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Aqueous photochemistry of pesticides triadimefon and triadimenol
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Abstract

The photochemistry of pesticides triadimefon and triadimenol was studied in aqueous solution and in methanol/water mixtures, in
controlled and natural conditions. The photodegradation kinetics and product distribution are strongly dependent on the solvent and on
the irradiation wavelength. The degradation rates are faster at 254 nm than at 313 nm. The kinetics is faster in water than methanol. Direct
photoreaction is an important dissipation pathway of triadimefon in natural water systems while triadimenol is stable in these conditions.
1,2,4-Triazole and 4-chlorophenol are two of the major photodegradation products. The formation of the 4-chlorophenoxyl radical was
detected for both pesticides in methanol and methanol/water mixtures. In methanol/water mixtures the reaction of both pesticides also
occurs with 4-chlorophenolate formation, which increases with the water content. The photochemical studies of pesticides and other
pollutants should be made in conditions as similar as possible to those observed in environmental systems.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pesticides enter into natural water bodies by direct appli-
cation and by leaching from soil and vegetation. Many of
these chemicals present in aqueous media can undergo pho-
tochemical transformation with sunlight via direct or indi-
rect photoreaction. To assess the role of these processes on
the behavior and fate of pesticides in natural water systems,
photochemical studies in aqueous solution over a wide range
of environmental conditions are needed[1].

Triadimefon, 1-(4-chlorophenoxy)-3,3-dimethyl-1-(1H-
1,2,4-triazol-1-yl) butanone,I, and triadimenol, 1-(4-chloro-
phenoxy)-3,3-dimethyl-1-(1H-1,2,4-triazol-1-yl) butan-2-ol,
II (Fig. 1) are two related systemic fungicides[2] that have
been studied by us as model pesticides[3–6]. The photo-
chemistry and photophysics of these compounds is well
documented in organic solvents[6–9]. The photodegrada-
tion of triadimefon follows a first order kinetics and the rate
constant is higher in acetone than methanol and hexane.
The homolytic cleavage of the bonds to the C1 carbon was
proposed[7]. Laser flash photolysis studies of triadimefon
and triadimenol in cyclohexane revealed the formation of
the 4-chlorophenoxyl radical[6]. This result confirmed the
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homolytic cleavage of the C–O bond to the C1 carbon and
indicated that triadimenol undergoes the same degradation
path.

The photodegradation kinetics of triadimefon and its pho-
toproducts were also studied in water[10]. The degradation
followed first order and the presence of humic and fulvic
acids have little effect on the rate constant. 4-Chlorophenol
and dechlorinated triadimefon were identified in all studied
aqueous systems. However, little is known about the degra-
dation quantum yields and photodegradation mechanism of
these pesticides in aqueous solution. This paper reports the
photodegradation quantum yields of triadimefon and tri-
adimenol in aqueous solution. The main photodegradation
pathways and primary products were additionally studied.
Transient absorption results are also presented.

2. Experimental

2.1. Reagents

Water was deionized and distilled. Triadimefon (offered
by Bayer Portugal in its highest purity grade), triadimenol
(Riedel-de-Haën), 4-chlorophenol (Aldrich), 1,2,4-triazole
(Fluka,), o-phenanthroline (Merck), hydrochloric acid
(Merck), potassium hydroxide (Merck), potassium chro-
mate (Merck), potassium carbonate (Merck), potassium
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Fig. 1. Triadimefon (I) and triadimenol (II).

oxalate (Merck), ferric chloride (Merck) and organic sol-
vents (Merck LiChrosolv) were used without further pu-
rification. Potassium ferrioxalate, obtained by reaction of
potassium oxalate with ferric chloride, was crystallized
three times and kept in the dark.

2.2. Equipment

Photodegradation studies were conducted in a reactor
previously used to study the photochemistry of pesticides
[6], employing a merry-go-round and an immersion-well
photochemical reactor (Applied Photophysics) immersed in
water for cooling. The water temperature was kept constant
(22◦C) using external circulation through a cooling bath.
The 313 nm radiation was obtained using a medium-pressure
400 W mercury lamp (Applied Photophysics) and a filter
solution of potassium chromate and sodium carbonate[11]
circulated inside the double-walled well. The 254 nm ra-
diation was obtained using a 16 W low-pressure mercury
lamp (Applied Photophysics) without filters and refrigera-
tion. Pesticide samples were irradiated in 1 cm quartz cells
and actinometry was performed using potassium ferriox-
alate[11], irradiated in the same way. Quantum yields were
determined in air-equilibrated and argon-purged solutions,
upon irradiation at 313 nm and at 254 nm. Photolysis was
followed by HPLC using a Merck-Hitachi 655A-11 chro-
matograph with a 655A-22 UV detector and by GC–MS
using a Hewlett Packard 5890 Series II gas chromatograph
with a 5971 series mass selective detector (E.I. 70 eV).
Analysis were conducted on irradiated samples and on con-
trol solutions, kept in the dark during irradiation. Controls
showed no sign of pesticide degradation.

Laser flash photolysis experiments were carried out with
the fourth harmonic of a YAG laser (266 nm, 6 ns FWHM,
10–30 mJ/pulse) from B.M. Industries (Thomson-CSF),
model Saga 12–10, in the transmission mode. A schematic
diagram of the system is presented in reference[12]. The
probe beam passing through the sample excited by the laser
pulse is collected by a beam collimator coupled to an op-
tical fiber (fused silica) and detected by a gated intensified
charge coupled device (ICCD, Oriel model Instaspec V) af-
ter passing via a compact fixed imaging spectrograph (Oriel,
model FICS 77440). The ICCD has high speed gating elec-
tronics (2.2 ns) and intensifier, and works in the 200–900 nm
wavelength range. Experiments were conducted in hexane,

methanol and methanolic solutions containing 100, 200, 300
and 400 g l−1 of deionized and distilled water (air equili-
brated and argon-purged) with O.D. ∼ 1.5 at the excitation
wavelength.

3. Results and discussion

3.1. Photodegradation quantum yields

The average photodegradation rate of a given compound
C is proportional to the absorbed radiation and to its reaction
quantum yield. If the absorption is lower than 0.02 at the
excitation wavelengthλ, the integration of the rate equation
leads to[1]

ln

(
[C]

[C]0

)
λ

= −2.303φλI0λεCλbt, (1)

where [C]0 is the initial concentration, [C] the concentration
at time t, φλ the photodegradation quantum yield,I0λ the
intensity of the incident radiation,εCλ the absorption coeffi-
cient andb the optical path. Thus,φλ can be easily obtained
from a plot of ln ([C]/[C]0)λ on time, providedεCλ andI0λ

are known. The concentrations were measured by HPLC and
I0λ was determined using the ferrioxalate actinometer.

The results of the photodegradation of triadimefon in wa-
ter and methanol, upon 313 nm irradiation, are given in
Fig. 2. The linear relationship of ln ([C]/[C]0)λ versus time
indicates that the approximations leading toEq. (1)are ful-
filled. Table 1gives the degradation quantum yields in the
studied systems. The degradation quantum yield in water
(air equilibrated) is the average of five measurements. The
other quantum yield results were obtained using triadimefon
as actinometer.

Table 1
Photodegradation quantum yields of triadimefon at 313 nm

Conditions Quantum yield

Water, air-equilibrated 0.13± 0.01
Hexane, air-equilibrated 0.02
Methanol, air-equilibrated 0.03
Aqueous solution, 0.5 M 1,2,4-triazole 0.13
Water, O2 free 0.13
Aqueous solution, pH= 3 0.13
Aqueous solution, pH= 11 0.13



J.P. Da Silva et al. / Journal of Photochemistry and Photobiology A: Chemistry 154 (2003) 293–298 295

Fig. 2. Results of the photodegradation of triadimefon (313 nm) in water (�) and methanol (�).

The degradation quantum yields are independent (within
the experimental error) of the studied additives (in water)
but depend on the solvent. In hexaneφλ is similar to the
value found in cyclohexane[6]. This is expected since both
solvents provide a similar environment to the molecule. In
methanol,φλ is somewhat higher and the largest value was
obtained for water. This result suggests that other reaction
pathways are available in aqueous solution and indicates
that the photochemical studies in organic solvents cannot be
used to access the photochemical behavior in natural aquatic
systems.

The reaction quantum yield does not depend on the pres-
ence of 1,2,4-triazole, although, as we will see later, this
is one of the main reaction products. Upon excitation at
313 nm then,�∗ state of triadimefon, localized on the car-
bonyl group, is formed[6]. Therefore, the triazole group
does not directly interact with then,�∗ excited state of tri-
adimefon and the formation of 1,2,4-triazole is simply a
consequence of the reaction process.

Several other parameters such as the pH (which was var-
ied between 3 and 11), the presence of Na+ and Cl− (added
when adjusting the pH) in concentrations up to 10−3 M and
also the presence of oxygen (air equilibrated solutions) were
studied. We verified that they do not significantly affectφλ.
It was also verified that the presence of humic and fulvic
acids have little effect on the photodegradation rate constant
of triadimefon[10]. This range of conditions simulates most
part of the spring water natural systems and the results in-
dicate that direct photodegradation of triadimefon predom-
inates in these systems. Zeep and Cline[13,14] proposed a
model to estimate the direct photodegradation rate constants
and half lives of pollutants in natural aqueous systems. The
rate constant (kd) can be calculated using the relation

kd = φd

∑
λ

ελLλ, (2)

whereφd is the direct photodegradation quantum yield,ελ

the absorption coefficient andLλ the daily average of solar
irradiance at the wavelengthλ. This last quantity is tabulated
[1]. The half lives of triadimefon for the different seasons of
the year (40◦N latitude) were calculated usingEq. (2)and the
obtained degradation quantum yield at 313 nm. The results
are presented inTable 2. Its clear that photodegradation is
an important dissipation process of triadimefon in natural
conditions.

Triadimenol is stable at 313 nm. This was expected (the
pesticide does not significantly absorb at this wavelength
[6]) and indicates that triadimenol is stable to direct pho-
toreaction in natural conditions. This result justifies the use
of φλ at 313 nm for the half life estimation (of triadimefon)
usingEq. (2)and indicates that the photochemical processes
of this pesticide in natural conditions occur from the car-
bonyl group.

The degradation quantum yields of triadimefon and tri-
adimenol in deionized and distilled water (air equilibrated
samples) at 254 nm were 0.24 ± 0.02 and 0.41 ± 0.02,
respectively. The results are markedly different form those
obtained at 313 nm. This indicates that photochemical stud-
ies simulating natural conditions should be made using solar
radiation or a wavelength interval of the solar spectrum at
the ground level.

Triadimefon can be considered a bichromophoric mole-
cule composed of non-conjugated carbonyl and chlorophe-
noxy groups. By excitation of the�,�∗ state of the

Table 2
Half-lives of triadimefon estimated using the model of Zeep and Cline

Season Half life (days)

Spring 1.6
Summer 1.2
Fall 2.9
Winter 5.9
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chlorophenoxy group a very efficient energy transfer pro-
cess (φET ∼ 1) to the low-lyingn,�∗ state of the carbonyl
occurs in cyclohexane[6]. If the same efficiency is effec-
tive in water one can expect similar degradation quantum
yields at 313 and 254 nm. However,φλ almost duplicates
at 254 nm, suggesting that the degradation from�,�∗ state
competes with the energy transfer process. The energy
transfer was not investigated in polar solvents using flu-
orescence techniques due to the formation of fluorescent
products during the analysis.

3.2. Degradation products

Two of the major degradation products were 4-chloro-
phenol and 1,2,4-triazole. The identification was based on
the analysis of authentic samples. These products were al-
ready found as resulting from the photolysis of triadimefon
and triadimenol in organic solvents[6,7,9]. 4-Chlorophenol
has also been proposed as a photodegradation product of tri-
adimefon in water[10]. We found that 1,2,4-triazole is one
of the major photodegradation products of triadimefon and
triadimenol in water.Fig. 3 shows the time evolution of tri-
adimefon and its degradation products in methanol, upon ir-
radiation at 254 nm. 1,2,4-Triazole is the main degradation
product in this solvent. Although 4-chlorophenol undergoes
photodegradation in these conditions[15], its formation is
a minor pathway of reaction. The addition of water has lit-
tle effect on the initial reaction rates of triadimefon upon
irradiation at 254 nm. However, the product distribution in-
dicates an increase in the formation of 4-chlorophenol and
a decrease in the production of 1,2,4-triazole.

The initial rates and the photoproducts were also studied
under solar radiation. The study was performed in Algarve
(south Portugal) in July. The initial rate increases in the pres-
ence of water, going from 2× 10−5 M h−1 in methanol to
4×10−5 M h−1 in a methanolic solution containing 200 g l−1

of water. This result was expected since at 313 nm (a wave-
length of the solar spectrum at ground level) the quantum

Fig. 3. Concentration of triadimefon (A), 1,2,4-triazole (B) and 4-chlorophenol (C) as function of the irradiation time, in methanol (254 nm).

yield is about five times higher in water then methanol.
The product distribution indicates that 4-chlorophenol ac-
counts for 50% of triadimefon degradation and is slight
dependent on the water content of the mixtures. No sign
of triadimenol degradation was found (within the experi-
mental error) for a 5 h exposure time. The results indicate
that both the degradation kinetics and product distribution
are strongly dependent on the solvent and on the irradia-
tion wavelength, indicating that the photochemical studies
of pollutants should be made in conditions as similar as
possible to those observed in environmental systems.

3.3. Transient absorption

The detection of transients in aqueous solution was lim-
ited by the low solubility of the pesticides under study. We
determined the aqueous solubility of triadimefon and it was
found to be (2.4 ± 0.1) 10−4 M at 20± 0.5◦C. Transient
absorption studies were therefore conducted in methanol
and methanol/water mixtures.Fig. 4shows the transient ab-
sorption of triadimefon and triadimenol in different condi-
tions. The transient absorption of triadimefon in methanol
(spectrum A) is easily attributed to the 4-chlorophenoxy
radical by comparison with its known spectrum[6,15,16].
The band centered at 310 nm can also be attributed to the
4-chlorophenoxyl radical[17]. This is in accordance with
the photodegradation products study since 4-chlorophenoxyl
radical can lead to 4-chlorophenol by hydrogen abstraction
[18]. Similar spectra were obtained in air-equilibrated and
argon-degassed samples. This is to be expected, since molec-
ular oxygen has little influence on oxygen-centered radicals
[19] and also agrees with the poor oxygen effect on the
degradation quantum yields.

The presence of water increases the formation of the
4-chlorophenoxyl radical and originates a new absorption
band centered at 300 nm, but only the later significantly
grows with the water content. Compare spectrum B ofFig. 4
(100 g l−1 of water) with spectrum A ofFig. 5 (300 g l−1 of
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Fig. 4. Transient absorption of triadimefon and triadimenol at pulse end (excitation at 266 nm,∼20 mJ/pulse). (A) Triadimefon in methanol, (B) triadimefon
in a methanolic solution containing 100 g l−1 of water and (C) triadimenol in a methanolic solution containing 400 g l−1 of water.

water). The results agree with the higher degradation quan-
tum yields of triadimefon obtained in aqueous solution and
confirm that the main degradation pathways are solvent de-
pendent. The similar absorption bands observed for triadi-
menol suggest that this pesticide follows similar reaction
pathways.

Fig. 5 shows the absorption spectra of triadimefon in a
methanolic solution containing 300 g l−1 of water, at pulse
end and at 5 and 20�s after the laser pulse. The new ab-
sorption and the 4-chlorophenoxyl radical absorption decay
within the same time scale. Photoproduct distribution indi-
cates the increase of 4-chlorophenol formation with the wa-
ter content of the mixture, upon irradiation at 254 nm. The
comparison of transient absorption spectra obtained with
different water concentrations indicates the increase of the
absorption band located at 300 nm. The observation of any

Fig. 5. Transient absorption of triadimefon in a methanolic solution containing 300 g l−1 of water (excitation at 266 nm,∼20 mJ/pulse) at pulse end (A),
5�s (B) and 20�s (C) after de laser pulse. The inset shows the normalized transient absorption spectra of triadimefon (1) and the normalized ground
state absorption spectra of 4-chlorophenolate (2) in a methanolic solution containing 300 g l−1 of water.

transient absorption from the 1,2,4-triazole group is not ex-
pected since triazole itself does not absorb to any apprecia-
ble extent above 200 nm[6,20]. Therefore, the new transient
must have its origin in the chlorophenoxy group. Since high
polarity solvents favor heterolytic bond dissociations[21]
the new band can be due to 4-chlorophenolate formation. For
comparison purposes we obtained the ground state absorp-
tion spectra 4-chlorophenolate in a methanolic solution con-
taining 300 g l−1 of water. The spectrum was run before and
after adding a few drops of NaOH 1N to a 4-chlorophenol
solution with this water content. The inset ofFig. 5shows the
normalized ground state absorption spectra of chloropheno-
late and the normalized transient absorption band observed
at 300 nm. The spectra have the same maximum and spectral
distribution around this wavelength. We, therefore, assign
the new band to the absorption of 4-chlorophenolate.
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The homolytic cleavage of the C–N and C–O bonds to the
C1 carbon of triadimefon were already proposed in methanol
[7]. The C–O homolytic cleavage was also proposed for
both pesticides in cyclohexane[6]. We confirm this degra-
dation pathway for triadimefon in methanol and propose the
same for triadimenol in this solvent. We also propose the
same degradation pathway for triadimefon and triadimenol
in aqueous solution. However, in the presence of water, the
heterolytic cleavage of the C–O bond (and probably the
C–N) to the C1 carbon also becomes important.

4. Conclusion

The photochemistry of triadimefon and triadimenol is
strongly dependent on the solvent and on the irradiation
conditions. Direct photoreaction is an important dissipation
pathway of triadimefon in natural water systems while tri-
adimenol is stable in these conditions. Photodegradation ki-
netics of these pesticides is faster at 254 nm than at 313 nm.
Water increases the photodegradation rates. 1,2,4-Triazole
and 4-chlorophenol were two of the major degradation prod-
ucts. The formation of the 4-chlorophenoxyl radical was
detected for both pesticides in methanol and methanol/water
mixtures. In methanol/water mixtures the reaction of both
pesticides also proceeds by 4-chlorophenolate formation,
which increases with the water content. Photochemical
studies simulating natural conditions should be made using
solar radiation or a wavelength interval of solar spectrum
at the ground level. The studied systems should also be as
similar as possible to those found in natural water bodies.
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