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Malathion is a commercial organophosphate insecticide which functions as an 
acetylcholinesterase inhibitor. Both this organophosphate moiety and its mechanism of action are 
common across a variety of pesticide compounds. Research has previously shown how 
malathion degrades in the environment. However, there is limited study on subsequent 
degradation of the initial breakdown products. Our computational data demonstrate that the 
initial products can, in several cases, continue to degrade into species that may continue to pose a 
threat to terrestrial and aquatic life if left unconsidered in the broader picture of toxicity and 
remediation. These implications of these reactions can potentially be extrapolated to structurally 
similar organophosphorus compounds.
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1 ABSTRACT

2 Malathion is a commercially available insecticide that functions by acting as an 

3 acetylcholinesterase inhibitor. Of more significant concern, if left in the environment, some of 
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2

4 the products observed from the degradation of malathion can function as more potent toxins than 

5 the parent compound. These compounds may threaten human life if they are present in high 

6 quantities during operations in contaminated or industrial areas. Several experimental studies 

7 have been performed to elucidate the possible degradation products of malathion under various 

8 conditions to probe both the application of potential remediation methods and the environmental 

9 fate of the degradation products. However, only limited computational studies have been 

10 reported to delineate the mechanism by which malathion degrades under environmental 

11 conditions and how these degradation mechanisms are intertwined with one another. Herein, 

12 M06-2X DFT computations were employed to develop comprehensive degradation pathways 

13 from the parent malathion compound to a multitude of experimentally observed degradation 

14 products. These data corroborate experimental observations that multiple degradation pathways 

15 (ester hydrolysis and elimination) are in competition with each other, and the end-products can 

16 therefore be influenced by environmental factors such as temperature. Furthermore, the products 

17 resulting from any of the initial degradation pathways (ester hydrolysis, elimination, or P-S 

18 hydrolysis) can continue to degrade under the same conditions into compounds that are also 

19 reported to be toxic.
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20

21

22

23 INTRODUCTION

24 Organophosphorus compounds (OPCs) are commonly found in herbicides, pesticides, and 

25 chemical warfare agents for much the same reason: they act as potent acetylcholinesterase 

26 inhibitors. From an environmental perspective, the accumulation of OPCs in the environment can 

27 negatively affect human health.1 One such OPC, malathion, is used worldwide for pest control 

28 on a variety of crops.2 Because of its widespread utilization and potential for toxicity as an OPC, 

29 extensive experimental studies have been conducted on the degradation of malathion under 

30 various conditions, the pesticide’s effects on microbes and animals,3-5 and the development and 

31 application of chemical or biological remediation techniques.4, 6-21 However, there are limited 
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4

32 experimental studies that determine the intermediates and end-products of these degradation 

33 mechanisms, particularly under environmental conditions.22

34 Several computational studies have also been conducted to understand the experimentally 

35 observed degradation pathways better .23-25 In 2008, Leszczynski and coworkers investigated the 

36 gas-phase mechanisms of alkaline hydrolysis for several phosphotriesterase substrates (DFP, 

37 paraoxon, parathion, and acephate) with DFT and post-HF ab initio techniques.23 Reaction 

38 mechanisms tend to follow similar trends for structurally similar compounds, but malathion was 

39 not examined in this study. In 2014, Leszczynski and coworkers published a follow-up study on 

40 how the orientation of the incoming hydroxide ion can impact which P-chalcogen bond is 

41 cleaved and the underlying reaction mechanism (single-step vs. multi-step interchange). 24 While 

42 this study adds several OPCs, including malathion, it is still narrowly focused on the first step of 

43 the degradation pathway over the previous study. More recently, Chen et al.14 have examined the 

44 hydrolysis of acephate by water, wherein the hydrolysis mechanism is determined for multiple 

45 points of the same molecule. This study does incorporate the possibility of competing reaction 

46 pathways; however, they are for a different, albeit related, compound, and they only consider the 

47 possibilities for the initial degradation step. Unfortunately, these investigations have tended to 
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48 focus on single aspects of the degradation pathway, typically the cleavage of the bonds about the 

49 P center, whereas under environmental conditions, multiple pathways may be in competition 

50 with each other. Moreover, the initial degradation products may continue to react further under 

51 the same conditions and should be considered for the detailed evaluation of degradation reaction 

52 mechanisms.

53 While these prior studies are useful for discussing the initial degradation steps of various 

54 OPCs, different computational methodologies have been employed in each of these 

55 investigations, thus precluding direct comparisons of the mechanistic pathways for the ones that 

56 do discuss malathion. However, under environmental conditions, the pathways in these studies 

57 can be intertwined, both with each other as well as with those leading to additional breakdown 

58 products, i.e., the hydrolysis of the ester groups of malathion before vs after hydrolysis at the 

59 phosphate center. To reliably determine how these previously established pathways and possible 

60 alternatives interconnect, they all require treatment with the same computational methodology. 

61 Herein, we aim to determine plausible mechanistic pathways to a variety of experimentally 

62 observed degradation products under alkaline conditions using Density Functional Theory. 

63 Additionally, because these pathways will be determined at the same level of theory, they can all 
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64 be directly compared to one another and to experimental data. This work and future efforts will 

65 be aimed at developing a more comprehensive understanding of how the possible degradation 

66 mechanisms and kinetics relate to each other under a variety of environmental conditions.

67

68 COMPUTATIONAL DETAILS

69 All computations were performed using the C.01 Revision of the Gaussian 16 suite of 

70 programs.26 All geometries were optimized with the M06-2X density functional,27 the 6-

71 31G(d,p) basis set (employing cartesian d functions),28-30 and the IEFPCM implicit solvation 

72 model31-51 using parameters consistent with water as the solvent. Additional, explicit water 

73 molecules were also used (except where noted) to stabilize the hydroxide ion and facilitate the 

74 optimization of intended species and transition states. For computational simplicity, all ethyl 

75 groups were truncated to methyl groups (See Figure S1 in supporting information). Optimized 

76 geometries were confirmed to be minima or transition states by a subsequent analytical 

77 frequency computation yielding 0 (minimum) or 1 (transition state) imaginary modes at the same 

78 level of theory. Transition states were also validated by connecting to respective reactants and 

79 products through the displacement of the TS geometry along the vector of the imaginary mode. 
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7

80 The resulting geometries of reactants and products obtained through this procedure were again 

81 fully optimized to ensure their correctness. More reliable energies were obtained using single-

82 point energy computations with the more robust aug-cc-pVTZ52, 53 basis set. Free energies at 

83 these single-point energy computations were obtained by applying the thermodynamic 

84 corrections from the M06-2X/6-31G(d,p) level of theory. The mechanistic discussion will use the 

85 relative energies from M06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory. M06-2X is 

86 considered to provide reasonable thermodynamic data, is consistent with prior literature in using 

87 a triple-ζ basis set and is a fraction of the expense of analogous post-HF MP2 computations. For 

88 completeness of data relative to prior literature, post-HF ab initio MP2 computations54-58 

89 (MP2/aug-cc-pVTZ//M06-2x/6-31G(d,p)) were also performed and the analogous data are 

90 available in the Supporting Information (SI) section. Overall, the trends in the data from MP2 

91 computations are qualitatively consistent with the M06-2X results, although the specific values 

92 are quite different. MP2 overestimating barrier heights is a known issue in the literature59, 60 and 

93 thus the data from MP2 should only be considered with caution and with respect to prior 

94 literature on this subject. For transition states in which proton abstraction was the primary 

95 imaginary vibrational mode, tunneling corrections were computed using the small curvature 
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96 tunneling model (SCT) within the Polyrate 17-C and Gaussrate 17-B suites of programs.61, 62 

97 These corrections were found to be minor and are documented further in the SI. For operational 

98 simplicity, the discussion here will employ only the energies from transition state theory without 

99 tunneling corrections applied. All structural images were rendered in Chemcraft.63

100

101 RESULTS AND DISCUSSION

102 Degradation Mechanisms

103

1, 0.0

4, 11.4

TS2, 14.9

5, –26.5

TS1, 34.5

2, 10.3

3, 1.9

Intramolecular
Base-assisted

malathion

malathion
+ water and OH–

phosphate + 
dimethylfumarate

phosphate + 
dimethylfumarate
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9

104 Figure 1. Intramolecular (1 → 3) vs base-assisted elimination (4 → 5) reactions of malathion at 

105 the M06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Bolded numbers 

106 denote the compound numbers and normal numbers are relative free energies in kcal mol–1. 

107 Atom colors are as follows C: gray, P: orange, H: white, S: yellow, O: red.

108 A commonly debated degradation mechanism for malathion under alkaline conditions is 

109 elimination to diethyl fumarate vs hydrolysis to a malathion monoacid. First examining the 

110 elimination pathway, as shown in Figure 1, malathion can undergo intramolecular elimination to 

111 a P-O,O,S,S phosphate and dimethyl fumarate, 2. However, the transition state (TS1) for 

112 intramolecular elimination is prohibitively high in energy (34.5 kcal mol–1). Base-assisted 

113 elimination is significantly more viable. In aqueous solution, malathion would have several 

114 hydrogen-bonding interactions with the solvent. Unfortunately, these interactions are difficult to 

115 model computationally; therefore, only two explicit water molecules were incorporated to 

116 stabilize the presence of the hydroxide ion. The initial association of the water and hydroxide 

117 molecules, 4, from bulk solution (obtained from separate computations on isolated water and 

118 hydroxide molecules with implicit solvation) is endergonic by about 11.4 kcal/mol. With a 

119 proximal hydroxide ion, the barrier to remove a proton from the bis-ester chain and the formation 
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120 of dimethyl fumarate and P-O,O,S,S phosphate (products 5) is less than 4 kcal mol–1. 

121 Additionally, the formation of products 5 from hydroxide serves as a significant thermodynamic 

122 driving force for this pathway. Experimentally, an appreciable quantity of the elimination 

123 products diethyl fumarate and ethyl hydrogen fumarate are observed in addition to the ester 

124 hydrolysis products after a single half-life of malathion under alkaline conditions.22 A reasonably 

125 accessible transition state, as shown in Figure 1, is in line with experimental observations. 

126 Additionally, the presence of ethyl hydrogen fumarate experimentally indicates that the initial 

127 elimination product, diethyl fumarate, continues to degrade under alkaline conditions. These data 

128 may be important to consider in the overall toxicity picture as diethyl fumarate is a more potent 

129 toxin to aquatic life than malathion.64

130
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131

6, 0.0

TS3, 7.0

7, –0.2

TS4, 8.7

8, 8.0

10, –29.6

TS5, –18.6

11, –24.8

TS6, –16.6

12, –20.0

14, –52.1

TS7, –24.3

15, –31.9

TS8, –32.9

16, –45.2

9, –21.4

13, –50.8

17, –56.6

dimethyl fumarate

methyl fumarate

methyl fumarate

fumarate

fumarate

malate

A

B

C

132 Figure 2. Sequential hydrolysis of A) dimethyl fumarate to methyl fumarate (6 → 9) B) methyl 

133 fumarate to fumarate (10 → 13) and C) fumarate to malate (14 → 17) at the M06-2X/aug-cc-

134 pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Bolded numbers denote the compound 

135 numbers and normal numbers are relative free energies in kcal mol–1. Atom colors are as follows 

136 C: gray, P: orange, H: white, S: yellow, O: red.
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12

137 Because the hydrolysis products of the fumarate ester have been observed experimentally,22, 65 

138 and diethyl fumarate has been shown to be toxic to aquatic life,64 its complete hydrolysis reaction 

139 pathway (as dimethyl fumarate for computational simplicity) was also computed. A proximal 

140 hydroxide ion attacks one of the carbonyl carbons of dimethyl fumarate, 6, creating the 

141 tetrahedral intermediate 7. Subsequent loss of methoxide generates the monoacid 8, which then 

142 deprotonates to form the corresponding carboxylate 9 and methanol (MeOH). The total process 

143 of liberating MeOH (6 to 9) is exergonic by ~21 kcal mol–1. The monoacid carboxylate 10 can 

144 undergo further hydrolysis that results in the fumarate ion 13 and an additional MeOH. During 

145 this process (10 to 13), the liberation of MeOH is again exergonic by ~21 kcal mol–1. This 

146 significant drop in energy serves as a thermodynamic driving force for these reactions, although 

147 the second hydrolysis is predicted to proceed slower than the first with ΔΔGǂ of ~8 kcal mol–1 vs 

148 ~13 kcal mol–1 for dimethyl and methyl fumarate, respectively. Given the relatively low TS 

149 energies, under even mildly alkaline conditions, dimethyl fumarate would be expected to at least 

150 partially degrade to methyl fumarate and fumarate. The final step is the base catalyzed hydration 

151 of the olefin in a two-step process. The olefin 14 undergoes nucleophilic attack by a hydroxide 

152 ion resulting in a carbanion intermediate 15. This intermediate then deprotonates a neighboring 
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13

153 water molecule to form malate and regenerate hydroxide ion, 16. The resulting hydroxy group 

154 can also be deprotonated to create the trianion 17. This final hydrolysis of fumarate to malate is 

155 expected to proceed significantly slower than the ester hydrolysis (ΔΔGǂ of ~20 kcal mol–1). 

156 While this transition state is possible, the malate product was not observed to any appreciable 

157 extent experimentally.22 Interestingly, the exchange of methanol for a new hydroxide from bulk 

158 solution (i.e., 9 → 10 and 13 → 14) is slightly exergonic (–8.2 and –1.3 kcal mol–1, respectively). 

159 Recall that in the elimination mechanism in Figure 1, the association of a hydroxide ion from 

160 bulk solution was endergonic. However, in Figure 2, the hydroxide ion and water molecules have 

161 a different hydrogen bonding configuration, which may explain these differences. In either case, 

162 the relative energies for the steps involving associating a hydroxide ion from solution should be 

163 taken with a degree of caution as these trends are subject to some methodological variation (see 

164 Tables S1 and S2 in the SI).

165
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166

1, 0.0

TS13, 12.2
TS9, 11.1

18, 5.8
24, 3.5

25, 6.2
19, 3.0

TS10, 8.4
TS14, 12.0

26, –16.0
20, –17.8

α Hydrolysis
ß Hydrolysis

malathion

malathion
+ water and OH–

malathion monoacid

4-coord int.

167 Figure 3. α- vs ß-ester hydrolysis (18 → 20 or 24 → 26) at the M06-2X/aug-cc-pVTZ//M06-

168 2X/6-31G(d,p) level of theory in bulk water. Bolded numbers denote the compound numbers and 

169 normal numbers are relative free energies in kcal mol–1. Atom colors are as follows C: gray, P: 

170 orange, H: white, S: yellow, O: red. Only the structures for hydrolysis of the α ester are shown; ß 

171 is structurally similar.

172 As mentioned previously, a common alternative to the elimination pathway is the hydrolysis of 

173 the ester chains to malathion α- and ß-monoacids. As shown in Figure 3, bringing the hydroxide 

174 ion from the bulk solution proximal to either the α or ß carbonyls (18 and 24) is essentially 

175 isoenergetic. The transition state for nucleophilic attack of the hydroxide ion to form the 
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176 tetrahedral intermediate is only slightly lower for the α position, (11.1 kcal mol–1, TS9) as 

177 opposed to the ß position (12.2 kcal mol–1, TS13). The relative energies of the resulting 

178 tetrahedral intermediates (3.0 vs. 6.2 kcal mol–1, 19 and 25) demonstrate that attack at the α 

179 position is kinetically favorable and forms the thermodynamic product. The second step of the 

180 hydrolysis occurs primarily as a dissociation of the methoxide ion; simultaneously, a proton is 

181 transferred from a neighboring water to the methoxide, that water molecule deprotonates the 

182 COOH. The net result is a loss of MeOH from the parent compound and formation of the 

183 malathion monoacid anion (20 and 26). Throughout this process, the α and ß positions remain 

184 energetically similar, indicating that both could be observed experimentally, with the α-

185 monoacid being in a slight excess. The trends in these data are indeed observed experimentally.22 

186 Concerning the interplay between the elimination and hydrolysis pathways, the initial placement 

187 of the proximal hydroxide ions (species 4, 18, and 24) are quite different energetically at 11.4 vs 

188 5.8 vs 3.5 kcal mol–1, respectively (Figures 1 and 3). Based on these minima, there will likely be 

189 a significantly higher population poised for ester hydrolysis rather than the elimination pathway. 

190 In a similar vein, the corresponding free energy of activation for each of the transition states are 

191 quite close (14.9, 12.2 and 11.1 kcal mol–1, respectively; Figures 1 and 3) and are each accessible 
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192 at room temperature. However, the transition state for the elimination reaction is the highest 

193 among them at 14.9 kcal mol–1. Given these data, the hydrolyses are likely to proceed to a greater 

194 extent than the elimination, although products from both will likely be observed. These 

195 conclusions are consistent with experimental data where at pH 8 and 27 °C, the ester hydrolysis 

196 and elimination reactions were found to be in competition. Additionally, experimental data 

197 suggest that elimination is favored at higher temperatures while ester hydrolysis is favored at 

198 lower temperatures.22 The data in Figure 3 corroborate the experimental data. Ester hydrolysis is 

199 the kinetically favored pathway and will be more accessible at lower temperatures, whereas the 

200 elimination pathway produces the thermodynamic product, but has a higher free energy of 

201 activation.

202
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203

21, –26.5
27, –22.8

30, –54.2

TS11, –17.9
TS15, –13.9

22, –23.4
28, –26.1 TS12, –19.1

TS16, –20.4

23, –46.6
29, –46.3

TS17, –48.0

31, –51.2
32, –53.3

TS18, –52.6

33, –70.2

– ß Hydrolysis
– α Hydrolysis
- - P-S Hydrolysis

phosphate
thiolate

malathion monoacid

malathion diacid

malathion diacid

5-coord 
intermediates

204 Figure 4. Hydrolysis of monoacid ester (27 → 29 or 21 → 23) and subsequent hydrolysis of P-S 

205 bond (30 → 33) at the M06-2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. 

206 Bolded numbers denote the compound numbers and normal numbers are relative free energies in 

207 kcal mol–1. Atom colors are as follows C: gray, P: orange, H: white, S: yellow, O: red. Only 

208 structures for hydrolysis of ß ester are shown (a continuation of the reaction sequence from 

209 Figure 3 where the α ester has already been hydrolyzed); α is structurally similar.
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210 Following the formation of the α- and ß-monoacids, the ester groups can be further hydrolyzed 

211 to the diacid (23 and 29), as shown in Figure 4. As before, both pathways are energetically 

212 similar and should proceed at similar rates. Although, hydrolysis of either the α- or ß-monoacids 

213 (21 or 27) will likely be slower than the ester hydrolysis of malathion (ΔΔGǂ of ~10 kcal mol–1 

214 for the monoacids vs ΔΔGǂ of ~7 kcal mol–1 for the diacids). This assignment is qualitatively 

215 consistent with experimental data, although the experimental data have the monoacid hydrolyses 

216 proceeding significantly slower than malathion.22 After generating the malathion diacid, the P-S 

217 bond can also be hydrolyzed. The P center undergoes nucleophilic attack by the hydroxide ion 

218 resulting in a trigonal bipyramidal intermediate 31 wherein both S atoms and one methoxy group 

219 occupy the equatorial positions. This intermediate then reorganizes to 32, which places the P-S-C 

220 moiety in the axial position. Dissociation of the P-S bond results in the formation of a phosphate 

221 and a thiolate, 33. Prior literature has evaluated the viability of an associative interchange 

222 transition state whereby the thiolate is exchanged for hydroxide in a single reaction step.24 This 

223 interchange transition state was regularly found to be isoenergetic or slightly endergonic relative 

224 to the two-step exchange process; thus only the two-step process was investigated here. 

225 Combined data for Figure 3 and Figure 4 from each methodology are tabulated in Table S3, and 

Page 19 of 38 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

226 the P-S hydrolysis data from Figure 4 are available in Table S4. Overall, the subsequent 

227 hydrolyses of the monoacid to the diacid and the diacid to separate phosphate and thiolate 

228 compounds are all exergonic. Moreover, these reactions are easily accessible with relatively low 

229 free energies of activation for each of the transition states. These data further demonstrate that 

230 the initial hydrolysis is not the end of the degradation pathway for these compounds; in fact they 

231 can easily continue to degrade into additional organophosphate compounds, one of which (33) is 

232 a known toxin to aquatic life.64

233

234

1, 0.0 34, 3.9

TS19, 15.3

35, –4.1
TS20, –4.9

37, 7.1

TS21, 20.2

38, –19.5

36, –33.9

malathion

malathion
+ water and OH–

phosphate + thiolate

malaoxon
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235 Figure 5. Hydrolysis of the P-S bonds of malathion at the M06-2X/aug-cc-pVTZ//M06-2X/6-

236 31G(d,p) level of theory in bulk water. Bolded numbers denote the compound numbers and 

237 normal numbers are relative free energies in kcal mol–1. Atom colors are as follows C: gray, P: 

238 orange, H: white, S: yellow, O: red.

239 The P-S bonds of malathion could be hydrolyzed prior to the ester groups. In this scenario, as 

240 shown in Figure 5, the P center of 34 undergoes nucleophilic attack by the hydroxide ion 

241 resulting in a trigonal bipyramidal intermediate 35 wherein the hydroxide, P=S moiety, and one 

242 methoxy group occupy the equatorial positions. Breaking the P-S bond from the P-S-C moiety in 

243 this scenario is a barrierless transition resulting in a phosphate (O,O-dimethyl phosphorothioic 

244 acid) and a thiolate species, 36. This breakdown pathway was not observed experimentally under 

245 alkaline conditions,22 and the absence of these products is corroborated by the computational 

246 data given that TS19 (Figure 5) is higher in energy than TS2 (Figure 1), TS9, or TS13 (Figure 3).

247 From the same trigonal bipyramidal intermediate 35, an alternative, higher energy pathway 

248 exists wherein the P=S moiety migrates from an equatorial position to an axial position, 37 

249 (Figure 5). From this geometry, the OH proton can be transferred to the P=S sulfur atom, 

250 resulting in immediate loss of a bisulfide ion and formation of malaoxon, 38. Previous studies 
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251 have evaluated the conversion of structurally similar parathion to paraoxon via a similar attack of 

252 hydroxide ion.23, 24 To our knowledge, a plausible conversion to malaoxon proceeding from a 

253 hydroxide ion has not been reported for malathion. These data show that such a transformation is 

254 possible, although it is notably higher in energy than competing hydrolytic degradation 

255 pathways. Therefore, while technically possible, malathion is not anticipated to convert to 

256 malaoxon to any appreciable extent under environmental conditions and experimental data 

257 corroborate this assignment.22

258

Page 22 of 38Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

259

39, 0.0

TS22, 4.4

40, –2.7

TS23, 1.3

41, –26.3

42, –35.8

TS24, –25.4

43, –30.5

TS25, –26.1

44, –53.6

thiol

4-coord int.

thiol monoacid

thiol monoacid

4-coord int.

260 Figure 6. Sequential hydrolysis of the ester groups (α then ß) from the bis-ester thiol at the M06-

261 2X/aug-cc-pVTZ//M06-2X/6-31G(d,p) level of theory in bulk water. Bolded numbers denote the 

262 compound numbers and normal numbers are relative free energies in kcal mol–1. Atom colors are 

263 as follows C: gray, P: orange, H: white, S: yellow, O: red.
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264 Because the thiol is a weak acid (see SI), following hydrolysis of the P-S bond to a phosphate 

265 and thiolate, 36, the thiolate will pick up a proton from solution to form the corresponding thiol. 

266 The thiol ester groups can then be hydrolyzed as shown in Figure 6. The association of the 

267 hydroxide to the α carbonyl, 39, has only small free energy of activation to form the tetrahedral 

268 intermediate, 40. Subsequent dissociation of methoxide ion and proton transfer results in the loss 

269 of MeOH and formation of the carboxylate ion, 41. Repeating the hydrolysis for the ß carbonyl 

270 group (bottom pathway in Figure 6) forms another MeOH and the dicarboxylate thiol, 43. Given 

271 the very low free energies of activation, thiol 39 will likely not be observed under alkaline 

272 conditions. However, hydrolysis of the monoacid thiol will be significantly slower than the thiol 

273 (ΔΔGǂ of ~10 kcal mol–1 vs ΔΔGǂ of ~4 kcal mol–1), although it is comparable to the rate of ester 

274 hydrolysis of malathion indicating that any amount of thiol generated from the previous step in 

275 Figure 5 will likely only exist as the thiol dicarboxylate 44. If this pathway were to be observed 

276 experimentally, it would most likely be detected via the O,O-dimethyl phosphorothioic acid in 

277 36 or the thiol dicarboxylate 44. Combined data (Figure 6)Figure 5 from each methodology are 

278 tabulated in Table S6.
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279 The computed data presented herein demonstrate that the initial hydrolysis of the parent 

280 malathion is not the end of the degradation pathway under alkaline conditions. The free energies 

281 of activation for several transition states are easily accessible at room temperature and the end 

282 products are quite exergonic. Several of the resulting products are not as toxic as the parent 

283 malathion; however, the degradation products which are phosphate-containing compounds or 

284 fumarate-based are notably toxic to aquatic life.64 Thus, any degradation pathways that result in 

285 such compounds, not only direct generation from the parent compound, should be considered for 

286 both malathion and structurally similar compounds.

287 Degradation Kinetics

288 Preliminary kinetics of the initial malathion degradation discussed above have been developed 

289 from the activation energies from each pathway (Figures 1-6). The uni- and bimolecular rate 

290 constants were calculated using a formalism based on the Eyring equation as show in the 

291 following equations:

292 (1)𝑘𝑢𝑛𝑖 =
𝑘𝑇
ℎ 𝑒∆𝐺 ‡

𝑇 /𝑅𝑇        (𝑠 ―1)

293 (2)𝑘𝑏𝑖 =
𝑘𝑇
ℎ 𝑒∆𝐺 ‡

𝑇 /𝑅𝑇(1
𝑐)   (𝐿 ∙ 𝑚𝑜𝑙 ―1 ∙  𝑠 ―1)

294
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295 In equations 1 and 2, k is Boltzmann’s constant, T is temperature, h is Planck’s constant, R is the 

296 gas constant, and  is the activation energy; c (in equation 2) is a unit transformation ∆𝐺 ‡
𝑇

297 coefficient equivalent to 1 mol/L.  A system of equations was generated for each species in the 

298 reaction pathway using the approach shown below:

299 ∑
𝑖

𝑑𝑛𝑖

𝑑𝑡 = ∑
𝑖 

𝑗 ≠ 𝑖 

𝑘𝑖𝑗𝑛𝑗 ― 𝑛𝑖∑
𝑙 

𝑙 ≠ 𝑖 

𝑘𝑖𝑙

300 ∑
𝑖

𝑑𝑛𝑖

𝑑𝑡 = ∑
𝑗 

𝑗,𝑚 ≠ 𝑖 

𝑘𝑖𝑗𝑛𝑗𝑛𝑚 ― 𝑛𝑖 ∑
𝑙 

𝑙,𝑜 ≠ 𝑖 

𝑘𝑖𝑙𝑛𝑜

(3)

(4)

301 where ni correspond to chemical species and the ki are rate constants.

302 Figure 7 illustrates the predicted kinetics for the loss of malathion and the formation of various 

303 degradation products over time. Due to the low activation barrier (see black curve in Figure 1), 

304 malathion almost instantaneously degrades into dimethyl fumarate and a dimethyl 

305 phosphorodithioic acid (DPTA) upon exposure to OH– ion (Figure 1, complex 5). In Figure 7, 

306 DPTA is the brown horizontal curve with a stable concentration slightly under 0.001 mol/L 

307 (0.001 mol/L was the initial malathion concentration in the kinetics calculations). Similar to the 

308 rapid disappearance of malathion, the dimethyl fumarate instantly converts to methyl fumarate 
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309 and methanol upon exposure to OH– ion. Methyl fumarate further hydrolyzes to give fumarate 

310 and more methanol. Methyl fumarate (purple curve) and fumarate (yellow curve) are essentially 

311 inverses of one another as the former decays and the latter forms. Additionally, the methanol 

312 curve (red) levels off at slightly under 0.002 mol/L. The final curve in Figure 7 is for a dimethyl 

313 phosphorothionic acid, which arises from the hydrolysis of the P-S bond in malathion (see Figure 

314 5, complex 36). The small amount of the thionic acid formed accounts for the slightly less than 

315 0.001 mol/L of the dithioic acid formed in Figure 1.

316 The formation of degradation products is limited by the amount of OH– present. In the 

317 pathways presented here, approximately 0.001 mol/L of OH– immediately reacts with malathion 

318 (until consumed). The degradation of dimethyl fumarate to fumarate consumes the bulk of the 

319 remaining OH–. Our results are in qualitative agreement with Wolfe et al.,15 in which a primary 

320 degradation product was the ethyl form of DPTA although the carboxyl ester hydrolysis products 

321 were also observed indicating that competing reaction mechanisms are present under alkaline 

322 conditions at 27 °C. Based on our computed data on the initial degradation step (Figure 3), the 

323 elimination reaction and ester hydrolyses will likely be in competition with each other with the 

324 elimination reaction leading to the thermodynamic product and the ester hydrolyses leading to 
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325 kinetic products. The presence of both reaction products experimentally, combined with the 

326 temperature dependence on product preference are qualitatively consistent with the computed 

327 data. Although, some aspects of the kinetics results are difficult to compare. The data in Figure 7 

328 indicate that that malathion degrades near instantaneously, whereas the experimental half-life of 

329 malathion is recorded at approximately 36 hours.22 We believe that the excess of OH– ion (3:1 

330 initial OH– to malathion) results in our system of reactions predicting much more rapid 

331 degradation compared to experiment.

332

333

334 Figure 7. Kinetics for select species from the malathion degradation pathway. Initial conditions 

335 for [OH–] and [malathion] were 0.003 M and 0.001 M, respectively.

336 CONCLUSIONS
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337 This work presents a comprehensive, atomistic perspective of the multiple degradation 

338 pathways of malathion under alkaline conditions. Each of these pathways has now been studied 

339 at the same level of theory for direct comparison to one another allowing for greater insight into 

340 the impact of the reaction environment on the directions of the potential mechanism. Based on 

341 our data, we found that, in correlation with experimental observations, elimination and ester 

342 hydrolysis are in competition with each;  ester hydrolysis favored at lower temperatures and 

343 elimination favored at higher temperatures. Hydrolysis of the P-S bond is accessible, although 

344 higher in energy than ester hydrolysis or elimination and thus less likely to significantly 

345 contribute. Still all of these pathways are kinetically accessible and will be in competition with 

346 each other. The conversion to malaoxon (via attack by hydroxide) is also kinetically accessible at 

347 room temperature, although it is notably higher than the other pathways and thus will likely have 

348 little contribution to the overall picture. Following an initial breakdown of malathion by any of 

349 these mechanisms, subsequent hydrolyses to additional products (i.e. malate, a 

350 biscarboxythiolate, P-O,O,O,S phosphate 33, etc.) are exergonic with low-lying transition states. 

351 It is expected that any initial breakdown products from malathion will further degrade into these 

352 smaller components if left in the environment unremedied. Given that some of the degradation 
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353 products have also been found to be toxic to aquatic life (e.g. diethyl fumarate and DMPTA) 

354 their degradation mechanisms should be incorporated into toxicity and remediation 

355 considerations. Hydroxyl radical is also present under alkaline conditions, and as such, efforts 

356 are currently underway to examine the impact of hydroxyl radical on the pathways computed 

357 here. Further establishing the relationship between hydroxide and hydroxyl radical within the 

358 web of possible degradation pathways will be useful in understanding how malathion is degraded 

359 under both environmental and biological conditions.

360
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