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ABSTRACT: Singlet oxygen (1O2) is a selective reactive oxygen species
that plays a key role for the fate of various organic compounds in the
aquatic environment under sunlight irradiation, engineered water
oxidation systems, atmospheric water droplets, and biomedical systems.
While the initial rate-determining charge-transfer reaction mechanisms
and kinetics of 1O2 have been studied extensively, no comprehensive
studies have been performed to elucidate the reaction mechanisms with
organic compounds that have various functional groups. In this study, we
use density functional theory calculations to determine elementary
reaction mechanisms with a wide variety of organic compounds. The
theoretically calculated aqueous-phase free energies of activation of single
electron transfer and 1O2 addition reactions are compared to the
experimentally determined rate constants in the literature to determine
linear free-energy relationships. The theoretically calculated free energies of activation for the groups of phenolates and phenols
show excellent correlations with the Hammett constants that accept electron densities by through-resonance. The dominant
elementary reaction mechanism is discussed for each group of compounds. As a practical implication, we demonstrate the fate of
environmentally relevant organic compounds induced by photochemically produced intermediate species at different pH and
evaluate the impact of predicting rate constants to the half-life.
KEYWORDS: singlet oxygen, photochemically produced intermediate species, reaction rate constants, linear free-energy relationships,
fate of organic contaminant, aqueous phase

■ INTRODUCTION

Singlet oxygen, 1O2 (1Δg), is an important reactive oxygen
species in the aquatic environment under sunlight irradiation,1

engineered water oxidation systems,2 atmospheric water
droplets,3 and biomedical systems.4 It is the first electronically
excited state of triplet-state molecular oxygen (3O2,

3∑g
−) at

the ground state.5−7 In the aquatic environment, 1O2 is
produced by photosensitizers like chromophoric dissolved
organic matter (DOM). The lifetime of 1O2 in water is
approximately 2−4 μs resulting from the nonradiative and
radiative solvent-dependent deactivation.7,8 While some argue
that this short lifetime makes 1O2 insignificant,9,10 others
believe that high levels of 1O2 (e.g., 10

−14−10−11 M) make it an
important reactant in the fate of numerous chemical and
biological species.11,12 The selective reactivity of 1O2 may be
useful without interfering with background DOM in oxidation
and disinfection processes.13,14 In the atmosphere, 1O2 plays a
significant role as an oxidant in photochemical air pollution by
converting nitric oxide to nitrogen dioxide.15 In the human
cell, reactive oxygen intermediates including 1O2 play diverse
roles in inflammation, host defense, and homeostasis during
damage caused by reactive oxygen species.16

While the initial rate-determining charge-transfer reaction
mechanisms and kinetics of 1O2 have been extensively studied
and documented for alkenes,17,18 elementary reaction mech-
anisms with multiple-functional group organic compounds
have not been elucidated yet due to difficulties in quantifying
the resultant intermediates (e.g., superoxide anion radical19)
and products.20,21 Many environmentally relevant contami-
nants are structurally diverse chemicals with multiple-func-
tional groups, and identifying the dominant elementary
reaction mechanism will help predict the reaction product(s)
in the subsequent reactions. The 1O2 (standard reduction
potential of 0.81 ± 0.02 V vs standard hydrogen electrode
(SHE))22 is a highly selective electrophile that exclusively
reacts with unsaturated organic compounds via (1) electro-
philic addition (e.g., 1,2-, ene, and/or Diels−Alder reac-
tions);23 (2) dissociated oxygen via outer-sphere-type single
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electron transfer (SET); and (3) addition to heteroatoms (e.g.,
sulfur and nitrogen).24 Each elementary reaction has been
studied for single-functional group compounds, and the
reaction mechanisms are well understood. For example, the
use of the Rehm−Weller equation25 has been used to
determine the charge-transfer kinetics expected for full electron
transfer for the reaction of 1O2 with phenols in organic
solvents.20 The other studies included 1O2 addition to
phenol21 and the benzene ring of isoproturon.26 The observed
second-order rate constants, k, for phenolates and phenols
range from 107 to 108 M−1 s−1 and 106 to 107 M−1 s−1,
respectively27,28 (Figure S1 for the compilation of k values in
the Supporting Information (SI)). Addition to the sulfur atom
of sulfides was determined to produce a sulfoxide with k values
of 106−108 M−1 s−1.29,30 Yet, it is not clear which reaction
mechanism is dominant for reactions with 1O2 for compounds
that have multiple potential reactive sites. Thus, challenges still
present in experimentally identifying dominant rate-determin-
ing steps when multiple elementary reactions compete in a
given molecule.31,32

Quantitative structure−activity relationships (QSARs) are
useful approaches for predicting the reactivities of oxidants
with organic compounds that have a wide variety of functional
groups.33 QSARs developed in previous studies to predict k
values for 1O2 reactions used (1) half-wave potentials for
phenols and anilines,34 (2) one-electron oxidation/reduction
potentials for phenolates and phenols,35 (3) ionization
potentials and energies of the highest occupied molecular
orbitals (HOMOs) for aliphatic amines and aromatic
compounds,36−38 and (4) Hammett constants for phenolates
and phenols.39 These parameters represent the thermodynamic
properties of organic compounds with various functional
groups that can be correlated with experimentally determined k
values. The reasonable correlations based on the half-wave
potentials or one-electron oxidation potentials and the less
steep slopes of these lines than those by the Rehm−Weller or
Marcus equations indicate that the initial formation of a
precursor complex with a small amount of charge transfer is
the rate-determining step.39 Given that the oxidation potential
is related to the electron density of an organic compound, a
similar correlation is expected for the addition of 1O2 to the
ring of phenolates or phenols. While reasonable correlations
were observed with the thermodynamic properties, the studies
did not investigate parameters that represent the kinetics.
Density functional theory (DFT)-based quantum mechan-

ical (QM) calculations40,41 using solvation models42 are a
useful approach for investigating the reaction kinetics and
thermodynamics of aqueous-phase radical-involved fast re-
actions. DFT calculations have been used to provide
complementary information for experimentally observed
reactions and to provide mechanistic insight into the reaction
mechanisms.43−45 Direct calculation of the aqueous-phase rate

constants, k, has been limited to small organic compounds
given the large computational power required to obtain reliable
barrier energies. Direct estimates of rate constants within
experimental error (e.g., difference of a factor of 2) would
require an accuracy within ±0.5 kcal/mol of the free energies
of activation based on transition-state theory.46 Thus, linear
free-energy relationships (LFERs) were developed to relate the
experimental k to the theoretically calculated free energies of
activation using an implicit solvation model for reactive oxygen
and halogen species.47−51 The SET reaction by sulfate radicals
was also investigated using Marcus theory based on the free
energies of reaction.52 The LFERs are useful for investigating
the relative impact of various functional groups of a given
structure on the rate constants. Accuracies for rate constant
predictions were within a factor of 5 of the experimental
values.53

In this study, we use DFT calculations to determine
elementary reaction mechanisms embedded in the aqueous-
phase 1O2 reactions with a wide variety of organic compounds.
The functional groups investigated in this study are found in
the structures of environmentally relevant contaminants,
including phenolates/phenols, furans, aromatic and aliphatic
amines, sulfides, imidazoles, thioureas, pyrroles, and indoles.
The alkenes are excluded because of the known mechanisms.
Marcus theory and statistical thermodynamics are used to
determine the kinetic properties of single electron transfer and
1O2 addition reactions. We compare the theoretically
calculated aqueous-phase free energies of activation to the
experimentally determined k values in the literature to
determine the LFERs. The dominant elementary reaction is
discussed in each group of compounds. The determination of k
values enables prediction of the fate of environmentally
relevant organic compounds induced by photochemically
produced intermediate species. Thus, as a practical implication,
we demonstrate the fate of representative compounds based on
the predicted k values at different pH and evaluate the impact
of predicting rate constants on the half-life.

■ MATERIALS AND METHODS

The postulated mechanism of 1O2 with organic compounds is
shown in Scheme 1. When 1O2 encounters the target organic
compound, R, in the aqueous-phase diffusion process, 1O2/R
forms a loosely bound complex without the proper
conformation for the reaction to occur. The contact pair
may either diffuse apart or find the proper orientation to
reversibly form a precursor complex (i.e., [1O2

•−···R•+]) via
charge transfer. The precursor complex follows two major
reaction mechanisms: (1) SET via a transition state of
[1O2

•−···R•+]≠ to form a superoxide anion radical, O2
•−, and

a radical cation, R•+, and/or (2) the addition of 1O2 via a
transition state of [O2···R]

≠ to form a product such as an
endoperoxide (OOR).20

Scheme 1. Postulated Reaction Mechanisms of 1O2
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Table 1. Thermodynamic and Kinetic Properties of Compounds Investigated in This Study, Marcus Theory Solvent
Reorganization Energy and Imaginary Frequency Obtained for the Determination of Transition State of Free Energy of
Activation for the Addition, and Experimentally Determined Literature-Reported Rate Constants, kexp

a

no. name pKa

ΔGact
aq,SET

(kcal/mol)
ΔGreact

aq,SET
(kcal/mol)

λ
(kcal/mol)

ΔGact
aq,add

(kcal/mol)

imaginary
frequencyc

(cm−1)
ΔGreact

aq,add
(kcal/mol)d

kexp
(M−1 s−1)

references
for kexp

1 phenolate 10.0 2.0 −8.5 21.6 1.9 −253.2 −9.5 1.7 × 108 28 and 39
2 2-chlorophenolate 8.5 3.1 −5.6 22.0 1.6 −167.0 −7.4 1.6 × 108 35 and 39
3 2-methoxyphenolate 10.0 1.0 −13.6 23.1 0.5 −246.9 −10.4 4.4 × 108 39
4 2-methyl ester phenolate 9.8 4.9 −1.3 22.0 5.6 −273.9 −3.3 1.6 × 108 28
5 2-nitrophenolate 7.2 9.2 6.1 23.1 6.8 −274.5 6.8 3.2 × 107 35, 39,

and 76
6 3-chlorophenolate 9.1 3.4 −4.3 21.4 1.9 −142.4 −8.6 1.1 × 108 35, 39,

and 76
7 3-methoxyphenolate 9.6 1.9 −9.0 21.9 −0.7 −193.0 −14.6 2.8 × 108 35 and 39
8 3-methylphenolate 10.1 1.7 −9.4 21.7 1.0 −218.8 −11.9 2.0 × 108 35
9 3-nitrophenolate 8.3 5.3 0.0 21.4 3.1 −170.4 −0.3 3.9 × 107 35, 39,

and 76
10 4-acetylphenolate 8.0 5.0 −0.8 21.3 6.5 −302.3 −3.7 2.4 × 107 39
11 4-chlorophenolate 9.4 2.4 −7.3 22.0 2.5 −260.3 −7.5 1.1 × 108 39, 76,

and 77
12 4-cyanophenolate 8.0 5.9 1.4 20.7 7.4 −320.1 −1.3 6.2 × 106 39
13 4-methoxyphenolate 10.2 0.5 −17.0 23.8 −3.5 −211.0 −13.1 6.6 × 108 39
14 4-methylphenolate 10.3 1.1 −12.5 22.3 0.2 −220.8 −10.8 3.6 × 108 28 and 39
15 4-nitrophenolate 7.1 9.2 6.6 21.6 10.6 −344.8 2.1 4.1 × 106 28 and 39
16 4-tert-butylphenolate 10.4 1.1 −12.4 22.1 −0.6 −214.0 −12.5 3.6 × 108 39
17 2,4-dimethylphenolate 10.6 0.4 −16.6 22.3 −1.0 −227.4 −13.0 3.5 × 108 35
18 2,4-dichlorophenolate 7.9 3.6 −4.3 22.3 1.9 −158.9 −8.9 1.5 × 108 28 and 39
19 2,6-dimethylphenolate 10.6 0.8 −13.6 22.0 −2.5 −134.1 −13.0 2.0 × 108 35
20 4-hydroxyphenolate 9.8 0.5 −16.7 23.9 −2.8 −226.5 −12.3 5.6 × 107 78
21 2,6-dimethoxyphenolate 10.0 0.9 −14.6 23.6 −1.6 −143.3 −11.8 8.7 × 108 28
22 3-methyl-4-chlorophenolate 9.5 2.1 −8.4 22.0 1.6 −247.2 −10.8 1.3 × 108 35
23 2,3,5-trichlorophenolate 6.6 6.6 2.1 21.8 3.4 −221.7 −4.7 4.3 × 106 35
24 2,4,6-trimethylphenolate 11.1 0.3 −17.3 22.6 −3.5 −129.6 −14.3 6.0 × 108 35
25 2,4,6-tribromophenolate 6.8 4.5 −2.1 22.1 3.3 −210.0 −8.6 8.3 × 107 35
26 2,4,6-trichlorophenolate 6.2 5.0 −1.4 22.6 3.2 −201.0 −5.2 1.4 × 108 28 and 39
27 4-bromophenolate 9.2 2.6 −6.7 21.7 1.2 −106.2 −12.9 1.5 × 108 79
28 2,6-dimethyl-4-

bromophenolate
10.1 1.2 −11.9 22.2 −0.3 −183.9 −15.3 3.9 × 108 79

29 2,4-dinitrophenolate 4.1 18.9 18.8 22.5 14.2 −0.1 11.2 4.1 × 105 39
30 4-fluorophenolate 9.9 1.9 −9.7 22.7 0.8 −236.3 −9.2 3.5 × 108 77
31 2-nitro-4-chlorophenolate 6.5 9.7 6.7 23.6 7.4 −281.1 0.1 2.1 × 107 80
32 4,6-dinitro-2-

methylphenolate
4.7 16.2 15.6 23.1 13.4 −370.3 14.2 1.3 × 105 39

33 2,6-dinitro-4-
methylphenolate

4.2 13.1 11.5 23.6 0.0 −89.4 12.2 1.4 × 107 39

34 tyrosine 9.1 1.1 −12.4 22.1 0.0 −236.6 −10.8 5.2 × 107 81
35 glycyl-tyrosine 2.9,

9.1,
9.6

1.2 −11.8 22.0 1.2 −239.3 −11.3 1.9 × 107 81

36 glycyl-tyrosyl-alanine 3.3,
9.1,
9.6

1.6 −10.1 22.0 2.5 −247.9 −8.1 1.0 × 108 82

37 tyrosyl-glycine 2.3, 9.1 0.8 −13.5 22.2 −4.8 −278.0 −10.8 4.3 × 107 81
38 tyramine 10.4,

9.6
1.2 −11.9 22.1 0.7 −240.0 −10.3 2.3 × 108 83

39 phenol 10.0 23.0 23.0 24.3 14.4 −359.0 0.8 7.9 × 106 39, 84,
and 85

40 2-chlorophenol 8.5 27.5 27.4 24.5 16.6 −378.6 0.9 9.1 × 106 39
41 2-methoxyphenol 10.0 43.5 14.8 25.5 12.8 −337.8 −2.2 6.0 × 106 39
42 2-methyl ester phenol 9.8 27.2 27.1 24.7 16.2 −366.6 3.2 2.0 × 106 28
43 2-nitrophenol 7.2 35.2 34.2 24.4 19.1 −380.8 5.5 1.3 × 106 39
44 3-chlorophenol 9.1 27.0 26.9 24.3 16.1 −369.2 2.1 3.3 × 106 39
45 3-methoxyphenol 9.6 17.8 17.3 24.4 11.7 −325.4 −1.0 1.3 × 107 39
46 3-methylphenol 10.1 21.0 20.9 24.7 13.1 −339.2 −0.3 1.8 × 107 35
47 1,3-benzenediol-4-chloro 8.3 21.4 21.3 24.7 14.9 −344.2 4.0 2.1 × 107 84
48 1,4-benzenediol-chloro 9.2 16.7 15.7 26.1 11.0 −292.0 −1.3 1.7 × 107 84
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Table 1. continued

no. name pKa

ΔGact
aq,SET

(kcal/mol)
ΔGreact

aq,SET
(kcal/mol)

λ
(kcal/mol)

ΔGact
aq,add

(kcal/mol)

imaginary
frequencyc

(cm−1)
ΔGreact

aq,add
(kcal/mol)d

kexp
(M−1 s−1)

references
for kexp

49 1,3-benzenediol 9.3, 9.8 19.7 19.4 24.4 12.4 −333.3 0.8 2.0 × 107 84
50 3-nitrophenol 8.3 33.3 32.6 24.4 18.2 −373.6 4.2 2.8 × 106 35
51 1,4-dihydroxybenzene 9.8 13.3 11.2 26.1 8.8 −273.1 −1.8 3.8 × 107 39
52 4-acetylphenol 8.1 30.3 29.9 24.0 18.9 −378.1 6.5 1.5 × 106 39
53 4-chlorophenol 9.4 23.6 23.6 24.9 15.2 −358.0 3.3 6.0 × 106 39
54 4-cyanophenol 8.0 33.1 32.3 23.5 21.2 −398.7 11.1 2.4 × 105 39
55 4-methoxyphenol 10.2 12.6 10.2 26.0 9.1 −274.7 9.1 1.7 × 107 39
56 4-methylphenol 10.3 17.6 17.0 24.8 11.3 −306.6 −1.4 7.3 × 106 39
57 4-nitrophenol 7.1 40.0 37.9 23.7 22.3 −393.2 11.7 2.6 × 105 39
58 4-tert-butylphenol 10.4 18.8 18.4 24.7 12.0 −284.3 −2.9 1.2 × 107 39
59 2,4-dimethylphenol 10.6 16.3 15.5 24.8 10.1 −288.8 −3.8 2.3 × 106 35
60 2,4-dichlorophenol 7.9 28.3 28.2 25.0 17.1 −370.3 3.5 2.8 × 106 39
61 2,6-dimethylphenol 10.6 18.2 17.8 24.5 11.9 −373.1 −3.1 5.1 × 106 35
62 2,6-dimethoxyphenol 10.0 16.7 15.7 25.7 13.0 −335.0 −3.2 3.6 × 107 39
63 3-methyl-4-chlorophenol 9.5 21.5 21.4 24.8 14.2 −337.0 1.7 3.0 × 107 35
64 2,3,5-trichlorophenol 6.6 36.8 35.6 24.4 18.5 −341.6 1.5 1.5 × 105 35
65 2,4,6-trimethylphenol 11.1 14.1 12.5 24.9 9.5 −389.3 −5.2 3.2 × 106 35
66 2,4,6-tribromophenol 6.8 36.6 35.4 24.3 20.2 −274.0 4.1 2.7 × 106 35
67 2,4,6-trichlorophenol 6.2 32.0 31.6 25.0 18.9 −389.7 4.0 1.7 × 107 39
68 pentachlorophenol 4.7 55.8 49.1 23.9 20.8 −377.3 2.2 2.0 × 105 39
69 3,4-dihydroxyphenylalanine 9.1 18.3 17.6 25.9 12.9 −300.0 2.5 9.0 × 108 86
70 2-methylfuran −2.6 16.7 16.0 24.2 1.2 −290.3 −25.3 6.0 × 107 87
71 2,5-dimethylfuran −2.7 11.5 9.1 24.6 −0.5 −246.2 −27.4 1.2 × 109 28, 88,

and 89
72 furfuryl alcohol 9.6 19.8 19.2 26.8 3.5 −291.5 −24.4 1.1 × 108 90
73 N,N-dimethyl-4-

nitrosoaniline
−0.9 10.5 5.4 30.5 15.2 −411.3 −25.3 5.6 × 107 91 and 92

74 N,N,N,N-tetramethyl-p
-phenylenediamine

5.9 1.3 −17.0 29.5 6.7 −303.3 −27.4 3.3 × 109 88

75 2-dimethylamino-5,6-
dimethylpyrimidin-4-ol

4.3 13.8 12.4 24.0 6.0 −145.5 −24.4 9.0 × 107 93

76 methionine 2.3, 9.2 27.7 26.4 40.6 6.2 −178.2 11.5 4.0 × 107 82, 94,
and 95

77 diethyl sulfide n.a.b 20.5 20.5 21.1 5.7 −71.3 5.6 1.8 × 107 28
78 glycyl-methionine 2.3, 9.6 21.8 21.8 21.9 4.2 1.3 × 107 82
79 methionine methyl ester 10.7 31.8 31.4 24.7 6.9 −234.2 13.4 7.0 × 106 82
80 histamine 5.8, 9.4 21.7 21.6 24.6 3.7 −180.4 −17.4 1.1 × 108

81 histidyl-glycine 3.3, 7.8 24.1 24.0 27.6 6.6 −222.8 −12.4 6.6 × 107 82
82 histidine 1.8,

6.0,
9.2

21.8 21.6 26.0 5.9 −326.3 −13.7 6.1 × 107 82

83 glycyl-histidine 3.3, 8.2 18.2 17.6 25.5 4.0 −183.5 −17.6 8.3 × 107 82
84 imidazole 6.8 23.4 23.4 24.5 5.3 −314.2 −16.4 3.6 × 107 87, 91,

and 94
85 thiourea 13.9 20.3 20.3 21.8 6.0 −31.6 −8.0 4.4 × 106 94
86 allyl-thiourea 14.6 19.6 19.5 21.8 6.3 −49.0 −7.2 4.0 × 106 94
87 methyl-thiourea 15 19.2 19.1 21.7 9.6 −27.7 −8.0 2.0 × 106 94
88 pyrrole 16.5 14.1 12.9 23.4 1.0 −176.5 −16.4 5.0 × 108 96
89 3-cyanopyrrole 14.6 24.6 24.6 23.6 6.2 −306.6 −11.1 3.4 × 107 96
90 3-phenylpyrrole 16.7 11.6 9.5 23.3 0.7 −138.3 −17.3 7.9 × 108 96
91 2,2,6,6-tetramethylpiperidin-

4-ole
9.9 13.8 9.4 33.6 4.0 × 107 97

92 1,4-diazabicyclo[2.2.2]
octanee

8.8 4.8 −5.2 28.6 2.8 × 108 97

93 alanine 2.3, 9.7 15.2 6.3 47.6 15.2 47.6 14.6 3.0 × 107 78
94 indole-3-carboxylate ion 3.5 13.4 11.9 23.9 8.5 −246.0 15.4 1.4 × 107 82
95 indole-3-butyrate ion 4.7 9.8 6.6 24.0 3.9 −260.6 −23.5 7.2 × 107 82
96 indole-3-propionate ion 4.8 9.9 6.7 24.1 4.6 −249.7 −23.6 7.3 × 107 82
97 indole-3-acetate ion 4.7 8.8 4.3 25.8 3.7 −219.8 −24.2 9.2 × 107 82
98 indole-3-acetic acid 4.7 11.2 8.6 24.7 5.2 −289.8 −22.8 2.0 × 107 76
99 indole 16.2 13.5 12.1 23.7 7.0 −322.8 −19.1 7.0 × 107 98
100 tryptophan 2.8, 9.4 11.7 7.5 29.9 4.4 −178.1 −17.8 2.6 × 107 78
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To study each reaction step, we used the following theories
and QM methods. We calculated the diffusion rate constant,
kD, using Smoluchowski’s equation54 and diffusion coefficients
using the Hayduk−Laudie or Nernst equation (Text S1 in the
SI). The experimentally obtained rate constants, kexp, were
modified by subtracting the contribution of kD. The reaction
rate constant resulting from the chemical reaction, kchem, was
obtained using the Collins−Kimball theory.55 We used
Spartan’1856 to search the conformers of a precursor complex
composed of 1O2 and a target organic compound using a
modified Merck molecular force field (MMFF) method57 and
the modified intrinsic reaction coordinate (IRC) method.
Once the precursor complex was found, a single-point energy
calculation was performed to determine the aqueous-phase
interaction energy, ΔEint

aq. The detailed procedure is provided
in Text S2 in the SI.
The SET reaction mechanism is categorized into three

groups: (1) outer sphere, (2) inner sphere, and (3) interior.58

The SET reaction of 1O2 with an organic compound is not a
barrierless interior reaction. Thus, we used Marcus theory59,60

to calculate the aqueous-phase free energy of activation,
ΔGact

aq,SET, in eq 1 as no bond cleavage is involved in the SET
reaction of 1O2 (i.e., dissociative electron transfer). The
detailed method to calculate the ΔGact

aq,SET and free energy of
reaction, ΔGreact

aq,SET, values and the inner- and outer-sphere
reorganization energies, λ, and the method validation with
experimental observation are given in Text S3 in the SI. It
should be noted that the accurate estimation of the λ values
from both inner- and outer-sphere reorganizations is critical for
the estimation of the ΔGact

aq,SET values

λ λΔ = + ΔG G( ) /4act
aq,SET

react
aq,SET

2
(1)

The ΔGact
aq,add value for the addition of 1O2 was obtained

based on

Δ = Δ + ΔG G Gact
aq,add

act
gas,add

act
solv,add (2)

where ΔGact
aq,add was obtained by subtracting the aqueous-

phase free energies of reactants from the free energy of the
transition state at a standard temperature of 298 K, ΔGgas,add

act

is the gaseous phase free energy of activation, and ΔGsolv,add
act

is the free energy of solvation. Unrestricted exchange−
correlation functional, UM06-2X/cc-pVDZ,61 in combination
with the universal solvation model, which was based on the
solute electron density (SMD),62 was used to calculate the
wave function for given molecular and radical structures in the
aqueous phase. The unrestricted DFT (UDFT) performed
well in comparison to multireference methods for deriving
energies and geometries of the singlet biradical.63 Employing
hybrid DFT further enhanced the accuracy of the UDFT in
describing the biradical system.64 UM06-2X hybrid DFT was
successfully used for the investigation of the 1O2 reaction with
phenol in the aqueous phase.21 Once the structural
optimization was completed, a single-point energy calculation
at the level of UM06-2X/Aug-cc-pVTZ was conducted to
obtain reliable energies. In the spin-unrestricted calculation,
broken symmetry was used and special attention was paid to

the spin contamination. To correct the electronic energy
resulting from the spin contamination, we used an approximate
spin-projection method.64,65 The basis set superposition error
was corrected by a counterpoise method.66 In addition, the
solvent cage effect67 and tunneling effect68 were accounted for
in the bimolecular reactions. Text S4 in the SI provides the
detailed procedure to calculate the ΔGact

aq,add values, the
benchmark calculation with the single-point energy calculation
using CCSD(T), and the method validation with experimental
values. We did not intend to obtain the absolute energy values
of each reaction as this is computationally demanding and
prohibitive in obtaining accurate values for the aqueous phase;
however, we obtained the relative energies that were
sufficiently accurate to evaluate the impact of various structures
and functional groups under the same reaction mechanism. All
electronic structural calculations were performed using
Gaussian 16,69 with the exception of a coupled-cluster method
that was used for the benchmark calculation with Molpro.70 All
calculations were performed with the Michigan Tech high-
performance cluster “Superior” and house-made workstations.
The ΔGact

aq values were used to determine LFERs for each
reaction mechanism (i.e., SET or 1O2 addition). Assuming that
an elementary reaction proceeds by the same reaction
mechanism, the log of the rate constant and the log of the
equilibrium constant are linearly related.71 According to the
transition-state theory, the log of the rate constant and the free
energy of activation are linearly related.46 Combining these
two concepts enables the development of the LFER72,73 shown
in eq 3, although the empirically established LFERs and the
assumption hold for specific reactions74,75

ρ σ= − Δ +k Gln chem
act

aq (3)

where ρ is a coefficient for the free energy of activation that
accounts for the transmission coefficient and the frequency of
the transition state to form products, and σ is a coefficient
expressed in kcal/mol. We determined various transition states
for each elementary reaction and calculated the ΔGact

aq values
using UM06-2X/cc-pVDZ and the SMD solvation model.
Once we determined the transition state that provided the
smallest ΔGact

aq value, we performed the single-point energy
calculation using UM06-2X/Aug-cc-pVTZ to calculate the
ΔGact

aq value for the development of LFER.

■ RESULTS AND DISCUSSION
Overall Results. A total of 100 organic compounds was

investigated for the determination of LFERs including 38
phenolates (compound nos. 1−38 in Table 1), 31 phenols
(nos. 39−69), 3 furan derivatives (nos. 70−72), 3 aromatic
amines (nos. 73−75), 4 sulfides (nos. 76−79), 5 imidazole
derivatives (nos. 80−84), 3 thiourea derivatives (nos. 85−87),
3 pyrrole derivatives (nos. 88−90), 3 aliphatic amines (nos.
91−93), and 7 indole derivatives (nos. 94−100). The organic
compounds cover a wide range of functional groups, with kexp
values ranging from 105 to 109 M−1 s−1 (see Figure S1 for a box
plot in the SI and Text S5 for the critical data evaluation).
Table 1 includes the kexp values in the literature and our
theoretically calculated ΔGact

aq,SET, ΔGreact
aq,SET, λ, ΔGact

aq,add,

Table 1. continued

aAll of the free energies were calculated at 298 K. bn.a.: the pKa value is not available.
cImaginary frequencies obtained at the M06-2X/cc-pVDZ

level with the SMD solvation model. dObtained at the M06-2X/cc-pVDZ level with the SMD solvation model. e1O2 addition was not accounted as
discussed in the main text.
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Figure 1. Linear free-energy relationships between chemical reaction rate constants and theoretically calculated free energies of activation for the
aqueous-phase 1O2 reaction undergoing SET (top) and addition (bottom). The error bar represents the range of kchem values calculated from the
reported experimentally determined values. Compounds (nos. 20, 37, and 69) were not included in both LFERs, and compounds (nos. 73, 74, 91,
and 92) were not included in LFER for addition (see the text for the detailed reasons).
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imaginary frequency, ΔGreact
aq,add, and values for the develop-

ment of LFERs. Tables S2 and S3 in the SI include all of the
values used for the corrections and additional information and
other transition states that were identified.
The plot of ln kchem against the ΔEint

aq values does not show
a strong correlation except for phenolates (Figure S3 in the
SI), indicating that the ΔEint

aq values that were determined
based on the energy minimum of a precursor complex are not
the rate-determining step for the group of phenols and other
compounds. In contrast, the Rehm−Weller-type plot (Text S6
and Figure S4 in the SI) for phenolates shows that the charge
separation step is the rate-determining step. Our plot contains
extensive data and is consistent with the observation for the
limited number of data by other studies.20,99,100 We also
calculated the distribution of charges on the precursor
complexes using natural bond orbital analysis.99 A reasonable
correlation was found between ln kchem and the total charge of
1O2 for each precursor complex of both groups of phenolates
and phenols (Figure S5 in the SI). The findings support that
the charge transfer is the key rate-determining step. The kexp
values are smaller than the diffusion-limited rate constants, kD
(∼1.1 × 1010 M−1 s−1), by greater than an order of magnitude,
and the approximated line does not appear to plateau and the
quenching rate calculated by the Rehm−Weller’s equation is
close to a diffusion limit in the exergonic region (ΔGreact

aq,SET <
0 kcal/mol). We confirmed the limiting slope of −0.73 for
ln kchem in the region where ΔGreact

aq,SET is greater than 5 kcal/
mol and obtained a slope of −0.11 for the ln kchem values in the
same region. The comparison of these two slopes represented
approximately 15% of the charge transfer that was expected for
complete electron transfer for the group of phenolates.
Thomas and Foote reported 44% of charge transfer for the
group of phenols for the quenching rate of 1O2 in an organic
solvent,20 and Saito et al. reported about 60% for N,N-
dimethylanilines in a methanol−water solvent.19 Although
Saito et al. commented that the slope in the aqueous phase is
larger than the slope in an organic solvent due to a more
significant contribution of charge-transfer character,19 our
value appears to contradict their results. Possible reasons may
include the scattering data with an r2 = 0.7 that we collected
from various experimental studies in the literature as compared
to using one set of experiments for the same group of
compounds. It should be noted that the estimation assumed a
constant charge transfer over the whole series, which may
result in an oversimplification of the estimated value.99 As
Schuster et al. observed, the slope does not necessarily
represent the degree of charge transferred at the transition
state.100 Thus, we individually investigated the charge
distribution on the precursor complex of 1O2 with phenolate
using natural bond orbital theory.99 As shown in Figure S5, the
charge on 1O2 of precursor complexes with the group of
phenolates ranged from −0.1 to −0.5, indicating that 10−50%
of the original phenolate charge (i.e., −1.0) was separated
upon the formation of those precursor complexes.
Figure 1 shows the LFERs in eq 3 for SET and 1O2 addition

reactions for all compounds investigated in this study. Overall,
we found LFERs for both groups of phenolates and phenols via
SET: ln kchem = −0.37ΔGact

aq,SET + 19.59 with r2 = 0.72 for the
group of phenolates and ln kchem = −0.16ΔGact

aq,SET + 19.87
with r2 = 0.55 for the rest of compounds. For 1O2 addition
reactions, we determined LFER to be ln kchem =
−0.27ΔGact

aq,add + 19.12 with r2 = 0.72 for all of the
compounds as all data followed a similar trend. The

compounds excluded in the analysis of LFERs include 4-
hydroxyphenolate (no. 20) and tyrosyl-glycine (no. 37) due to
their significantly smaller kchem values based on the functional
groups (i.e., OH and alkyl amine) and probable experimental
uncertainties and 3,4-dihydroxyphenylalanine (no. 69) due to
the significantly larger kchem value (9.7 × 108 M−1 s−1)
compared to all other compounds. The sample deviations
(SD) in eq 4 between the experimentally determined values,
kchem,exp, and calculated values, kchem,calc, based on the LFER
were 0.061 for SET and 0.084 for 1O2 addition, respectively,
among phenolates (N = 36). The SD statistically indicates
where the predicted data are distributed as compared to the
experimental data under the assumption of a normal
distribution.49 Both LFERs estimate all of the kchem values
within the difference of a factor of 1.2 from the experimental
value. Similarly, the SD value was 0.098 for 1O2 addition to
phenols (N = 30) and the LFER estimates all of the kchem
values within the difference of a factor of 1.2 from the
experimental value. The predictability of LFERs for the kchem
values developed for the 1O2 reactions in this study is superior
to those previously developed for other reactive oxygen species
such as hydroxyl radicals (e.g., difference of a factor of 2−
5)50,51
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A stronger correlation of the LFER for phenolate indicates that
the extent of change in delocalization of the formal negative
charge of the precursor complex by functional groups is
proportional to the observed rate constants. Different slopes
for the groups of phenolates and the rest of compounds
indicate different mechanisms (see the section below for the
discussion of reaction mechanisms). Notably, the phenolates
with strong electron-withdrawing groups (i.e., cyano and nitro)
were not included in the correlation between the kchem values
and the half-wave potentials by previous observation due to the
inability of half-wave potentials to account for possible
interaction of functional groups in the proximity position
and the formation of potential internal hydrogen bonding.39

However, this does not apply to our ΔGact
aq,SET values, which

account for both inter- and intraelectrostatic interactions with
the water solvent through hydrogen bonding.
For phenolates, the ΔGact

aq,SET values ranged from 0.3 to
18.9 kcal/mol and those for 1O2 addition varied from −4.8 to
13.4 kcal/mol, indicating that phenolates undergo both SET
and 1O2 addition reactions. For the majority of phenolates, the
ΔGact

aq values for SET and 1O2 addition are very close,
although direct comparisons are difficult due to the use of
different theories for each mechanism and uncertainties
attributed to each method. For phenols, the ΔGact

aq,SET values
ranged from 12.6 to 55.8 kcal/mol, while the ΔGact

aq,add values
ranged from 9.1 to 22.3 kcal/mol. It is problematic to compare
these values for the same reason described above; however, it
appears that all of the phenols primarily undergo 1O2 addition
over SET. For other groups of compounds such as furan
derivatives, aromatic amines, sulfides, and imidazole, pyrrole,
and indole derivatives, 1O2 addition occurs preferably over
SET with compound nos. 73, 74, 91, and 92 being the
exceptions (see the detailed discussion in the section below).
The one consistent correlation for all of the compounds
investigated for 1O2 addition indicates a less important
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precursor formation and a consistent addition mechanism of
1O2 to the ring.
A recent observation of QSAR (log kexp vs half-wave

function) for 37 phenolates reports the following correlation,
log kexp = 2.46E1 + 9.89 with r2 = 0.71, where E1 is the half-
wave function of each phenolate.35 Although their QSAR
investigated the first one-electron reduction and our LFER
examined the activation energy, the correlation of our LFER
for 38 phenolates developed in this study has a comparable
accuracy with r2 = 0.72. For 1O2 addition to phenols, the
formation of a precursor complex is not the rate-determining
step as we did not observe any correlation with ΔEint

aq.
However, the formation of transition states strongly correlates
with the observed rate constants, indicating that the functional
groups on the benzene ring significantly affect the approach of
1O2 to the ring and addition to the π bond. For phenols and
other compounds, the role of a functional group in the 1O2
addition to various ring structures will be discussed in detail in
the next section.
Role of Functional Groups. The strong correlation

observed in LFERs for the group of phenolates undergoing
SET and all compounds undergoing 1O2 addition indicates
that the functional groups exert a profound role in changing
the delocalization of the formal charge of the precursor
complex. To further investigate the role of each functional
group on the groups of phenolates and phenols, we compared
the Hammett σ− constants with the ΔGact

aq,SET and ΔGact
aq,add

values, respectively. Hammett σ− constants, which represent

the property of functional groups to accept electron density by
through-resonance, were used to correlate with the half-wave
function potentials.39 Figure 2 shows the plots of the total of
the σ− constants vs the ΔGact

aq,SET values for the group of
phenolates and the ΔGact

aq,add values for the group of phenols.
Hammett constants are additive when a compound holds
multiple-functional groups.100,101 The Hammett constant at
the ortho position was assumed to be equal to the constant at
the para position because of their similar resonance abilities.39

Both plots show excellent correlations, indicating that the
resonance ability of each functional group correlates with our
ΔGact

aq values for each reaction mechanism. It was apparent
that the use of Hammett σ− constants showed the best
correlation among the use of other Hammett constants (e.g.,
σ) for both groups of phenolates and phenols, which was likely
due to the significant difference in the Hammett constants for
the strong electron-withdrawing functional groups (i.e., nitro).
For example, using the σ constant (0.78 for ortho and para and
0.71 for meta position)102 for the nitro functional group(s)
rather than the σ− value (1.27)102 resulted in an inconsistent
overall trend for phenolates. The correlation between the
Hammett σ− constants and the ΔGact

aq,add values for the group
of phenolates (Figure S6 in the SI) was found to be inferior to
the correlation with the ΔGact

aq,SET values (r2 = 0.86), which
was likely due to not only the resonance effect of functional
groups but also steric effects of the 1O2 addition to the benzene
ring of phenolates. The reasonable correlation between the
kchem values and ΔEint

aq for the group of phenolates (Figure S3
in the SI) supports the involvement of the steric effect. For the

Figure 2. Relationships between the sum of Hammett constants σ− and the ΔGact
aq values of a functional group on the group of phenolates for

single electron transfer and phenols for 1O2 addition.
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group of phenols undergoing the 1O2 addition, a similar
correlation with the σ values (r2 = 0.84) was observed (Figure
S7 in the SI) due to an equivalent involvement of electron-
donating/-withdrawing functionality to the resonance effect
(see the Reaction Mechanisms section for the detailed
discussion). Even though the development of the original
Hammett constants was based on equilibrium constants, the
general parameters of resonance ability indicate the strong
quantitative relationship with the kinetic parameter (i.e.,
ΔGact

aq). Luo et al.52 did not observe any correlation between
the Hammett constants and the theoretically calculated free
energies of activation for the series of reactions between sulfate
radical anion and aromatic compounds; however, they did not
appear to include the outer-sphere solvent organization
energies, which may have caused the inconsistent correlation.
Our thorough consideration of the solvent organization
procedure is included in Text S3 in the SI. We find that the
accurate estimation of the outer-sphere solvent organization is
key for estimating ΔGact

aq,SET values, as was also investigated in
the reactions of excited-state triplet sensitizers.103

Reaction Mechanisms. For the group of phenolates, SET
occurs on the dissociated OH functional group of a phenolate
compound, and thus, the formation of a precursor complex
plays a key role in the initial charge transfer. The SET is
impacted by functional groups through resonance effects. In
contrast, the ring structures that have CC and/or CN
undergo electron transfer via resonance ring structures. The
HOMO distributions of reactants (Table S5 in the SI) support
the possible reactive sites proposed above. Electron transfer
between the dissociated OH functional group and 1O2 requires
much less energy than the transfer between the benzene ring
and 1O2, resulting in a steeper slope for the group of
phenolates (Figure 1). While the SET reactions of the majority
of phenolates are exergonic (i.e., ΔGreact

aq,SET < 0), reactions
with strong electron-withdrawing groups (i.e., nitro, cyano,
trichloro) are endergonic (i.e., ΔGreact

aq,SET > 0). The kchem
values for these compounds are 105−107 M−1 s−1, indicating
the significant contribution of a backward reaction or overrun
of the kinetics.
When phenolates undergo 1O2 addition, the negative charge

of the dissociated OH functional group is delocalized on the
benzene ring through the resonance structures (Figure S8 in
the SI), which favors 1O2 addition at the ortho and para
positions.104 The transition states identified in this study
confirmed the unfavorable addition of 1O2 on phenolates at the
meta position. This is also supported by ΔGreact

aq,add values of
−14.2 kcal/mol for the meta positions compared to
significantly exergonic values of −51.9 and −53.4 kcal/mol
at the ortho and para positions, respectively. Electron-donating
functional groups at the ortho and para positions generate a
repulsive force between the delocalized negative ions and free
electrons of the donating functional groups, which makes the
functional groups unstable and inhibits the addition of 1O2 to
those sites. In contrast, the presence of electron-withdrawing
functional groups at the ortho and para positions withdraws
the delocalized negative ions and stabilizes the resonance
structures, which promotes the stepwise addition of 1O2 to
those sites.
It is well known that the hydroxyl group of phenol donates

electron density to ortho and para positions, and the para
carbon atom that is more susceptible to 1O2 enhances 1,4-
cycloaddition more so than the ortho carbon atom.21 Our
observations of the ΔGact

aq,add values for the reaction with

phenol at the 1,4-, 2,5-, and 3,6-positions confirm this (see
Table S4 in the SI), and all additions followed the concerted
mechanism. The ΔGact

aq,add values resulting from the 1,4-
addition are less than those resulting from 2,5- and 3,6-
additions by 2−9 kcal/mol. When 1O2 approaches those
positions, a partial positive charge develops on the phenol and
a partial negative charge develops on 1O2. When electron-
donating groups are present at the para position, the partial
positive charge is stabilized resulting in lower ΔGact

aq,add values.
Electron-withdrawing groups at the same position develop
partial positive charges, which does not stabilize the charge and
increase the ΔGact

aq,add values. The electron-donating/with-
drawing properties of functional groups of phenols play a more
substantial role in the position of 1O2 addition than those of
phenolates. The reaction product of the para-ipso intermediate
that results from the 1,4-addition forms para-benzoquinone via
a unimolecular isomerization followed by a facile mechanism.21

The furan derivatives (nos. 70−72) show preferable 1O2
addition to carbon atoms of a five-membered ring at the 1,4-
positions. The presence of a single or multiple electron-
donating functional group(s) (i.e., methyl and hydroxymethyl)
at the 1- and/or 4-positions increases the electron density for
carbon atoms at the 1- and/or 4-positions or σ-occupancy of
in-ring atomic orbitals.105 A temperature-dependent, time-
resolved phosphorescence measurement determined the
experimental ΔGact

aq,add for furfuryl alcohol to be 6.5 ± 0.12
kcal/mol,90 which is close to our value of 3.5 kcal/mol. The
ΔGact

aq,SET value of 19.8 kcal/mol supports a preferable 1O2
addition to furfuryl alcohol. Diels−Alder, oxygen-bridged
adducts are formed following ring cleavage and production
of ketones and aldehydes.106

Three aromatic amines investigated in this study exhibit
different reaction mechanisms due to their unique structures.
While 2-dimethylamino-5,6-dimethylpyrimidin-4-ol (no. 75)
undergoes 1O2 addition, N,N-dimethyl-4-nitroaniline (no. 73)
and N,N,N,N-tetramethyl-p-phenylenediamine (TMPD) (no.
74) undergo SET (10.5 and 1.3 kcal/mol of the ΔGact

aq,SET
value, respectively), which is in agreement with the
experimental observation that confirmed the formation of
TMPD+•.107 TMPD is known as a charge-transfer quencher
resulting from an 1O2−aniline exciplex.108 This dominant SET
mechanism for TMPD was used to validate our Marcus
calculations (Text S3). Due to the dominant SET mechanism,
the data points for these two compounds do not adhere to the
LFER of 1O2 addition (Figure 1) and were not included in the
correlation analysis. The addition of 1O2 to the CC double
bond of a pyrimidine ring at the 1,4-positions of 2-
dimethylamino-5,6-dimethylpyrimidin-4-ol is supported by
the experimental observation109 and is consistent with our
ΔGact

aq,add value of 6.0 kcal/mol.
Dialkyl sulfides such as diethyl sulfide (no. 77) do not have

an appropriate low-lying excited state to deactivate 1O2 by an
electronic energy-transfer mechanism for physical quenching
that produces ground-state oxygen as a product.110 Instead, the
1O2 addition to the sulfur functional group occurs as a
donation of the sulfur lone pair into the empty πg orbital of

1O2
to form persulfoxide. We obtained very similar ΔGact

aq,add
values (5−6 kcal/mol) for all sulfide compounds in the
aqueous phase. The gas-phase reactions of 1O2 with sulfide
require little free energy of activation or a negative value.111 In
the aqueous phase, polar water molecules stabilize the
transition state more effectively than organic solvents like
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benzene (7 kcal/mol) and acetone (13 kcal/mol),29 which is
consistent with our ΔGact

aq,add values.
Imidazole (no. 84) and the derivatives (nos. 80−83) are

known to react with 1O2 through a Diels−Alder process (1,4-
addition), which was confirmed by investigating all of the
possible elementary reaction pathways (Text S7, Figure S9,
and Table S6 in the SI). We determined 5.9 kcal/mol for the
ΔGact

aq,add value for histidine, which is in good agreement with
the 8.7 kcal/mol reported by the high-level CCSD(T) method
with a COSMO solvation model.112

While previous experimental studies postulate that the 1O2

reacts with the thiourea functional group or sulfur atom,113 the
detailed mechanisms have not been elucidated yet. The free
energy of reaction was slightly exergonic, −8.0 kcal/mol of the
ΔGreact

aq,add value, suggesting that this is thermodynamically
favorable. The ΔGact

aq,add for the same reaction was 6.0 kcal/
mol. The ΔGreact

aq,add values for the thiourea derivatives (nos.
86 and 87) were −7.2 and −8.0 kcal/mol, respectively, and the
ΔGact

aq,add values were 6.3 and 6.3 kcal/mol, respectively. We
propose that the mechanism of 1O2 with thioureas be the ene
reaction. The detailed discussion on thiourea can be found in
Text S7 and Figure S10 in the SI.
Pyrrole (no. 88) and the derivatives (nos. 89 and 90)

undergo two possible pathways, (1) 1,2-cycloaddition to form
a dioxetane intermediate114 or (2) 1,4-cycloaddition to form
an endoperoxide intermediate.115 We obtained 2.0 and 6.9
kcal/mol of the ΔGact

aq,add values for the 1,4-cycloaddition and
the 1,2-cycloaddition, respectively, confirming the dominant
1,4-addition. The phenyl group of 3-phenylpyrrole (no. 90)
donates electrons116 and enhances the 1,4-cycloaddition of
1O2, reducing the value to 1.8 kcal/mol. The cyano functional
group at the same 3-position withdraws electrons and
significantly increases the ΔGact

aq,add value to 7.2 kcal/mol for
the same reaction mechanism. The SET reaction for pyrrole

requires significantly more energy and is thermodynamically
unfavorable.
The three aliphatic amines investigated in this study include

2,2,6,6-tetramethylpiperidin-4-ol (no. 91), 1,4-diazabicyclo-
[2,2,2]octane (no. 92), and alanine (no. 93). Our ΔGact

aq,SET

values for the compounds are consistent with the trend of the
kchem values, which suggests that SET is the dominant
mechanism for these sterically hindered amine compounds,
as postulated by several experimental studies.117 The largest
kchem value (i.e., smallest ΔGact

aq,SET value) was predicted for
1,4-diazabicyclo [2,2,2]octane, (DABCO). The aliphatic amine
species has two tertiary amines that can be accessed externally
by 1O2, which promotes the initial charge separation. 2,2,6,6-
Tetramethyl-4-piperidinol also has a tertiary amine that is
sterically hindered by four methyl functional groups that 1O2

cannot access for charge separation. Only alanine, a primary
amine, exhibited potential SET and 1O2 addition mechanisms
due to accessibility of 1O2 to the amine.
Indole (no. 99) and the derivatives (nos. 94−98) are a

group of aromatic heterocyclic compounds that contain both a
five-membered pyrrole and a six-membered benzene ring. Due
to the benzene ring, 1,4-addition to the five-membered pyrrole
of indole requires larger ΔGact

aq,add energies than those for
pyrrole by 4.8 kcal/mol, which is consistent with the kchem
values obtained by experiments.118 We fully investigated
stepwise and concerted addition to the pyrrole and benzene
rings and found the lowest-energy transition-state structure for
the LFER for 1,4-addition to the pyrrole ring of indole (Text
S7, Figure S11, and Table S7 in the SI).119,120

Scheme 2 summarizes the major 1O2 reaction mechanisms
of structurally diverse organic compounds investigated in this
study.

Scheme 2. Major Reaction Mechanisms of 1O2 with Structurally Diverse Organic Compounds
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■ ENVIRONMENTAL IMPLICATION

This study highlights the elementary reaction pathways and
kinetics induced by the reaction of 1O2 with a variety of
organic compounds. The LFERs developed in this study can
predict the kchem values within a factor of 1.2 of the
experimental values. As a practical application, we developed
a non-steady-state kinetic model and estimated the half-lives of
two compounds as a function of pH. One compound has a pKa
= 8.5 and the other compound has a pKa = 6.5, with kchem = 108

and 106 M−1 s−1 for the dissociated and nondissociated forms,
respectively. The detailed kinetic model description is
presented in Text S8 in the SI. Figure 3 demonstrates that
there are larger impacts of kchem values on the half-lives at lower
pH. Differences of a factor of 1.2 and 2.0 in the experimental
kchem values result in differences of greater than 60 and 200 h in
the half-lives, respectively, at pH = 4. The impact is lessened
near-neutral pH and above the pKa values because the
dissociated form is more dominant and significantly enhances
the overall degradation rates. At pH = 10, differences of a
factor 1.2 and 2.0 result in up to 1.2 and 6 h of differences in
the half-lives, respectively. The LFERs, which are accurate
within a factor of 1.2, would result in up to 17 h of difference in
the estimated half-life of a compound with a pKa of 8.5 at
neutral pH. The impact is significantly reduced for compounds
with a pKa of 6.5 due to a more rapid reaction of 1O2 with the
dissociated form.
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peptide bond on the singlet-molecular-oxygen-mediated sensitized
photo-oxidation of tyrosine and tryptophan dipeptides. A kinetic
study. J. Photochem. Photobiol., B 1991, 10, 57−70.
(82) Miskosky, S.; Bertolotti, S. G.; García, N. A.; Argüello, G. A. On
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