7) (Pajares et al., 2002). The ratios

kr/kt found (Table 1) in water at pH 5, pH 11 and pH

14, and in the mixture MeCN/water 4:1 v/v, with and

without 10 mM KOH, indicate that both DHPs are effi-

ciently oxidized with O2(
1Dg) over an extended pH

range. Nevertheless, if these DHPs are compared with

HP compounds, only 2,3-DHP reacts with higher effi-

ciency. In a general sense, the increase of pH favors

the overall interaction O2(
1Dg)-DHP, although this

interaction does not correlate with the importance of

the photooxidation reaction. In pH 5 medium or in

the mixture MeCN/water 4:1, solvents where the respec-

tive un-ionized 2-pyridone forms predominate, only 2,

3-DHP is photooxidised, whereas 2,4-DHP slightly deac-

tivates O2(
1Dg) only in a physical fashion. The highest

kr/kt ratios are reached in pH 11 water solution or in

alkalinized MeCN/water, where the respective mono-

ionized 2-pyridone forms predominate. In addition, in

pH 14 water solution both di-ionized dihydroxypyridines

show the highest kt values, but lower relative reactivity

than in pH 11 water solution.

3.2. Hydroxyquinolines

8-Hydroxyquinoline (8-HQ) (oxine) and some of

their derivatives, including their quelates and salts with

several metals, have shown cytotoxic (Shen et al.,

1999a,b), antibacterial (Faizi et al., 1997; Patel et al.,

1997; Valli et al., 2000; Murugasu-Oei and Dick,

2001), antifungal (Barboiu et al., 1996; Nicoletti et al.,

1999a,b), and antimalarial (Scheibel and Rodriguez,

1989) activity. Their strong antibacterial properties have

promoted their use as preservatives of pharmaceutical

formulations and cosmetic products. All these activities

and uses have prompted some studies on its thermal

and photochemical stability. The kinetics of the thermal

oxidation of 8-HQ to quinoline-5,8-quinone using pyrid-

inium dichromate has been formerly reported (Palaniap-

pan et al., 1998), and the dye-sensitized photooxidation

of 8-HQ has been used for the preparative synthesis of

said quinone with good yield (Amarasekara, 1999;

Cossy and Belotti, 2001). On the other hand, several

derivatives of 4-hydroxyquinoline (4-HQ) have also



Table 1

Rate constants (M�1 s�1) for overall (kt) and reactive (kr) quenching of O2(
1Dg) (from Rose Bengal sensitization) by hydroxypyridines

(HP) in different solvents

Compound

N R2

R4

R3
Solventa kt/108b,c kr/108c kr/kt

R2 R3 R4

2-HP OH H H Water NQ NQ �0

Water, pH 11 1.23 0.20 0.16

MeCN/MeOH 9:1 NQ NQ �0

MeCN/MeOH 9:1 + KOH 1.45 0.03 0.02

3-HP H OH H Water 0.39 0.26 0.66

Water, pH 11 2.60 2.60 1.00

MeCN/MeOH 9:1 2.10 NQ �0

MeCN/MeOH 9:1 + KOH 2.80 0.81 0.32

MeCN/water 4:1 0.037 0.016 0.43

MeCN/water 4:1 + NaOH 2.0 1.31 0.65

4-HP H H OH Water NQ NQ �0

Water, pH 11 NQ NQ �0

MeCN/MeOH 9:1 NQ NQ �0

MeCN/MeOH 9:1 + KOH NQ NQ �0

2-Me-3-HP Me OH H Water 0.52 0.52 1.00

Water, pH 11 3.10 2.8 0.90

MeCN/water 4:1 0.08 0.033 0.41

MeCN/water 4:1 + NaOH 2.80 2.05 0.73

2-Am-3-HP NH2 OH H Water 3.90 1.35 0.34

Water, pH 11 6.60 2.9 0.44

MeCN/water 4:1 0.99 0.29 0.29

MeCN/water 4:1 + NaOH 3.20 1.1 0.34

2-Cl-3-HP Cl OH H Water 0.64 0.12 0.18

Water, pH 11 2.90 1.7 0.58

MeCN/water 4:1 0.25 0.24 0.96

MeCN/water 4:1 + NaOH 1.86 0.99 0.53

2-Br-3-HP Br OH H Water 1.49 0.21 0.14

Water, pH 11 1.56 1.56 1.00

MeCN/water 4:1 0.33 0.23 0.69

MeCN/water 4:1 + NaOH 2.36 0.60 0.25

2-C-3-HP CO2H OH H Water 0.014 NQ �0

Water, pH 11 0.65 0.60 0.92

MeCN/water 4:1 0.011 0.002 0.18

MeCN/water 4:1 + NaOH 1.03 0.32 0.31

2-CA-3-HP CONH2 OH H Water 0.073 0.039 0.53

Water, pH 11 1.00 0.70 0.70

MeCN/water 4:1 0.012 0.007 0.58

MeCN/water 4:1 + NaOH 1.16 0.44 0.38

2,3-DHP OH OH H Water, pH/pD 5 3.40 0.51 0.15

Water, pH/pD 11 5.60 3.55 0.63

Water, pH/pD 14 6.80 1.0 0.14

MeCN–water 4:1 0.70 0.71 1.01

MeCN–water 4:1 + KOH 1.70 1.68 0.99
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Table 1 (continued)

Compound

N R2

R4

R3
Solventa kt/108b,c kr/108c kr/kt

R2 R3 R4

2,4-DHP OH H OH Water, pH/pD 5 0.008 NQ �0

Water, pH/pD 11 0.05 0.048 0.96

Water, pH/pD 14 0.08 0.01 0.12

MeCN/water 4:1 NQ NQ �0

MeCN/water 4:1 + KOH 0.04 0.037 0.93

Estimated relative error 10%. Data taken from Amat-Guerri et al. (1999) and Pajares et al. (1998, 2002).
a pH 11 water solutions made by adding KOH or NaOH; MeCN/MeOH 9:1 v/v + KOH (10 mM) solutions made by adding KOH

in MeOH; MeCN/water 4:1 v/v + NaOH (10 mM) made by diluting a 50 mM NaOH solution in water with MeCN.
b kt was determined in D2O solution, non buffered or at pD11.
c NQ: no quenching or no reaction was observed up to concentration 5 mM.
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Fig. 1. Spectral changes in the Rose Bengal-sensitized photo-

oxidation of 2-amino-3-hydroxypyridine (2-Am-3-HP) in pH 11

aqueous solution. Numbers on the spectra are irradiation times

in seconds. Adapted from Amat-Guerri et al. (1999).
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Fig. 2. First order plots for oxygen uptake upon Rose Bengal-

sensitized photooxidation of 2,4-dihydroxypyridine (2,4-DHP)

(a), furfuryl alcohol (b), and 2,3-dihydroxypyridine (2,3-DHP)

(c), all 0.5 mM in pH 11 aqueous solution. [O2] and [O2]0:

dissolved molecular oxygen concentrations at times t = t and

t = 0, respectively. Inset: Stern–Volmer plots for the quenching

of O2(
1Dg) phosphorescence by 2,3-DHP in MeCN/water 4:1

v/v plus 10 mM KOH (a), and in MeCN/water 4:1 v/v (b).

Adapted from Pajares et al. (2002).
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demonstrated different types of bioactivity (Sircar et al.,

1992; Vo et al., 1993; Kayirere et al., 1998).

When solutions of 8-HQ, in water or in the organic

solvent mixture MeCN/MeOH 9:1, were irradiated with

visible light in the presence of RB, important changes

were observed in the absorption spectra (Pajares et al.,

1998). The changes were totally suppressed in the ab-

sence of dissolved molecular oxygen, as well as in the
N N
H

NOH O

OH

2-HP 3-HP

Scheme 5. Tautomeric equilib
presence of 10 mM NaN3, and were comparatively fas-

ter, at the same irradiation fluences, when H2O was

replaced by D2O, clearly indicating O2(
1Dg)-mediated

(Type II) processes. No photoreaction was observed in

the irradiation of 4-HQ in the former solvents (Table 2)
N
H

N N
H

O
OH O

4-HP

ria in hydroxypyridines.
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Fig. 3. Rose Bengal-sensitized photooxidation of 3-hydroxy-

pyridine (3-HP). Dependence of the reactive rate constant, kr,

on the pH of the aqueous solution. Adapted from Garcı́a and

Amat-Guerri (2001).
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(Pajares et al., 1998). In the presence of alkali, the reac-

tivity of both HQs increased due to the ionization of the

OH group (representative spectral changes for 8-HQ are

shown in Fig. 4), as in the case of the related HPs. The

highest kr/kt ratios were found in pH 11 water: 0.29 for

4-HQ, and 0.40 for 8-HQ.

In 4-HQ, the un-ionized non-photooxidizable 4-oxo

tautomer predominates in acidic or neutral solvents, as

in the case of 4-HP, whereas in 8-HQ the OH form is

in equilibrium with the N-protonated zwitterionic

tautomer (Scheme 8) (Johson, 1984), and the reaction

of O2(
1Dg) with 8-HQ is comparatively favored.

For 8-HQ in the solvent mixture MeCN/MeOH 9:1,

a kt value of 0.015 · 108 M1 s1 has been found by TRPD

methods (Pajares et al., 1998). This value is two orders

of magnitude lower than the reported kt value for the

same compound in CHCl3 solution (Larson and Marley,

1984), determined by the Carlsson method (Carlsson

et al., 1974): 1.1 · 108 M�1 s�1. The latter value must

likely be overestimated because of the employment of

rubrene with the double function of sensitizer and sacri-

ficial substrate, thus overlooking the possible interaction
N

OH

N
O
O

OH

NH

O

O

CO

CO

3-HP

hν/O2

Rose Bengal

+

Scheme 6. Detected products and possible mechanism, for their form
of excited singlet and/or triplet rubrene with the sub-

strate (Gsponer et al., 1987).

3.3. Hydroxypyrimidines

The kinetics of the sensitized photooxidation of the

pyrimidine fungicides ethirimol, dimethirimol (Scheme

2) and four analogous pyrimidines has been reported,

and the overall rate constants kt have been evaluated

in solution in water or chloroform (Harkness and Wells,

1981; Dixon and Wells, 1983). However, as pointed

above, in terms of substrate photodegradation this
N

OH

OOH N

OH

OH

NH

O

O
2H
2H CO2H

CO2H
+ +

2,3-DHP

ation in the Rose Bengal-sensitized photooxidation of 3-HP.



Table 2

Rate constants (M�1 s�1) for overall (kt) and reactive (kr) quenching of O2(
1Dg) (from Rose Bengal sensitization) by 4-

hydroxyquinoline (4-HQ) and 8-hydroxyquinoline (8-HQ) in different media

Compound

N

R4

R8

Solvent kt/108a,b kr/108b kr/kt

R4 R8

4-HQ OH H Water pH 6 NQ NQ �0

Water pH 11 0.90 0.26 0.29

MeCN/MeOH 9:1 NQ NQ �0

MeCN/MeOH 9:1 + KOH 0.16 0.030 0.19

8-HQ H OH Water pH 6 0.23 0.08 0.35

Water pH 11 4.20 1.70 0.40

MeCN/MeOH 9:1 0.015 <0.001 <0.001

MeCN/MeOH 9:1 + KOH 4.68 0.052 0.01

Data taken from Pajares et al. (1998).
a kt was determined in D2O (pD 6 or pD 11) solution.
b NQ: no quenching or no reaction was observed up to concentration 5 mM.
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Fig. 4. Spectral evolution upon Rose Bengal-sensitized photo-

oxidation of 8-hydroxyquinoline (8-HQ) in pH 11 aqueous

solution (full lines). Numbers on the spectra are irradiation

times in seconds. For comparison, the spectrum of 8-HQ in pH

6 aqueous solution is included (dashed line). Adapted from

Pajares et al. (1998).
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Scheme 8. Tautomeric equilibria in 4-HQ and 8-HQ.
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constant provides only limited kinetic information about

the potential environmental relevance of the interaction

O2(
1Dg)-ND. For this reason the kr values of the model

compound 2-amino-4-hydroxy-6-methyl-1,3-pyrimidine

(AHMPD) and of some related pyrimidines have been

also determined (Table 3) (Pajares et al., 1998, 2000).

The changes in the absorption spectra during the

visible-light irradiation in the presence of RB of air-

equilibrated individual solutions of AHMPD in pH

11 aqueous solution are shown in Fig. 5 (Pajares et al.,

2000). Similar changes were observed in the mixture

MeCN/water 4:1. Under comparative conditions, the

spectral modification was much higher in the presence

of alkali, but unobservable in the absence of oxygen

or in the presence of 10 mM NaN3. Experiments on

oxygen consumption and time-resolved phosphorescence

detection of O2(
1Dg) demonstrated the involvement of

O2(
1Dg) in the photooxidation. Besides, the evolution

with time of the number of NH2 groups indicated a con-

tinuous generation of this group (Fig. 6). The higher val-

ues obtained for the rate constants kt and kr in alkaline

media, where the electron-releasing ability of the OH-

group is enhanced by ionization, can be explained by

the above cited photooxidation mechanism through a

charge-transfer complex (Scheme 4).

The kr values found for AHMPD indicates that the

reactive quenching component is more important in

pure water—either in the absence or in the presence of

alkali—than in the mixture MeCN/water, as expected.

In other words, the proportion of O2(
1Dg)-quenching

events resulting in AHMPD photodegradation increases

with the solvent polarity.

Total absence of reactivity was observed in the sim-

pler compounds PD, MPD, APD, and HPD (Table 3)

(Pajares et al., 1998, 2000). In the particular case of



Table 3

Rate constants (M�1 s�1) of overall (kt) and reactive (kr) quenching of the O2(
1Dg)-mediated photooxidation of pyrimidines (PD) in

several solvents

Compound

N

N

R2

R4

R6

R5
Solvent kt/107 kr/107a kr/kt

R2 R4 R5 R6

PD H H H H Benzene <0.001 NQ �0

APD NH2 H H H D2O <0.001 NQ �0

HPD H OH H H D2O, pD 6 <0.001 NQ �0

D2O, pD 11 <0.001 NQ �0

MPD H H H Me D2O <0.001 NQ �0

D2O, pD 11 <0.001 NQ �0

AHPD NH2 OH H H Water, pD/pH 6 <0.001 NQ �0

Water, pD/pH 11 1.7 1.7 1.00

AHMPD NH2 OH H Me Water, pD/pH 6 0.057 0.018 0.31

water, pD/pH 11 2.7 1.8 0.66

MeCN/water 4:1 0.025 0.009 0.36

MeCN/water 4:1 + KOH 1.46 0.38 0.26

DEAHMPDb NEt2 OH H Me CHCl3 0.07 NQ �0

DMAHDMPDc NMe2 OH Me Me CHCl3 1.15 nd

H2O, pH 7 8.07 NQ �0

H2O, pH 9 14.1 NQ �0

Data mainly taken from Pajares et al. (1998, 2000).
a NQ: no reaction was observed; nd: not determined.
b From Harkness and Wells (1981).
c From Dixon and Wells (1983).
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Fig. 5. Spectral evolution during the Rose Bengal-sensitized

photooxidation of 2-amino-4-hydroxy-6-methylpyridimidine

(AHMPD) in pH 11 aqueous solution. Numbers on the spectra

represent irradiation times in min. Adapted from Pajares et al.

(2000).

Fig. 6. Temporal evolution of the relative fluorescence inten-

sity in the Rose Bengal-sensitized photooxidation of 2-amino-

4-hydroxy-6-methylpyrimidine (AHMPD) in pH 11 aqueous

solution after addition of fluorescamine. I0
f and If are the

fluorescence intensities at irradiation times t = 0 and t = t,

respectively. Adapted from Pajares et al. (2000).
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HPD, its lack of reactivity, even in the presence of alkali,

seems not in accord with the expected effect of an OH-

group—as such or in ionized form—on the kinetics of

PD�s photooxidations. This indicates that the OH-group

in a pyrimidine molecule constitutes a necessary, but not
a sufficient, condition for the interaction with O2(
1Dg).

The lack of reactivity of HPD is a consequence of the

predominant, or exclusive, presence in water solution

of the corresponding tautomeric 4-oxo forms (b) (major)

and (c) (minor) (Scheme 9) (Elguero et al., 1976; Boulton

and McKillop, 1984; Brown et al., 1994), much less
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aromatic than the 4-hydroxy form (a) and, hence, much

less reactive towards O2(
1Dg) (Wilkinson et al., 1995). A

similar equilibrium can be envisaged in the case of

AHMPD, because in the related compound AHPD the

2-amino-4-oxo forms (b) and (c) coexist in aqueous solu-

tion (Elguero et al., 1976), and possible zwitterionic

structures have been disregarded. In the presence of

alkali, the OH-ionized form of structure (a) predomi-

nates, and the reaction with O2(
1Dg) is favored, as the

experimental evidence demonstrates for the case of

AHPD, where a total absence of reactivity was observed

in pH/pD 6 media. The pH effect on the reactive rate

constant kr is qualitatively similar to that observed for

simple substituted phenols (see above), although

AHMPD is moderately reactive even under conditions

in which the OH-group is not ionized, because the pres-

ence of both the 2-amino and, specially, 6-methyl groups

increases the electron donor ability of the substrate and,

consequently, favors the generation of the encounter

complex postulated in Scheme 4. A kr/kt value of 0.66

was described for AHMPD in alkaline aqueous solution.

Some information about the oxidative pathway in the

sensitized photooxidation of AHMPD can be extracted

from the analysis of the evolution of the primary amino

groups (Fig. 6), and from the 1:1 stoichiometry found

for the reaction between AHMPD and O2(
1Dg) (Pajares

et al., 2000). The stoichiometry is in agreement with the

primary generation of a zwitterionic intermediate such

as that shown in Scheme 10, also proposed for the sen-

sitized photooxidation of the 2-diethylamino analog

DEAHMPD (Dixon and Wells, 1983) (Table 3). Never-

theless, the fluorimetric analysis by fluorescamine com-

plexation of primary amino groups (Straight and
N

NH

O

NH2 N

NH

O

NH2

H
OO

Rose Bengal
hν/O2

CH3 CH3

Scheme 10. Possible primary photoreaction in the Rose Ben-

gal-sensitized photooxidation of AHMPD.
Spikes, 1978) during the photooxidation of AHMPD

showed the generation of at least one additional NH2-

group, pointing to the cleavage of the ring, possibly in

a further reaction step. The fluorescamine assay is fre-

quently employed as a kinetic and mechanistic tool for

the evaluation of the generation or disappearance of pri-

mary amino groups upon sensitized photooxidation of

different substrates (Pajares et al., 2000; Posadaz et al.,

2004).
4. Photooxidations sensitized by riboflavin

The dye Rf is usually present in natural waters

(Benassi et al., 1967; Chacon et al., 1988), and surely

plays an important role in the natural photodegradation

of dissolved contaminants. For these reasons the Rf-sen-

sitized photooxidation, in water or in water–organic sol-

vent mixtures, of the hydroxypyridines 3-HP (Pajares

et al., 1999) and 4-HP (Pajares et al., 2001), the hydroxy-

quinolines 4-HQ and 8-HQ (Criado et al., 2003), and the

hydroxypyrimidine AHMPD (Haggi et al., 2002), se-

lected model compounds of some OR–ND pesticides,

has been studied. The observed spectral changes during

the irradiations indicate the existence of chemical reac-

tions involving both OH–NDs and Rf. Representative

changes are shown in Figs. 7 and 8. These changes,

and the results from oxygen uptake experiments in the

absence and in the presence of NaN3—specific quencher

of O2(
1Dg)—or superoxide dismutase (SOD)—specific

quencher of O��
2 , denote photoprocesses with participa-

tion of reactive oxygen species generated by excited

triplet Rf. The elucidation of the involved mechanism,

as well as the determination of the relative efficiency

of the photodegradation process, were performed on

the basis of the previous knowledge of the O2(
1Dg)-med-

iated process—selectively studied through the above
200 250 300 350
0.0

32
47

λ/nm

Fig. 7. Spectral changes in the photooxidation of 2-amino-4-

hydroxy-6-methylpyrimidine (AHMPD) (0.5 M) sensitized with

riboflavin (0.02 mM) in pH 6 aqueous solution. Numbers on

the spectra are irradiation times in minutes. Adapted from

Haggi et al. (2002).
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Fig. 8. Spectral evolution during the riboflavin-sensitized

photooxidation of 8-hydroxyquinoline (8-OHQ) (main figure)

and 4-hydroxyquinoline (4-OHQ) (inset), both 0.03 mM in

H2O/MeOH 9:1 v/v. Numbers on the spectra represent irradi-

ation times in seconds. Adapted from Criado et al. (2003).
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Fig. 9. Transient absorption spectra of riboflavin (0.01 mM)

in argon-saturated aqueous solution, in the absence (a) and in

the presence (b) of 2-amino-4-hydroxy-6-methylpyrimidine

(AHMPD) (8 mM) taken at 1 and 20 ls after the laser pulse,

respectively. Spectrum (b) is coincident with the absorption

spectrum of riboflavin anion radical. Inset: Stern–Volmer plots

for the quenching of 1Rf* (air-equilibrated solution) (a), and
3Rf* (argon-saturated solution) (b) by AHMPD. Adapted from

Haggi et al. (2002).
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RB-sensitized experiments, and by using fluorescence

and laser flash photolysis techniques. The presence of

the species Rf��, a precursor in the generation of O��
2 ,

was confirmed by registering the corresponding tran-

sient–absorption spectrum (see Fig. 9 for a typical case).

In the next sections, the behavior of the cited OH–ND

compounds under Rf-sensitized photooxidation condi-

tions is discussed.

4.1. Hydroxypyridines

The visible-light irradiation of the mixture 3-HP plus

Rf in air-equilibrated aqueous solution triggers competi-

tive physical and chemical processes that depend on the

relative concentration of 3-HP and Rf with regard to that

of the dissolved ground state molecular oxygen (0.26 mM

in air-equilibrated water solution, according to Murov,

1973). The rate constant values found for the quenching

by 3-OHP of O2(
1Dg), excited singlet Rf (1Rf*) and ex-

cited triplet Rf (3Rf*), are shown in Table 4 (Pajares
Table 4

Rate constant values (M�1 s�1) for the overall (kt) and reactive (kr)

hydroxypyridine (3-HP) and 4-hydroxypyridine (4-HP), and for the q

by the same compounds, in water solution

Quencher O2(
1Dg) quenching

kt/109a kr/109

3-HP 0.03 0.026

4-HP NQc –

Data taken from Pajares et al. (2001).
a kt was determined in D2O solution.
b Determined by the single-photon-counting technique or (between
c No quenching was observed.
et al., 1999). According to these values, in the irradiations

of solutions with Rf concentration ca. 0.01 mM and 3-

HP concentration 60.01 mM, the predominant pathway

is the generation of O2(
1Dg) (process (8), Scheme 3) and

the concomitant photooxygenation of 3-HP (process

(14)). Under similar conditions, but with 3-HP concen-

tration ca. 0.10 mM, competitive reactions of 3Rf* with

both O2(
3R�

g ) (process (8)) and 3-HP (process (9)) are

operative, giving rise to: (a) the inhibition of the Rf pho-

todegradation (process (6)); (b) the generation of both

O2(
1Dg) and O��

2 in a similar extent; and (c) the subse-

quent photooxygenation of both 3-HP (processes (14)

and (16)) and Rf (process (13)). With much higher 3-

HP concentrations (P1 mM), the quenching of 1Rf*

(process (3)) predominates, and the photodegradation

of Rf is thus prevented. Although an electron transfer

mechanism between 1Rf* and 3-HP could also be opera-

tive, consumption of any of these two compounds was
quenching of O2(
1Dg) (from Rose Bengal sensitization) by 3-

uenching of excited singlet (1kqHP) and triplet (3kqHP) riboflavin

Excited-Rf quenching

1kqHP/109b 3kqHP/109

5.9 (5.9) 0.89

2.4 (2.7) 0.012

brackets) steady-state fluorescence.



Table 5

Rate constants (M�1 s�1) for the quenching of excited singlet (1kqHQ) and triplet (3kqHQ) riboflavin, and relative rates of O2-uptake and

HQ disappearance in the riboflavin-sensitized photooxidation of 4-hydroxyquinoline (4-HQ) and 8-hydroxyquinoline (8-HQ) in

H2O/MeOH 9:1 v/v

Compound 1kqHQ/109 3kqHQ/109 O2-uptake relative rate HQ-disapp. relative rate

4-HQ 2.7 0.43 0.19 0.20

8-HQ 2.9 1.60 1 1

Data taken from Criado et al. (2003).
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not observed under these conditions, suggesting the

prevalence of a back electron transfer process.

The case of the isomer 4-HP is different (Pajares

et al., 2001), because this pyridine does not react with

O2(
1Dg) generated by RB sensitization (Table 1). With

Rf as a sensitizer, the results indicate that 4-HP

quenches both 1Rf* and 3Rf*, but with rate constants

values 1kqHP and 3kqHP differing in two orders of magni-

tude (Table 4). The photodecomposition of Rf, a known

process taking place from 3Rf*, was found to depend on

the 4-HP concentration: at P20 mM limited photode-

composition occurs due to the quenching of 1Rf*, while

at ca. 5 mM 3Rf* is photogenerated and subsequently

quenched either by oxygen, giving rise to O2(
1Dg) (pro-

cess (8)), or by 4-HP, yielding Rf�� (process (9)). Super-

oxide dismutase inhibition of the oxygen uptake and

flash photolysis experiments indicated that Rf�� yields

O��
2 (process (10)) by reaction with the dissolved oxygen,

yielding at the same time neutral, ground state Rf. As a

global result, both 4-HP and Rf are photodegraded,

likely with O��
2 . 4-HP disappears by oxygenation, and

no decomposition was observed in the absence of oxy-

gen. On the contrary, Rf photodegradation is favored

in the absence of oxygen, because Rf regeneration via

O��
2 production is precluded.

4.2. Hydroxyquinolines

The photodegradation of 8-HQ in the presence of Rf

is about five times faster than that of 4-HQ under the

same conditions, as deduced from results of independent

experiments of oxygen uptake and substrate consump-

tion (Table 5) (Criado et al., 2003), suggesting that pho-

tooxygenation is the exclusive, or at least the dominant,

photodegradation pathway of both HQs. On the other

hand, the quenching rate constants of excited-Rf by

these HQs indicate that at HQ concentrations <5 mM

the radical anion O��
2 is formed through processes (7)

and (10), as well as O2(
1Dg) through process (8). The

global result is that both 4-HQ and 8-HQ are effec-

tively photodecomposed upon aerobic Rf-sensitized

irradiation. However, 4-HQ—a compound resistant to

O2(
1Dg) attack—is oxidized through an exclusive O��

2 -

mediated mechanism, whereas both O2(
1Dg) and O��

2

species participate in the photooxidation of 8-HQ.

Another important conclusion that can be withdrawn
from these results is that the presence of any HQ pro-

tects Rf from its aerobic photodegradation, because

the generation of O��
2 by back electron transfer from

Rf�� to oxygen (process (10)) regenerates at the same

time the pigment Rf.

4.3. Hydroxypyrimidines

The pyrimidine AHMPD is a model compound of the

pesticides ethirimol and dimethirimol (see above). As in

the above studied cases, the kinetic analysis of the photo-

degradation of AHMPD in the presence of Rf indicates

that a complex scheme of competitive processes operates,

all involving 3Rf* (Haggi et al., 2002). Under sensitizing

conditions, i.e. with Rf concentrations ca. 0.02 mM, the

photodegradation of the dye and (or) AHMPD depends

on the concentration of AHMPD. At AHMPD concen-

trations P40 mM, the massive quenching of 1Rf* (pro-

cess (3)) dominates (1kqPD = 2.7 · 109 M�1 s�1, 3kqPD =

2.7 · 107 M�1 s�1), preventing in practice the whole

photoprocess. At AHMPD concentrations 65–10 mM,

the formed 3Rf* (process (4)) reacts either with oxygen

or with AHMPD, yielding O2(
1Dg) (process (8)) and

semireduced Rf (Rf��) (process (9)), respectively. Subse-

quently, O��
2 can be produced from the reaction of Rf��

with dissolved oxygen (process (10)). As a result, both

AHMPD and Rf are photodegraded. AHMPD disap-

pears mainly by oxygenation. As in the cases of the above

studied HPs and HPDs, Rf photodegradation is favored

in the absence of oxygen because Rf regeneration via O��
2

production is precluded.
5. Conclusions

The experimental evidence indicates that when

O2(
1Dg) is photogenerated under field conditions in

aqueous environments—as expected in the presence of

O2(
1Dg)-generating dyes, the O2(

1Dg)-mediated photoox-

idation appears as an interesting and, in same cases, very

efficient alternative pathway of elimination from the

environment of OH–ND pesticides analogs to the herein

studied model compounds, in competence with other

naturally-occurring processes.

The position of the hydroxy group in OH–ND pesti-

cides plays a key role in the efficiency of their interaction
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with O2(
1Dg). In general, the OH-ionization greatly en-

hances the photooxidative pathway, and the enhance-

ment depends on the solvent polarity and the medium

pH. On the other hand, the exclusive presence of the tau-

tomeric oxo form in the medium suppresses the interac-

tion with O2(
1Dg). In organic solvents both OH and oxo

forms can coexist, while in natural aqueous environ-

ments both the pH of the medium and the substituents

in the particular OH–ND molecule decide the propor-

tion of these forms. If programmed oxidative photode-

gradations of OH–ND pesticides are considered, and

ruling out the use of direct photoreactions using UV-

light with this purpose, a simple change of the medium

pH value could allow the switch between reactive and

non-reactive O2(
1Dg)-mediated processes.

Solvent effect on the photooxidation kinetics suggest

the participation of a charge-transfer mechanism involv-

ing an initial encounter excited complex between O2(
1Dg)

and the OH–ND compound.

The presence of the natural dye-sensitizer Rf—in-

stead of exclusive O2(
1Dg)-generators—triggers a more

complex picture of competitive reactions which are

highly dependent on the OH–ND concentration. These

reactions include oxygenated and non-oxygenated radi-

cal species and eventually produce chemical transforma-

tions in both Rf and the OH–ND compound. In a

general sense, the results obtained under sensitization

with Rf suggest that OH–ND contaminants are suscep-

tible to spontaneous photodegradation under usual

environmental conditions through mechanisms medi-

ated by the species O��
2 and O2(

1Dg). Since practically

no OH–ND reaction could be observed under anaerobic

conditions, the fate of the radical species ND�+ (process

(9)) seems to be the abstraction of an electron from the

medium giving rise to the recovery of neutral ND.
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