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�'�������!���	 ���	 ��	 ������	 ���	 ����
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���	 �����	 ���	 �����������	
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���	��������	�	��	����	���
���	
$B&	$C&	����	 �	�������	
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"�	 �����	 ��	 ���	 ���	 �����	 �������	 ��
���	 ����	 �����	 �����	 ��	 ��������	 �����	
���������������	�����!��	��	��	����������	���������	�����	���	������	"�	������	������	��������	
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�����
����	�����������	�����	���������	�	������	������	��	���������	�	
������	��!����	��������	�	��	�����	�������	���	���������	��	
����	������	!��	������	��	����������	
���	�����	�������	�����	��L��	���������		
"��	���������	������������	��
��!����	������������	������	������	���
���	!��	�	���	�����	��	���	

���	������	!��	������	������	��������	��	
���	����	;���	��
��	
��	���	���������	
��������	����	
��	���������	"��	��. $!�"#�	
�8/	.$!�"�-%�$�#�"#!5!&!#��#	����	��	����	�'
��	@	&��$/-�����$�&��
$/-�����DB
FE�		
>���	���	���������	��	$/-���&	��	��������������	U*���V	
���	��������	��	��������	��	��	�����	%	
��	�������	U�%V	��	!��	�����	*����;	b	�%�E	��	*���%�	b	��	���
�����������	*�	��	��������	��	
���������	����������	���	������	����	�����������	��	
�����&	����	�����	���������	*���%�	b	����	
"�	 ��������������	 
�������	 �����	 �����	 ��	 ��������	 ��	 �������	 
���	 ������	 *����E	 b	 �%�;	 �	
*������&	 ���	 ���������	����'������������	��	 ����	!��	
������������	 ���������	 ���	���	
�����	
���	 ��������	 �������	 ����	 ��	 ���������	 ����������	 ��	 �������	 %	 �������	 ����	 ��	 ����	 ��	
�����������&	��	!��	��������	���	���
����	��	��
���	�	������	������������		
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���	������	��	�������	�����	��
����'��	U,C

�;V�	"��	���������	��	$/-����	
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��
���	 ���	 ���
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����'���	
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����	�����������	
��	 ������	 ������������	 �����������FF
FG�	 ����	 �����	 ������&	 ����'����	 ��������	 ����	 
�����	 ��	
�'�����	��	�������	��	��	
������	+�	�����&	���	
�����������	���������������	
��������	����	���	
��������	�
���������	���	
������	����	��	�������	����	����'����	�����
����!���	 ���	
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��	���������	���������	�����	��	
����������	�������	��	����'����	�����
����!��	��	
������	����	
��	 
�����	 
���	 ������	 ����'����	 ���������	 "�	 �����	 ��	 ���	 ��	 �����	 ��
���	 ���	 �����	 ����	
��
�������	 ��	 
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�����	 ��	

��������	 ��	 �������	 ���������	 �����	 ��	 ��	 �����������	 �.��  �"#�0��"$3� !&� -��$� -��#!#$���
#�AA!#.���"$� &�"'$��-#� -���� ��.'!�� .4� � &�#� -.$%�'>"�#� ��� �" ���� &�#� #�5#$." �#�
. $!4�#� 	�-�#��#� #��� &.� #��A. �� A�&!.!���	 #����&	 2�������	 ��	 ���� ���	 ���	 ��	 ��������	 ��	
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’ INTRODUCTION

Solar-radiation-induced degradation is an important route of
pesticide dissipation in the environment.1 It may even be the
major process for some pesticides in surface water. However,
photodegradation is seldom considered at the surface of vegeta-
tion after crop spraying, although it was noted about 30 years ago
that “a meaningful proportion of pesticides are not stable to
sunlight on crops after field application”.2 Pesticide dissipation
from crop leave surfaces after spraying includes physical trans-
port processes (volatilization, wash-off and plant uptake) and
transformation processes (photodegradation, thermal degradation).
For example, it was demonstrated that herbicide sulcotrione dis-
sipation from maize leaves in the field is predominantly depen-
dent on photodegradation compared to the other processes
(volatilization, wash off, penetration).3 Dissipation from crops
after spraying directly affects the pesticide efficiency. In practice,
losses are generally counterbalanced by high application rates. If
these losses were taken into consideration and estimated, they
could be overcome by formulation adjustments for example. It
was shown that an optimal adjuvant combination can reduce the
effective pesticide dose by as much as 10-fold,4 which obviously
represents an important progress with regard to the environ-
mental impact.

Chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile, CT figure 1)
is a broad-spectrum nonsystemic foliar fungicide.5 This is one of the
most commonly used fungicides worldwide. CT is used to control

many fungal diseases in a wide range of crops, especially vegetables
and fruits. CT is also the most common pesticide used to control
fungal diseases in turf. Turf application rates are among the highest
of all labeled used patterns. CThas been available since 1964, and its
use is still common. In 2001, it ranked 13th in pesticide usage with
approximately 4 to 5 million kg active ingredient to crops in the
U.S.6 New systemic fungicides, such as sterol biosynthesis
inhibitor (tebuconazole and propiconazole) and strobilurin
fungicides (azoxystrobin and trifloxystrobin), have provided
new options for disease management. However, these fungicides
have highly specific modes of action, which have prompted
concerns in the development of fungicide resistance. The combi-
nation of these new fungicides with chlorothalonil has been
recommended as resistance prevention.7

The environmental fate of CT has been well documented
since the early 1970s. Degradation in soil is primarily microbial,
and the major reported metabolite is 4-hydroxy-2,5,6- trichlor-
oisophthalonitrile (OH-CT).8 In surface water, CT is resistant to
hydrolysis, photolysis and volatilization. CT fate in surface water
is ruled by microbial metabolization; the main metabolite is OH-
CT.9 At several estuarial locations, CT was detected with maximum
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ABSTRACT: Photodegradation is seldom considered at the sur-
face of vegetation after crop spraying. Chlorothalonil, a broad-
spectrum foliar fungicide with a very widespread use worldwide,
was considered. To represent the waxy upper layer of leaves, tests
were performed within thin paraffinwax films or in n-heptane. Laser
flash photolysis together with steady-state irradiation in n-heptane
allowed the determination of the photodegradation mechanisms
Chlorothalonil ability to produce singlet oxygen was measured;
noteworthy its efficiency is close to 100%. Additionally, chlorotha-
lonil photodegradation mainly proceeds through reductive dechlo-
rination. In these hydrophobic media, a radical mechanism was
evidenced. Photochemical tests on wax films under simulated solar
light show that formulated chlorothalonil is more reactive than pure
chlorothalonil. The field-extrapolated half-life of photolysis on vegetation was estimated to 5.3 days. This value was compared to the
half-lives of penetration and volatilization available in the literature. It appears that chlorothalonil dissipation from crops is ruled by
both photodegradation and penetration. The relative importance of the two paths probably depends on meteorological factors and
on physicochemical characteristics of the crop leaf cuticle.
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levels of 1.1 ng L�1, while OH-CT was detected in river waters at
higher levels (up to 14 ng L�1)10,11. This metabolite appears to
be more toxic than the parent compound.9 Aside from OH-CT,
many other degradation products resulting from reductive dechlor-
ination or oxidation/hydrolyzation reactions via biotic13,14 and
abiotic routes9,15�18 have been identified under laboratory con-
ditions.

CT aqueous photochemistry has been investigated but the
studies focused on kinetic aspects;15,18,19 the mechanism of CT
photodegradation has never been discussed. In addition, CT
photolysis has been reported to be not significant in the aquatic
media.9

In this paper, we aimed at estimating and rationalizing CT
photodegradation on leaves. CT photoreactivity on leaves can be
drastically different from that in aquatic media, as was demon-
strated for other pesticides.20 Photochemical degradation of pesti-
cides on crops occurs mainly within the outermost micrometer of
plants. Once the pesticide has entered the leaves the photo-
chemical reactions are decreased due to shielding effect; the plant
metabolism also comes into play and prevails. The surface of
leaves, the cuticle, is mainly made of cuticular wax. A first good
approach to estimate the phenomenon in the field is a set of
laboratory tests on thin wax films. At least some precautions should
be taken, the pesticide concentration should be within the range
encountered in the field, because some concentration effects have
been demonstrated21 and simulated solar irradiations are recom-
mended. Under these conditions it was demonstrated for exam-
ple, that herbicide sulcotrione rate of photolysis is of the same
order of magnitude with the laboratory set and field monitoring.22

Furthermore, tests were also performed in n-heptane in this study.
This is not a classical solvent used for environmental studies, but
its hydrophobicity makes it a suitable solvent in this particular
case. The transition from wax paraffin (linear alkane chains con-
taining 20�40 carbon atoms) to n-heptane is only a reduction of
the aliphatic chain length with no modification of the functional
groups between the two media. Laser flash photolysis together
with steady-state irradiation allowed the determination of the
mechanisms of chlorothalonil photodegradation. Finally, the field-
extrapolated rate of photolysis was compared with rates of penetra-
tion and volatilization available in the literature and discussed.

’EXPERIMENTAL SECTION

Kinetic Equations.The quantum yields and rate constants for
CT photodegradation are represented in Scheme 1. The reaction
rate constants are specified for CT deactivation (kd, s

�1), CT
reactivity with oxygen to produce singlet oxygen (kO2, M

�1s�1),
CT deactivation by oxygen (k0O2, M

�1s�1) CT reactivity with n-
heptane (kh, s

�1) and with a hydrogen donor molecule if added
(kRH, M

�1s�1). CT apparent first order constant of photode-
gradation kdeg is expressed as follows:

kdeg ¼ IeΦISC
kRH½RH� þ kh

kRH½RH� þ kh þ kd þ KO2 ½O2� þ k0O2
½O2�

ΦISC is the quantum yield of intersystem crossing and Ia the
photon fluence rate. Quantum yield singlet oxygen production
(ΦSO) and of photodegradation (Φdeg) are expressed as follows:

Φdeg ¼ ΦISC
kRH½RH� þ kh

kRH½RH� þ kh þ kd þ kO2 ½O2�
and

ΦSO ¼ ΦISC
kO2 ½O2�

kRH½RH� þ kh þ kd þ kO2 ½O2�

Chemicals and Standards. All solvents and chemicals were
used as received. Chlorothalonil (99.3%) was purchased from
Fluka (Saint-Quentin Fallavier, France). Commercial formula-
tions of chlorothalonil, Fongil FL (500 g L�1 chlorothalonil),
were obtained from a regular agricultural shop. 1,3 Diphenyliso-
benzofuran (97%), perinaphthenone (97%), isoprene (99%),
paraffin wax (mp 70�80 �C) and spectrophotometric-grade n-
heptane (99%) were all purchased from Aldrich (Saint-Quentin
Fallavier, France). Synperonic 10/6 (Polyoxyethylene C9�C11
alcohol) was provided by Uniquema (Paterson, NJ). 4-Nonyl-
phenol (mixture of compounds with branched side chains) was
provided by TCI (Tokyo Kasei, Japan). Anthracene (99%) was
provided by Alfa Aesar (Alfa Aesar, Schiltingheim, France).
Water was purified using a Millipore Milli-Q system (Millipore
αQ, resistivity 18 MΩ cm�1, DOC < 0.1 mg L�1). Pyridine
(99%) was supplied by Lancaster (Alfa Aesar, Schiltingheim,
France) and 4-nitroanisole (97%) by Aldrich (Saint-Quentin
Fallavier, France). Methanol (99%, HPLC grade) was provided
by Riedel de Ha€en (Saint-Quentin Fallavier, France).
High-Performance Liquid Chromatography (HPLC). Irra-

diated solutions of CT were analyzed by HPLC. Samples ir-
radiated in acetonitrile were analyzed using a reversed phase
column as well as themethanol solutions used to rinse the irradiated
wax films. Irradiated samples in n-heptane were monitored by
normal phase HPLC. CT detection limit was around 10�6 M
which is below the concentration range of the study. Separations
in the reversed-phase mode were performed on a Hewlett-Packard
series 1050 HPLC system consisting of an autosampler, a pump,
and a diode-array detector. The column used for these separa-
tions has the following specifications: C18, Nucleodur supplied
by Machery-Nagel, 150 mm long, 4.6 mm internal diameter, and
5 μm particle size. The mobile phase consisted of 70% methanol
and 30% water with a flow rate of 1 mL min�1 and UV detection
at 232 nm. CT retention time in these conditions was 7.5 min.
Separations in the normal-phasemodewere performed on aMerck-
Hitachi HPLC system consisting of an autosampler (AS-2000),
a pump (L-6200A), and a UV/vis detector (L-4250). The column

Figure 1. Structure of chlorothalonil and absorption spectra in metha-
nol (dash line) and in heptane (solid line) at 10�4M (with a 1 cm optical
path).
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used for these separations has the following specifications: Silica,
Sunfire supplied byWaters, 250mm long, 4.6 mm internal diameter,
and 5 μm particle size. The mobile phase consisted of 1% isopro-
panol and 99% n-heptane with a flow rate of 1 mL min�1 and UV
detection at 232 nm.CT retention time in normal phasewas 3.8min.
Gas Chromatography with Electron Impact Mass Spectro-

metry (GC/EI-MS). The method was adapted from Penuela
et al.15 A Hewlett-Packard 6890 gas chromatograph coupled to
a Hewlett-Packard 5973 mass spectrometer was used for GC-MS
in electron impact (EI) mode. A HP-5MS capillary column
(30 m � 0.25 mm inner diameter, 0.25 μm film thickness) was
programmed to heat from 60 to 300 at 10 �C min�1; the final
temperature was held 20 min. The injector and transfer line
temperatures were both held at 280 �C. Helium was used as the
carrier gas at a flow rate of 1.2 mL min�1. The injection volume
was 1mL in the splitmode. For themass spectrometer, the ionization
energy was 70 eV, and the temperature of the ion source was
280 �C. CT and its photodegradation products were identified by
GC/EI-MS. The retention time were 14.3 min for CT, 12.7 and
12.8 min for the monodechlorinated congeners, 10.8 and 11 min
for the didechlorinated congeners and 8.8 min for the tride-
chlorinated congeners detected.
Laser Flash Photolysis (LFP). Laser flash photolysis experi-

ments were carried out using an Applied Photophysics LKS.60

apparatus equipped with a Nd3+:YAG laser Quanta-Ray GCR-
130. Samples were irradiated using the fourth harmonic (266 nm,
9 ns pulse duration, the beginning of the measure starts 20 ns
after the laser flash) in a quartz cuvette. The experimental details
are described elsewhere.23 Solutions were deoxygenated by
nitrogen bubbling directly in the cell and changed after each
shot to avoid excessive exposure. The energy transfer reaction
between the triplet excited state of chlorotalonil (10�4 M) and
anthracene (4� 10�4 M) was studied in an argon deoxygenated
mixture of n-heptane/isooctane (50:50, v/v) upon at 266 nm.
The anthracene triplet excited-state build-up was monitored at
421 nm in the absence and in the presence of chlorothalonil. The
quantum yield of the chlorothalonil triplet excited-state forma-
tion was estimated assuming a complete energy transfer between
CT and anthracene (see the Supporting Information (SI)).
Potassium peroxodisulfate was used as a chemical actinometer
(ε450ΦISC = 1900 ( 150 M�1cm�1).23 The quenching of the
chlorothalonil triplet excited state by phenol was investigated by
varying the phenol concentration within the range 3 � 10�4�2
� 10�3 M in air-saturated n-heptane.
Steady-State Irradiation Experiments in Solution. For the

irradiation experiments, a stock solution of 2.7 mg of CT in
100 mL of n-heptane (10�4 M) was prepared. Irradiations were
performed at 313 nm in a quartz cuvette (1 cm optical length)

Scheme 1. Proposed Mechanism of CT Homolytic Photodehalogenation in n-Heptanea

aBoth quantum yields were measured at 313 nm at 298 K in air-saturated n-heptane (oxygen concentration in n-heptane is 2.8� 10�3 M);ΦISC is close
to unit and Φdeg equals (2.0 ( 0.1)�10�2. The primary photoproducts are the dechloro-congeners, as further dechlorinated congeners have been
identified by GC-MS; they are probably phototransformed according to the same degradation path as the parent molecule.
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using a mercury arc lamp (200 W) equipped with a Schoeffel
monochromator. To deoxygenate the solutions, argon was bub-
bled for 10 min prior to irradiation. The cuvette was then closed
using a valve system. Due to the volatility of n-heptane, the CT
concentration was recalculated after deoxygenation. This recal-
culation was done using the absorbance of the solution. To mea-
sure the quantum yield of singlet oxygen formation (ΦSO), the
probe 1,3 diphenylisobenzofuran was used in the concentration
range 10�5 to 10�4 M in n-heptane,24 details of the method used
is described in the SI .ΦSO was calculated with a method described
in the SI. To assess singlet oxygen reactivity toward CT, peri-
naphthenone (10�5 M) was used as a sensitizer and excited at
365 nm. Actinometry was measured according to the method
described by Calvert and Pitts,25 the photon fluence rate was
1.67 � 1015 photons cm�2 s�1 at 313 nm and 5.86 � 1015

photons cm�2 s�1 at 365 nm.
Steady-State Irradiation Experiments on Wax Films. The

procedure has been described recently.20 Recommendations for
chlorothalonil application are between 500 and 1000 g/ha. The
applied rates on paraffin films were set within theses ranges.
Chlorothalonil solution in methanol (10�4 M) was added with a
micropipet on top of wax films (1.5 mL for each dish of 3.2 cm
diameter). Methanol was allowed to evaporate overnight. Fongil
solutions were prepared in water, with a dilution factor of 36 000.
The surface concentration of chlorothalonil was ultimately equal
to 5 � 10�8 g m�2. After irradiation at 550 W m�2 (irradiance
within the range 300�800 nm), films were rinsed with methanol,
and samples were analyzed by HPLC. The recovery yields were
estimated as 95% ( 5% using nonirradiated samples. Control
samples were run concomitantly in the dark.

To achieve an amount of surfactant that is five times higher in
weight than the active ingredient, surfactants containing solu-
tions were prepared as follows: 33mg of polyoxyethylene alcohol
(spreading agent, synperonic 10/6) was added to 250 mL of CT
stock solution (10�4 M) and 36 mg of 4-nonylphenol was added
to 250 mL of CT stock solution (10�4 M).
Quality Control. For quantum yield measurements, all experi-

ments were performed at least in triplicate and analyzed twice by
HPLC. For kinetic measurements on wax films, each point was
realized in quadruplicate. Results presented are an average of
replicates given with standard deviation error.

’RESULTS AND DISCUSSION

Phototransformation in Solution. CT Absorption Character-
istics. In n-heptane, CT shows two bands of absorption at 311
(ε=1570 M�1cm�1) and 324 nm (ε=2250 M�1cm�1) (Figure 1).
There is a slight hypsochromic shift (1 nm) and higher absorp-
tion coefficients compared tomore polar solvents such asmethanol.
The CT absorption spectrum in aqueous solution is not reported
in the literature due to a low solubility26 (<1 mg L�1 at pH 7).
The CT absorption spectrum in n-heptane overlaps with solar
radiation spectrum; CT is therefore susceptible to direct photolysis.
Implication of CT Triplet State. Laser flash photolysis at

266 nm of CT in argon-saturated n-heptane (A266 = 0.1) yields
the transient absorption spectrum at the end of the pulse shown
in Figure 2. Two maxima at 320 and 575 nm are observed. The
first-order-decay rate constant is 2.2� 105 s�1 in the absence of
oxygen and 2.4� 106 s�1 in air-saturated n-heptane (see inset of
figure 2). Because the oxygen concentration is 2.8� 10�3 M,27 a
bimolecular rate constant of 7.8� 108M�1s�1 is obtained for the
oxygen quenching. This reactivity toward oxygen strongly sug-
gests that the intermediate species is the triplet excited state. To
confirm this hypothesis, we carried out energy transfer reactions
using anthracene as an energy acceptor. From these experiments,
one could estimate a quantum yield of inter system crossing
(ΦISC) of at least 0.70 (see SI). Steady-state monochromatic
irradiations at 313 nm were also performzed to measure the
pseudofirst-order rate constants and the quantum yields of the
CT phototransformation. In air-saturated n-heptane, CT shows a
low quantum yield of photodegradation (Φdeg = (2.0 ( 0.1) �
10�2, Table 1 entry 1). This value is higher than that reported by
Millet et al. in hexane (Φdeg = (2.2 ( 0.3) � 10�3), but the
difference may be explained by the imprecision of polychromatic
quantum yield measurements in this latter case.26 In deoxyge-
nated n-heptane, the quantum yield of photodegradation is
increased by a factor of 4 to 5 (Φdeg = (9( 0.1)� 10�2, Table 1
entry 2). As oxygen is a triplet quencher, the lowering ofΦdeg in
air-saturated medium confirms the involvement of the CT triplet
excited state in the reaction. This result also shows that the chemical
transformation of CT is not due to reaction with oxygen.

Figure 2. Transient absorption spectrum measured at the end of the
pulse upon excitation at 266 nm in a deoxygenated solution of CT
(10�4 M) in heptane. Inset: absorbance decay monitored at 320 nm in
deoxygenated (dot line) and in air-saturated media (solid line).

Table 1. Chlorothalonil Rate Constant (kdeg) and Quantum Yield of Photodegradation (Φdeg) in Solution

entry solvent conditions (kdeg ( σ) (s�1) (Φdeg ( σ)

1 n-heptane air saturated (1.1 ( 0.06) � 10�4 (2.0 ( 0.1) � 10�2

2 n-heptane deoxygenated (6.8 ( 0.1) � 10�4 (9.0 ( 0.1) � 10�2

3 n-heptane +5% isopropanol air saturated (3.4 ( 0.2) � 10�4 (3.4 ( 0.1) � 10�2

4 n-heptane +2% phenol air saturated (4.9 ( 0.2) � 10�4 (5.4 ( 0.2) � 10�2

5 acetonitrile air saturated (7.5 ( 0.2) � 10�6 (9.7 ( 0.2) � 10�4
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Because the CT triplet excited state is efficiently quenched by
oxygen, we tried to measure the ability of CT to generate singlet
molecular oxygen using chemical trapping. ΦSO was estimated
close to unit (see sSI). Thus, CT very efficiently sensitizes the
formation of singlet oxygen. The fact thatΦISC is only 0.7 while
ΦSO equals 1 is surprising because singlet oxygen is expected to
arise from the triplet excited state and thusΦISC andΦSO should
be close. 1,3-Diphenylisobenzofuran has for long shown its
ability as a chemical scavenger for singlet oxygen titration and
thusΦSO is reliable. The experiment of energy transfer to anthracen
in contrast probably underestimatesΦISC. First, absorbances are
measured 1 μs after the pulse end when the absorbance of triplet
anthracen is maximum, thus a part of triplets is lost. Second, the
anthracen concentration may be not high enough for full
trapping of the chlorothalonil triplets, but it cannot be increased
for solubility reasons.
Further investigations were initiated to determine whether CT

could be oxidized by singlet oxygen. Perinaphtenone, a classical
singlet oxygen sensitizer, was selectively excited at 365 nm, where
CT absorption is zero. No depletion of CT concentration was
observed under these conditions, demonstrating the stability of
CT against singlet oxygen.
CT Photodehalogenation. In the literature, CT and its

degradation products have been primarily analyzed by gas
chromatography.28 Here, GC-MS analysis of photoproducts
formed in air-saturated or deoxygenated n-heptane mainly yields
dechlorinated compounds (Figure 3). The EI spectrum of CT
exhibits a parent ion at m/z 266 with the quadruplet in the cor-
rect ratio for four Cl atoms. In contrast, the primary photo-
products show a parent ion at m/z 230 in accordance with the
replacement of a chlorine atom by a hydrogen atom. This
attribution is confirmed by the good agreement with the mass
spectra reported in the literature regarding aqueous photolysis of
CT.15,16,18 There are three possible isomers of trichloro-1,3-
dicyanobenzene, but only two were detected in this study. The
isomer discrimination is not possible without standards. Further
reductive dechlorination also occurs; two isomers of dichloro-
1,3-dicyanobenzene have also been detected. Their mass
spectra also correspond with that reported in the literature.
One isomer of monochloro-1,3-dicyanobenzene was also de-
tected. Its identification has already been clearly demonstrated15

because it presents a characteristic fragmentation pattern (ions

at m/z 162, 134, 127, 100, and 74). The mass spectra of CT and
its dechlorinated congeners are given in the SI.
In comparison, the literature data concerning the distribution

pattern of CT degradation products in aqueous media are more
complex, depending on the constitution of the aqueous solution,
that is, whether humic matter was added and whether a solvent
was used to dissolve CT. HO-CT is proposed to be formed by a
photoassisted nucleophilic substitution but was not detected
because it is very quickly degraded by light at a rate exceeding that
of production.18 In pure water, only trichloro-1,3-dicyanoben-
zene has been detected and quantified.18 The presence of natural
organic matter allows photoreduction through the formation of
dichloro- and chloro-1,3-dicyanobenzene. In conclusion, the
presence of hydrogen donors such as organic matter favors CT
reductive dechlorination in water. It is important to note that the
recovery of CT degradation products is always very low. When
the formation of the dehalogenated congeners is quantified with
standards, they are found in very low chemical yields, even if no
other degradation products were detected.15

Given the photoproducts identification, reductive dehalogena-
tion is the only identified route for CT phototransformation in n-
heptane. CT photodegradation is also promoted by good
hydrogen donor compounds. The CT quantum yield of photo-
lysis in polar aprotic solvents such as acetonitrile shows a marked
decrease compared to n-heptane (Φdeg = (9.7 ( 0.2) � 10�4,
Table 1 entry 4). On the contrary, the addition of a good
hydrogen donor such as 2-propanol or phenol in aerated n-
heptane increases the quantum yield of photodegradation by 1.7
to 2.7 (Table 1 entries 3 and 4).
Besides the photoreduction of CT, photoaddition could be

envisaged. According to Jahn et al., CT can undergo a photoaddi-
tion to olefinic compounds of the plant cuticle.29 They have
investigated the formation of bound residues to the cuticle by
immunoassay. If bound residue formation was evidenced, it never
exceeded 2% of the initial amount of CT. To directly investigate
this photoaddition reaction, we irradiated n-heptane solutions of
CT in the presence of isoprene.No adduct formationwas detected
by GC-MS. In literature data, CT has also been proposed to form
adducts in solution of pure methanol or ethanol.30 In this study,
the addition of alcohol to n-heptane in proportions of up to 5%did
not lead to the formation of adducts.
Mechanism of rReaction. Laser flash photolysis experiments

have given evidence of the formation of a CT triplet excited state,
and the experiments regarding energy transfer to anthracene
have shown that the intersystem crossing quantum yield is high
(ΦISC > 0.7). Similar values were reported for polychloroben-
zenes in cyclohexane.31 Moreover, we demonstrated that there is
also an efficient energy transfer on oxygen with a singlet-oxygen
quantum yield close to unity. Thus, most of CT triplet excited
state is deactivated in aerated solution, explaining the low CT
quantum yield of photodegradation (Φdeg = (2( 0.2)� 10�2).
Because the CT triplet state is very efficiently populated, one can
postulate that the photochemical reactions proceed from it.
Photoproduct identification shows that the main reaction path

is a reductive dechlorination. The photolysis of aryl chlorides has
beenwidely studied because of their environmental significance,32,33

and several paths for the reductive photodechlorination have
been proposed.30,31,34,35 The homolytic cleavage of the C�Cl
bond may occur (path a, scheme 1). Alternatively, the reaction
may be initiated by an electron transfer by a H-donor molecule
followed by a proton transfer to form two radicals (path b,
scheme 1).34,35 The presence of the cyano substituent, which has

Figure 3. GC-MS chromatogram of an irradiated chlorothalonil solution.
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a strong electro-withdrawing effect, may favor the latter path.36,37

To test this alternative pathway, we investigated the influence of
phenol on the triplet excited-state lifetime by laser flash photo-
lysis. The presence of phenol within the concentration range 3�
10�4 to 2 � 10�3 M actually reduced the triplet lifetime in air-
saturated n-heptane. The rate constant of the reaction was
estimated to be kRH= 1.8 � 109 M�1 s�1. These considerations
lead us to assess that the path b is possible. The products resulting
from the attack of the chlorine radical have not been detected by
GC-MS. In the experiment with phenol, the chlorophenol is
probably too photoreactive to accumulate in the solution,23 but
we could detect phenoxyphenol, which confirms a radical
mechanism. The mechanism is proposed in Scheme 1.
Photodegradation on Paraffin Wax. Photochemical pro-

cesses occurring at the surface of crop leaves, vegetables or fruits
after spraying were studied using a previously established labora-
tory procedure on model wax films.20,38 Pure or formulated CT
decays follow pseudofirst-order kinetics with correlation values
higher than 0.65 (R2, Figure 4). Pure CT presents a photodegrada-
tion rate constant (kdeg) of (6.5( 2)� 10�2 d�1 (R2 = 0.77). This
value corresponds to a photolysis half-life of about ten days
under continuous irradiation. Formulated CT photoreactivity is
higher with a photolysis half-life of two days (kdeg = (0.33( 0.17)
d�1, R2 = 0.7). This photoreactivity increase induced by the
additives has already been observed on wax films20�22 but is
difficult to rationalize because formulations compositions are
unknown. The addition of a classically used adjuvant from the
family of synthetic alcohol ethoxylate (Synperionic 10/6) has also
an accelerating effect on CT photolysis (Table 2). Such additives
allow a better spreading of the molecule at the film surface,
resulting in a better light absorption and consequently an increased
photoreactivity. Additionally, the experiments performed in n-
heptane have shown that CT photoreduction is enhanced by the
addition of H-donor molecules like phenol. The commercial
formulations are usually constituted of alcoholic functionalities or
other good hydrogen-donor constituents that could have the same
effect. To further demonstrate this effect, we prepared a mixture of

pureCT and nonylphenol for application onwax films. An increase
of photoreactivity by a factor of about nine was observed (kdeg =
(0.65 ( 0.2) d�1, R2 = 0.75).
Environmental Implications. CT is described to provide a

rather long protective action at the plant surfaces, and the typical
recommended spray interval is 10�14 days39. CT dislodgeable
residues are defined as the part obtained by soaking the leaves in
an organic solvent for a few seconds, corresponding to the
portion present at the leaf surface or in the upper layer of the
cuticle. The dissipation of dislodgeable foliar CT on cranberry in
a bog followed first-order kinetics with an estimated half-life of
12.7 days.40 CT dissipation from tomatoes in a greenhouse
presents a half-life of dissipation of 8.8 days,41 whereas field
dissipation on the surface banana leaves under tropical condi-
tions had half-lives of 3.9 days.42 In the following discussion we
are going to compare the different path of dissipation.
The CT penetration into the plant rate is estimated to be slow.

Experiments with radio-labeled CT measured 46% and 29.4% of
dislodgeable radioactive residue in apple fruit after 5 days and 12
days, respectively.43 CT is indeed described as a nonsystemic
foliar fungicide with a low penetration rate inside the leaves.44

Based on these results, the penetration rate coefficient is kpen =
0.11 d�1 (half-life 6.3 days).
CT volatilization wasmeasured in a wheat field.45 The cumulated

emission from the field reached 0.6% and 4.9% of the application
dose after 31 h and one week, respectively. Based on these results,
the rate coefficient is kvol = 0.007 d

�1. Thesemeasurements are in
good agreement with another study in which the CT volatiliza-
tion from crop canopies has been modeled and estimated to
about 5% of the application dose after a week.46

The sunlight irradiance between 300 and 400 nm in central
Europe in summertime conditions averages 22 W m�2 over
the 24 h of a day,47 whereas the tests in the photosimulator are

Figure 4. Phototransformation of chlorothalonil on paraffin wax under
simulated sunlight irradiation (Suntest 500 W/m2) as a function of
irradiation time. Chlorothalonil surface concentration is set to 500 g/ha,
it is either 2 deposited pure, 9 in addition with a spreading agent
Synperionic 10/6, b in a commercial formulation, f in addition with
nonylphenol. The dashed lines represent the first-order fitted decays.
The error bars represent the standard deviations based on three replicates.

Table 2. Chlorothalonil Rate Constant of Photodegradation
on Paraffin Wax (kdeg) Measured in the Suntest Reactor at
500 W m�2 b with Addition of Various Additivesa

rate constant

pure chlorothalonil kdeg = 0.065 ( 0.02 d�1

chlorothalonil + nonyl phenol kdeg = 0.65 ( 0.2 d�1

chlorothalonil + with a

synthetic alcohol ethoxylate

Synperionic 10/6f

kdeg = 1.8 ( 0.2 d�1

photolysis of formulated

chlorothalonylg
kdeg = 0.33 ( 0.17 d�1

photolysis of formulated

chlorothalonyl extrapolated to

outdoor conditions

extkdeg = 0.14 d�1

CT volatilization from crops d kvol = 0.007 d�1

CT penetration in apple fruit e kpen = 0.11 d�1

aThe extrapolated rate constant of photodegradation of formulated
chlorothalonyl to outdoor conditions includes the alternation of night
and day (extkdeg)

c. Chlorothalonyl rate constant of volatilization mea-
sured in the field (kvol)

d and chlorothalonyl rate constant of penetration
(kpen)

e. bCorresponding to an irradiance of 51Wm�2 between 300 and
400 nm. cAverage irradiance of 22 W m�2 in central Europe in summer
time conditions44. dMeasured in a wheat field42. eMeasured into apple
fruit under laboratory conditions with radiolabeled chlorothalonyl40. fA
synthetic alcohol ethoxylate used as a spreading agent. gCommercial
formulation Fongil.
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performed at a constant irradiance of 51 W m�2. We can thus
extrapolate the formulated CT rate constant of photodegrada-
tion to outdoor conditions: extkdeg = 0.14 d�1. This value cor-
responds to an extrapolated photolysis half-life of 5 days. This
value is the first extrapolated datum regarding the CT photolysis
rate at a plant surface.
The CT rate of photodegradation and rate of penetration are

of about the same order of magnitude, while volatilization is
much lower (table 2). CT dissipation from crops is then ruled by
both photodegradation and penetration. The relative importance
of the two paths probably depends on meteorological factors and
on physicochemical characteristics of the cuticle of the crop. It is
interesting to note that while CT fate in the aquatic media is
reported to be ruled by microbial degradation and photolysis is a
minor path,15 this study implies that CT photolysis on crops is
one of the predominant processes. This first approach invites
photochemical investigation on real system; a first step would be
the use of plants under controlled conditions and finally the un-
dertaking of a field monitoring.
Additionally CT has the ability to produce singlet oxygen very

efficiently (near 100%). The oxidant power of singlet oxygen
could have some impact on the constituents of crop leaves.
Singlet oxygen produced by chlorothalonil could also take place
in its fungicide activity; like some phototoxic phytoalexins implied
into plant defense mechanisms.
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Reactivity of cycloxydim toward singlet oxygen in solution and on wax film
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h i g h l i g h t s

" We show that cycloxydim is oxidized by 1O2.
" The rate constant of reaction of cycloxydim with 1O2 was measured.
" Triplet phenalenone is also quenched by CD.
" CD reacts with 1O2 when sensitizer is inside wax films and CD on the films surface.
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a b s t r a c t

The reactivity of the herbicide cycloxydim (CD) toward singlet oxygen was studied in organic solution
and on wax films to mimic the leaf surface. Experiments in solution were conducted in acetonitrile using
phenalenone as a sensitizer. For the experiments in the solid state, phenalenone was included in paraf-
finic wax films and CD deposited at the film surface. By laser flash photolysis we observed that the triplet
of phenalenone reacts with CD with a bimolecular rate constant of (9.6 ± 1)�106 M�1 s�1. However,
scavenging experiments using b-carotene as a singlet oxygen quencher showed that the observed CD
degradation in aerated acetonitrile involves singlet oxygen essentially. The bimolecular rate constant
of reaction of CD with singlet oxygen was evaluated to (1.0 ± 0.2)�107 M�1 s�1. Phenalenone included
in the wax films also significantly increased the rate of CD photodegradation, the involvement of singlet
oxygen being very likely. The photoproducts formed via the singlet oxygen pathway resulted from the
oxidation of the thiol group and/or the cyclohexene ring. This study should help to better understand
the fate of CD after its spraying on crops.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The fate of agrochemicals is intensively studied in water, soil
and air environment but there is an obvious lack of data concern-
ing the photoreactivity of pesticides on vegetation. Yet, the surface
of leaf which is covered by a thin layer of waxy membrane is the
first place where pesticides start to react just after their application
(Koch and Ensikat, 2008; Katagi, 2011). Provided that pesticides
absorb solar radiations, phototransformation can occur on these
surfaces exposed to sunlight. Examples of reactions have been re-
ported in the literature (Ter Halle et al., 2007; Eyheraguibel et al.,
2009).

In addition to the photolytic processes induced by absorption of
light by the pesticide itself, photosensitized reactions may also
happen due to the presence in the cuticular wax of all sorts of

compounds synthesized by the plant and referred to as secondary
metabolites. Some of these chemicals which are produced by
plants in response to pathogen infections or mechanical injury
show phototoxicity through photosensitizing properties (Downum
and Nemec, 1987; Flors and Nonell, 2006). They can react directly
with the pesticide (type I mechanism) or induce the formation of
reactive oxygen species such as singlet oxygen (type II mechanism)
(Flors and Nonell, 2006). Indeed, the presence of phototoxic
compounds primarily in epidermal tissues favors contact with
atmosphere, making feasible energy transfer from their photo-
chemically excited states to atmospheric oxygen to form singlet
oxygen. Because of its long lifetime in the gas phase, 1O2 is ex-
pected to diffuse around its site of production (Midden and Wang,
1983; Downum and Nemec, 1987; Berenbaum and Larson, 1988)
and should be able to reach the leaf surface where it can oxidize
chemicals. For this reason, this is important to investigate the reac-
tivity of protection plant products toward singlet oxygen.

Cycloxydim (CD) is a systemic herbicide belonging to the cyclo-
hexanedione oxime group. This herbicide, which is used for the
control of grass weeds of many agricultural and horticultural
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broad-leaved crops, has a low potential of volatilization (<10�5 Pa
at 20 �C) and is almost exclusively present in the particle adsorbed
phase (Bidleman, 1988; EFSA, 2010). The objective of this study
was to measure the reactivity of CD toward singlet oxygen to bet-
ter understand its fate after spraying on the crops. This was
achieved using phenalenone (P) as a sensitizer. P is reported to
have a high quantum yield of intersystem crossing (UISC). For in-
stance, UISC is equal to (1.0 ± 0.1) in benzene (Schmidt et al.,
1994). Processes involving triplet phenalenone are given in Fig. 1.
The main reaction pathway of triplet phenalenone (3P⁄) in aerated
solvents is formation of singlet oxygen through process 2. The
quantum yield of singlet oxygen production (UD) is high and equal
to (0.98 ± 0.07) in acetonitrile (Schmidt et al., 1994), thus process 20

is negligible. P is photochemically stable and it is a poor quencher
of 1O2 (Schmidt et al., 1994). Besides, in mixture with CD, P has also
the advantage to be selectively excited at 365 nm. Measurements
in the liquid phase were conducted in acetonitrile to avoid CD
hydrolysis. Experiments were also conducted with CD as a solid.
In this case, P was included inside wax films and CD deposited at
the film surface to mimic leaf surface.

2. Experimental section

2.1. Chemicals

All chemicals were used as received. Cycloxydim (98%) was ob-
tained fromFluka (Saint-Quentin Fallavier, France).b-Carotene, type
I (95%), paraffin wax (mp 70–80 �C), phenalenone (97%), furfuryl
alcohol (99%) acetonitrile (HPLC grade) and n-heptane (spectropho-
tometric grade) were all purchased from Aldrich (Saint-Quentin
Fallavier, France). Water was purified using a Millipore Milli-Q
system (Millipore aQ, resistivity 18 MX cm, DOC < 0.1 mg L�1).

2.2. Samples preparation and irradiation

Stock solutions of CD and of P were prepared by dissolving the
required mass of solid in 50 mL of acetonitrile. They were kept in
the dark until use. Solutions containing CD (5 � 10�5 to 7 �
10�4 M) and P (10�5 M) were excited at 365 nm in a quartz cell
(1 cm path length) using a 200W mercury arc lamp equipped with
a Schoeffel monochromator. For solutions deoxygenation, argon
was bubbled for 15 min in the cell before irradiation. Then, the cell
was tightly closed with a valve system. The acetonitrile volatiliza-
tion during deoxygenation was controlled by monitoring the
absorbance of P after bubbling. Concentrations of CD were recalcu-
lated using P as an internal standard. Losses of acetonitrile laid
generally within the range of 5–10%. Photodegradation of CD was
also investigated on pure paraffinic wax films and on wax films
containing phenalenone using the protocole previously described
(Ter Halle et al., 2006). Pure wax films were made by adding

directly 0.8 g of wax in each dish and by heating them at 90 �C to
achieve film formation. Wax films containing phenalenone were
prepared by adding the required mass of sensitizer (3.2–7.6 mg)
in the wax (40 g) and by melting the mixtures at 90 �C. Then, mol-
ten mixtures were poured in the dishes (0.8 g in each) and allowed
to cool down. Films of phenalenone-containing wax were therefore
at 8 � 10�3% and 1.9 � 10�2% w/w. To check the absence of P out-
side the wax films, we rinsed the wax surface using acetonitrile
and analyzed these solutions by mass spectrometry. No traces of
P were found in these controls. Concentrations of CD were chosen
according to the recommendations for field applications (between
200 and 400 g ha�1). The applied rates on films were set within
these ranges. CD solutions in acetonitrile (5.8 � 10�5 M) were
deposited on top of wax films (0.85 mL for dishes of 3.2 cm
diameter). Acetonitrile was allowed to evaporate overnight. After
drying, the surface concentration of CD was 2 � 10�2 g m�2. Wax
films were irradiated in a Suntest CPS photosimulator (Atlas)
equipped with a Xenon lamp filtrated below 290 nm. The intensity
of the lamp was set at 500 Wm�2, simulating the sunlight average
intensity in summer in France. Cold water (16 �C) was flowed
through the bottom of the photosimulator to maintain the internal
temperature as low as possible. After irradiation, films were rinsed
with 0.85 mL of acetonitrile, and samples were analyzed by HPLC.
For each irradiation times as well as for the initial time, four dishes
were used so that each data was the average of four experimental
values. On wax films, CD decay followed a first-order kinetic; only
the half-lives are given in the text. They have been obtained by lin-
earization. For experiments with FFA, 3 mL of a solution at 10�4 M
was deposited on a pure wax or on a wax film containing 7.6% w/w
of P. The solutions were irradiated in the Suntest for 1 h; a filter
(Schmelze 338676 cutting off 50% of radiations below 349 nm)
was added on the solution to prevent direct photolysis of FFA.
FFA losses and pyranone product formation were determined by
HPLC (Nucleodur column, 15% MeOH, and 85% of acidic water).

2.3. Methods

UV–visible spectra were recorded on a Cary 3 (Varian) spectro-
photometer. Potassium ferrioxalate was used as a chemical
actinometer (Calvert and Pitts, 1966). Transient absorption spec-
troscopy was carried out on a nanosecond laser-flash photolysis
spectrometer from Applied Photophysics (LKS.60) with laser exci-
tation at 355 nm from Quanta-Ray GCR130-1 Nd:YAG laser. Exper-
imental details are described elsewhere (Bonnichon and Richard,
1998). All solutions were deoxygenated directly in the cell under
an argon flow. The formation and decay of 3P⁄ were monitored at
450 nm; at this wavelength, the extinction coefficient of P is negli-
gible (e < 80 M�1 cm�1). To investigate the quenching of 3P⁄ by CD,
we measured the triplet decay in the presence of various CD con-
centrations (between 10�3 and 6 � 10�3 M). HPLC-UV analyses
were performed at room temperature using a system equipped
with an autosampler (Waters 717plus), a degasser (Agilent 1100
series), a pump (Waters 515) and a photodiode array detector
(Waters 996). The reversed-phase column was a NUCLEODUR
C18 (150 mm long, 4.6-mm internal diameter, and 5-lm particle
size) supplied by Macherey–Nagel and the injection volume was
30 lL. The flow rate was set at 1 mL min�1 and elution was carried
out in the gradient mode. The mobile phase composition started
with 50% water (acidified with formic acid, 0.5‰ v/v) and 50% ace-
tonitrile and was kept for 3 min. The percentage of acetonitrile was
increased linearly to 80% over 6 min and then kept constant during
6 min. The mobile phase was then returned to 50% acetonitrile in
3 min and kept for 3 min. CD was monitored at 280 nm with the
retention time of 16.5 min.

The MS system consisted of an LC/QTOF equipped with an orthog-
onal geometry Z-spray ion source was used (Waters/Micromass,

Fig. 1. Reactivity of 3P⁄.
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Manchester, UK). A photodiode array detector Waters Alliance 2695
system was used for UV detection. A volume of 25.0 lL was in-
jected on a reversed-phase column (X terra, Waters , C18, 3.5 lm,
100 mm � 2.1 mm). A flow rate of 0.2 mL min�1 was set. The bin-
ary solvent system used was composed of solvent A (acetonitrile)
and solvent B (water acidified with 0.5‰ v/v formic acid). The gra-
dient elution started with 5% A and reached 95% A in 15 min line-
arly. The gradient was held for 10 min and then decreased to 5% A
in 10 min. The desolvation chamber and ion source block temper-
atures were set at 250 and 100 �C, respectively. N2 was used as the
nebulizer gas (35 L h�1) and the desolvation gas (350 L h�1). The
electrospray interface was operating in positive ion mode. The cap-
illary voltage was 3000 V; the sample cone and the extraction cone
were set at 35 V and 1 V respectively. Data were acquired over the
m/z 90–1000 range at a scan rate of one second per spectrum. The
data recorded was processed with MassLynx (version 4.0). The
quantum yields of CD photodegradation, UCD, were obtained using
the relationship:

UCD ¼ DCD=Dt � 6:02� 1023 � ‘� 10�3

I0 � ð1� 10�AP Þ ð1Þ

whereDCD was the loss of CD (in M) duringDt (in s), ‘was the path
length (in cm), I0 was the photon fluence rate (in photon cm�2 s�1)
and AP was the absorbance of P at 365 nm. At 365 nm, CD was pho-
tostable, thus the loss of CD was essentially to photosensitization.
Consequently, UCD represented the quantum yield of photosensi-
tized reaction and was calculated based on the absorbance of the
photosensitizer P.

3. Results and discussion

3.1. Sensitized phototransformation of CD – Role of oxygen

The absorption spectrum of a mixture of P (5 � 10�5 M) and CD
(10�4 M) is given in Fig. 2. Above 350 nm, the absorption is mainly
due to P (see insert of Fig. 2) which can be thus quite selectively
excited at 365 nm in P-CD mixtures. Nevertheless, we checked
the photostability of CD upon irradiation at this wavelength. To
achieve this, acetonitrile solutions of CD (10�4 M) were irradiated
for 20 min at 365 nm and analyzed by HPLC. Negligible losses of
CD were observed confirming the absence of direct photolysis in
the chosen experimental conditions.

Then, solutions containing CD and Pwere irradiated at 365 nm to
investigate sensitized reaction. After 20 min of irradiation,

argon-saturated solutions did not show any evolution as monitored
by UV spectroscopy while significant absorbance decreases be-
tween 250 and 350 nm were observed for air-saturated solutions
(Fig. 2). This decrease is attributed to CD losses because the absor-
bances of P in the wavelength range 350–460 nm remained un-
changed. HPLC measurements confirmed that CD was consumed
in aerated solutions (loss of 70% after 20 min) but stable in deoxy-
genated solution. The quantum yield of CD loss through sensitized
reaction (UCD) was found to 0.025 ± 0.003 after a conversion extent
of 15%. P was stable whatever the oxygen concentration of the
solutions.

3.2. Reactivity of CD with 3P⁄

To determine whether CD do react with 3P⁄, we conducted la-
ser-flash photolysis experiments. The wavelength excitation was
set at 355 nm and 3P⁄ decay was monitored at 450 nm. In oxy-
gen-free solution, the first order rate constant decay of 3P⁄, k,
was equal to (6.0 ± 0.9)�104 s�1 while in air-saturated solution to
(6.5 ± 0.5)�106 s�1 . Based on a concentration of dioxygen in air-
saturated acetonitrile of 2.4 � 10�3 M (Franco and Olmsted,
1990), and to the relationship k = kd + kO2 [O2] where kd was the
rate constant of 3P⁄ deactivation (process 1) and kO2, the bimolec-
ular rate constant of 3P⁄ quenching by oxygen (process 2) , kO2 was
estimated at (2.7 ± 0.3)�109 M�1 s�1.

Then, 3P⁄ decay was monitored in oxygen-free solution in the
presence of various CD concentrations and k was plotted against
CD concentration. The plot was linear (Fig. 3) in accordance with
the relationship: k = kd + kCD [CD] + k0CD [CD], where kCD was the
bimolecular rate constant of 3P⁄ reduction by CD (process 3) and
k0CD was the bimolecular rate constant of 3P⁄ deactivation by CD
(process 30) (see Fig. 1). The slope gave kCD + k0CD = (9.6 ± 1)�106

M�1 s�1, considering 10% error margin. One tried to observe the
formation of P��, possibly formed through electron transfer from
CD to 3P⁄, by monitoring at 440 nm the transient absorption at
the end of the laser pulse. Although this radical anion strongly ab-
sorbs (Flors and Nonell, 2004) we could not detect it. Either 3P⁄

reduction was a very minor pathway or the reduction proceeded
by H transfer yielding preferentially PH� which absorbs much less
than P�� and is more difficult to detect. This is thus possible that
the scavenging of 3P⁄ by CD is partly deactivation.

The quantumyield of CDphotodegradation in the presence of P is
the sum of two terms, one corresponding to the oxidation of CD by
3P⁄ (U3) and the other to the reaction of CDwith singlet oxygen (U4):

UCD ¼ U3 þU4 ð2Þ
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Fig. 2. Absorption spectrum of a mixture of CD (10�4 M) and P (5 � 10�5 M) in air-
saturated solution: before irradiation (solid line) and after 20 min of irradiation
(dash line). Insert: Absorption spectra of CD (10�4 M) and P (5 � 10�5 M) in
acetonitrile.
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Fig. 3. Quenching of phenalenone triplet by CD in oxygen-free acetonitrile. The
slope is 9.6 � 106 s�1 and R2 is 0.98.
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U3 was equal to Uisc�kCD [CD]/(kd + kCD [CD] + k0CD [CD] + kO2 [O2]).
For the highest CD concentration used (7 � 10�4 M), and for the
highest possible kCD value (9.6 � 106 M�1 s�1), one gets U3 � 10�3

which is negligible behind UCD (0.025). Consequently, we can write
that UCD =U4.

3.3. Singlet oxygen pathway

To confirm the reactivity of CD with 1O2 we carried out quench-
ing experiments, using b-carotene as a singlet oxygen quencher
(kq = 8 � 109 M�1 s�1) (Krasnovsky and Kagan, 1979) (process 5).
At 10�5 M and above, b-carotene drastically inhibited the reaction,
as expected. Then, we measured the rate constant of process 4.
UCD, equal to U4, could be written:

UCD ¼ UD � kr ½CD�
kd0 þ kr½CD� ð3Þ

where kd0 was the decay rate constant of singlet oxygen in
acetonitrile and kr, the reaction rate constant of CD with 1O2.
Solutions of P (10�5 M) containing increasing concentrations of CD
(5 � 10�5–7 � 10�4 M) were irradiated at 365 nm and UCD was
measured. Plotting 1/UCD against the reciprocal of the CD concen-
tration was linear (see Fig. 4). The slope was equal to
3.4 � 10�3 M. Based on the value of kd0 = (3.3 ± 0.7)�104 s�1 (Merkel
and Kearns, 1972) and UD = 0.98 in acetonitrile, we got kd0/
kr = 3.3 � 10�3 M and kr = (1.0 ± 0.2)�107 M�1 s�1.

3.4. Steady state irradiations of CD on films

In a second step, we aimed to mimic conditions taking place at
the plant surface by irradiating CD deposited on wax films in which
the sensitizer P was included. As irradiations were performed in a
sunlight simulator and CD absorbed photons within the wave-
length range 290–350 nm (insert of Fig. 2), we first measured its
rate of direct photolysis upon irradiation on pure wax film. In the
absence of P, the half-life of CD was 2 h. Then, we investigated
the phototransformation of CD on films containing P in order to
determine whether singlet oxygen produced through sensitization
inside the film was able to react with CD. The amount of P added
into the wax was chosen using the literature data. Indeed, Kamo
et al. (2000) induced the production of phenalenone phytoalexins
in banana plant by wounding or inoculating the fruits with a fungal
suspension. The phytoalexin production in the whole fruit reached
49 lg per gram of fresh weight of peel (�5 � 10�3% w/fw). Consid-
ering that the concentration of phenalenone phytoalexins is prob-
ably higher in the cuticle and epidermal cells because they are

mainly synthesized in epidermal cells (Downum and Nemec,
1987; Berenbaum and Larson, 1988; Flors and Nonell, 2006), we
chose the concentration range (8–20)�10�3% w/w. The presence
of P inside the wax had a significant increasing effect on the CD
photodegradation (Fig. 5). The half-live was 1.46 h on P-wax
8 � 10�3% w/w and 0.46 h on P-wax 2 � 10�2% w/w compared to
2 h on pure wax. To determine whether singlet oxygen produced
by P inside the film was able to reach the surface for oxidizing
CD, we undertook additional experiments using FFA as a singlet
oxygen quencher (Haag et al., 1984). The loss of FFA was significant
(38%) as well as the formation of its photoproduct (a pyranone
derivative). This experiment confirmed that oxidation of chemicals
deposited at the surface of the films by singlet oxygen produced by
P inside the film was possible. This is the likely pathway of CD
phototransformation. The possibility of CD to react with singlet
oxygen in our conditions is linked to several parameters: a concen-
tration of oxygen in the wax sufficient to ensure the production of
singlet oxygen, a lifetime of singlet oxygen in the wax long enough
for giving this species the time to reach the film surface. Waxes
show permeability to oxygen (Donhowe and Fennema, 1993), thus
production of singlet oxygen inside the wax is possible. Concerning
the lifetime of singlet oxygen in the wax, no data are available. This
is consequently difficult to say if CD is oxidized by singlet oxygen
produced very close to the surface or more deeply inside the film.
Additional experiments are needed to document this question. In
real conditions, the reactivity of CD with singlet oxygen should
be highly dependent on the oxygen concentration in the cuticle,
because energy transfer from triplet sensitizers to oxygen will
compete with triplet reduction by all the reductive molecules also
present in the cuticular wax.

3.5. Photoproducts identification

No transformation products were detected in dark control
experiments, evidencing the stability of CD in aprotic solvents. In
contrast, the 365-nm irradiated solutions of CD (10�4 M) and P
(5 � 10�5M) in acetonitrile gave the HPLC–UV–MS in the positive
mode shown in Fig. 6. Compounds detected were [CD + H]+

(m/z = 326), [P + H]+ (m/z = 181),[CD + O + H]+ (m/z = 342) and
[CD + 2O + H]+ (m/z = 358). Two peaks corresponded to m/z = 342
indicating the presence of isomers. The photoproducts correspond-
ing to this mass may result from the oxidation of S into S@O or to
the oxidation of the cyclohexen-1-one ring. They are noted
CD + O. The photoproduct corresponding to m/z = 358 can resulted

� ���� ����� ����� �����
�

��

��

��

'�

��

(�

;�

�>
φ �

5

��5�	��$	�&

Fig. 4. Plot of 1/UCD against [CD]�1 using phenalenone as a sensitizer. The slope is
3.4 � 10�3 M and R2 is equal to 0.99.
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Fig. 5. Photodegradation of CD on paraffin wax under simulated sunlight irradi-
ation as a function of irradiation time. The CD surface concentration is set at
200 g ha�1. j pure paraffin wax; s paraffin wax containing 8 � 10�3% w/w P;N
paraffin wax containing 1.9 � 10�2% w/w P.
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from the oxidation of S into SO2, or to the oxidations of S into SO and
of the cyclohexen-1-one ring. Based on the literature data, we sug-
gest that the oxidation of CD was more likely to be on the S atom
than on the cyclohexen-1-one moiety of the molecule (Clennan
and Pace, 2005).

HPLC–UV–MS chromatograms of samples irradiated on wax
were more complex, because these samples were irradiated in
polychromatic light and both direct and photosensitized photore-
actions occurred. These samples were prepared at equivalent CD
conversion extent than samples in solution. On pure wax, com-
pounds detected were: [CD + H]+ (m/z = 326), [CD + O + H]+

(m/z = 342), [CD-ethoxy + H]+ (m/z = 282) and [CD + O-ethoxy + H]+

(m/z = 298). Photoproduct with m/z = 282 corresponds to the loss
of the ethoxy group on the oxime moiety of CD and that with
m/z = 298 to the loss of the ethoxy group and the addition of an
oxygen atom on CD. Photoproducts were thus different from those
obtained through singlet oxygen pathway. In particular, direct
photolysis led to loss of the ethoxy group. In wax containing P,
we detected all the above-mentioned photoproducts and addition-
ally [CD + 2O + H]+ (m/z = 358).

4. Conclusion

Using phenalenone as photosensitizer, the ability of singlet oxy-
gen to oxidize CD was demonstrated and measured in acetonitrile.
CD also quenches the sensitizer triplet excited state, but the reaction
rate is quite small. When the singlet oxygen sensitizer is inside the
wax film and CD above, oxidation of CD by singlet oxygen also oc-
curs. Thus in real conditions CD sprayed on crops might be subject
to sensitized reactions, along with direct photolysis. These sensitiz-
ing reactions are expected to depend on several parameters such as
the capacity of plants to generate photosensitizing phytoalexins
near the surface or the oxygen concentration in the cuticle. Several
photoproducts result from the singlet oxygen CD oxidation. Oxida-
tion takes place preferentially on S atom and/or cyclohexene ring.

References

Berenbaum, M.R., Larson, R.A., 1988. Flux of singlet oxygen from leaves of
phototoxic plants. Experientia 44, 1030–1032.

Bidleman, T.F., 1988. Atmospheric processes: wet and dry deposition of organic
compounds are controlled by their vapor-particle partitioning. Environ. Sci.
Technol. 22, 361–367.

Bonnichon, F., Richard, C., 1998. Phototransformation of 3-hydroxybenzonitrile in
water. J. Photochem. Photobiol. A. 119, 25–32.

Calvert, J.G., Pitts, J.N., 1966. Photochemistry. New York.
Clennan, E.L., Pace, A., 2005. Advances in singlet oxygen chemistry. Tetrahedron 61,

6665–6691.
Donhowe, G., Fennema, O., 1993. Water vapor and oxygen permeability of wax

films. J. Am. Oil Chem. Soc. 70, 867–873.
Downum, K.R., Nemec, S., 1987. Light activated pesticides. Heitz, J., Downum, K.R.

(Eds.), American Chemical Society Symposium Series 281, 339.
EFSA, 2010. Conclusion on pesticide peer review. EFSA J. 8 (1669), 10–11.
Eyheraguibel, B., Ter Halle, A., Richard, C., 2009. Photodegradation of Bentazon,

Clopyralid, and Triclopyr on model leaves: importance of a systematic
evaluation of pesticide photostability on crops. J. Agric. Food Chem. 57, 1960–
1966.

Flors, C., Nonell, S., 2004. Radical species derived from phenalenone:
characterization and role of upper excited states. J. Photochem. Photobiol. A
163, 9–12.

Flors, C., Nonell, S., 2006. Light and singlet oxygen in plant defense against
pathogens: phototoxic phenalenone phytoalexins. Acc. Chem. Res. 39, 293–300.

Franco, C., Olmsted, J.I., 1990. Photochemical determination of the solubility of
oxygen in various media. Talanta 37, 905–909.

Haag, W., Hoigne, J., Gassman, E., Braun, A., 1984. Singlet oxygen in surface waters –
Part II: quantum yields of its production by some natural humic materials as a
function of wavelength. Chemosphere 13, 641–650.

Kamo, T., Hirai, N., Tsuda, M., Fujioka, D., Ohigashi, H., 2000. Changes in the content
and biosynthesis of phytoalexins in banana fruit. Biosci. Biotechnol. Biochem.
64, 2089–2098.

Katagi, T., 2011. Photodegradation of pesticides on plant and soil surfaces. Rev.
Environ. Contam. Toxicol. 182, 1–195.

Koch, K., Ensikat, H.-J., 2008. The hydrophobic coatings of plant surfaces:
epicuticular wax crystals and their morphologies, crystallinity and molecular
self-assembly. Micron 39, 759–772.

Krasnovsky, A.A., Kagan, V.E., 1979. Photosensitization and quenching of singlet
oxygen by pigments and lipids of photoreceptor cells of the retina. FEBS Lett.
108, 152–154.

Merkel, P.B., Kearns, D.R., 1972. Radiationless decay of singlet molecular oxygen in
solution. An experimental and theoritical study of electronic-to-vibrational
energy transfer. J. Am. Chem. Soc. 94, 7244–7253.

Midden, W.R., Wang, S.Y., 1983. Singlet oxygen generation for solution kinetics:
clean and simple. J Am. Chem. Soc. 105, 4129–4135.

Schmidt, R., Tanielian, C., Dunsbach, R., Wolff, C., 1994. Phenalenone, a universal
reference compound for the determination of quantum yields of singlet oxygen
O2(1Dg) sensitization. J. Photochem. Photobiol. A 79, 11–17.

Ter Halle, A., Drncova, D., Richard, C., 2006. Phototransformation of the herbicide
sulcotrione on maize cuticular wax. Environ. Sci. Technol. 40, 2989–2995.

Ter Halle, A., Piquet, A., Richard, C., 2007. An actual scenario that demonstrates
sulcotrione photodegradation on maize leaves after spraying. Environ. Chem. 4,
256–259.

�

��

�

�
�

) �� �� �' �( �)

%><9��)

%><9��(

%><9�'�

%><9�)�

%><9�'�

������

��5������ ��5������

��5�������

!�
�"
��#
��
��
��
��
���

��%��$%��&

��5����

Fig. 6. HPLC–MS chromatogram of a CD-P solution irradiated at 365 nm.
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