
Journal of Hazardous Materials 423 (2022) 127197

Available online 11 September 2021
0304-3894/© 2021 Elsevier B.V. All rights reserved.

Pivotal role of water molecules in the photodegradation of pymetrozine: 
New insights for developing green pesticides 

Ximei Liang a,1, Fangling Guan b,1, Zhiyou Ling b, Honghong Wang c, Yunwen Tao d, Elfi Kraka d, 
Huajun Huang b, Chenglong Yu b, Danping Li b, Jinbao He b, Hansun Fang b,* 

a College of Animal Science and Technology, Jiangxi Agricultural University, Nanchang 330045, China 
b Key Laboratory of Poyang Lake Basin Agricultural Resource and Ecology of Jiangxi Province, College of Land Resource and Environment, Jiangxi Agricultural 
University, Nanchang 330045, China 
c State Key Joint Laboratory of Environment Simulation and Pollution Control, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 
100085, China 
d Department of Chemistry, Southern Methodist University, 3215 Daniel Ave, Dallas, TX 75275-0314, USA   

A R T I C L E  I N F O   

Editor: Dr. L. Angela Yu-Chen  

Keywords: 
Photodegradation 
Water molecules 
Photoinduced hydrolysis 
Pymetrozine 
Mechanism 

A B S T R A C T   

Photodegradation of the insecticide pymetrozine (PYM) was studied on surface of wax films, and in aqueous and 
nonaqueous phase. The half-life of PYM on the wax surface was approximately 250 times longer than in water. 
Scavenging experiments, laser flash photolysis, and spectra analysis indicated the first singlet excited state of 
PYM (S1 *PYM) to be the most important photoinduced species initiating the photodegradation. Quantum 
chemistry calculations identified significant molecular torsion and changes in the structure C–C––N–N of S1 *PYM, 
and the absolute charges of the C––N atoms increased and the bond strength weakened. Free energy surface 
analysis, and O18 labeling experiments further confirmed that the mechanism was two-step photoinduced hy
drolysis. The first step is the hydrolysis of S1 *PYM at C––N upon reaction with 2–3 water molecules (one H2O 
molecule as the catalyst). The second step is an intramolecular hydrogen transfer coupled with the cleavage of 
C–N bond and formation of two cyclic products. During the interactions, water molecules experience catalytic 
activation by transferring protons, while there is a negligible solvent effect. Clarifying the detailed photo
degradation mechanisms of PYM is beneficial for the development of green pesticides that are photostable and 
effective on leaf surfaces, and photolabile and detoxified in the aquatic environment.   

1. Introduction 

The annual usage of pesticides continues to increase at the global 
scale, in particular, in developing countries. Some recent estimates 
indicate the amount might have surpassed 3.47 million tons in 2020 
(Sharma et al., 2019; Zhang, 2018). Many pesticides are primarily 
sprayed on the leaf surfaces of crops, including pesticides that target 
foliar-feeding insects, foliar fungi, and diseases that require chemicals to 
be absorbed by leaves. After usage, pesticides generally dissipate from 
the crop leaf surfaces through volatilization, plant uptake, wash-off, and 
photodegradation (Ebrahimi et al., 2013; Kah et al., 2019; Sleiman et al., 
2017). During field application, pesticide loss is usually balanced by 
high application rates. However, pesticides can be washed off easily by 
rainfall (Perez-Rodriguez et al., 2017), thus high pesticide applications 

may result in the increased contamination of downstream aquatic sys
tems. This can increase risks to non-target organisms (De Souza et al., 
2020), and eventually threaten human health through the food chain 
(Kim et al., 2017; Kuang et al., 2020). 

Solar light plays an important role in pesticide dissipation (Zeng and 
Arnold, 2013). Moreover, on environmental surfaces, such as the 
sun-illuminated area of a leaf, water, and soil, solar ultraviolet (UV) light 
is likely to depress microbial growth and metabolism (Slieman and 
Nicholson, 2000; Theitler et al., 2012). This indicates that photo
degradation may be the major process for pesticide dissipation on the 
surface of specific substances (Fenner et al., 2013). In general, pesticides 
undergo direct and indirect photodegradation. Direct photodegradation 
indicates that pesticides directly absorb solar photons and get degraded 
through electron transfer, photoionization, and bond cleavage (Di 
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Nunzio et al., 2009; Shkrob, 2010). In contrast, indirect photo
degradation indicates that pesticides react with reactive oxygen species 
(ROS); examples include singlet oxygen, superoxide anion, and hydroxyl 
radical. These are generated by photoexcited photosensitizers in the 
surrounding environment (Anglada et al., 2020; Zeng and Arnold, 
2013). 

It is expected that significant differences in the photostability of a 
pesticide on a leaf surface and in an aqueous phase may highlight ways 
to control agricultural non-point source pollutants. First, increasing the 
resistance of pesticides to photodegradation on the leaf surface can 
decrease the usage amount and frequencies. Second, the rapid degra
dation of pesticides in aquatic environment would probably lower its 
environmental risks if the pesticides could be mineralized or decom
posed into products with lower toxicity. Some studies have investigated 
the photodegradation of pesticides in water, and a few studies have 
investigated the photodegradation of pesticides on the leaf surface 
(Monadjemi et al., 2011; Sleiman et al., 2017). Nonetheless, simulta
neous investigation and comparison of the photolytic kinetics and 
mechanisms of pesticides on leaf surfaces and in water have rarely been 
studied till date. 

Pymetrozine (PYM) is a new azo base insecticide that exhibits se
lective activity against homopterous insects (aphids and planthoppers) 
and the pollen beetle (Jia et al., 2019; Satpathy et al., 2020). The annual 
usage of PYM was at least 4.45 × 103 t in China according to its con
sumption (150 g ha− 1) and area of rice field (2.97 × 107 ha) (National 
Bureau of Statistics of China, 2020; Preetha et al., 2010). PYM was 
detected widely in natural aquatic environment with concentrations 
ranging from ND to 4.8 ng L− 1 (Casado et al., 2019; Elfikrie et al., 2020; 
Münze et al., 2015). However, the United States Environmental Pro
tection Agency (EPA) has listed PYM as a “likely” human carcinogen 
(Zhang et al., 2007). Furthermore, several studies have found that PYM 
may cause mortality, reproductive interference, tissue lysis, muscle 
fracture, and behavioral abnormalities in non-target organisms 
(Broughton et al., 2014; Walker et al., 2007; Yu et al., 2018). Most 
studies on PYM have focused on investigating residues in crops, water, 
and soil (Cabizza et al., 2007; Li et al., 2011; Shen et al., 2009), revealing 
that the half-life of PYM was 0.7–3.5 days under the field conditions. 
Only one literature focused on the photodegradation kinetics of PYM in 
water, and reported that PYM photodegraded mainly in the direct way 
and exhibited an extremely short half-life of 1 h (Fang et al., 2020). 
Photodegradation mechanisms and pathways are generally the decisive 
factors that impact the photodegradation kinetics, the large variations of 
PYM half-lives probably indicate different photodegradation mecha
nisms in/on specific environmental substances. However, the detailed 
photolytic initiation mechanisms and degradation pathways of PYM 
remain unclear. 

Good approaches for estimating photodegradation on the leaf surface 
(Monadjemi et al., 2011) include the investigation of the photo
degradation of pesticide on thin wax film and in organic solvents. 
Therefore, using PYM as an example of a typical pesticide, this study 
applied experimental and computational methods to (1) investigate the 
photodegradation kinetics of PYM on wax film, and in water, methanol 
(MeOH) and pentanol (PeOH) under natural solar irradiation or by using 
a xenon lamp; (2) identify the photoexcitation mechanisms and role of 
water in initiating the photoreactions of PYM; and (3) examine the 
physicochemical interactions between water and PYM during the pho
todegradation process. This study provides basic and detailed informa
tion about the photodegradation mechanisms of PYM. 

2. Materials and methods 

2.1. Chemicals 

Pymetrozine (PYM, purity ≥ 99%), 3-pyridinecarboxaldehyde (pu
rity ≥ 98%), Water-18O (97% 18O), p-nitroanisole (PNA, purity ≥ 98%), 
pentanol (PeOH, HPLC grade), sorbic acid (trans, trans-hexadienoic acid, 

HAD, purity ≥ 99%), furfuryl alcohol (FFA, purity ≥ 98%), nitroblue 
tetrazolium chloride (NBT, purity ≥ 98%), terephthalic acid (TPA), 2- 
hydroxyterephthalic acid (hTPA), and wax film were obtained from 
Aladdin (Shanghai, China). Dichloromethane (CH2Cl2), acetonitrile, and 
methanol (MeOH, HPLC grade) were supplied by ANPEL Laboratory 
Technologies (Shanghai, China). All other reagents were of analytical 
grade and used as received without any further purification. Experi
mental solutions were prepared using high-purity deionized water 
(~18.25 MΩ cm− 1). The commercial product of PYM (PYM formulation) 
was a suspending agent containing 25% PYM in mass fraction (Kesheng 
Co., Ltd, Jiangsu, China). 

2.2. Experiments on photodegradation kinetics 

For experiments on a wax surface, a thin wax film was prepared by 
weighing and then melting wax (1 g) in a glass dish (diameter 3.5 cm) at 
90 ◦C in the furnace. The wax was allowed to naturally cool down, which 
then formed a ~1 mm film in the dish. The mother solution was pre
pared by dissolving the PYM reagent or formulation in acetonitrile at 
concentrations of 48.11 mg L− 1. Thirty droplets (5 μL per droplet) of the 
preparations were homogeneously added dropwise on top of the wax 
film using a micropipette (capacity 10 μL) (Sleiman et al., 2017). The 
liquid droplets were arranged close to a 5 × 6 matrix on wax surface, and 
the acetonitrile was allowed to evaporate naturally overnight. The PYM 
concentration on the wax surface was found to correspond to the rec
ommendations instructed on the package of PYM formulation (75 g ha− 1 

or 7.5 mg m− 2). 
Experiments were performed on the roof of a building on the campus 

of Jiangxi Agricultural University (N 28◦45’25.82", E 115◦49’50.36") in 
August, 2019. The dishes were semi-submerged in a water bath and 
covered with a quartz plate to prevent dust contamination. The water 
temperature was maintained at 25 ◦C using a circulator throughout the 
experiment. Three dishes were collected at specific time intervals from 
0 to 9 h. Films were rinsed with acetonitrile (2 mL), and 0.5 mL aliquot 
was withdrawn and then directly analyzed by the HPLC. Satisfactory 
recovery yields of PYM were achieved (91.9–98.8%) based on per
forming three repetitions. Alongside the entire photodegradation 
experiment, the photodegradation of PNA (10 μM) in a quartz tube was 
used to determine the variation in solar irradiance (Dulin and Mill, 
1982). Control samples wrapped by aluminum foil were run concomi
tantly in the dark on wax surface. 

The photodegradation of PYM in water and on wax surface were 
concurrently conducted under natural sunlight. Then, the degradation 
kinetics of PYM in pure water, MeOH, and PeOH were further examined 
when irradiated with simulated solar light (300 W xenon lamp with an 
AM1.5 filter; CEL-HXUV300, CEAULIGHT, Inc. Beijing, China). Three 
quartz tubes were placed in a double-walled cooling water jacket to keep 
the solutions at a constant temperature (25 ◦C) throughout the experi
ments. Specific methods for indoor experiments were based on a pre
vious study (Fang et al., 2020). In general, all photodegradation 
experiments were performed in 15 mL quartz tubes containing sample 
(10 mL, 0.107 mg L− 1, under natural sunlight) or PYM (10 μM, under 
xenon lamp); aliquots of sample solution (0.4 mL) were collected at 
specific time intervals. The spectra obtained using a spectrometer (USB 
2000 +; Ocean Optics Inc., USA) under actual and stimulated sunlight 
were compared as shown in Fig. S1. The absolute optical power of 
stimulated sunlight achieved at the surface of the reaction media was 
2.4 kW m− 2 (measured using a TM208 luxmeter, TENMARS, China). 
Moreover, the photodegradation of 10 μM PNA in quartz tube was also 
determined to correct the changes induced by specific geometry of the 
photoreaction system (e.g., the scattering and refraction of light caused 
by the walls of beaker and tube). The degradation kinetic constants of 
PYM were calculated based on Eq. (1) as follows: 

r = d[PYM]/dt = − k′[PYM] = k[ROS][PYM] (1)  
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where r is the degradation rate (M/s); k′ is the pseudo-first-order kinetic 
rate constant (s− 1), which corresponds to the slope of the linear 
regression analysis of -ln(Ct/C0) versus time (values and deviations of 
slope were calculated by using Origin software); k is only used in the 
situation of indirect photodegradation in this study, and represents the 
bimolecular reaction rate constant between PYM and the specific ROS 
(M− 1 s− 1). Photodegradation half-life of PYM corresponds to ln2/k′. All 
photodegradation experiments were conducted in three duplicates. 

2.3. Investigations of ROS 

The ROS formed and involved in the photodegradation of PYM were 
investigated in water solution using different chemical scavengers and 
probes. In the scavenging experiments, a specific scavenger (1 mM) was 
used to remove HO• (MeOH), 1O2 (FFA), and triplet excited states (HAD 
and 2,4,6-trimethylphenol (TMP)). In the probing experiments, FFA 
(10 μM) was used to measure 1O2 in a solution with 10 μM PYM. TPA 
(5 mM) and NBT (100 μM) were used to probe HO• and O2

•-, respec
tively, in a PYM solution (50 μM). 

2.4. Laser flash photolysis 

Laser flash photolysis (LFP) was used to study the mechanism 
involved in initiating photodegradation. It was conducted using a LKS80 
LFP system (Applied Photophysics Ltd., the United Kingdom). The 
fourth harmonic mode of the Nd:YAG laser was used; and a 266 nm laser 
pulse with a duration of 5 ns was used at an energy level of 10–15 mJ per 
pulse. A xenon lamp (150 W) was used as the detecting light source. The 
laser and analyzing light beam were allowed to pass perpendicularly 
through a 1 mm × 10 mm slit and then into a 10 mm × 10 mm 
× 40 mm quartz cell for the reaction. The variations in the optical signal 
were recorded using a Philips PM3323B digital oscilloscope; the data 
were output to a computer system (Lei et al., 2019). In all experiments, 
80 μM PYM was used to study the transient spectra. All measurements 
were obtained at room temperature (25 ± 2 ◦C) immediately after 
sample preparation. An anaerobic condition was achieved by degassing 
the sample with high-purity N2. 

2.5. Analysis of degradation products 

Gas chromatography/mass spectroscopy (Agilent 7890 GC con
nected to 5975 MSD, USA) was used to identify the mass spectra of 
degradation products. First, PYM sample (10 mL, 540 μM) was photo
lyzed for 8 h using the xenon lamp. The solution was extracted three 
times with CH2Cl2 (10 mL), separately. Then, the extracted samples 
were combined to obtain a 30 mL sample of CH2Cl2. The combined 
sample was dehydrated with Na2SO4, and concentrated to 1 mL by 

gently blowing it with N2. 
The samples for analyzing the isotopic isomers of the degradation 

products were obtained by photolyzing PYM (50 μM) in water-O16 and 
water-O18 for 4 h using the xenon lamp. The aqueous samples were 
directly analyzed by HPLC/MS (Agilent 1260 LC connected to 6120 MS, 
USA) without further treatment, and an Agilent C18 column 
(4.6 mm × 150 mm, 5 µm particle diameter) was used for chromato
graphic separations at 30 ◦C. The flow rate was 0.8 mL min− 1, and 50% 
acetonitrile and 50% formic acid solution (0.1%) was used as the mobile 
phase. The formation of isotopic isomers of 3-pyridinecarboxaldehyde 
was analyzed using the ESI+ mode at m/z = 108 and m/z = 110. 

2.6. Calculation method 

All quantum chemical calculations were conducted by using the 
Gaussian 16 package (Frisch et al., 2016). Geometry optimization of the 
first singlet excited states of PYM (S1 *PYM), reactants, products, and 
transition states (TS), and the calculations of the Gibbs free energy at 
298 K were performed by using the hybrid density functional B3LYP 
method with a 6–311+G(d,p) basis set (Andersson and Uvdal, 2005; 
Becke, 1993; Lee et al., 1988). Owing to the significant geometrical 
variation of photoexcited PYM, optimization of TS for interactions be
tween H2O and PYM was based on the structure of S1 *PYM. The UV/Vis 
spectra were further calculated at the PBE0/def2-TZVPP level 
(nstates=20), based on the optimized structures. Intrinsic reaction co
ordinate theory was used to confirm that each TS accurately connected 
the reactant with the associated product. In all the calculations the in
fluence of the solvent was considered, based on the integral equation 
formalism model (IEFPCM) (Tomasi et al., 2005). Laplacian bond order 
(LBO) (Lu and Chen, 2013), energy density of bond critical point (BCP) 
(Cremer and Kraka, 1984), and atomic dipole corrected Hirshfeld atomic 
charge (ADCH) were calculated by using the Multiwfn software (Lu and 
Chen, 2012a). Furthermore, local mode force constant (LMFC) was 
calculated to evaluate bond strength (Kraka et al., 2020). Multiwfn and 
VMD software was adopted to analyze and visualize the electron density 
and electrostatic potential (ESP) of specific molecules (Humphrey et al., 
1996; Lu and Chen, 2012b). The value of the molecular ESP minimum 
was used to probe lone pairs of molecules (Bijina et al., 2018). 

In order to examine the variation of toxicities along with the pho
todegradation of PYM, the LC50 and EC50 values of PYM and its primary 
photodegradation products were estimated by using ECOSAR software 
(US-EPA, 2021). 

Fig. 1. The photodegradation kinetics of (a) Pure PYM reagent and (b) PYM formulation on the wax surface and in water (The level of PYM was 7.5 mg m− 2 on wax 
surface and 0.107 mg L− 1 in water). (c) The photodegradation of 10 μM PYM in water, MeOH, and PeOH under simulated solar light (inset represents the absorbance 
of 10 μM PYM). Photo degradation of 10 μM PNA was used for comparative analysis under the solar and lamp irradiance along with time. 
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3. Results and discussion 

3.1. The photodegradation kinetics of PYM on wax surface, in water, and 
in nonaqueous solvent 

Fig. 1a and b shows the photodegradation of the pure PYM reagent 
(PYM-P), and its commercial formulation (PYM-F) on the surface of 
paraffin wax, and in water under natural solar light. Control experi
ments showed that PYM did not degrade in the dark. Eq. (1) indicates 
that the photodegradation kinetic rate constants of PYM-P and PYM-F 
are as follows, in descending order: k′water, PYM-P (1.70 ± 0.06 h− 1, r2 

=0.99) > k′
water, PYM-F (0.78 ± 0.01 h− 1, r2 =0.99) > > k′

wax, PYM-F 
(6.26 ± 3.33 ×10− 3 h− 1, r2 =0.30) ≈ k′wax, PYM-P (5.50 ± 1.68 ×10− 3 

h− 1, r2 =0.62). Wax film is composed of long-chain and saturated 
aliphatic components, which are efficient hydrogen donators than water 
(Niu et al., 2003). Therefore, the significantly faster photodegradation of 
PYM in water was clearly unrelated to the hydrogen abstraction mech
anism (Xie et al., 2009). In general, the coexistence of formulates sup
pressed the photodegradation of PYM in water. This may be attributed to 
the fact that the formulates competed for the photons or scavenged the 
reactive species that initiated the photochemical reactions (Sleiman 
et al., 2017; Peng et al., 2020). The results of the photodegradation of 
PYM-F indicated that the half-life of PYM was 9.2 days on the surface of 
paraffin wax, and only 0.9 h in water. This indicates PYM was photo
stable on leaf surface and photolabile in water. 

In order to determine the exact cause of the significant increase in 
photodegradation kinetics in water, the photodegradation kinetics of 
PYM was further compared in a homogeneous reaction system con
taining water, MeOH, and PeOH under xenon lamp (Fig. 1c). The 
measurements of the photodegradation kinetics of PNA indicate that the 
irradiance of stimulated sunlight was 4.0 and 5.5 times higher than that 
of the natural solar light presented in Fig. 1a and b. The absorbance of 
MeOH and PeOH does not overlap with the emission spectrum of the 
xenon lamp (emission > 290 nm) (Fig. S1); as such, the light screen and 
photosensitization due to the solvent could be disregarded. The degra
dation rate constants in descending order are as follows: k′water 
(0.42 ± 0.04 h− 1, r2 =0.95) > > k′

MeOH (2.55 ± 1.14 ×10− 2 h− 1, r2 

=0.54) > k′PeOH (0.72 ± 0.40 ×10− 2 h− 1, r2 =0.55). In accordance with 
the results observed on wax surface, significantly slow photo
degradation was also found in the nonaqueous organic solvents. The 
results indicate that the physicochemical properties of the solvent 
significantly enhanced the photodegradation of PYM in water, rather 

than the interfacial effect and homogeneous dispersion of chemicals. 
Moreover, slight bathochromic shifts of absorption of PYM were 
observed in MeOH and PeOH (inset of Fig. 1c). However, the accumu
lated absorptions of PYM (290–400 nm) in MeOH and PeOH only 
changed by − 1.98% and 4.65%, which were too small compared to the 
variations of photodegradation kinetic rates (16.5 times in MeOH and 
58.3 times in PeOH). Polar solvent such as water can enhance the 
photodegradation of organic compounds through the stabilization of 
ROS such as 1O2 and intermediates such as radical cation (R•+) and O2

•- 

(formed by photoionization, Scheme 1) (Wang et al., 2005). Moreover, 
the variation of solvents can also change the electronic structure, bond 
energy and electron donating/accepting activity of organic compounds 
(Xie et al., 2009). 

3.2. Mechanistic investigations on direct photodegradation of PYM 

Possibly, that photoinduced processes and reactive species took part 
into the photodegradation of PYM (Scheme 1). In general, solar light 
excites the target organic compound to form a singlet excited state (S*), 
which may further get transformed to a triplet excited state (T * ) if 
intersystem crossing (ISC) occurs (Kaur and Anastasio, 2018). Both 
S* and T * may directly initiate photodegradation through bond cleav
age or isomerization (Di Nunzio et al., 2009). Moreover, S* and T * may 
interact with molecules in the surrounding environment through elec
tron or energy transfers. The electron transfer may result in direct 
oxidation and formation of a radical cation (R•+), further inducing the 
subsequent reactions (Shkrob, 2010). 

Beyond variations in the structure of the organic compound itself, 
ROS may also form in the reaction system and engage in the degradation 
of PYM, representing a self-photosensitization mechanism (Wang et al., 
2015). For example, in the electron transfer reaction, the excited-state of 
the target compound may either draw electrons from reductive com
pounds to form active radicals (An et al., 2014; Erickson et al., 2015), or 
transfer electrons to neighboring molecules, mostly dissolved O2, to 
form O2

•- (Pajares et al., 2001). The O2
•- may then further transform to 

oxidative H2O2 and HO• through disproportionation (Liu et al., 2015). In 
the energy transfer reactions, an excited state tends to transfer energy to 
the adjacent O2, resulting in the formation of 1O2 (Pan et al., 2018). This 
results in a selective oxidant that targets unsaturated bonds in organic 
compounds (Jaramillo et al., 2020). 

To further identify the main photoinduced species involved in the 
photodegradation of PYM, kinetic studies were conducted using 
different chemical scavengers and probes; and by LFP experiments and 
the calculation of absorbance spectra for possible transients (T * PYM and 
R•+

PYM). The results are presented in Fig. 2a and b, and Fig. S2. The 
scavenging of T * by HAD and TMP hardly affected the photo
degradation of PYM (Fig. 2a), indicating the photodegradation was not 
related to TPYM* . O2 is an efficient scavenger for both T * and hydrated 
electrons (Buxton et al., 1988; Pan et al., 2018); therefore, the missing 
transient spectra of T * PYM (calculated maximum absorption was 

Scheme 1. Potential initiating mechanisms for the photodegradation of PYM in 
water (Orange part indicates the degradation enhanced by self-sensitization). 

Fig. 2. (a) The photodegradation of 10 μM 
PYM in solutions with different scavengers 
(1 mM). (b) The transient spectra correspond
ing to the left axis were obtained by LFP in O2 
and N2 saturated water (80 μM PYM at 0.1 μs). 
The dotted-blue lines correspond to the right 
axis and indicate the absorption spectra of T * 
PYM and R•+

PYM calculated at PBE0/def2- 
TZVPP/IEFPCM level. The inset indicates the 
evolution of ΔA in N2-saturated water within 
0.5 μs at 720, 360, and 280 nm, corresponding 
to the absorptions of hydrated electron, T * PYM, 
and R•+

PYM.   
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280 nm) in the N2-saturated solution with LFP ruled out the occurrence 
of ISC (Fig. 2b). LFP experiments also revealed the absence of transient 
signals of hydrated electrons (~720 nm) (Buxton et al., 1988), and no 
signals of R•+

PYM (calculated maximum absorption was ~360 nm) in the 
N2-saturated solution. This further supported the non-existence of 
photoionization. Finally, the absence of R•+

PYM in the O2-saturated so
lutions further confirmed that one electron oxidation by O2 (resulting in 
the formation of R•+

PYM and O2
•-) did not need to be considered 

(Fig. S2). These results were consistent with the non-detection of O2
•- 

using NBT during the photodegradation of PYM (Fig. S3). 
The scavenging of 1O2 and HO• slightly lowered the photo

degradation rate, indicating the formation of these two ROSs and their 
involvement engage in the self-sensitized photodegradation of PYM 
(Fig. 2a). However, further studies using TPA in the PYM solution found 
that HO• was not generated during the photodegradation of PYM 
(Fig. S3). The degradation of FFA indicates the likely formation of low 
concentrations of 1O2 (2.42 × 10− 14 M) in the 10 μM PYM solution 
(Fig. S3 and Eq. 1). The 1O2 could further react with PYM at a bimo
lecular rate constant of 6.63 × 107 M− 1 s− 1 (Fang et al., 2020); as such, 
the part of PYM that was degraded by 1O2 was estimated to be k′

1O2 
= 1.60 ± 0.39 × 10− 6 s− 1 (Eq. 1). This was a negligible value compared 
to the observed photodegradation rate constant of PYM in water 
(2.63 ± 0.03 × 10− 4 s− 1, Fig. 2a). 

The above-mentioned results indicate that the roles of the long-lived 
species TPYM* and photosensitized ROSs were negligible in the photo
degradation of PYM. The initiating mechanisms could be mostly 
attributed to S* , which is a short-lived species that is difficult to probe 
or directly observe by LFP. 

3.3. Characterization of the physicochemical properties of S*PYM 

Quantum chemical calculations were performed to study the physi
cochemical properties of the short-lived S*PYM. Fig. S4 shows that the 
calculated UV/Vis spectra of PYM were similar to the measured results. 
In general, the normalized absorbance from 290 to 400 nm (accumu
lative absorbance from 290 to 400 nm divided by the absorption at the 
maximum absorption peak) shifted by 28% for the calculated results. 
More importantly, the maximum absorption peak exhibited a red shift 
only by ~4 nm for the calculated spectra. This confirmed the calculation 
accuracy on estimating the wavelength of maximum peak or photoex
citation energy of PYM at the PBE0/def2-TZVPP level. The calculated 
energy values of the first, second, and third excited states of S*PYM 

(S1 *PYM, S2 *PYM, S3 *PYM) are 4.10 eV (302 nm), 4.58 eV (270 nm), 
and 4.71 eV (263 nm), respectively. This indicates that only S1 *PYM is 
energy-permitted under sunlight photoexciting conditions with wave
lengths higher than 290 nm. 

S1 *PYM was optimized at the B3LYP/6–311 +g(d,p)/IEFPCM level 
in water, and the characteristics of electron excitation were further 
analyzed based on variation in the electron density (ED). The co
ordinates of the optimized S0PYM and S1 *PYM are summarized in Section 
S1 in Supporting Information, and the calculated results were visualized 
by using VMD based on the hole–electron distribution as shown in Fig. 3 
(Liu et al., 2020). Significant variations in the ED were found in the part 
(C2C1N1N2) between the two cyclic groups of PYM. In general, the ED 
between C1 and N1 decreased, indicating a mitigation of the connec
tions between C1 and N1 in S1 *PYM. However, the ED between C1 and 
C2 significantly increased, indicating possible strengthening of the 
connections between these two atoms. 

Further analysis of the geometric structures of S1 *PYM and S0PYM 
showed that the bond length of C1N1 (BLC1N1) increased from 1.28 to 
1.35 Å after photoexcitation (Fig. 3). In contrast, BLC1C2 decreased from 
1.46 to 1.40 Å and BLN1N2 decreased from 1.36 to 1.30 Å. The LBO of 
C1N1 (BOC1N1) decreased from 1.46 to 1.11; that of BOC1C2 increased 
from 1.17 to 1.44; and that of BON1N2 increased from 0.75 to 0.99. 
Moreover, local mode force constant (LMFC) of C1N1 decreased from 
9.51 to 6.23 mdyn Å− 1; that of LMFCC1C2 increased from 4.97 to 6.09 
mdyn Å− 1; and that of LMFCN1N2 increased from 5.19 to 7.11 mdyn Å− 1. 
These results confirmed that the C1N1 bond (BC1N1) in S1 *PYM weak
ened, which was accompanied by the stabilization of BC1C2 and BN1N2. 
Moreover, the absolute values of atomic charges significantly increased 
in C1 and N1. This indicates the increased possibility of nucleophilic 
reactions at C1 and electrophilic reactions at N1 when PYM is photo
excited to S1 *PYM (Liu et al., 2014). Both reactions result from the 
reorganization of bonding electrons and the formation of new bonds. 
This then further weakens the connections between C1 and N1, possibly 
resulting in the bond cleavage. 

In summary, the photodegradation of S*PYM is closely related to the 
C2C1N1N2 structure in S1 *PYM. The degradation might be initiated by 
the nucleophilic and electrophilic reactions at the C1 and N1 atoms. This 
strengthens BC1C2 and BN1N2, and weakens BC1N1; causing the potential 
bond breakage and resulting in the formation of two stable cyclic in
termediates. For further comprehensive understanding of the role of 
C2C1N1N2 in initiating the photodegradation of PYM, six compounds 
with a similar structure to PYM were also investigated, using quantum 

Fig. 3. Electron excitation analysis visualized 
based on the hole-electron distribution in 
S1 *PYM. The bluish-transparent and red- 
transparent regions indicate where ED 
decreased and increased, respectively (the ED 
on the surface was 0.005 electron bohr− 3). The 
data presented in Table summarize the varia
tion in the dihedral angle, bond length, LBO, 
energy density of BCP, local mode force con
stant (LMFC) and ADCH atomic charge of spe
cific atom, when PYM was excited from S0 to 
S1 * (Blue and red color indicate the decrease 
and increase of the absolute value for specific 
parameter, respectively).   
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chemical calculations. Variations in electron density, bond order, and 
atomic charge were compared between S0PYM and S1 *PYM, as summa
rized in Table S1. The results mostly matched the photodegradation 
mechanisms, which were assumed to be true for PYM. In general, C1 and 
N1 charges increased, with the exception of one compound with a ter
minal –NH2 group. The BOC1N1 of five tested compounds decreased, 
accompanied with a significant increase of BOC1C2. However, BON1N2 
decreased in compounds characterized by N2 in a heterocyclic structure. 
This can happen because of a conjugative effect stabilizing N2 in the 
cyclic structure, similar to triazine in PYM, rather than in an N–N chain 
structure (Hu et al., 2001). 

3.4. The degradation mechanisms of S1 *PYM associated with water 

In order to further study the degradation mechanisms of S1 *PYM in 
water, the photodegradation products were investigated by GC/MS. 
Only two products were identified, namely, 3-pyridinecarboxaldehyde 
(P1) and a heterocyclic compound (P2, 4-amino-6-methyl-2H-[1,2,4] 
triazine-3-one) (Fig. S5, Scheme 2). The mol balance analysis 

indicated P1 was the main product, contributing 93.9 ± 0.5% of the 
photodegradation of PYM (Fig. 4). The variations in P2, along with the 
photodegradation of PYM, were not determined due to the lack of 
standards. Nevertheless, noteworthy, the sum of the molecular masses 
for P1 and P2 was equal to the total mass of PYM, two H atoms, and one 
O atom (Scheme 2). As a result, P2 was considered to be a primary 
degradation product that was formed simultaneously with P1. The molar 
concentrations were assumed to be equal if there were no further 
degradation processes. The results confirmed the theoretical assumption 
mentioned above: the main degradation pathway of S1 *PYM was the 
bond cleavage at C1N1 and the formation of two cyclic products. 
Noteworthy, the ECOSAR calculations show that P1 and P2 were less 
toxic than their parent compound PYM (Table S2), indicating the pho
todegradation of PYM is coupled with detoxification. 

The donor of the O atom in P1 could only be attributed to O2 or H2O 
in the reaction system (Scheme 2). O2 is a well-known nucleophilic 
reactant, and H2O can initiate hydrolysis through both nucleophilic and 
electrophilic reactions (Deng et al., 2008). Notable, O2 is more soluble in 
nonpolar solvents such as MeOH and PeOH compared to that in water; 
therefore, the significantly slow photodegradation of PYM in MeOH and 
PeOH indicates the reaction between O2 and PYM would be negligible 
(Fig. 1c). To further identify the exact reactant with PYM, an isotopic 
tracing method with H2O18 as the reaction solution was adopted. The 
isotope ratio for the P1 concentration was measured to be 7.56: 1 (P1110: 
P1108) in a H2O18 solution (Fig. S6), which was significantly higher than 
the value for H2O16 (P1110: P1108 = 1: 62.05). The results of the isotope 
labeling showed that the O atom of H2O engaged in the reactions with 
S1 *PYM, and the photodegradation mechanism of PYM was a photoin
duced hydrolysis process. 

The results indicate that H2O molecules could induce a nucleophilic 
attack on C1 and an electrophilic attack on N1 in S1 *PYM. Moreover, the 
triazine ring in S0PYM rotates by 99.87◦ when photoexcited (Fig. 3); 
therefore, the molecular torsion shortens the distances between C1 and 
O1. This led to another possible reaction, where H2O simultaneously 
attacked C1 and O1 (Fig. 5a). Further analysis based on the electrostatic 
potential (ESP) showed that the distance between the lone pairs (ESP 
minimum) and the nucleus (ESP maximum), N1 and C1, O1 and C1, in 
S1 *PYM are 2.25 and 3.16 Å, respectively. These are farther than the 
distance between lone pairs and protons in H2O (1.98 Å). The results 
indicate that one H2O molecule is not sufficient enough to bridge the gap 
between both the negative and positive centers of S1 *PYM to initiate the 
hydrolysis reactions. Therefore, at least two H2O molecules are needed 
for the reaction, with one H2O molecule acting as the catalyst that 
transferred the protons as previously observed (Kostko et al., 2016). To 
test this assumption, the TS for the PYM reaction with one H2O molecule 

Scheme 2. The main photodegradation pathway of PYM.  

Fig. 4. The evolution of the concentrations of PYM and P1 during the photo
degradation of 10 μM PYM in water. 

Fig. 5. (a) The negative electrostatic potential (ESP) of S1 *PYM, H2O, and 2 H2O (Cyan balls indicate the positions of electrons that correspond to the lowest value of 
ESP; ESP on isosurface was − 55 kcal mol− 1). (b) The schematic showing free energy surfaces for the attack of 2H2O on C1N1 and C1O1 (Insets represent the structure 
of TS1 for each hydrolysis pathway). All calculations were conducted at B3LYP/6–311 +g(d,p)/IEFPCM level. 
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was also examined. As expected, no stable structure for TS with only one 
H2O was found. 

Then, the free energy surfaces for the photoinduced hydrolysis of 
PYM initiated by two H2O molecules were established, as shown in 
Fig. 5b. The geometric structures are presented in Fig. S7 and Section S1. 
PYM finally degrades to P1 and P2 through a two-step reaction, and the 
first step is the rate-limiting step due to its higher activation energy 
barrier (44.9 or 51.4 kcal mol− 1) than the second step (32.1 or 
33.6 kcal mol− 1). The first step (TS1) is the hydrolysis initiated by the 
direct attack of two H2O molecules at C1N1 or indirect attack at C1O1. 
Specifically, the indirect hydrolysis indicates that the –OH of H2O is 
added to C1 (the same as direct hydrolysis process), while the H of H2O 
is first added to O1, and is then further transferred to N1 (Zhang et al., 
2015). The activation energy barrier of direct hydrolysis is more 
energy-feasible (44.9 kcal mol− 1) compared to indirect hydrolysis 
(51.4 kcal mol− 1). The second step (TS2) is the intermolecular hydrogen 
transfer coupled with the cleavage of BC1N1. Still, the intermediate 
formed by direct hydrolysis is more energy-feasible (0.8 kcal mol− 1 

lower) than indirect hydrolysis for TS2. The reaction mechanism of TS2 
is similar to a keto-enol tautomerism, during which the hydrogen 
transfer is subsequently followed by the bond dissociation of C1 and N1 
(Mallick et al., 2007). Analysis of the free energy surfaces shows that an 
H2O attack on C1N1 is more energy favorable than on C1O1 for both TS1 
and TS2. Furthermore, the role of C2C1N1N2 in initiating the photoin
duced hydrolysis was also examined for the similar compounds list in 
Table S1. The activation energy barriers (TS1) of these six compounds 
were in the range of 30.6–40.7 kcal mol− 1 (Table S3), which were 
comparable to that of PYM, probably indicating hydrolysis is a common 
mechanism for the reaction of C2C1N1N2. 

3.5. Other physicochemical effects of water on the photoinduced 
hydrolysis of PYM 

Besides a direct chemical reaction, water may also affect the 
photoinduced hydrolysis of PYM through two other possible mecha
nisms. First, the H2O molecule was confirmed to be the catalyst for 
proton transfer. It was assumed that the number of H2O molecules could 
also influence the activation energy barrier, and the reaction rate con
stant (Deng et al., 2008). Second, as a high polarity solvent, water could 
affect the ESP, bond energy, and atomic charges of organic compounds. 
These could ultimately result in the variation of photodegradation ki
netics (Pan et al., 2016). Therefore, the catalytic activity and solvent 
effect of H2O on the free energy surfaces of the photoinduced hydrolysis 
of PYM were further calculated, as shown in Fig. 6a and b. The geometric 
structures of key TS and the reaction pathways are presented in Fig. 7 
and Section S1. 

Results show that the activation energy barrier for hydrolysis (TS1) 

was lowered (− 2.44 kcal mol− 1) when an additional H2O molecule was 
added as the catalyst (three in total). The activation energy barrier for 
the intramolecular hydrogen transfer (TS2) is as follows: zero H2O 
molecule (32.04 kcal mol− 1) > two H2O molecules (22.93 kcal mol− 1) 
> one H2O molecule (21.91 kcal mol− 1). The results indicate that water 
molecules show catalytic effects during both the reaction steps. A more 
significant catalytic effect was observed for TS2. H2O plays an important 
role as the catalyst in the keto-enol tautomerism in the TS2 setting 
(Kouras-Hadef et al., 2011). However, changing the solvent from MeOH 
to water increased the activation energy barriers of TS1 and TS2 by 0.38 
and 0.12 kcal mol− 1, respectively (Fig. 6b). This indicates a slightly 
negative solvent effect of water on PYM photodegradation. Therefore, 
these results suggest solvent effect can be disregarded compared to the 
chemical reactions and catalytic effects introduced by water molecules. 

4. Conclusions 

The photodegradation of PYM is significantly faster in water 
compared to the leaf and nonaqueous solutions. The photodegradation is 
mainly initiated by S1 *PYM. Along with the photoexcitation, BC1N1 was 
weakened, and photoinduced hydrolysis occurred in C1N1 as the first 
step of photodegradation. The second reaction step of photodegradation 
involved the intramolecular hydrogen transfer in the intermediate 
formed during first step, coupled with the cleavage of BC1N1. This 
resulted in the breakage of the intermediate, and formation of two stable 
cyclic products. During both the reaction steps, water molecules show a 
strongly catalytic effect by acting as bridges between negative and 
positive centers of PYM and its intermediate, and the solvent effect of 
water is negligible. 
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