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ABSTRACT. Pesticides are chemical compounds widely used to combat pests in crops, and they thus 10 

play a key role in agricultural production. However, due to their persistence in aquatic environments, 11 

even at low concentrations, their use has been considered an environmental problem and caused 12 

concern regarding the adverse effects on human health. This paper reports, for the first time, the 13 

mechanisms, kinetics, and an evaluation of the toxicity of picloram degradation initiated by OH 14 

radicals in the aqueous environment using quantum chemistry and computational toxicology 15 

calculations. The rate constants are calculated using a combination of formulations derived from the 16 
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Transition State Theory in a realistic temperature range (250-310 K). The results indicate that the two 17 

favorable pathways (R1 and R5) of OH -based reactions occur by addition to the pyridine ring. The 18 

calculated rate constant at 298 K is compared with the overall second-order reaction rate constant, 19 

quantified herein experimentally via the competition kinetics method and data available in the 20 

literature showing an excellent agreement. The toxicity assessment and a photolysis study provide 21 

important information: i) picloram and the majority of degradation products are estimated as harmful; 22 

however, ii) these compounds can suffer photolysis in sunlight. The results of the present study can 23 

help understand the mechanism of picloram, also providing important clues regarding risk assessment 24 

in aquatic environments as well as novel experimental information. 25 

Keywords: Organic contaminant degradation, Pesticides, 𝒹-TST, AOPs, DFT 26 

1. Introduction 27 

It is well known that the use of pesticides plays a key role in agricultural 28 

production (Lin et al., 2018; Tomlin and others, 2009) and in global public health 29 

(Organization and others, 1990; Planas et al., 1997), and contributes as an important 30 

factor for global economic stability (Seufert et al., 2012; Vasileiadis, 2017). 31 

However, in recent years, the widespread use of pesticides has caused significant 32 

consequences for the environment and raised concerns due to their carcinogenic and 33 

toxic effects on non-target organisms (Canna-Michaelidou and Nicolaou, 1996; 34 

Tremolada et al., 2004). Pesticides are complex chemical compounds used to combat 35 

pests, such as insects and fungi (Ikehata and El-Din, 2006; Organization and others, 36 

2006). Detailed knowledge of the physical-chemical properties of these species is 37 
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essential for understanding the impact they might have in the environment (Socorro 38 

et al., 2016). The volatility of these compounds, for instance, can contribute to air 39 

contamination by evaporation during application (Aktar et al., 2009; Waite et al., 40 

1999); their solubility in water determines the degree to which they can contaminate 41 

groundwater (Ghauch, 2001; Luo et al., 2014), and contribute to soil desertification 42 

by leaching (Graça et al., 2019) and erosion (Bereswill et al., 2012; Khan, 2016). 43 

Many efforts have been devoted to removing pesticides from surface waters, 44 

groundwater and industrial effluents because of the adverse effects these species 45 

might have on living organisms (An et al., 2014; Cardoso and Valim, 2006). Various 46 

technologies, such as dry and wet deposition (Ghauch, 2001; Sauret et al., 2009), 47 

adsorption filters (Cardoso and Valim, 2006; Suo et al., 2019), biological treatments 48 

(Lafi and Al-Qodah, 2006; Zapata et al., 2010), and Advanced Oxidation Processes 49 

(AOPs) (An et al., 2014; Oturan and Aaron, 2014) have been developed in a 50 

collective effort to remove and/or destroy dangerous contaminants before their 51 

disposal in the environment. 52 

Pyridine and derivative compounds have attracted extensive attention due to their 53 

occurrence in the environment and the hazardous effects they have on ecosystems 54 

and on human health (Abramović et al., 2011; Stapleton et al., 2010). One of the 55 

most common pyridine-derived pesticides is picloram 56 

(4-amino-3,5,6-trichloro-2-pyridinocarboxylic), a herbicide used for controlling 57 

weeds in wheat, barley, oats, and woody plant species (Cardoso and Valim, 2006; 58 

Ghauch, 2001; Haag and David Yao, 1992; Hedlund and Youngson, 1972). The 59 
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toxicity of picloram is considered moderate to high (Abramović et al., 2011; 60 

Wauchope et al., 1992), with half-lives in the range 20-300 days (Rahman and 61 

Muneer, 2005; Socorro et al., 2016). Furthermore, its photodegradation on the soil 62 

surface with the use of aerobic microorganisms is mediated by its efficient solubility 63 

in water (Abramović et al., 2011; Ghauch, 2001). All these properties combined with 64 

its persistence in the soil confirm the risk of groundwater contamination. In fact, 65 

picloram has already been detected in ten American states by the United States 66 

Environmental Protection Agency (Ghauch, 2001; Howard, 2017). These features 67 

have been supported by several studies of picloram degradation in aqueous solution. 68 

Ghauch (Ghauch, 2001) studied the degradation of picloram using zero-valent iron 69 

powder in an aerobic conical apparatus, in which the pollutant was converted into 70 

4-amino-2-pyridylcarbinol, a substance considered environmentally dangerous. 71 

Cardoso and Valim (Cardoso and Valim, 2006) investigated the ability of layered 72 

double hydroxides to adsorb picloram from aqueous solutions, achieving 96% 73 

adsorption after 6 hours; however, this physical treatment alone does not promote 74 

contaminant degradation. Özcan et al. (Özcan et al., 2008) used the electro-Fenton 75 

process to remove picloram from aqueous solution using current density and catalyst 76 

concentration of 300 mA and 0.2 mM Fe3+, respectively. The authors reported a 77 

reaction rate constant of 4.53 × 10-12 cm3∙molecule−1∙s−1 at 298.15 K. The reaction 78 

rate constant of the degradation of picloram with OH radicals has only been 79 

reported at ambient temperatures. Other authors have carried out kinetic and 80 

mechanistic studies of picloram photodegradation with titanium dioxide, identifying 81 
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several intermediates and reaction pathways (Abramović et al., 2011). Recently, 82 

Coledam et al. (2018) used four methods based on the production of OH radicals to 83 

evaluate the oxidation and mineralization of picloram: these results support the 84 

photo-Fenton HOCl/UVC process as an efficient option to treat aqueous organic 85 

contaminants. 86 

The reaction of OH radicals with organic pollutants is often complex and 87 

involves three possible mechanisms (An et al., 2014; Manonmani et al., 2020, 2019; 88 

Mei et al., 2019): i) addition of OH to an aromatic ring or other unsaturated bonds, 89 

ii) hydrogen-atom abstraction, and/or iii) single electron transfer. From an 90 

experimental perspective, the identification and elucidation of the mechanisms 91 

shown above are analytically challenging, complex, expensive and 92 

equipment-dependent (An et al., 2014; Mei et al., 2019; Milenković et al., 2020). 93 

The laborious experimental procedures involved in distinguishing and quantifying 94 

the reaction mechanisms of OH radicals with organic molecules make quantum 95 

theoretical calculations appear as an advantageous protocol to obtain a more detailed 96 

picture of the mechanisms and kinetics of such reaction systems. Nevertheless, to the 97 

best of our knowledge, there are no theoretical studies regarding the attack of OH 98 

radicals on picloram molecules. Thus, the focus of this work is to provide a detailed 99 

understanding of the mechanism and kinetics of picloram degradation mediated by 100 

OH radicals using a blend of quantum chemistry calculations, reaction rate theory, 101 

and experimental kinetics procedures. In addition, we provide an evaluation of the 102 
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photolysis and toxicity of picloram and its degradation products using a TD-DFT 103 

procedure and an Ecological Structure-Activity Relationships predictive model. 104 

 105 

Figure 1: Scheme of hydrogen atom abstraction and addition reactions with picloram and 106 

OH radicals. 107 

 108 

 109 

 110 

 111 

 112 

 113 

 114 
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2. Materials and Methods  115 

2.1 Quantum chemical calculations 116 

The electronic structure properties of the reactants, products, and the transition 117 

states were calculated at the M06HF/6-31G+(d) level (for appropriate nomenclature 118 

see Figure 1) with the solvation model density (SMD). The SMD model has been 119 

widely used to simulate the aqueous environment in the elucidation of the 120 

mechanisms of pesticide degradation, and is computationally less demanding than 121 

other continuum models (Luo et al., 2018). Details about other levels of calculations 122 

can be found in the Electronic Supplementary Information (ESI) file. The stationary 123 

points were characterized by analytic harmonic frequency calculations. The absence 124 

or presence of one imaginary frequency characterizes the optimized structures as 125 

local minima or transition states, respectively. The zero-point vibrational energy 126 

contributions have been considered in the calculation of the energy barrier. The 127 

photolysis of the optimized geometries was performed by TD-DFT (Gross et al., 128 

1996) calculations using the CAM-B3LYP density functional (Yanai et al., 2004) 129 

and 6-311++G(d,p) basis set. Quantum chemical calculations were carried out using 130 

the Gaussian 16 package.(Frisch et al., 2016) 131 

The topological analysis (Bader, 1985; Matta and Boyd, 2007) was performed in 132 

terms of electron density (ρ), Laplacian of electron density (ᐁ2ρ), Lagrangian kinetic 133 

energy density [G(r)], Potential energy density [V(r)] and Energy density [E(r)] at 134 

the Critical Points (CP) to efficiently describe H-bonding and its concept without 135 
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border. To analyze the main reactive sites of theOH + picloram reaction, appropriate 136 

local reactivity descriptors as Fukui function (𝑓) (López and Méndez, 2004; Melin et 137 

al., 2007) were calculated according to equations𝑓𝑁𝐵𝑂
+ ≈  𝜌𝑁𝐵𝑂

𝐻𝑂𝑀𝑂 =  ∑ |𝑐𝑖|𝐻𝑂𝑀𝑂
2

𝑖 , 138 

𝑓𝑁𝐵𝑂
− ≈  𝜌𝑁𝐵𝑂

𝐿𝑈𝑀𝑂 =  ∑ |𝑐𝑖|𝐿𝑈𝑀𝑂
2

𝑖 , and 𝑓𝑁𝐵𝑂
0 ≈  𝑓𝑁𝐵𝑂

+ + 𝑓𝑁𝐵𝑂
−  /2 . The Multiwfn 139 

package program (Lu and Chen, 2012) was used to study the topological and Fukui 140 

functions. 141 

2.2 Reaction Rate Theory 142 

The reaction rate constant of picloram degradation by OH radicals was 143 

calculated using formulations based on the Transition State Theory. To account for 144 

the tunneling effect, the deformed Transition State Theory (𝒹 − 𝑇𝑆𝑇) (Carvalho-Silva 145 

et al., 2017) was adopted (Eq. 1):  146 

𝑘𝒹−𝑇𝑆𝑇 =
𝑘𝐵𝑇

ℎ

𝑄𝑇𝑆†

𝑄𝑅𝑒𝑎𝑐
(1 − 𝒹

𝐸0

𝑅𝑇
)

1 𝒹⁄

 (1) 

where ℎ is the Planck’s constant, 𝑘𝐵 is the Boltzmann constant, 𝑅 is the universal gas 147 

constant, 𝒹  is the deformation parameter, while 𝑄𝑅𝑒𝑎𝑐  and 𝑄𝑇𝑆†  are the partition 148 

functions of the reactants and transition state, respectively. To include the contribution of 149 

molecular diffusion in solution, the calculated rate constant 𝑘𝒹−𝑇𝑆𝑇 is combined 150 

with the steady-state Smoluchowski rate constant, 𝑘𝐷 , following the 151 

Collins-Kimball theory (Collins and Kimball, 1949), yielding the apparent rate 152 

constant (𝑘𝑂𝐵𝑆), according to Eq. 2:  153 

𝟏

𝒌𝑶𝑩𝑺
=

𝟏

𝒌𝓭−𝑻𝑺𝑻

+
𝟏

𝒌𝑫
 (2) 
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Additional details about the parameter 𝒹 and the calculation of 𝑘𝐷 can be found 154 

elsewhere ( Sanches-Neto et al., 2020) and the references therein. To consider the 155 

effect of recrossing on the reaction rate constant, we also calculate the Variational 156 

Transition State Theory (VTST) (Eq. 3): 157 

𝑘𝑉𝑇𝑆𝑇(𝑇) =  min
𝑞

𝑘𝑇𝑆𝑇(𝑇). (3) 

However, VTST neglects tunneling effects, since it underestimates the kinetic 158 

constant for reactions where quantum tunneling effects are important, especially at 159 

low temperatures. Here, in order to account for the quantum tunneling effect, we 160 

refine the deformed formalism described in (Carvalho-Silva et al., 2017), defining 161 

the deformed Variational Transition State Theory (𝒹-VTST) (Eq. 4): 162 

𝑘𝒹−𝑉𝑇𝑆𝑇(𝑇) =  min
𝑞

𝑘𝒹−𝑇𝑆𝑇(𝑇). (4)  

The Aquilanti-Mundim law (Aquilanti et al., 2010) (Eq. 5) was used to fit the rate 163 

constant data to represent our results in order to compare with other works: 164 

𝑘(𝑇) = 𝐴 (1 −
𝑑̅𝐸̅

𝑅𝑇
)

1 𝑑̅⁄

, (5) 

where 𝐴  and 𝑑  are the pre-exponential factor and the deformed parameter, 165 

respectively [Note a change in the notation here, needed in order to avoid 166 

ambiguities: in terms of the fitted equation, we defined 𝑑, which is different from 167 

the 𝒹 parameter; and 𝐸, which is different from 𝐸0]. All kinetic and associated 168 

parameters have been calculated with the Transitivity Code-version 1.0.4 (Machado 169 

et al., 2019). Details of the computational program can be found on the 170 

www.vhcsgroup.com/transitivity web page. 171 
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2.3 Experimental approach 172 

The overall second-order reaction rate constant between picloram (PCL) and OH 173 

radicals (kPCL,OH) was evaluated using the competition kinetics method with 174 

correction for photolysis, as reported elsewhere (Lastre-Acosta et al., 2019; Shemer 175 

et al., 2006; Silva et al., 2015; Son et al., 2020; Wenk et al., 2011; Yan et al., 2021). 176 

In this method, the rate constant is evaluated as a function of its observed 177 

pseudo-first-order rate in the presence of a competing OH radical scavenger with 178 

known kinetics (p-chlorobenzoic acid, pCBA), according to Eqs. 7 and 8: 179 

𝑘𝑃𝐶𝐿,𝑂𝐻 = (
𝑘𝑃𝐶𝐿(obs) − 𝑘𝑃𝐶𝐿(dp)

𝑘𝑝𝐶𝐵𝐴(obs) − 𝑘𝑝𝐶𝐵𝐴(dp)
) × 𝑘𝑝𝐶𝐵𝐴,𝑂𝐻 (6) 

where kPCL(obs) is the measured pseudo-first-order reaction rate of picloram in the 180 

OH radical system (described below); kPCL(dp) and kpCBA(dp) are the measured 181 

photolysis rate constants of picloram and p-chlorobenzoic acid. kpCBA(obs) and 182 

kpCBA,OH are, respectively, the measured pseudo-first-order reaction rate constant of 183 

the reference compound in the OH radical system and the second-order rate constant 184 

of the reaction between this compound and hydroxyl radicals (kpCBA,OH = 5 × 109 L 185 

mol-1 s-1) (Elovitz and Von Gunten, 1999). 186 

The reactional system used in this experiment adopts hydrogen peroxide as a 187 

precursor of OH radicals. A reaction mixture is prepared containing 2.1 × 10-5 mol 188 

L-1 of picloram (ca. 5 ppm), an equimolecular amount of pCBA (ca. 3.2 ppm) and 189 

excess (0.05 mol L-1) hydrogen peroxide in natural pH (~ 4.5). H2O2 was added in 190 

excess to ensure that the competing reactions will be limited by the concentration of 191 



Chemosphere x 2021 x; doi: FOR PEER REVIEW 11 of 38 

 

the target and the reference compounds. According to the literature, the 192 

concentration of hydrogen peroxide was shown not to affect significantly the value 193 

of the second-order rate constant of the target compound with OH radicals (Shemer 194 

et al., 2006). The test solution was prepared using deionized, ultrapure water 195 

(Milli-Q®, 18.2 MΩ), and distributed into 2.0-mL Pyrex vials with no headspace. 196 

The vials were irradiated under simulated sunlight with standard AM1.5G spectra 197 

(PEC-L01, Peccell Inc.), as illustrated in Figure 2, for selected exposure times. 198 

Samples were irradiated for 5, 10, 15, 30, 45, 60 and 120 min. All chemicals, HPLC 199 

grade, were acquired from Sigma-Aldrich and used as received without further 200 

purification. 201 

 202 

Figure 2: Illustration of the setup used in the competition kinetics and photolysis 203 

experiments. 204 

The (direct) photolysis rate constants, kPCL(dp) and kpCBA(dp), are evaluated in the 205 

same experimental setup, in order to account for the effects of the irradiated photons 206 

on the degradation of both species due to excited-state reactions. However, in these 207 
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analyses, the sample vials are filled with solutions of each compound (5 ppm for 208 

picloram and 10 ppm for pCBA) separately and without the addition of H2O2. The 209 

concentrations of pCBA and picloram were measured using a high-precision liquid 210 

chromatography system (LC-10, Shimadzu Co.) equipped with a photodiode array 211 

detector (SPD-20MA, Shimadzu Co.). The separation was carried out in a C18 212 

reverse-phase column (Luna C18, 5 µm, 250 × 4.6mm, Phenomenex Inc.) with 213 

isocratic elution of methanol and water (50:50) at 1.5 mL min-1. Picloram and pCBA 214 

were detected simultaneously after 4.7 and 13.7 min of elution, respectively, and 215 

quantified by UV absorption at 254 nm. 216 

2.4 Toxicity assessment 217 

The ecotoxicity of picloram and its main degradation products were determined 218 

using the Ecological Structure-Activity Relationship Model (ECOSAR V2.0). 219 

ECOSAR is an effective predictive program and has been successfully applied to the 220 

ecotoxicity assessment of organic contaminants (Reuschenbach et al., 2008; 221 

Sanderson et al., 2003). Three aquatic organisms – green algae, daphnia, and fish – 222 

were chosen as targets. Acute toxicity (feature characterized by LC50 and EC50 223 

values) and chronic toxicity (defined by ChV) of the compounds studied were 224 

obtained from ECOSAR platform. LC50 means the concentration of a chemical 225 

compound (in mg L−1) that causes the death of half of the fish and daphnia 226 

population after exposures of 96 and 48 h, respectively. In addition, EC50 represents 227 

the concentration that permits 50% of green algae to grow normally after 96 h of 228 

exposure (in mg L-1).  229 
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3. Results and Discussion  230 

3.1 Experimental 231 

The first-order degradation profiles of picloram and pCBA in the hydroxyl 232 

radical reaction system are shown in Figure 3. Both profiles adjusted well to a 233 

first-order kinetics, according to Eqs. 7 and 8: 234 

ln (
𝐶0(𝑃𝐶𝐿)

𝐶(𝑃𝐶𝐿)
) = 𝑘𝑃𝐶𝐿(𝑜𝑏𝑠)  𝑡𝑖𝑟𝑟𝑎𝑑 (7) 

ln (
𝐶0(𝑝𝐶𝐵𝐴)

𝐶(𝑝𝐶𝐵𝐴)
) = 𝑘𝑝𝐶𝐵𝐴(𝑜𝑏𝑠)  𝑡𝑖𝑟𝑟𝑎𝑑 (8) 

 235 

 236 

Figure 3: Pseudo-first-order plots of picloram and pCBA in the hydroxyl radical reaction 237 

system. 238 

The reaction rate constants evaluated at this stage are used to calculate kPCL,OH, 239 

together with the reaction rates evaluated in the absence of H2O2, in order to exclude 240 
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the effects of direct photolysis, as indicated in Eq. 6. Table 1 summarizes the kinetic 241 

constants measured experimentally.  242 

Table 1: Kinetic parameters obtained experimentally. 243 

Rate constant  Picloram 

Direct photolysis kPCL(dp) (2.71 ± 1.95) × 10-6 s-1 

OH (pseudo first-order)  kPCL(obs) (1.30 ± 0.04) × 10-4 s-1 

Second-order kPCL,OH (6.74 ± 0.13) × 10-12 cm3 molecules-1 s-1 

The second-order reaction rate constant is within the range commonly found for 244 

the reaction of aromatic compounds and pyridines with hydroxyl radicals (Buxton et 245 

al., 1988), typically between 8.0 × 10-13 and 2.5 × 10-11 cm3 molecules-1 s-1. Özcan and 246 

colleagues (Özcan et al., 2008) have carried out a similar competitive kinetics 247 

experiment for picloram and reported a second-order rate constant in the same order of 248 

magnitude, albeit slightly slower than ours (5.64 × 10-12 cm3 molecules-1 s-1). This 249 

difference is expected, since our reactive media are substantially different, particularly 250 

in terms of pH. As shown in Buxton’s comprehensive database of kinetic constant 251 

rates of organic species with oxygen radicals (Buxton et al., 1988), the measured 252 

reaction rates can vary within the same order of magnitude for similar organic 253 

compounds according to the reaction pH. Considering the reported pKa of picloram 254 

(3.4) (Spadotto and Hornsby, 2003), it is expected that at natural pH most picloram 255 

molecules will be in the ionic state; whereas at a pH 3.0, the condition used by Özcan, 256 

most of their equivalents would be in the neutral molecular form.  257 
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3.2 Mechanism and energetic parameters 258 

To discuss the mechanisms of the reaction of OH radicals with picloram, we used the 259 

M06HF density functional, which is widely used to study chemical reactions and provides a 260 

reliable mechanism and kinetic results ( Sanches-Neto et al., 2020; Sanches-Neto et al., 261 

2017), combined with the 6-31+G(d) base function. Additional calculations with larger basis 262 

sets and other DFT functionals were considered, whose results are shown in Table S1. The 263 

possible mechanisms for the reaction of OH radicals with picloram are (see nomenclature in 264 

Figure 1): i) hydrogen transfer from the amino group (R7-R8) or carboxylic group (R9) of 265 

picloram by the OH radical and/or ii) OH addition to the picloram pyridinic ring (R1-R6). 266 

In this study, the single-electron transfer mechanism (SET) is not considered because the 267 

barrier height of SET is higher than the reactions involving abstraction and addition (Han et 268 

al., 2014; Li et al., 2020; Yang et al., 2017). To confirm the main active sites of the picloram 269 

molecule through  radical attack, the Fukui functions were calculated, an important 270 

approach to explain the reactivity in chemical systems (López and Méndez, 2004; Melin et 271 

al., 2007; Milenković et al., 2020; Silva et al., 2010). Figure 4 illustrates significant values 272 

(see nomenclature in Figure 1) for the selected atoms. According to Fukui formulation 273 

(López and Méndez, 2004), the highest values are related to a probable radical attack on 274 

carbon C1, C4, and C5. 275 
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 276 

Figure 4: Fukui function values for the OH radical attack on selected carbon atoms of 277 

picloram in water (see nomenclature in Figure 1). 278 

Figure 3 shows the relative energy profile of the reaction of picloram with OH 279 

radicals calculated at the M06HF/6-31+G(d) level of theory and corroborates the 280 

results of the Fukui function – the attack of the OH radicals on carbons C1, C4, and 281 

C5 is kinetically favorable: R1, R4, and R5 channels presented the lowest barrier 282 

heights. The Cartesian coordinates of the transition states and picloram calculated in 283 

this work are listed in Table S2. Geometric parameters and imaginary frequencies of 284 

the transition states involved in the reaction of OH radicals with picloram are listed 285 

in Table S3. From the data in Table S3, it is possible to observe that the transition 286 

state geometries for R1 and R5 channels are similar: at the M06HF/6-31+G(d) level, 287 

we found the C1-O17-H18 and C5-O17-H18 angles of 102.88° and 95.66° and the 288 

frequency values for TS1 and TS5 of 650.13i and 681.27i, respectively; this 289 
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information is very important in modeling the global potential energy surface for 290 

future calculations (Truong et al., 1989). The thermodynamic profile of all the 291 

pathways presented in Figure 1 (R1-R9) was studied and revealed that only the R3 292 

channel is endothermic. The formation of R1, R2, and R5 products occurs by 293 

addition of the OH radical to the picloram ring, forming an intermediate, followed 294 

by reductive elimination of the chlorine atom (Abramović et al., 2011; Özcan et al., 295 

2008). The R5 product (4-amino-2,3-dichloro-5-hydroxy-picolinic) has also been 296 

reported by previous studies (Abramović et al., 2011; Coledam et al., 2018; Özcan et 297 

al., 2008; Rahman and Muneer, 2005).  298 
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 299 

Figure 5: Relative energy profile corresponding to the initial abstraction of the hydrogen 300 

atom and picloram addition reaction by the OH radical. 301 

Additionally, we make use of the Quantum Theory of Atoms in Molecules 302 

(QTAIM) to explain the strong thermodynamic stability of R1 and R5 products from 303 

their intermolecular interaction. These products are the major degradation 304 

compounds found experimentally (see more details in Sec. 3.3).  According to 305 

Rozas’ (Rozas et al., 2000) criteria, intermolecular interactions can be classified as: 306 
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strong, when ∇2ρ(r) < 0, E(r) < 0, and |V(r)| > E(r); ii) weak, when ∇2ρ(r) > 0, and 307 

E(r) > 0; and iii) moderate, when  ∇2ρ(r) > 0, and E(r) < 0. According to Table 2, 308 

there is a strong hydrogen bond between H18 of the hydroxyl group and O15 of the 309 

carboxylic group permitting an efficient stabilization of the R5 product. Cl10 in the 310 

R1 product provokes a concomitant stabilization mediated by H15 and O17 atoms. 311 

Molecular representations of critical points (CP) shown in Table 2 are in Figure S1 312 

of ESI. 313 

Table 2: Topological parameters of critical point density, calculated at the theory level 314 

M06HF/6-31+G(d) for R1 and R5 products. The parameters ρ(r), G(r), V(r), E(r) and 315 

ᐁ2ρ(r) are in atomic units.  316 

Interaction Product ρ(r) G(r) V(r) E(r) ᐁ2ρ(r) 

Cl10-O17  R1 0.01270 0.01037 -0.00155 -0.00882 0.001548 

Cl10-H13 R1 0.01607 0.01442 -0.00304 -0.01137 0.003045 

H18-O15 R5 0.04136 0.03584 0.00273 -0.03856 -0.00273 

3.2 Theoretical reaction rate constant  317 

Several authors have suggested that the reductive elimination steps after the 318 

addition of the OH radical are not determinant for the calculation of the rate 319 

constant (Abramović et al., 2011). Accordingly, reaction rate constants calculated in 320 

the present study considered only OH radical additions in the picloram ring and 321 

hydrogen abstraction from the amino and carboxylic groups. To the best of our 322 
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knowledge, these are the first theoretical calculations of the reaction rate constant of 323 

picloram degradation mediated by OH radicals. 324 

First, the reaction rate constants of picloram were calculated using the deformed 325 

Transition State Theory (𝒹-TST) in a realistic temperature range (250.0-310.0 K) at 326 

the M06HF/6-31+G(d) level. The results are presented in Table 2. The value of the 327 

total reaction rate constant at 298.15 K is 4.29 × 10-12 cm3·molecules-1·s-1, which is 328 

in excellent agreement with the value found experimentally in this work and by 329 

Özcan et al (Özcan et al., 2008), 4.53 × 10-12 cm3 molecules-1 s-1. It is observed that 330 

the temperature dependence of the reaction rate constants of picloram degradation by 331 

OH attack exhibits anti-Arrhenius behavior – a decrease in the reaction rate constant 332 

as the temperature increases. Previous studies have shown that reactions with 333 

hydroxyl radicals often exhibit deviations from the Arrhenius law. For cases with 334 

anti-Arrhenius behavior, the reactional process is characterized by a stereodirectional 335 

factor (Coutinho et al., 2018, 2016, 2015). These findings clarify the favoring of the 336 

attack of the OH radical to C5 of picloram. The substitution of an 337 

electron-withdrawing group (Cl) by an electron-donating group (OH) results in a 338 

strong stabilization due to the OH-H18 hydrogen bond with the R5 product. These 339 

observations support the role of the orientational factor in this reaction. 340 

Recently, we developed a web application structured in a machine learning and 341 

molecular fingerprint algorithm for the estimation of the reaction rate constants of 342 

the degradation of organic pollutants in aqueous environments - the pySiRC platform 343 
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(www.pysirc.com.br) (Sanches-Neto et al., submitted.). Table 3 shows the reaction 344 

rate constant estimated by the Bagging machine learning (ML) model in pySiRC. 345 

There is an excellent agreement between our quantum chemistry protocol and the 346 

ML algorithm. 347 

Table 3: Reaction rate constants of picloram degradation by OH attack calculated at the 348 

M06HF/6-31+G(d) level with the SMD continuous solvation model using 𝓭 -TST 349 

formulation. Units in cm3·molecules-1·s-1. 350 

Rate constant 
Temperature (K) 

250.0 273.15 298.15 300.0 310.0 

𝒌𝑹𝟏 2.14 × 10-12 1.98 × 10-12 1.84 × 10-12 1.83 × 10-12 1.79 × 10-12 

𝒌𝑹𝟐 6.84 × 10-19 2.28 × 10-18 6.84 × 10-18 7.37 × 10-18 1.09 × 10-17 

𝒌𝑹𝟑 6.18 × 10-25 6.02 × 10-24 4.77 × 10-23 5.49 × 10-23 1.14 × 10-22 

𝒌𝑹𝟒 8.95 × 10-16 1.53 × 10-15 2.52 × 10-15 2.61 × 10-15 3.12 × 10-15 

𝒌𝑹𝟓 2.77 × 10-12 2.59 × 10-12 2.45 × 10-12 2.44 × 10-12 2.39 × 10-12 

𝒌𝑹𝟔 1.04 × 10-17 2.53 × 10-17 5.72 × 10-17 6.05 × 10-17 8.07 × 10-17 

𝒌𝑹𝟕 3.85 × 10-18 1.01 × 10-17 2.50 × 10-17 2.66 × 10-17 3.69 × 10-17 

𝒌𝑹𝟖 1.89 × 10-18 4.75 × 10-18 1.130 × 10-17 1.20 × 10-17 1.65 × 10-17 

𝒌𝑹𝟗 6.52 × 10-22 3.11 × 10-21 1.35 × 10-20 1.49 × 10-20 2.52 × 10-20 

This work 

(Theoretical/𝒌𝑻𝒐𝒕𝒂𝒍) 

 

4.92 × 10-12 

 

4.57 × 10-12 

 

4.29 × 10-12 

 

4.27 × 10-12 

 

4.18 × 10-12 

Özcan   4.53 × 10-12   

pySiRC   4.13 × 10-12   

This work 

(Experimental) 
  6.74 × 10-12   

The branching ratios (𝛤𝑗) were calculated, defined as the ratio of the rate constant 351 

of a specific channel and the global rate constant for each channel (𝛤𝑗 =  𝑘𝑗 𝑘𝑇𝑜𝑡𝑎𝑙⁄ ). 352 

The values of the major contributions are given in Table 4, and the results indicate 353 

the preference for channels R1 and R5 with branching ratios of 42.9% and 57.1%, at 354 

298.15 K, respectively. The knowledge of the effective importance of each channel 355 
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is significant and allows the role played by each of these products in the environment 356 

to be evaluated. 357 

Table 4: Branching ratios, in %, of the elementary channels of picloram degradation 358 

using 𝒹-TST calculated at the M06HF/6-31+G(d) level of theory. 359 

Branching ratio 

Temperature (K) 

250.0 273.15 298.15 300.0 310.0 

𝜞𝑹𝟏 43.60 43.30 42.90 42.80 42.80 

𝜞𝑹𝟒 0.018 0.034 0.059 0.061 0.075 

𝜞𝑹𝟓 56.40 56.70 57.10 57.10 57.10 

The reaction rate constant (𝑘𝑂𝐵𝑆) were corrected using the Collins-Kimball 360 

formulation to account for diffusion effects. The values of the total diffusion 361 

constant (𝑘𝐷) of the reaction are one or two orders of magnitude higher than the 362 

reaction rate constants of R1 and R5 channels (see Table S4), which is within the 363 

activation-controlled limit; hence, the reaction rate constant is determined by the 364 

elementary rate constant. For reactions with energy barrier values close to zero, it is 365 

recommended to use the Variational Transition State Theory (VTST) (Bao and 366 

Truhlar, 2017; Zhang et al., 2020). Here, we calculated the reaction of the OH 367 

radical with picloram for the majority R1 and R5 channels using VTST. For the first 368 

time, we also applied the variational correction in the 𝒹-TST formulation to correct 369 

errors due to crossover. The values of the rate constant using the variational 370 

correction of TST and 𝒹-TST, in the range 250.0-310 K are presented in Table S4.  371 
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To evaluate the total reaction rate constant of picloram with OH radicals, we 372 

adjusted the temperature dependence using the Aquilanti-Mundim law, which has 373 

been used successfully to describe the kinetics of chemical processes (Coutinho et 374 

al., 2016, 2015) (see Table S5). The profile of equations fitted to Table S5 in the 375 

Arrhenius plot showed negative activation energy (anti-Arrhenius kinetics).  376 

From the data of the total reaction rate constant of picloram with the OH radical 377 

obtained by 𝒹-TST, it is possible to calculate the half-life time using 𝑡1/2 =378 

𝑙𝑛2 /(𝑘𝑡𝑜𝑡𝑎𝑙  ×  [OH]), where [OH] is the concentration of OH radicals in the 379 

aqueous media. The half-life of the reaction was studied in the temperature range 380 

273.15-310 K, and [OH] 10-15-10-18 mol L-1, which usually represents the values 381 

found in surface waters (Brezonik and Fulkerson-Brekken, 1998; Burns et al., 2012; 382 

J. Yang et al., 2020). The calculated half-lives are shown in Figure 4. From our 383 

results, the half-life varies from 31 to 310 days considering a concentration of OH 384 

radicals in the range 10-16-10-17 mol L-1, respectively. Our theoretical values are in 385 

agreement with the results obtained experimentally, which report a lifetime in the 386 

range of 20 to 300 days (Özcan et al., 2008; Wauchope et al., 1992). 387 
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 388 

Figure 6: Half-life time, in days, of picloram degradation as a function of OH 389 

concentration, in mol L-1, in the temperature range 273.15-310 K in natural waters. 390 

3.3 Toxicity evaluation 391 

Many studies that have applied AOPs to remove pesticides showed products 392 

with toxicity higher than the parent compound (Manonmani et al., 2020, 2019). 393 

Computer programs based on an ecological structure-activity relationship model 394 

have been widely used to evaluate the environmental and health risks that 395 

degradation products might pose. In this work, the toxicity of picloram and the main 396 

by-products generated through OH attack were evaluated using the ECOSAR 397 

program (Mei et al., 2019; Milenković et al., 2020; J. Yang et al., 2020). Table 5 398 

shows the toxicity classification according to the criteria established by the European 399 

Union and China for acute toxicity (LC50 or EC50) and chronic toxicity (ChV). 400 
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Table 5: Classification of acute and chronic toxicity according to the criteria 401 

established by the European Union and Chinese Regulations. 402 

Classification Acute toxicitya Chronic toxicityb 

Not harmful LC50 > 100 or EC50 > 100 ChV > 10 

Harmful 10 < LC50 < 100 or 10 < EC50 < 100 1 < ChV < 10 

Toxic 1 < LC50 < 10 or 1 < EC50 < 10 0.1 < ChV < 1 

Very toxic LC50 < 1 or EC50 < 1 ChV < 0.1 

a Criteria set by the European Union (described in Annex VI of Directive 67/548/EEC) 403 

b Criteria set by the Chinese hazard evaluation guidelines for new chemical substances (HJ/T 154–404 

2004) 405 

The estimated toxicities of the compounds to fish, daphnia, and green algae are 406 

reported in Table 6. According to the toxicity parameters, the degradation of 407 

picloram via the R1 channel leads to a less toxic product. On the other hand, the R5 408 

product presents higher acute and chronic toxicities than picloram. Recent work 409 

evaluating the sulfate-radical oxidation of picloram presented similar toxicity results 410 

for picloram and its degradation products ( Yang et al., 2020). Interestingly, the R1 411 

and R5 products were not detected when the degradation was carried out with the 412 

𝑆𝑂4
− radical. These results reinforce the need to continue the research on the chain 413 

of reactions involved in these complex systems to elucidate the main mechanisms of 414 

picloram degradation in radical-based AOPs. 415 

 416 
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Table 6: Toxicity of picloram and its main by-products generated through OH 417 

radical attack. 418 

Organisms 

Compounds 

picloram R1 R5 

LC50 (fish 96 h) 13.55 3410 568.0 

LC50 (daphnia 48 h) 1.82 65.60 32.40 

EC50 (green algae 96 h) 1.18 232.0 93.40 

ChV (fish, chronic) 0.55 70.90 7.230 

ChV (daphnia, chronic) 0.17 0.680 0.376 

ChV (green algae, chronic) 0.43 132.0 32.30 

3.4 Photolysis 419 

The toxicity analysis discussed in the previous section shows that the main 420 

by-products can be considered harmful. In order to evaluate an alternative 421 

degradation pathway, the photolysis of picloram and its major products was 422 

performed using the (TD)CAMB3LYP/6-311++G(d,p) level of calculation, which is 423 

widely used to study chemical reactions in the excited state (Kayanuma et al., 2019). 424 

Table 7 shows the excitation energy, absorption wavelength, and strength of the 425 

harmonic oscillator for picloram and R1 and R5 products. 426 

Table 7: Vertical excitation energy (eV), absorption wavelength (nm) and oscillator 427 

strength (a.u) of picloram and R1 and R5 by-products calculated at the 428 

TD-CAM-B3LYP/6-311++G(d,p) level of theory. 429 
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Compouds Excitation energy  Wavelength Oscillator strength 

Picloram 5.4581 227.16 0.8840 

R1 5.2080 238.06 0.3774 

R5 3.8734 320.09 0.2576 

Vertical excitation energies smaller than 4.13 eV (~ 300 nm) indicate that the 430 

compounds may undergo photolysis under sunlight (Bai et al., 2015). From Table 7, both 431 

picloram and the R1 product will not photolyze at room temperature. However, the R5 432 

product – the most thermodynamically favorable reaction product but with higher toxicity 433 

levels than picloram – may undergo photolysis. Figure 7 shows the simulated absorption 434 

spectra of picloram, with an absorption peak (227 nm) in agreement with experimental 435 

observations (223 nm), as well as other degradation products (Dos Santos et al., 2010). A 436 

complementary analysis of the bond distances of the R5 product in the ground and first 437 

excited state was performed. The values of these optimized parameters are listed in Table S6. 438 

Note that the hydrogen bond (H18…O15) decreases by 0.25 Å, suggesting a possible 439 

intramolecular transfer of protons in the excited state. These results show the need for a better 440 

understanding of subsequent reactions of hydroxyl radical-based oxidation in aqueous 441 

solution. 442 
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 443 

Figure 7: UV-VIS absorption spectra of picloram and degradation by-products calculated 444 

at the (TD)CAM-B3LYP/6-311++G(d,p) level of theory. The experimental value is also 445 

presented for comparison (Dos Santos et al., 2010). 446 

4. Conclusions  447 

This work presents for the first time a theoretical study of the degradation of 448 

picloram by OH radicals in aqueous media using a blend of quantum chemistry 449 

calculations and reaction rate theories. The calculated values were compared with 450 

experimental data obtained by competition kinetics. The mechanisms of picloram 451 

degradation and reaction kinetics are reported, and the results show that OH 452 

addition of picloram occurs favorably at the C1 and C5 sites of picloram. The 453 

reaction rate constant was calculated with formulations derived from the Transition 454 
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State Theory. The predicted values for the total rate constant and half-life time at 455 

298.15 K are in very good agreement with experimental results. From the elementary 456 

reaction rate constants, the branching ratios of each channel were calculated, 457 

accounting R1 and R5 channels as the major by-products. An analysis of the toxicity 458 

of picloram and R1 and R5 by-products was performed with the ECOSAR program, 459 

showing that these compounds are harmful to living organisms. A photolysis 460 

assessment of picloram and R5 by-product indicates that these intermediates can 461 

easily be sensitized in sunlight, suggesting additional degradation routes. 462 
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FIGURE CAPTIONS 653 

Figure 8: Scheme of hydrogen atom abstraction and addition reactions with picloram and 654 

OH radicals. 655 

Figure 9: Illustration of the setup used in the competition kinetics and photolysis 656 

experiments. 657 

Figure 10: Pseudo-first-order plots of picloram and pCBA in the hydroxyl radical reaction 658 

system. 659 

Figure 11: Fukui function values for the OH radical attack on selected carbon atoms of 660 

picloram in water (see nomenclature in Figure 1). 661 

Figure 12: Relative energy profile corresponding to the initial abstraction of the hydrogen 662 

atom and picloram addition reaction by the OH radical. 663 

Figure 13: Half-life time, in days, of picloram degradation as a function of OH 664 

concentration, in mol L-1, in the temperature range 273.15-310 K in natural waters. 665 

Figure 14: UV-VIS absorption spectra of picloram and degradation by-products calculated 666 

at the (TD)CAM-B3LYP/6-311++G(d,p) level of theory. The experimental value is also 667 

presented for comparison (Dos Santos et al., 2010). 668 
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