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Photodegradation of herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) in aqueous solution was inves-

tigated by stationary (254 nm) and nanosecond laser (266 nm) flash photolysis techniques. It was shown

that in the primary photochemical step both photoionization (which generates a hydrated electron—

radical cation pair) and heterolytic cleavage of a C—Cl bond takes place. The major products of substi-

tution of one of the chlorine atoms in the 2-, 4- or 5-position by a hydroxyl group as well as the products
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1. Introduction

2,4,5-Trichlorophenoxyacetic acid (2,4,5-T) is one of the most
widely used herbicides in agriculture."? 2,4,5-T as a 2,4,5-tri-
chlorophenol derivative is a toxic contaminant and its appear-
ance in natural water systems leads to deterioration of
drinking water quality.”** Photochemical techniques are
widely used for water purification, amongst other (bio)chemi-
cal approaches.>®

Cyclodextrins (CD) are cyclic oligosaccharides composed of
6(a-CD), 7(B-CD) or 8(y-CD) residues of o-p-glucopyranose
molecules joined in macrocycles by a-p-1,4-glycosidic linkages.
Such a structure ensures the presence of an inner hydrophobic
cavity and an external hydrophilic periphery which allows
them to form “host-guest” inclusion complexes with various
hydrophobic molecules. Such complexation often leads to sig-
nificant changes in the “guest” molecule photochemistry and
photophysics, and to an increase of the “guest” photodegrada-
tion in particular. Recently, it has been shown that complexa-
tion with CD can be used in the development of new catalytic
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of hydroxylation of the benzene ring in 3- and 6-positions were identified by HPLC and LC-MS methods.
The complexation of 2,4,5-T with - and y-cyclodextrins (B(y)CD) was investigated. The influence of such
complexation on the quantum yield of herbicide photolysis and on the ratio of photodegradation pro-

techniques of photochemical cleaning in solutions and
solids.””®

Stationary photolysis of an aqueous solution” and photo-
catalytic decomposition of 2,4,5-T in presence of titanium
dioxide®' with formation of major photodegradation pro-
ducts (different chlorophenols and products of carboxymethyl
group oxidation and hydrolysis) have been described pre-
viously. Whilst flash photolysis experiments with 2,4,5-T have
not been reported, there is information available on the mech-
anism of photodecomposition of p-chloroanisole - a close ana-
logue of 2,4,5-T. The first stage in the photodecomposition of
p-chloroanisole is reported to be photoionization with the for-
mation of a hydrated electron-radical cation pair."" Photo-
induced heterolytic cleavage of a C-Cl bond in p-chloroanisole
has also been reported.'?

This article describes mechanistic studies of 2,4,5-T photo-
chemistry in aqueous solutions by stationary and laser flash
photolysis methods, and also explores the influence of the
complexation of 2,4,5-T with - and y-cyclodextrins (2,4,5-
T-B(y)CD) on the photodegradation quantum yield of 2,4,5-T.

2. Materials and methods

2,4,5-Trichlorophenoxyacetic acid (Sigma-Aldrich, >97%), and
- and y-cyclodextrins (Wako Pure Chemical Inc, >97%) were
used without further purification. The experiments were per-
formed in aqueous solutions (pH 9-10) at 2,4,5-T concen-
tration range 107°-10"° mol 17'. 2,4,5-T concentrations were
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Fig. 1 Structural formulae of 2,4,5-trichlorophenoxyacetic acid, and p- and
y-cyclodextrins.

calculated using extinction coefficient & = 2340 M~ em™ (1 =
289 nm). B(y)CD concentration range was 10~*~107> mol 17"
Chemical structures of 2,4,5-T, and - and y-CD are shown in
Fig. 1.

UV absorption spectra were recorded using an Agilent 8453
spectrophotometer (Agilent Technologies). A set-up for laser
flash photolysis which utilizes the fourth harmonic (266 nm)
of a Nd:YAG laser (LS-2137U, Solar, Belarus) as an excitation
source (pulse duration 6 ns, pulse energy 1-20 mJ per pulse)"
was used in the experiments. The time resolution of the set up
was 50 nanoseconds. Steady-state photolysis was also per-
formed using a medium-pressure mercury lamp DRShA-250
with a set of glass filters for selecting the wavelength at
254 nm (mean energy 0.55 mW). For calculation of quantum
yields (mean errors = 20%), laser and lamp intensity were
measured by means of SOLO 2 laser power and energy meter
(Gentec EO).

LCMS experiments were performed using ionic trap Esquire
6000 (Bruker Daltonics) with the HPLC-separation system
Agilent 1200 Series. Separation was performed on an analytical
column Zorbax SB300-C8, 1.0 x 150 mm, 3.5 pm in gradient
acetonitrile (ACN)/0.1% formic acid (FA): 2% (0-5 min), 2-40%
(5-10 min), 40-95% (10-37 min), 95% (37-43 min), 95-2%
(43-44 min), 2% (44-55 min): flow rate 50 pl min™', sample
volume 8 pl. Experimental parameters: ion scanning in nega-
tive mode in the range 50-1000 m/z, HV Capillary 4000 V, HV
End Plate —500 V, nebulizer pressure 20 psi, desiccative gas
flow (N,) 10 1 min™", temperature 300 °C. Tandem breaking of
ions was performed in an automatic mode.

"H NMR spectra were recorded on a BRUKER DPX200 NMR
spectrometer (200 MHz 'H operating frequency, (¢(90°) =
7.2 ps) at 20 °C.

HPLC experiments were performed using the liquid micro-
column chromatograph Milichrom A-02 with ProntoSIL 120-5-
C18 AQ #1810 column, 2.0 x 75 mm, 5 pm. The eluent was a
mixture of acetonitrile with water buffer solution (0.2 M LiClO,
(Aldrich) and 0.005 M HCIlO, (Aldrich), gradient 10%-100%
acetonitrile. Flow rate was 100 pl min™", sample volume was
15 pl, column thermostat temperature —40 °C. UV-detection
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was performed at eight wavelengths: 210, 220, 230, 240, 250,
260, 280 and 300 nm.

All photochemical experiments were performed in a 1 cm
quartz cell in air- or argon-saturated samples at temperature
298 K under atmospheric pressure.

3. Results and discussion

3.1. Complexation of 2,4,5-T with f(y)CD

The addition of cyclodextrins leads to a change of 2,4,5-T
optical and NMR spectra. In particular, the resonances due to
aromatic protons changing shape and chemical shifts indi-
cates that a complexation process takes place (Fig. 2a, inset):

2,4,5-T+CD < 2,4,5T-CD (complex)

(1)

Fig. 2a shows the change in the observed chemical shifts of
2,4,5-T protons versus p-CD concentration obtained in the
course of NMR titrations. This dependence is usually used to
calculate the stability constant from fitting the curve obtained
assuming a particular ratio of host and guest concentrations."*
For 1:1 complex stoichiometry with similar guest and host
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Fig. 2 (a) Nonlinear fit (solid line) of chemical shifts of 2,4,5-T protons with

variation of p-CD concentration. Inset: Fragments of the 'H NMR spectra of
2,4,5-T in free state and in complex with p-CD and y-CD. (b) Job's plot'® for
[2,4,5-T-pCD] and [2,4,5-T—yCD] systems.
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Table 1 Stability constants, extinction coefficients of 2,4,5-T complexes with
CD, and diameters of internal cavity of CD

Kse (M) £289 Diameter (A)
2,4,5-T-aCD — — 4.7-5.3
2,4,5-T-pCD 370 2200 6.0-6.5
2,4,5-T—yCD — 2100 7.5-8.3

concentrations, the concentration of the complex obeys the fol-
lowing equation:

1 1
[24,5T-CD] = 2 x (= + [2.4,5-T], + [CD],

st

) e (2)
-3 \/([2,475-T]0 +[cD), +Zt) — 4[2,4,5-T],[CD],

where [2,4,5-T], is the 2,4,5-T concentration, [CD], is the CD
concentration, Ky is the stability constant. In the presence of
B-CD formation of 1:1 inclusion complex was observed
(Fig. 2b), whilst the 2,4,5-T inclusion complex with y-CD had
2: 1 stoichiometry (Fig. 2b), which makes the determination of
the stability constant for this species difficult.

The calculated values of stability constants (K,) and absorp-
tion coefficients of 2,4,5-T and 2,4,5-T-CD complexes are given
in Table 1. No complexation with a-CD was observed due to
geometrical reasons, as diameter of the internal cavity of a-CD
is smaller than the diameter of 2,4,5-T (Table 1, Fig. S1 in
ESIf).

3.2. Laser flash photolysis of 2,4,5-T

Excitation of deoxygenated 2,4,5-T solutions (266 nm) with a
laser pulse leads to an appearance of a transient absorption
spectrum, composed of two bands with maxima at 500 and
720 nm (Fig. 3a). The transient absorption features at these
wavelengths disappear with considerably different rates
(Fig. 4), which indicates the presence of two transient species.
From pulse radiolysis studies it is known that the broad band
with the maximum at 720 nm can be attributed to an absorp-
tion of hydrated electron (e, , &*° = 2.27 x 10" M™!
em™1)'®. Therefore, UV-excitation of 2,4,5-T results in its
photoionization accompanied by generation of a hydrated elec-
tron-radical cation ([ArOAc]"") pair, which is a typical feature
of the photochemistry of phenols in aqueous solutions.'*%*°

2,4,5T 2 [ArOAC]™ + eaq” (3)

The second absorption band with maximum at 500 nm can
be attributed to a radical cation (Fig. 3a). It is worth noting
that the radical cation of p-chloroanisole, which is a close
analog of 2,4,5-T, exhibits an absorption band with a
maximum at 475 nm."” Long-lived absorption observed on a
time scale longer than 8 ps (Fig. 3a, b) corresponds probably
to the 2,4,5-trichlorophenol phenoxyl radical, which is formed
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Fig. 3 (a) Transient absorption spectra registered at 0.05 (7), 0.4 (2), 1.6 (3),
4 (4) and 48 (5) ps after laser excitation of 2,4,5-T (4 x 10~ M). Dotted line:
Absorption spectrum of hydrated electron taken from.'® (b) Transient absorp-
tion spectra registered at 0.05 (7), 0.4 (2), 1.2 (3), 2.4 (4) and 48 (5) ps after laser
excitation of 2,4,5-T (4 x 107> M) with y-CD (1 x 1072 M).

as a result of the reaction between the radical cation and the
solvent molecule:*!

[ArOAc|" " + H,0 — ArO" + AcOH + H" (4)

Fig. 4a, b demonstrates kinetic traces of the decay of the
transient absorption bands at 480 and 720 nm obtained under
different excitation energies. Kinetic curves at both wave-
lengths could be globally fitted by the two-exponential func-
tion (5), which allows one to identify typical lifetimes of the
radical cation (z; = 130 ns) and hydrated electron (z, = 1 ps).

AA = A1exp(—t/11) +A2€Xp(—t/’[2) +A3 (5)

One can estimate the radical cation extinction coefficient,
which is equal to ¢**® ~ 10* M™" em™, by the ratio of ampli-
tudes A; (480 nm) and A, (720 nm) and known absorption
coefficient of the hydrated electron.'®

In deoxygenated solutions the main decay channels of
hydrated electrons should be capture by 2,4,5-T and recombi-
nation with the radical cation followed by regeneration of the
initial compound. Since the concentration of the radical cation

This journal is © The Royal Society of Chemistry and Owner Societies 2013



1 02 % AA480 nm
IS

102 % AA720 nm

Time, us

Fig. 4 Kinetic curves at 480 (a) and 720 (b) nm. (7-3) 4.7, 6.5 and 9.7 mJ per
pulse, accordingly. Smooth curves: Global fit by formula (5) with z; = 130 ns and
7 =1ps.[2,4,5T] = 1.7 x 107 M. Inset to b: The dependence of 1/z, on [2,4,5-
T.

is much lower than the initial concentration of 2,4,5-T, the
recombination reaction can be neglected and one could esti-
mate the rate constant of capture of the hydrated electron by
pesticide (k. = (72[2,4,5-T]) ™" ~ 7 x 10° M™" s7") with the for-
mation of 2,4,5-T radical anion (Fig. 4b, inset). The latter
species undergo Cl™ elimination with formation of the phenyl
radical,”® which is not detectable in our flash photolysis
experiments due to weak absorbance in the spectral region
investigated.>"

In turn, the radical cation of 2,4,5-T undergoes hydrolysis
leading to the generation of a long-lived phenoxyl radical,
whose absorption corresponds to a long-lived component A;
(Fig. 4a, b). Using the radical cation characteristic lifetime (130
ns) and solvent concentration, one can estimate the rate con-
stant of such hydrolysis processes (ky ~ 1.4 x 10° M~ ' s7"). The
phenoxyl radical decays probably in a reaction with the phenyl
radical, and in various self-reactions leading to the formation
of final photolysis products. A detailed definition of mechan-
ism and intermediate decay rate constants in argon-saturated
solutions is outside the scope of this article and will be the
subject of further studies.
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Fig. 5 Dependence of the initial absorption of hydrated electron at 720 nm on
the laser pulse energy, calculated with the egn (7). Smooth curve: Best fit
obtained with egn (7). Experimental data: open circles — 2,4,5-T (4 x 107> M),
black stars — 2,4,5-T (4 x 107> M) with y-CD (1 x 1072 M).

The yields of the intermediate species exhibit nonlinear
dependence on the excitation energy (Fig. 5). This nonlinearity
indicates some contribution from the two-photon ionization
which can occur at higher laser pulse intensities (eqn (6)).

2,4,5T 2% [ArOAc]™ +eaq (6)

Experimental data on the yield of hydrated electron at 720 nm
were approximated by eqn (7) (Fig. 5):

AM=axI+bxI? (7)

which allows one to estimate quantum yield of one-photon
ionization of 2,4,5-T, ¢*°°™™ = 2.3 x 107>, The observed photo-
ionization quantum yield equals 0.03 under excitation energy
of 0.23 J cm™ (Fig. 5).

UV excitation (266 nm) of the deoxygenated solutions of the
2,4,5-T-yCD inclusion complex leads to results similar to those
obtained for the free 2,4,5-T (Fig. 3b). The formation of both
the radical cation and of the hydrated electron was observed. It
is worth noting that the yield (Fig. 5) and the lifetime of the
radical cation (115 ns) and hydrated electron (1.2 ps) are very
similar, within the experimental error, to the corresponding
values obtained in the experiments with the free 2,4,5-T.

3.3. Stationary photolysis of 2,4,5-T and its complexes with
BCD in aqueous solution

Liquid chromatography of photolyzed solutions of 2,4,5-T indi-
cates that several aromatic products are formed in the process
of the photolysis (Fig. 6a,b). Optical absorption spectra of the
main photoproducts are given on Fig. 6¢c. The presence of an
absorption band near 290 nm indicates that the benzene ring
of 2,4,5-T is not affected by the photolysis. Analysis of the
mass-spectroscopic data (Table 2) leads to the conclusion that
the are two types of products: (i) the products formed as a
result of the substitution of one of the chlorine atoms in either

Photochem. Photobiol. Sci., 2013, 12, 684-689 | 687
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Fig. 6 (a) HPLC chromatograms of 2,4,5-T with (7) and without (2) B-CD during
photolysis at 254 nm in air-equilibrated aqueous solution (UV detector wave-
length: 280 nm). [2,4,5-T] =8 x 10™* M, [B-CD] = 5 x 107> M, pH 9. (b) Evolution
of 2,4,5-T and photoproduct absorbance at 280 nm during photolysis. (c) Nor-
malized optical spectra of 2,4,5-T and of the photoproducts.

Table 2 LCMS results of irradiated 2,4,5-T

Retention

time/min mlz Proposed structure

13.1 235/237/239 - main ion?, Product of substitution of
199/201 - loss of one one chlorine atom by a
chlorine atom, 177/179 -  hydroxyl group
loss of acetic group

13.6 285/287/289 — main ion,  Product of hydroxylation
251/253/255 - loss of two  on 3- and 6-position of the
hydroxyl groups, 227/ benzene ring
229/231 - loss of acetic
group, 193/195 - loss of
one chlorine atom and
acetic group

14.0 235/237/239 - main ion,  Product of substitution of
199/201 - loss of one one chlorine atom by a
chlorine atom, 177/179 - hydroxyl group
loss of acetic group

14.5 235/237/239 - main ion,  Product of substitution of
199/201 - loss of one one chlorine atom by a
chlorine atom, 177/179 - hydroxyl group
loss of acetic group

16.1 253/255/257 - main ion,  2,4,5-T

195/197 - loss of acetic
group

“Three or two m/z signals indicate distribution of isotopes Cl-35 and
Cl-37 in the photodegradation products and in 2,4,5-T.

2-, 4- or 5-position by the hydroxyl group, and (ii) the products
of hydroxylation at 3- and 6-positions of the benzene ring. The
quantum yield of 2,4,5-T photolysis (¢*>*"™) calculated from
the HPLC data (Fig. 6b) is equal to 0.014 and matches well the
value of 0.015 (290 nm) published in ref. 22. It is worth noting
that ¢***"™ is much higher than the value of the quantum
yield of one-photon ionization (*°°"™), which indicates that
photoionization is not the main photochemical channel of the
photodegradation of 2,4,5-T.

The nature of the main photoproducts allows us to con-
clude that the channel of photodegradation is heterolytic
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cleavage of a C-Cl bond with the formation of phenyl cation
(eqn (8)) followed by a fast nucleophilic attack by a solvent

molecule (eqn (9)):'>%*
i 0
CII:[O\)\OH W Cl o\)\m_l ®)
—_—
ci cl -CI” * cl

0
cl oL H,O CI o)
O ey o
+ -H*
o HO cl

The phenyl cation is not observed in our flash photolysis
experiments probably due to its weak absorbance in the near
UV region, and the short lifetime outside of our detection
range.

The presence of 5 x 10> M B-CD (84% of 2,4,5-T-BCD
complex) decreases the quantum yield of 2,4,5-T photolysis (to
0.009) and affects the nature of the photodegradation pro-
ducts, which could be clearly demonstrated by HPLC results
(Fig. 6a). Formation of the new peaks with retention time in
the range 20-23 min was observed with the simultaneous
decrease in the intensity of the products with retention times
10.6, 14.6 and 25.1 min. Thus, presence of cyclodextrins in the
solution has not accelerated the 2,4,5-T photodegradation.
Detailed analysis of 2,4,5-T degradation products in its
inclusion complex with p-CD will be the subject of further
study.

Conclusions

The UV excitation of herbicide 2,4,5-trichlorophenoxyacetic
acid (2,4,5-T) in aqueous solution leads to (i) heterolytic clea-
vage of a C-Cl bond and formation of the corresponding
cation of di-Cl-phenoxyacetic acid, and (ii) ionization of the
herbicide which generates a hydrated electron-radical cation
pair. In deoxygenated solutions, the hydrated electron is cap-
tured by 2,4,5-T, whilst the radical cation undergoes hydrolysis
and generates of a long-lived phenoxyl radical. The major
photochemical products arise from (i) the substitution of one
chlorine atom in either 2-, 4- or 5-position by hydroxyl groups,
and (ii) the products of hydroxylation of the benzene ring in
3- and 6-positions.

In the presence of f-CD and y-CD, formation of inclusion
complexes is observed. Such complexation decreases the photo-
degradation quantum yield of 2,4,5-T and leads to changes in
the nature and relative yields of the photodegradation products.
Therefore, complexation with cyclodextrins does not promote
removal of 2,4,5-T from aqueous solution, and development
and application of other techniques is required in order to
achieve effective photodegradation of this herbicide.
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