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• Quantum yields of 1O2 from DOM-
analogs, sensitizers, and SRFA were de-
termined.

• Multiple linear regression based QSAR-
model for Φ1O2 was constructed.

• The constructed QSAR-model exhibited
satisfactory goodness-of-fit and robust-
ness.

• Underlying mechanisms of 1O2 genera-
tion were discussed based on molecular
descriptors.

• The constructed QSAR model was suc-
cessfully used to predict Φ1O2 value of
SRFA.
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Singlet oxygen (1O2) is capable of degrading organic contaminants and inducing cell damage and inactivation of
viruses. It ismainly generated through the interaction of dissolved oxygenwith excited triplet states of dissolved
organic matter (DOM) in natural waters. The present study aims at revealing the underlying mechanism of 1O2

generation and providing a potential tool for predicting the quantum yield of 1O2 (Φ1O2) generation from DOM
by constructing a quantitative structure-activity relationship (QSAR) model. The determined Φ1O2 values for
the selected DOM-analogs range from (0.54 ± 0.23) × 10−2 to (62.03 ± 2.97) × 10−2. A QSAR model was con-
structed and was proved to have satisfactory goodness-of-fit and robustness. The QSAR model was successfully
used to predict the Φ1O2 of Suwannee River fulvic acid. Mechanistic interpretation of the descriptors in the
model showed that hydrophobicity,molecular complexity and the presence of carbonyl groups in DOMplay cru-
cial roles in the generation of 1O2 from DOM. The presence of other heteroatoms besides O, such as N and S, also
affects the generation of 1O2. The results of this study provide valuable insights into the generation of 1O2 from
DOM in sunlit natural waters.
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1. Introduction

The presence of singlet oxygen (1O2) in surface waters has attracted
much attention due to its important role in chemical and biological pro-
cesses in the environment (Mostafa and Rosario-Ortiz, 2013; Peterson
et al., 2012). Singlet oxygen is a non-radical and an electrophilic oxidant
that selectively reacts with electron-rich moieties of organic com-
pounds (Agnez-Lima et al., 2012). As a consequence, 1O2 is reported to
play an important role in the degradation of organic contaminants con-
taining phenolic, sulfidic, or olefinicmoieties in natural waters (Appiani
et al., 2017; Vione et al., 2014). For example, 1O2 has been proven to be
involved in the photodegradation of antibiotics (Niu et al., 2016),fibrate
drugs (Zhang et al., 2018b), chlorophenolates (Czaplicka, 2006), and
many other well-known micro-pollutants (Karpuzcu et al., 2016; Xie
et al., 2013) in sunlit surface waters. Besides, the high reactivity of 1O2

with biological macromolecules (nucleic acids, amino acids, and lipids)
makes it a potent reactant to induce DNA damage and to inactivate
health-relevant microorganisms in water (Cadet et al., 2008; Nelson
et al., 2018; Straight and Spikes, 1985).

Dissolved organicmatter (DOM) is ubiquitous in naturalwaters, and
plays a crucial role in the generation of 1O2 (Latch and McNeill, 2006;
Zepp et al., 1977). Singlet oxygen is generated through the energy trans-
fer reaction from the excited triplet state of DOM (3DOM⁎) to dissolved
molecular oxygen (O2) (Foote, 1991). The steady-state concentrations
of 1O2 ([1O2]ss) were estimated to be at the 10−14–10−13M level in nat-
ural waters, as determined with furfuryl alcohol (FFA) as a probe (Haag
and Hoigne, 1986; Peterson et al., 2012; Scully et al., 1997). The [1O2]ss
values are significantly different across water samples collected from
different water bodies (lake, river, marine, and wastewater) due to the
diversity of DOM (allochthonous or autochthonous) and the differences
in DOM concentration (Haag and Hoigne, 1986). The DOMwith low ab-
sorptivity and high quantum efficiency are generally of autochthonous
origin, whereas those with high absorptivity and relatively low quan-
tum efficiency are associated with allochthonous origin (Haag and
Hoigne, 1986).

The formation of 1O2 from isolated DOMwas also well-investigated
under simulated solar irradiation (Mayeda and Bard, 1973; Scurlock
et al., 1995; Zhang et al., 2014; J. Wang et al., 2019; Y. Wang et al.,
2019). The DOM of different sources exhibited disparate compositions
and photochemical reactivity (Zhang et al., 2014; Maizel and Remucal,
2017). Besides, the Φ1O2 values from DOM that was isolated from
coastal seawater were higher than those from freshwater (Suwannee
River Fulvic Acid, SRFA) (J. Wang et al., 2019; Y. Wang et al., 2019).
Zhou et al. (2017) found that the aromatic ketone groups in DOM are
important sensitizers for the generation of 1O2. Compared with alloch-
thonous DOM, autochthonous DOM shows higher quantum yield of re-
active intermediate (Wenk et al., 2011). Thus, the chemical composition
of DOM, which is highly dependent on its source (terrestrial or aquatic)
and formation processes (e.g., microbial and photochemical) (Leenheer
and Croue, 2003; Helms et al., 2008), can significantly influence the for-
mation of 1O2.

Previous studies have investigated the correlations between the
Φ1O2 of DOM and optical indices including absorption coefficients at
specific wavelengths, absorbance ratio (E2/E3), slope radio (SR), and
spectral slope coefficient (S300–600) (Du et al., 2018; Maizel and
Remucal, 2017; McKay et al., 2017). Mckay et al. (2017) also reported
that the Φ1O2 of DOM correlated negatively with the antioxidant activ-
ity,which indicates electron donating capacity. The optical and chemical
properties of different DOM isolates are determined by their specific
structure. The underlying relationships between the intrinsic structure
characteristics of DOMand itsΦ1O2 are still not fully understood. Analog
structures of DOM from different sources (structures are shown in
Fig. S1 and Table 1)were proposed based on experimental characteriza-
tion and computer-assisted structure elucidation in previous studies
(Diallo et al., 2003; Niederer and Goss, 2007; Wilson et al., 1987). Now-
adays, the remarkable advancement of Fourier-transform ion cyclotron
resonancemass spectrometry (FT-ICR-MS) and high-field nuclearmag-
netic resonance spectroscopy (NMR) has allowedmore accurate identi-
fication ofmolecular composition of DOM (Zark andDittmar, 2018; D. Li
et al., 2019; C. Li et al., 2019), which makes it possible to analysis the
photochemical properties of DOM at molecular level.

Thus, this study aims to construct the inherent relationships be-
tween the structure of DOM and the formation of 1O2. The Φ1O2 values
of 17 DOM-like model compounds and a commercial DOM (Suwannee
River fulvic acid, SRFA) (structures are shown in Table 1) were deter-
mined in aqueous solutions, unlike the reported Φ1O2 values of DOM-
like model compounds which were mainly determined in organic sol-
vents (Nau and Scaiano, 1996) or with different probes (FFA, imidazole,
and dimethylfuran) (Redmond and Gamlin, 1999). A quantitative
structure-activity relationship (QSAR) model, as widely used to corre-
late molecular structures of organic compounds with their “reactivity”
(Li et al., 2018; D. Li et al., 2019; C. Li et al., 2019; Gupta et al., 2016;
Luo et al., 2017; Sudhakaran and Amy, 2013), was developed. The
QSAR model was built by means of multiple linear regression (MLR)
(J.Wang et al., 2019; Y.Wang et al., 2019), which is one of themost pop-
ular statistical algorithms. The highlight of this study is to further under-
stand the 1O2 formationmechanisms fromDOM and predict theΦ1O2 of
DOM from different sources.

2. Materials and methods

2.1. Chemicals

1,4-Naphthoquinone (99% purity), biacetyl (98% purity),
acetophenone (98% purity), coumarin (98% purity), trans-
cinnamic acid (99% purity), 7-hydroxycoumarin (98% purity),
naphthalene (99% purity), 2-acetonaphthone (99% purity), 3-
methoxyacetophenone (99% purity), benzophenone (99% purity),
1,4-benzoquinone (99% purity), riboflavin (98% purity), chloro-
hydroquinone (85% purity), gallic acid (99% purity) and furfuryl
alcohol (98% purity) were obtained from J&K Scientific Ltd. (Bei-
jing, China); dibenzoyl (99% purity), 4-methylbenzaldehyde (98%
purity) were purchased from Tokyo Chemical Industry (Tokyo,
Japan); duroquinone (97% purity) was obtained from Sigma-
Aldrich (St. Louis, MO, U.S.A.). Organic solvents used in this
study with chromatographical purity were obtained from TEDIA
(Fairfield, OH, USA). Suwannee River fulvic acid (SRFA) was pur-
chased from the International Humic Substances Society. Ultra-
pure water (PW, 18.2 MΩ) was obtained from a purification
system produced by Chengdu Ultrapure Technology Co., Ltd.
(Chengdu, China).

2.2. Light irradiation experiments

The light irradiation experiments were performed with a XPA-7
merry-go-round photochemical reactor (Xujiang Technology Co.,
Nanjing) equipped with a water-refrigerated system which kept
the reaction temperature at 25 ± 1 °C. A 500 W medium-pressure
mercury lamp with 290 nm filters (the filters blocked light below
290 nm) was used to mimic the UV-A, UV-B, and visible light por-
tions of sunlight. The emission spectrum of the Hg lamp was de-
tected with a TriOS-RAMSES spectroradiometer (TriOS GmbH,
Germany), and the result is shown in Fig. S2. Furfuryl Alcohol (FFA)
was used as the probe of 1O2, and the initial concentrations of FFA
and DOM-analogs were 50 μM and 10 mg/L, respectively. Besides,
0.1 mMmethanol was added to the solution to quench hydroxyl rad-
icals (•OH) produced during the irradiation. The reaction solution
was introduced in quartz tubes and all the experiments were carried
out in triplicate irradiated by 500 W medium-pressure mercury
lamp. The details about solutions preparation were described in
Text S2 in the Supporting information.



Table 1
Molecular structures of selected DOM-analogs.

Name Structure Name Structure

1,4-Naphthoquinone
*

2-Acetonaphthone
*

Biacetyl
*

3-Methoxyacetoph

enone
*

Dibenzoyl
*

Duroquinone
*

Acetophenone
*

1,4-Benzoquinone
*

Coumarin
*

Benzophenon
*

Trans-cinnamic acid
*

Gallic acid
*

7-Hydroxycoumarin
*

2-Chlorohydroquin

one
*

Naphthalene
*

2-Hydroxy-4-meth

ylbenzaldehyde
*

Riboflavin
#

Suwannee River 

fulvic acid 

(SRFA)
#

*Represents the compounds in the training set.
#Represents the compounds in the validation set.
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2.3. Analytical methods

The spectra of DOM-analogs were collected by Hitachi-U2900.
Quantitative analysis of FFA was performed on a Shimadzu LC-20A
HPLC system (Shimadzu, Kyoto, Japan) equipped with UV–Vis detector
and an Ultimate™ AQ-C18 column (250 mm × 4.6 mm, 5 μm, Welch
Materials,Maryland, USA). FFAwas eluted at aflow rate of 0.7mLmin−1

in 219 nm at 30 °C, and the mobile phase consisted of methanol and
water at a ratio of 40:60 (v:v).
2.4. Calculation of singlet oxygen quantum yield

Quantum yield (Φ) is used to quantify the efficiency of photon utili-
zation during photochemical reactions, as defined by means of the
following equation (eq) (Kishino et al., 1986):

Φ ¼ number of molecules take part in the photochemical reaction
number of absorbed photons

ð1Þ

According to Eq. (1),Φ of 1O2 can be expressed as per Eq. (2), as the
production rate of 1O2 divided by the light absorption rate of the photo-
sensitizers.

Φ1O2 ¼ R1O2X
λ

kX−a λð Þ X½ � ð2Þ

where R1O2 is the production rate of 1O2 (M/s); kX-a(λ) is the character-
istic light absorption rate of photosensitizer X (s−1); [X] is the
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concentration of photosensitizer (mol·L−1). Radiation wavelength
range is 290 nm–500 nm.

kX-a (λ) can be calculated with the following equation (Zhou et al.,
2018; Zhang et al., 2018a):

kX−a λð Þ ¼
IpεX λð Þ 1−10− α λð ÞþεX λð Þ X½ �ð Þz

� �

εX λð Þ X½ �z ð3Þ

where Ip is the intensity of incident light (Einstein·s−1·cm−2); εX(λ) is
the molar absorptivity of the photosensitizer (M−1·cm−1); z is the op-
tical path (cm),whichwas calculatedwith themethod described in Text
S3.

FFA is often used as a probe to detect 1O2, the production rate of 1O2

is the same as the quenching rate, so the production rate of 1O2 (R1O2) is
shown in Eq. (4):

R1O2 ¼ RFFA
kd þ kFFA � FFA½ �

kFFA � FFA½ � ð4Þ

where R1O2 is the production rate of 1O2, kFFA (1.0 × 108 L mol−1 s−1) is
the second-order reaction rate constant for the reaction between FFA
and 1O2 (Appiani et al., 2017); RFFA is the degradation rate of FFA (M/
s), which was obtained by fitting the FFA concentration vs time; kd is
the quenching rate constant of 1O2 upon collision with water molecules
(2.5 × 105 s−1); [FFA] is the initial concentration of FFA (mol·L−1).

1O2

h i
ss
¼ R1O2

kFFA � FFA½ � þ kd
ð5Þ

The steady state concentration of 1O2 ([1O2]ss) can be calculated by
means of Eq. (5). The value of Φ1O2 was obtained by replacing the nu-
merator and denominator of Eq. (2) with Eqs. (4), and (3), respectively.

2.5. Development and evaluation of QSAR model

In this study, sixteen DOM-analogs were selected as the training set
to construct the QSAR model for predicting 1O2 quantum yield; two
widely used excited triplet sensitizer—Riboflavin and SRFA were se-
lected for the validating the QSAR model. The molecular structures of
the 18 organic compounds are shown in Table 1. There are 17 aromatic
compounds, among which five compounds contain an aromatic ketone
group that is reported as an important sensitizer of 1O2 (Sharpless,
2012); there are four compounds with quinone moieties that may also
play important roles in the production of 1O2 in NOM-enriched solu-
tions (Zhou et al., 2017). Naphthalene and its derivatives were also con-
sidered important for the generation of 1O2 (Klaper and Linker, 2015).
Thus, we also selected naphthalene and substituted naphthalenes in
the training set. In addition, biacetyl was proved to be the most useful
sensitizer for all the oligomers, it was quenched by oxygen to yield
1O2 (Dam et al., 1999). Halide ions are widespread in the ocean. They
can induce the halogenation of DOM and influence the generation of
1O2 by DOM (Glover and Rosario-Ortiz, 2013; Mendez-Diaz et al.,
2014). Therefore, a chlorinated organic compound (2-
chlorohydroquinone) was also selected as DOM-analog. The selected
compounds in the dataset represent thediverse structures of DOMcom-
position. TheUV–vis absorption spectra of the sixteenDOManalogs, one
widely used sensitizer (Riboflavin), and a commercial DOM (SRFA) are
shown in Fig. S4. As can be seen from Fig. S4, the absorbance of each an-
alog is N0 at λ N 290 nm, indicating their absorbing capacity under sim-
ulated sunlight irradiation.

Quantum chemical descriptors and DRAGON descriptors were used
as independent variable to build a QSAR model. DRAGON descriptors
can describe the structural diversity of the compounds and quantum
chemical descriptors have clear physicochemical definition. Before cal-
culating the DRAGON descriptors, the molecular structures of the 17
DOM-analogs and SRFA were optimized with the widely used B3LYP
functional combined with the 6-31G+(d,p) basis set (D. Li et al.,
2019; C. Li et al., 2019) using the Gaussian 09 program suite (Frisch
et al., 2009). The solvent effects ofwaterwere considered by the integral
equation formalism of the polarized continuum model (IEFPCM) based
on the self-consistent-reaction-field method. Afterwards the DRAGON
descriptors were calculated by the DRAGON software (version 7.0)
(TALETE srl, Italy). The quantum chemical descriptors were obtained
via calculations by both Gaussian 09 and Dragon 7.0. Sixteen DOM-
analogs were used in the training set for the development of the
model; the validation set was composed of the commercial DOM—
SRFA, the widely used photosensitizer—riboflavin. Stepwise multiple
linear regression (MLR) analysis was employed to construct the QSAR
model. The more details are described in Text S1 in the supporting
information.

3. Results and discussion

3.1. 1O2 quantum yield of DOM-analogs and SRFA

Significant degradation of FFA was observed in solutions containing
the DOM-analogs, sensitizers and SRFA under irradiation experiments
(Fig. S3) (Zhou et al., 2019), implying the generation of 1O2. The Φ1O2,
R1O2, [1O2]ss were calculated with Eqs. (2), (4), and (5), the results are
listed in Tables 2 and S1. The determined values of Φ1O2, R1O2, and
[1O2]ss of the selected compounds range from (0.54 ± 0.23) × 10−2 to
(62.03 ± 2.97) × 10−2, (5.88 ± 0.30) × 10−8 M/s to (1.89 ±
0.08) × 10−6 M/s, and (2.31 ± 0.12) × 10−13 M to (7.39 ±
0.32) × 10−12 M, respectively. Based on the Φ1O2 values, the sixteen
DOM-analogswere divided into three classes (Table 2). The compounds
in Class I are benzophenone, dibenzoyl and biacetyl withΦ1O2 values of
(62.03 ± 2.97) × 10−2, (31.07 ± 2.57) × 10−2, and (29.96 ±
0.80) × 10−2, respectively. The high Φ1O2 values of these three com-
pounds are attributed to the extremely high ratios of energy transfer
from their excited triplet states to oxygen compared with other deacti-
vation pathways of the triplet states (Sawaki, 1985). Benzophenone and
dibenzoyl are aromatic ketones with two benzene rings. Some com-
pounds with similar structures were also reported to have high Φ1O2

values (Molins-Molina et al., 2017; Zhou et al., 2019). Biacetyl is the
only aliphatic ketone among the selected DOM-analogs, of which the
Φ1O2 value was also reported to be lower than the values for benzophe-
none and dibenzoyl and higher than for other aliphatic ketones such as
2-hexanone and 2-pentanone (Nau and Scaiano, 1996).

There are four compounds, including 3-methoxyacetophenone,
acetophenone, 2-acetonaphthone, and trans-cinnamic acid, in class II
with Φ1O2 values ranging from (10.22 ± 0.41) × 10−2 to (13.36 ±
1.23) × 10−2. TheΦ1O2 value of 2-acetonaphthone, which is also an ar-
omatic ketone with two benzene rings, is much lower compared to the
value of benzophenone, indicating that aminor structural difference can
lead to significant changes in the generation of 1O2 from excited DOM.
Besides 2-acetonaphthone, the two compounds with relatively high
Φ1O2 values in class II are acetophenone and 3-methoxy acetophenone.
These compounds are aromatic ketones with one benzene ring. The
other DOM-analog in class II (trans-cinnamic acid) is an aromatic com-
pound containing carbonyl groups.

The remaining compounds are included in class III withΦ1O2 values
lower than 0.1. The compounds in class III are all aromatic compounds
containing diverse functional groups, including ketones, quinones, phe-
nols, aldehydes, carboxylic acids, and naphthalene. As can be seen in
Tables 1 and 2, theΦ1O2 values of aromatic ketones are generally higher
than those of other selectedDOM-analogs except for biacetyl. Therefore,
aromatic ketone groups in DOMmay play an important role in the gen-
eration of 1O2 under sunlight irradiation, which is in accordance with
the results reported in previous studies (Gorman and Rodgers, 1986;
Zhou et al., 2017). Based on the results reported above it can be con-
cluded that the quinone and phenol groups in DOM have less influence
on the generation of 1O2 compared with aromatic ketone groups.



Table 2
Determined Φ1O2, logΦ1O2 and predicted logΦ1O2 of DOM-analogs.

Class Chemical Φ1O2
a × 10−2 Experimental logΦ1O2 Predicted logΦ1O2

b

Class I Benzophenone 62.03 ± 2.97 −0.21 −0.26
Dibenzoyl 31.07 ± 2.57 −0.51 −0.27
Biacetyl 29.96 ± 0.80 −0.52 −0.46
Acetophenone 13.36 ± 1.23 −0.87 −1.03

Class II 2-Acetonaphthone 13.35 ± 1.61 −0.87 −1.01
3-Methoxyacetophenone 12.15 ± 0.26 −0.92 −0.97
Trans-cinnamic acid 10.22 ± 0.41 −0.99 −1.15
Naphthalene 4.80 ± 1.66 −1.31 −1.19
1,4-Naphthoquinone 3.82 ± 1.36 −1.38 −1.59
Duroquinone 3.73 ± 0.39 −1.43 −1.45
Gallic acid 2.93 ± 0.81 −1.53 −1.57

Class III 1,4-Benzoquinone 2.92 ± 0.10 −1.54 −1.60
2-Chlorohydroquinone 2.64 ± 0.11 −1.58 −1.73
Coumarin 1.68 ± 0.18 −1.77 −1.61
7-Hydroxycoumarin 1.65 ± 0.25 −1.78 −1.77
2-Hydroxy-4-methylbenzaldehyde 0.54 ± 0.23 −2.26 −1.82
SRFA 1.61 ± 0.12 −1.79 −1.76
Riboflavin 14.94 ± 2.39 −0.83 −0.93

a Positive and negative error range represents a 95% confidence interval, errors were calculated with three parallel data.
b logΦ1O2 values were predicted with the constructed QSAR model [Eq. (6)].

Table 3
VIF, t-test values and significance level (p values) of descriptors in the model.

Descriptors VIF t p

DLS_cons 1.085 6.201 b0.0001
CIC1 1.139 7.779 b0.00001
Mor27i 1.203 −5.869 b0.0001
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Unveiling the underlying mechanisms for the generation of 1O2 from
these DOM-analogs is of great significance for understanding the forma-
tion process of 1O2 from DOM in natural waters.

The Φ1O2 values of riboflavin and SRFA are (14.94 ± 2.39) × 10−2

and (1.61 ± 0.12) × 10−2, respectively. Our Φ1O2 value of SRFA is
close to the previously reported value of (1.85 ± 0.15) × 10−2 (Zhang
et al., 2014) and 2.02 × 10−2 (Mustafa and Rosario-Ortiz, 2013). The
Φ1O2 values of Coumarin are (1.68 ± 0.18) × 10−2, it is in the same
order of magnitude with the reported value of 1.00 × 10−2 (Egorov
et al., 1986). The determined Φ1O2 for SRFA is much lower than those
of some analogs, especially the analogs in class I. This is because that
the contribution of these groups (aromatic ketones) is low due to
their small proportions in DOM. The Φ1O2 value of riboflavin is compa-
rable with Φ1O2 values of aromatic ketones in class II. These results
agree with the reported values in previous studies (Wilkinson et al.,
1993; Maddigapu et al., 2010).

3.2. QSAR modeling

QSAR models for predicting values of Φ1O2 were constructed based
on the determinedΦ1O2 values and the calculated structural descriptors
with the selected sixteen DOM-analogs. The QSAR model with the best
performance is shown in Eq. (6):

logΦ1O2 ¼ −5:861þ 0:658� CIC1þ 4:480� DLS cons−1:327

�Mor27int ¼ 16;R2 ¼ 0:901;R2
adj ¼ 0:876;RMSEt

¼ 0:194; F ¼ 34:447;Q2
Loo ¼ 0:839; Pb0:0001

ð6Þ

nt represents the number of the analogs in the training set; F repre-
sents test of variance; P represents the significance level of F. Themodel
contains three molecular structural descriptors: the complementary in-
formation content index (neighborhood symmetry of 1-order, CIC1),
the DRAGON consensus drug-like score (DLS_cons), and a 3D-MoRSE
(Molecule Representation of Structures based on Electron diffraction)
descriptorweighted by ionization potential (signal 27/weighted by ion-
ization potential, Mor27i). The values of these molecular structural de-
scriptors are listed in Table S2. The high value of R2adj (adjusted square
of the determination coefficient) of 0.876 and the low RMSEt (root
mean squared error) of 0.194 suggest that the established model had
high goodness-of-fit; the high Q2

LOO (leave-one-out cross-validated
square of the determination coefficient) is indicative of the robustness
of the model. The difference between R2adj and Q2

Loo is b0.3 meaning
that no overfitting occurred (Golbraikh and Tropsha, 2002). All VIF (var-
iance inflation factors) of these descriptors are b1.21 (Table 3), therefore
themodel is free of multicollinearity. The logΦ1O2 values of the selected
organic compounds and of SRFA as calculated with the constructed
model (Eq. (6)), are listed in Table 2. As shown in Fig. 1, the predicted
logΦ1O2 values agree well with the experimental values for all the
DOM-analogs in the training set.

3.3. Mechanistic interpretation

As indicated by the t-test statistics and the corresponding signifi-
cance level (p values) for the three descriptors (Table 3), CIC1 is the
most important factor for governing 1O2 due its lowest p value of t-
test. CIC1 represents the maximum possible complexity of chemical
structures and the topological information and it capable of characteriz-
ing chemical structure efficiently. CIC1was defined as Complementary
information content of distance matrix based on chemical molecular
structure (Basak et al., 1988). The logΦ1O2 values decrease with the de-
crease of CIC1which encodes themolecular complexity (Mercader et al.,
2007). In the case of the structures for the DOM-analogs, CIC1 is related
to the presence of carbonyl, carboxyl, or hydroxyl groups. The presence
of complex functional groups may increase the capability of light ab-
sorption that is essential for the generation of excited states of DOM
and subsequent formation of 1O2. DLS_cons represents the drug-like
score that ranges from 0 to 1, in which a value of 1 indicates that a com-
pound is a potential drug candidate (Lorenzo et al., 2015). Drug-like
index was derived from the analysis of the whole Comprehensive Me-
dicinal Chemistry database, it aims at reducing the number of com-
pounds to be synthesized and tested, allowing the selection of
compounds that have desired properties to be good drug candidates
(Walters and Murcko, 2002). Besides, DLS_cons has often been used to
describe the lipophilic character of organic compounds (Oksel et al.,
2016). DLS_cons is positively correlated with logΦ1O2, indicating that
the hydrophobic functionalities in DOM exhibit an important role in
the generation of 1O2. It was previously reported that the apparent
[1O2] in the hydrophobic microenvironment of DOM is much higher
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Fig. 1. Plot of predicted versus experimental logΦ1O2 values for the training and validation
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Fig. 2. Radial basis functions of Mor27i descriptor corresponding to different atomic pairs
(interatomic distance, Å).

Fig. 3. The molecular descriptor space of the developed QSAR model, as characterized by
the Euclidean distance-based approach. CIC1: complementary information content index
(neighborhood symmetry of 1-order);Mor27i: 3D-MoRSEdescriptorsweighted by ioniza-
tion potential (signal 27/weighted by ionization potential).
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than the [1O2] in aqueous solutions (Latch and McNeill, 2006). This ob-
servation can be explained by the prominent contribution of hydropho-
bic groups in DOM to the generation of 1O2.

Mor27i is a 3D-MoRSE descriptor which denotes representations of
3D molecular structures based on electron diffraction descriptors
(Ahmadi et al., 2014). 3D-MoRSE descriptors were introduced in 1996
by Schuur, Selzer and Gasteiger with the motivation for encoding 3D-
structure of a molecule by a fixed number of variables andwere applied
to computational chemistry (Schuur et al., 1996). The 3D-MoRSE de-
scriptor was used in our QSAR models to describe the importance of
atomic pairs by radial basis function (Devinyak et al., 2014). The radial
basis function is a function whose value depends on the distance from
the center point. The center point is the neutral atomic distance in this
study. The radial basis function is often regarded as a simple neural net-
work (Devinyak et al., 2014). It was calculated with Eq. (7):

f rð Þ ¼ A1A2
sin 26r
26r

ð7Þ

where A1 and A2 are corresponding carbon-scaled atomic ionization po-
tential used asweights, r is the interatomic distance. Themoleculeswith
common atoms C, O and H. The carbon-scaled ionization potentials for
these atoms are 11.2603, 13.6181 and 13.5984, respectively. As can be
seen in Table 1, the selected DOM-analogs mainly contain C, H, and O
atoms. Thus, the radial basis functions of Mor27i (which is weighted
by ionization potential) corresponding to C\\C, C\\H, and C\\O atomic
pairs were calculated, as shown in Fig. 2. The most favorable atomic
pairs are located at the distances about 1.03, 1.27, 1.51, 1.75, 1.99,
2.23, 2.48, and 2.72 Å (peaks), while the most detrimental pairs are lo-
cated at 1.15, 1.39, 1.63, 1.87, 2.11, 2.36, 2.60, and 2.84 Å (troughs).

The bond lengths of potentially important atomic pairs in the gener-
ation of 1O2 were obtained based on the optimized 3D configuration of
the DOM-analogs. The bond length of C_O in all the selected com-
pounds is about 1.23 Å which is close to one of the most favorable
atomic pairs (1.27 Å), implying the important role of carbonyl groups
in the generation of 1O2 fromDOM. This is in accordancewith the exper-
imental results that the compounds containing carbonyl group(s) have
higher Φ1O2. The bond length of C\\O is about 1.37 Å, which is close to
one of the most detrimental pairs (1.39 Å), indicating its negative influ-
ence on the generation of 1O2 from DOM. Thus, the presence of C\\O in
the DOM-analogs (e.g., coumarin, 3-methoxyacetophenone, 7-
hydroxycoumarin, 2-hydroxy-4-methylbenzaldehyde, and gallic acid)
that also contain at least one carbonyl group is the reason for their rela-
tively low value of Φ1O2. The high Φ1O2 [(10.22 ± 0.41) × 10−2] for
trans-cinnamic acid (pKa: 4.44) is attributed to its dissociation in exper-
imental solutions which leads to the formation of two C_O bonds with
a bond length of about 1.27 Å.
3.4. Applicability domain and model validation

3.4.1. Applicability domain
The descriptor space of theQSARmodel is depicted in Fig. 3. It can be

seen that all the DOM-analogs and SRFA are in the domain, and none of
them is particularly influential in the model space. This implies that the
training set compounds are of diverse structures. According to the mo-
lecular structures of the compounds in the training set, the applicability
domain of the developed MLR model covers diverse functional groups,
such as carbonyl, hydroxyl, and carboxyl group, as well as chlorine, etc.

The standardized residual values for the sixteen compounds in the
training set and two compounds in the validation set are all less than |
3| (Fig. 4), and all the leverage values (h) are lower than their warning
leverage value (h*). Leverage, is widely used to evaluate the influence
of the particular chemical's structure on the model, and is suitable for
evaluating the degree of extrapolation of a QSAR model (Gramatica,
2007). From Fig. 4we know that there are no outliers in either the train-
ing set or the validation set of themodel. Thus, it can be inferred that the
developed model can be employed to predict Φ1O2 values of the DOM
andDOM-analogs. As far aswe know, this QSARmodel with the defined
applicability domain is thefirst of its kindwith regard to predictingΦ1O2

of DOM and DOM-analogs.
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3.4.2. Validation of the constructed QSAR model
SRFA, a widely used commercial DOM with a modeled molecular

structure (Table 1), was selected to validate the predictive capability
of the constructed QSAR model. As can be seen in Figs. 1 and 3, SRFA
lies in the applicability domain of the established QSARmodel. The pre-
dicted logΦ1O2 of SRFA is −1.76, which is reasonable compared to the
experimentally determined value (−1.79). This shows that the
establishedmodel is of excellent predictive performance. Model predic-
tion depends on the structure of the actual DOM.Whether the structure
of DOM from different sources can be accurately obtained will deter-
mine the accuracy of the prediction.

The predictive capability of the constructed QSAR model was also
confirmed by predicting the logΦ1O2 values of the widely used sensi-
tizer—riboflavin, it contain also other heteroatoms besides O. The pre-
dicted logΦ1O2 value of riboflavin is −0.93, which is also in good
agreement with the experimentally determined values (Table 2 and
Fig. 1). The predicted Φ1O2 value of riboflavin (11.64 × 10−2) is lower
than the experimentally determined value of 14.94 × 10−2. This
shows that the presence of nitrogen atoms in DOM may promote the
generation of 1O2 from DOM.
4. Conclusions

The results of this study showed that the selected DOM-analogs are
efficient 1O2 sensitizers and the generation of 1O2 from DOM-analogs is
structure-dependent. The constructed MLR-QSAR model exhibited sat-
isfactory goodness-of-fit, robustness, and good predictability. Mean-
while, the QSAR model is helpful for the mechanistic interpretation of
1O2 generation fromDOM. The presence of carbonyl groups is positively
contributed to the generation of 1O2 fromDOM. Additionally, the gener-
ation of 1O2 is mainly determined by the hydrophobicity and molecular
complexity of DOM. The heteroatoms besides O in DOM can also affect
the generation of 1O2. In general, the developed QSAR model is benefi-
cial for mechanistic interpretation of the generation of 1O2 and can be
potentially used for the prediction of the photochemical activity of
DOM isolates. However, the accurate prediction of Φ1O2 from DOM is
faced with great gap as the molecular structures of different DOM
types still provides an analytical challenge. The prediction accuracy of
this model highly relies on the reliability of modeled DOM molecular
structures. However, it is possible to determine the detailed structures
of DOM isolates from diverse locations with the development of new
analytic equipment and methods.
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