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HIGHLIGHTS GRAPHICAL ABSTRACT

o Differences in determined *DOM* from
isolated DOMs using TMP and HDO
were observed.

e The determined excited triplets of
selected DOM-analogs are structural
dependent.

e Substituents of DOM-analogs could
affect the determination of their excited
triplets.

e TMP and HDO access different excited
triplets and access different pools of
*DOM*.
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ARTICLE INFO ABSTRACT
Editor: Dr. T Meiping Dissolved organic matter (DOM) plays an important role in the biogeochemical cycle in natural waters. The
determination and characterization of the excited triplet state of DOM (3DOM*) have attracted much attention
§€yW0r ds: recently. However, the underlying differences of determined >DOM* through different pathways are not yet fully
DOM* understood. In this study, the differences and underlying mechanisms of the determined *DOM* using 2,4-hex-

Energy transfer
Electron transfer
Quantitative structure-activity relationship

adien-1-ol (HDO) through an energy transfer pathway and 2,4,6-trimethylphenol (TMP) through an electron
transfer pathway, were investigated. The results showed that the determined quantum yields of >DOM* (®3pon+)
for four commercial and four isolated local DOMs are different using HDO ((0.04 + 0.00) x 1072 to (2.9 + 0.17)
x 1072)) and TMP ((0.08 + 0.01) x 1072 to (1.2 + 0.17) x 10~2), respectively. For 17 DOM-analogs, significant
differences were also observed with the quantum yields of their 3DOM* determined using HDO (®upo) and the
triplet-state quantum yield coefficients determined using TMP (fryp). It indicates the different reactivity of TMP
and HDO with the excited triplet of the chromophores with different structures within the isolated DOM. Based
on the experimental and predicted values of fryp and @ypo for different DOM-analogs, the impact of substituents
on differences in >DOM* values were further revealed. These results demonstrated that the levels of *DOM*
depended on the chemical functionalities present in the DOM-analogs.
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1. Introduction

Dissolved organic matter (DOM) can absorb sunlight to generate its
excited triplet state (*DOM*) [53]. The 3DOM* is an important photo-
active species which can not only directly react with organic pollutants
[16,54,67,6], but also sensitize the generation of reactive oxygen species
(ROSs), such as singlet oxygen (102) and superoxide anions (0%)
through energy and electron transfer reactions, respectively ([44,5,9].
These reactive species could significantly affect the environmental
behavior of organic pollutants and microorganisms [14,42,43,63]. As
reported in previous studies, >SDOM* induced the degradation of cell-free
DNA [60], organic pollutants [16,6], cyanotoxins [26], and also could
induce the inactivation of microorganisms [59] in natural waters. Thus,
considering its important role in the geochemical cycle, the quantitative
determination and understanding of the characterization of >DOM* in
natural water are of great significance.

DOM is a heterogeneous mixture that is composed of many small
organic molecules with complex structures and a large number of fluo-
rophores, e.g. benzene rings and carbonyl [51,53]. Thus, >DOM* is not a
well-defined species. Instead, it is a mixture of various triplet states [39].
These triplet states are generated from various chromophores with
different molecular structures and also with different quantum yields for
generation of the excited triplet states. For example, the yields of triplet
formation by aromatic ketones are very high [28,47], while coumarins
typically have poor triplet yields [27]. Therefore, the contributions of
the chromophores with different structures in DOM to the generation of
3DOM* are largely different. This leads to differences in spectral char-
acteristics, photosensitization activity, ability to generate reactive spe-
cies [15,23,50,57], as well as to difficulties in the quantitative
determination of >DOM* for DOM with different composition as origi-
nating from different sources.

The difficulty of quantifying *DOM* is also attributed to its
extremely short lifespan and low steady-state concentration [32].
Chemical probe methods were commonly used and were proven to be a
powerful tool for the indirect assessment and quantification of 3DOM*
[13,4]. >DOM* reacts selectively with organic compounds, and its re-
action mechanisms mainly include electron transfer and energy transfer
pathways [56]. Commonly used probes are thus selected based on their
specific redox reaction or energy transfer reaction with >DOM?*. By using
chemical probes, the steady-state concentration of Spom* ([3DOM*]SS)
in natural waters was estimated to range from 107 Mto 10713 M [56].

Among the chemical probes, 2,4,6-trimethylphenol (TMP), trans,
trans — 2,4-hexadienoic acid (HDA) and derivatives of HDA (2,4-hex-
adien-1-ol (HDO) and 2,4-hexadien-1-amine (HDM)) are commonly
used for the quantitative determination of 3DOM* [13,19,3,64,7]. TMP
reacts with DOM* through electron transfer with a reaction rate con-
stant of 3.0 x 10° M~ s™! [3]. HDA, HDO, HDM react with >DOM*
through energy transfer with reaction rate constants of (0.42 + 0.1) x
10°M s (1.1 £0.1) x 10° M s7!, and (5.2 £ 0.4) x 10° M ' 57,
respectively [64]. In previous studies, little difference in apparent gen-
eration quantum yields of 3DOM* (®3pom+) for DOM, e.g. Pony Lake
fulvic acid (PLFA) and, Suwannee River fulvic acid (SRFA), was
observed by using the two kinds of chemical probes [34,65]. However,
Maizel et al. [36] found that the extracted DOM from Allequash Lake,
Big Muskellunge Lake, Sparkling Lake, and Trout Bog had different
yields of formation of ®3pom+ (P3pom+* (rmp) > P3pom+ (Hpa)) and
[>DOM* 155 ([’DOM*15s rvp > [PDOM*] s ipa). Wasswa et al. [52] also
found that there were certain differences in ®@3pon+ of DOM that was
extracted from the Adirondack region of New York, as determined by the
two probes.

Besides the quantum yields, the energy (Er) and redox potentials (E°*
(3s*/S™*)) of the determined >DOM* using the two chemical probes are
also different as the triplet states that are generated by various chro-
mophores are different. The 3DOM?* is comprised of high-energy triplets
(Hi—3DOM"~', Er > 250 kJ/mol) as well as low-energy triplets (Low-%
DOM*, 250 kJ/mol > Er > 94 kJ/mol) [56]. Aromatic ketones are

Journal of Hazardous Materials 458 (2023) 132011

reported to have high Er values [48], and are better candidates for
Hi->DOM?* , whereas quinones are most likely not major contributors
[45,46,63]. On the contrary, polycyclic aromatic hydrocarbons (PAHs)
have relatively low Er values [21,40]. As to the excited state reduction
potential of Spom* (E°*(3S*/S")), the compounds with high triplet
energies (e.g. ketones) are often powerful oxidants in their triplet states
[39], while quinones with low Er usually have high E°* (38*/8") [20].
Thus, the differences in Et and E°* (3S*/S™) of the triplets for different
chromophores lead to differences in the determined quantum yields
using different chemical probes. The determined >DOM* using TMP and
HDAs respectively are >DOM* mixtures of different chromophores and
also with different photoreactivity. Besides, these probes access different
triplet states and thus access different components of >DOM* . However,
explicit interpretation of the >DOM* determined using TMP (through
electron transfer reaction) or HDAs (through energy transfer reaction) is
still unclear.

Therefore, this study aims to discuss the inherent relationships be-
tween the functional groups of DOM and the electron/energy transfer
ability of the generated >DOM* . Commercial DOM, Suwannee River
fulvic acid (SRFA), Suwannee River natural organic matter (SRNOM),
Suwannee River humic acid (SRHA) and Pahokee peat fulvic acid
(PPFA), and local DOM was that extracted from the Songhua River and
the Liao River (SRDOM-1, SRDOM-2, LRDOM-1, and LRDOM-2) were
selected as the representative of DOM and 17 small compounds con-
taining chemical substituents that are characteristic parts of DOM were
also selected. The ®@3pop+ for the DOMs and @upo/frmp for the DOM-
ananlogs were measured using the two commonly used chemical
probes (HDO and TMP). Analysis and interpretation at the molecular
level were performed for understanding the “real” >DOM* determined
using TMP or HDO. Besides, quantitative structure-activity relationship
(QSAR) models, which are widely used to correlate molecular structures
of organic compounds with their reactivity [61,62], and is used to pre-
gict the quantum yield of DOM through different pathways to generate

DOM* .

2. Materials and methods
2.1. Chemicals

Suwannee River fulvic acid (SRFA), Suwannee River natural organic
matter (SRNOM), Suwannee River humic acid (SRHA) and Pahokee peat
fulvic acid (PPFA) were obtained from the International Humic Sub-
stances Society (IHSS). In addition, four local DOMs were extracted from
water samples (10 L) taken from the Songhua River (SRDOM-1 and
SRDOM-2) and the Liao River (LRDOM-1 and LRDOM-2), which are
located in Jilin, China. Detailed information about the geographic
location, morphometry, hydrology of individual rivers, and the method
to extract the DOM are summarized in Text S1 in the Supporting In-
formation (SI). These small molecular analogs are with different struc-
tures, such as aromatic ketones and quinones, which could represent the
main chromophore groups in DOM as proved that DOM contains chro-
mophores such as benzene rings, carbon groups and carboxyl groups.
The molecular structures and basic physicochemical parameters of the
DOM-analogs and other chemicals used in this study are listed in Text S2
and Table S1 in the SI.

2.2. Light irradiation experiments

Light irradiation experiments were performed with an XPA-7 merry-
go-round photochemical reactor (Xujiang Technology Co, Nanjing)
equipped with quartz tubes. The solutions were irradiated by a water-
refrigerated 500 W medium-pressure mercury lamp, and the tempera-
ture was maintained at 25 + 1 °C by a cooling condenser. The irradia-
tion below 290 nm was filtered with cutoff filters to mimic the UV-A and
UV-B portions of sunlight. The light intensity of the Hg lamp used, was
measured by a TriOS-RAMSES spectroradiometer (TriOS, GmbH,
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Germany) and the result is shown in Fig. S2 in the SIL. In the experiments,
the DOMs are with initial concentrations of 5 mg-C L™! and the DOM-
analogs are with concentrations of 10 mg/L, TMP (0.1 mM) served as
the chemical probe for the electron transfer reaction with SpOM*[22]
and HDO (0.01-0.56 mM) served as the chemical probe for the energy
transfer reaction with 3DOM* [64]. The solution pH was controlled at
7.0 by preparing phosphate buffer using 0.2 mol/L Na,HPO4 and
NaH2P04.

2.3. Analytical methods

The UV—vis absorption spectra of the samples were obtained by a
UV—vis spectrophotometer (U-2900, Shimadzu Scientific Instruments,
Japan). The results are shown in Fig. S3. An Agilent 1260 Il HPLC system
(Agilent, California, USA) with a UV-Vis detector and an Ultimate TM
AQ-C18 column (250 mm x 4.6 mm, 5 mm, Welch Materials, Maryland,
USA) was employed for quantification the concentrations of TMP and
the isomers of HDO, as detailed in the Table S2. The 3D fluorescence of
the DOMs was measured with a fluorescence spectrophotometer (F-
2700, Hitachi). The results are shown in Fig. S4.

2.4. Calculation of the quantum yield of generation of >DOM*

The quantum yield (&) is used to calculate the efficiency of photon
utilization during photochemical reactions [24]. The quantum yield of
3DOM* was calculated using Eq. (1):

Rspom-
Dipon: = = (€]

Z;kx—a (l) [X]

where Rspom+ represents the formation rate of 3DOM* (mol L1 s’l); kx.
a (1) is the characteristic light absorption rate of the photosensitizer X
(s’l); [X] is the concentration of photosensitizer (mol L’l); the wave-
length range is 290-500 nm.

kx.a (A) can be defined as follows :

) Lex(2) (1 — 1060 + ex(X)r )
A ex(M)[X]z

@

where I, is the intensity of incident light (Einstein-s’lvcm’z); ex(A) is the
molar absorptivity of the photosensitizer (M~!-cm™); z is the optical
path (cm). The method of measurement is described in Text S3. The
detailed methods for detecting Rypom+ and [’DOM* 14 using HDO and
TMP as the probes are described in Text S3. The quantum yield of the
excited triplet state of the selected DOM-analogs determined using HDO
was calculated with the same methods.

Due to the reaction rate constant of TMP with differential DOM-
analogs are significantly different, the triplet-state quantum yield co-
efficients for electron transfer (fryp) was used and calculated using Eq.
(3) [34,65]:

Rrvp
f = —_— 3
T S (X ®

where Rryp is the pseudo first-order degradation rate constant of TMP
(mol L1 s_l)’;.

2.5. Establishment, evaluation and validation of QSAR models

The molecular configurations of the target compounds were opti-
mized to obtain the most reasonable geometric structures using the
Gaussian 16 program suite [11] with the BBLYP/6-31 +G (d, p) level [1,
29]. The water solvent effect was calculated by means of the integral
equation formalism of the polarizable continuum model (IEFPCM) [2,
31]. DRAGON descriptors were calculated using DRAGON software
(version 7.0), and constant descriptor values were eliminated. For SRFA
with a complex structure, a modeled molecular structure obtained by
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Leenheer et al. [30] was used.

The @3pom+ values of the selected 17 DOM-analogs were log-
transformed to obtain a normal-distributed dataset. The data were
randomly divided into training sets and verification sets. Then, multiple
linear regression (MLR) was used to construct the QSAR model to obtain
appropriate molecular structure descriptors and select the best predic-
tive model. This model is used to predict the ®3poyn+ values of other
DOM-analogs with various molecular structures. The scientific criteria
for evaluating the merits of the QSAR model are shown in Text S4.

3. Results and discussion
3.1. Determination of >DOM* from DOMs using TMP and HDO

The generation of 3DOM* from SRNOM, SRHA, PPFA, SRFA, and the
four local DOMs (SRDOM-1, SRDOM-2, LRDOM-1, and LRDOM-2) was
determined using TMP and HDO as the chemical probes. The degrada-
tion of TMP was observed in solutions with these DOMs under light
irradiation (Fig. S5), indicating the generation of DOM?* that could
react with TMP through electron transfer reactions (The TMP degrada-
tion was negligible under dark conditions). The isomerization of HDO in
solutions with these DOMs under light irradiation was observed, and the
relationships between the sum of formation rates of each isomer (Rp)
and different HDO concentrations are shown in Fig. S6. The ®3pom+,
Rspowm=, and ’poM* ]ss of these DOMs detected with TMP and HDO
were calculated, and the results are shown in Table 1 and Table S7.

For the four commercial DOMs, the @3poy+ values detected using
TMP and HDO are in the range from (0.08 &+ 0.01) x 1072 to (0.66
40.05) x 1072 and (0.04 + 0.00) x 1072 to (0.41 +0.03) x 1072
respectively, which is in the same order of magnitude with the values
reported in previous studies [65,66]. For the four local DOMs, the
®3pom+ values detected using TMP and HDO are in the range from (1.0
+0.10) x 10 2t0 (1.2 £ 0.14) x 10 2and (1.4 + 0.10) x 10 %t0 (2.9
+0.17) x 1072 respectively, which are significantly higher compared
with those of the commercial DOMs. According to the three-dimensional
fluorescence diagram (Fig. S4), a major fluorescence peak (peak A in
terms of intensity) at Ex/Em = 260/380-460 nm was detected in all the
DOMs, indicating a dominance of humic-like substances in these DOMs
[8]. The fluorescence intensity (peak A) of commercial DOMs was much
lower compared with the fluorescence intensity of the local DOMs,
indicating the higher percentage of humic-like materials in the local
DOMs [25]. Previous studies have proven that humic-like materials and
aromaticity of DOM are positively correlated with the R3pom+ and
®3pom+ values [10,36,49], which is the reason for the higher ®3poym+ for
the four local DOMs.

PPFA has a large number of aromatic carboxylic acid functional
groups [55], and the measured values of ®zpppp+ using TMP
(@3ppea+(TMP), 0.31 x 107%) and HDO (@D3ppra=(HDO), 0.33 x 1072
showed little difference. For SRNOM, @3spnom+(HDO) is twice as high as
the @3srnom+(TMP). This indicates that the >SRNOM* prefers to react
with HDO compared with TMP, i.e. most chromophores in SRNOM are
with high Er rather than high E°* (3s*/S™). As reported in previous
studies, SRNOM contains highly unsaturated and phenolic groups [37],

Table 1
®3DOM* and R3DOM* of DOMs determined using TMP and HDO.

DOMs Dspoy+ X 10722 Rapomr (x 1078 M s™1)?
TMP HDO TMP HDO
PPFA 0.31 =+ 0.02 0.33 4+ 0.02 1.34 + 0.09 1.48 + 0.09
SRNOM 0.20 + 0.02 0.40 + 0.03 0.46 + 0.04 0.91 + 0.06
SRHA 0.08 + 0.01 0.04 + 0.00 0.36 + 0.02 0.17 + 0.01
SRFA 0.66 + 0.05 0.41 + 0.03 3.02 + 0.20 1.71 £ 0.16
SRDOM-1 1.1+0.13 2.5+0.18 22422 51 +3.6
SRDOM-2 1.0 +0.10 1.4 +0.10 24 +2.3 33+24
LRDOM-1 1.2 +£0.14 2.940.17 25+ 3.1 62+ 3.3
LRDOM-2 1.1+0.11 2.5+ 0.16 23 +2.1 51 + 3.6
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e.g. aromatic carbon and phenolic/carboxylic functional groups [17].
These functional groups are widely known as chromophores with high
Er [39]. On the contrary, the values of @3spya+(TMP) and ®35ppa«(TMP)
are higher than those of @3gpa+(HDO) and @3grpa+(HDO). It has been
proven that SRHA and SRFA have similar structures. SRHA mainly
contained coumaryl, lignin phenylpropane, syringyl, guaiacyl and
methoxy groups [18]. In addition to these groups, SRFA also contains
formic acid, malonic acid, etc. Haiber et al., ($year$) [18]. These
chromophores are widely known to have high values of E°* (38*/8")
[33], which leads to the higher ®3spya+(HDO) and ®3srpa+(HDO)
compared with ¢)BSRHA""‘(TMP) and ¢)BSRFA”"(TMP)'

For the four local DOMs, obvious differences of the ®3pop+ detected
using TMP and HDO were also observed, i.e. ®3pom+(HDO)
> @3pom+(TMP). These results indicated that most chromophores in the
DOM isolated from Songhua River and Liao River are with high Ep
instead of high E°* (3s*/S*). The values of @3pom+(TMP) for the four
local DOM showed no obvious difference, and the ®3pon+(HDO) of
SRDOM-2 is on the lower side compared with other DOMs.

The above results indicated that although in the same order of
magnitude, the detected values of ®@3pop+ using TMP and HDO of the
DOMs isolated from natural waters, are significantly different from each
other. Different structures of the chromophores in different DOMs have
been frequently reported [18,58], of which the energy of the triplet and
the electron transfer ability are also different ([35]; Was’swa et al.,
2020). Thus, it can be concluded that the rate of formation of 3poOM* of
a DOM detected using either TMP (via electron transfer reaction) or
HDO (via energy transfer reaction) are different in the component (i.e.
triplets of different chromophores) from which the triplet state is
formed, whereas also the reactivity is different (i.e. different Ey and E°*

(s*/5*).

3.2. Determined excited triplet states from DOM-analogs using TMP and
HDO

The degradation of TMP was observed in solutions with the DOM-
analogs (Fig. S5), indicating that electron transfer reactions occurred
between TMP and the excited triplet state of these DOM-analogs. The
frmp were calculated and the results are shown in Table 2. The values of
frmp for the DOM-analogs ranged from (0.29 + 0.01) to (74 + 2.4). As
can be seen in Table 2, 4-benzoylbenzoic acid, acetophenone, benzo-
phenone, and 3-methoxyacetophenonethe are with relatively high fryp
values compared with the other DOM-analogs. These four compounds
are all aromatic ketones, which have been proven to be efficient pho-
tosensitizers with high triplet yields and also high values of E>* (°S*/5™)
[39]. This leads to the high value of fryp measured using TMP. The fryp
values were lower for naphthalene, 2-naphthaldehyde, 1,4-naph-
thoquinone, 7-hydroxycoumarin, 4-chloro-4-hydroxybenzophenone, 1,
4-benzoquinone, 2-chlorohydroquinone, and trans-cinnamon acid.
These compounds are aromatic compounds containing a variety of
functional groups, including ketones, quinones, phenols, aldehydes and
carboxylic acids.

In solutions with the DOM-analogs under light irradiation, the re-
lationships between the sum of formation rates of each isomer (R;,) and
different HDO concentrations are shown in Fig. S6. The ®ypo, Rupo, and
[HDO]gs of the DOM-analogs detected using HDO were calculated and
the results are shown in Table 2 and Table S8. The values of ®ypo, Rupo,
and [HDO]; for the DOM-analogs ranged from (0.05 + 0.00) x 1072 to
(86 +1.1) x 1072 (0.02 + 0.00) x 1077 M s~ to (36 + 5.0) x 107/
Ms !, and (0.76 +0.00) x 107 M to (1149 +15) x 107 M,
respectively.

As can be seen in Table 2, 3-methoxyacetophenone, naphthalene, 4-
benzoylbenzoic acid, and 2-naphthaldehyde are with relatively high
Pppo values (higher than 47 x 1072) compared with other DOM-
analogs. Among these DOM-analogs, 3-methoxyacetophenone and 4-
benzoylbenzoic acid are aromatic ketones, naphthalene belongs to
PAHs, and 2-naphthaldehyde is a derivative of PAHs, which have been
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proven to be efficient photosensitizers with high triplet yields [45,46,
63]. Aromatic ketones and polycyclic aromatic hydrocarbons have a
high value of ®ypo, and their 3DOM* have a strong energy transfer
ability [57]. Although naphthalene is with high ®&ypo, its Rupo is rela-
tively low due to its low light absorption capacity (Fig. S3). The ®&ypo
values were relatively low for 4-chloro-4-hydroxybenzophenone,
trans-cinnamon,  gallic  acid, duroquinone acid, sodium
anthraquinone-2-sulfonate.

3.3. Structural analysis of determined fyyp and ®ypo for DOM-analogs

The fryp of DOM-analogs with similar structures, i.e. only with dif-
ferences in substituents on the benzene ring, are shown in Fig. 1. As can
be seen in Fig. 1, the determined fryp of 3-methoxyacetophenonethe
(42 £ 1.5) is lower compared with that of acetophenone (72 + 2.0),
indicating the negative role of methoxy on the generation of their
excited triplet state detected through the electron transfer pathway. A
methoxy group on the benzene ring has a strong electron donating
ability, which could inhibit the electron transfer from TMP to the
carbonyl of the excited triplet state of 3-methoxyacetophenonethe. The
frmp of 4-chloro-4-hydroxybenzophenone (0.56 4 0.02) and 2-chloro-
hydroquinone (0.88 + 0.03) are much lower compared with that of 4-
benzoylbenzoic acid (74 + 2.4), benzophenone (16 + 0.41), and gallic
acid (3.5 £ 0.45), indicating the negative role of chlorine substitution at
the phenyl on the generation of the excited triplet state. For the qui-
nones, the fryp value of duroquinone (2.9 + 0.19) is much higher than
the fryp values of 1,4-naphthoquinone (0.77 + 0.02) and 1,4-benzoqui-
none (0.63 + 0.01), indicating the positive role of a methyl substituent
on the generation of the excited triplet state. This is attributed to the
electron withdrawing ability of a methyl group that could increase the
reactivity of triplet duroquinone with TMP, and subsequently improved
the accuracy of the determination of fryp using TMP.

The &ypo values of the DOM-analogs with similar structures detec-
ted using HDO are shown in Fig. 2. As shown in Fig. 2, the determined
®dpypo of 3-methoxyacetophenone ((86 +1.1) x 1072 s higher
compared with that of acetophenone ((13 + 0.46) x 10’2), indicating
the positive role of methoxy on the generation of the excited triplet state
detected through energy transfer pathway, which is different for the
®ypo values detected using TMP. The &ypo determined using HDO of
naphthalene ((83 +1.2) x 10_2) is higher compared with that of 2-
naphthaldehyde ((47 +1.2) x 10’2), indicating the negative role of
the aldehyde group on the generation of the excited triplet states or on
the energy transfer ability. This is attributed to the electron-
withdrawing ability of the aldehyde group, which leads to the
decrease of n-electron density on the benzene.

The ®ypo of benzophenone ((14 + 0.49) x 1072) is much lower
compared with that of 4-benzoylbenzoic acid ((61 +1.6) x 10*2),
indicating the negative role of carboxylic acid groups on the generation
of the excited triplet state. The ®&ypg value of 1,4-naphthoquinone ((2.3
+0.02) x 1072) and 1,4-benzoquinone ((8.7 + 0.16) x 1072) are much
higher than that of duroquinone ((0.36 + 0.00) x 10’2), indicating the
negative role of a methyl substituent on the generation of the excited
triplet state.

As can be seen in Table 2 the determined fryp and @ypo value for a
specific DOM-analog is significantly different using TMP or HDO as the
chemical probe. Thus, a comparative analysis was performed with the
determined fryp and ®ypo. As can be seen in Fig. 3, benzoylbenzoic acid
(4-BBA) and 3-methoxyacetophenone (3-MAP) are with both high fryp
and &ypo values as determined using TMP and HDO, which have been
reported to have high triplet yields [28,47] as well as high triplet en-
ergies, which making them strong oxidants of the triplet state [39].

Acetophenone (AP) is with relatively high fryp and low @ppo
(Fig. 3). Thus, the excited state of DOM containing such chromophore is
susceptible to electron transfer reactions with contaminants rather than
energy transfer reactions. Naphthalene (NAP) and 2-naphthaldehyde (2-
NAD) are with high &upo and low fryp. They have diphenyl ring
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Table 2
frmp/Pupo of DOM-analogs determined using HDO/TMP.

Compounds Abbreviations Structure Ffrvp M) Pypox 1072

4-Benzoylbenzoic acid 4-BBA Q 74 +2.4 61 £1.6
a0

[}
Acetophenone AP 0‘: : 72+ 2.0 13 +0.46
3-Methoxyacetophenone 3-MAP 42+ 1.5 86+ 1.1
o
o]
Benzophenone BP i 16 +0.41 14 +£0.49
Diacetyl DC 6.2+ 0.21 10+ 0.81
6]
(6]
4-Chloro-4-hydroxybenzophenone 44’-HBP o 0.56 + 0.02 0.05 + 0.00
(:l/‘)‘\‘\llox—i
Sodium anthraquinone-2-sulfonate AQ2S Na* (0] 5.4 +£0.21 0.66 + 0.04
a
“
o \‘
oY
Duroquinone DQ 294+0.19 0.36 + 0.00
o
1,4-Naphthoquinone NQ 0.77 + 0.02 2.3 +£0.02

0 o)
0
o
0
1,4-Benzoquinone BQ i:: 0.63 £ 0.01 8.7+ 0.16
O {0

Riboflavin RFN 9.6 +£0.31 1.3 +£0.01

Naphthalene NAP 0.96 + 0.03 83+1.2

2-Naphthaldehyde 2-NAD CO 0 0.76 £+ 0.03 47 £1.2

7-Hydroxycoumarin 7-HC /@il 0.29 + 0.01 3.3+0.08
HO 0 0

Gallic acid GA HO 3.5+0.45 0.52 + 0.00

2-Chlorohydroquinone 2-CDQ /Oio” 0.88 + 0.03 10 +0.45
cl

HO
Trans-cinnamon acid t-CA HO 0.69 + 0.01 0.18 + 0.00

@]
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Fig. 1. Plot of the fryp of similar analogs measured by TMP [The error bars
represent the 95% confidence interval (n = 3)].
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Fig. 2. Plot of the ®ypo of similar analogs measured by HDO [The error bars
represent the 95% confidence interval (n = 3)].

structure. Therefore, the excited triplet state of DOM containing above
structure is easy to undergo energy transfer reaction with organic pol-
lutants. The remaining DOM-analogs are with both low fryp and ®ypo
indicating their relatively low contribution to the determined >DOM* of
DOM using TMP as well as HDO.

100
@
80 9
NAP 3-MAP
i~ 601 Q-
= 4-BBA
X o
2401 2NaD
S
20
o
) >
0 Ba0 o AP

-10 0 10 20 30 40 50 60 70 80
f}MP

Fig. 3. Determined fryp and @ypo for DOM-analogs using TMP and HDO (NAP:
naphthalene, AP: acetophenone, 3-MAP: 3-methoxyacetophenone, 4-BBA: 4-
benzoylbenzoic acid, 2-NAD: 2-naphthaldehyde).
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3.4. Further mechanism interpretation by constructing QSAR models

As shown above, the @3poy+ of both DOMs and @ypo or fryp of the
selected DOM-analogs determined using TMP and HDO are different.
Thus, to quickly obtain the @ypg or fryp for various chromophores in
DOM as well as to reveal the underlying mechanism for the differences
in >DOM* that were determined using TMP and HDO, two QSAR models
were constructed. The QSAR models for fryp and ®ypo are shown as
equation (4) and equation (5), respectively:

logfrmp =- 3.075 + 0.002 x Eo/E3
0.01 x P_VSA ppp._con (4).

ne = 16, R — 0.815, RMSE; = 0.381, F = 9.457, Qfoo = 0.726,
p < 0.001.

logPupo =- 1.698 + 4.147 x GATS2e
15.326 x HATS1e (5).

n; = 16, R3q = 0.811, RMSE, = 0.405, F = 17.278, Qfoo = 0.778,
p < 0.0001.

where n; is the quantity of DOM-analogs in the training set, Rgdj is the
adjusted correlation coefficient; RMSE; is root mean square error, F is the
test of variance, Q%oo is cross validation coefficient, and p is the sig-
nificance level of F.

The two QSAR models are with high Rgdj and low RMSE;. This in-
dicates that the developed models have a high goodness of fit. The high
values of Q?oo showed the good robustness of the constructed models.
The distinction between Rﬁdj and Qfoo is less than 0.3, which indicates
that the models are not overfitted [12].

There are three molecular descriptors in the two QSAR models
respectively. For QSARryp model, the descriptor E2/Es (254 nm absor-
bance divided by that at 365nm) is an optical physical property
parameter, which represents the aromaticity and molecular weight of
the DOM-analogs. In the model, logfryp values decrease gradually as Ea/
Es3 increases. The correlation between E»/E3 and the apparent quantum
yields of formation of >DOM* was also reported (Peterson et al., 2012;
Bodhipaksha et al., 2015). SpMin3 Bh(v) which belongs to the burden
eigenvalues descriptors, represents the van der Waals volume of the
DOM-analogs. In the model, fryp values decrease gradually as
SpMin3_Bh(v) decreases. P_VSA_ppp_con represents the molecular inter-
action feature shared by a group of active molecules. In the model, fryp
values decrease gradually as P_VSA_ppp_con increases. The detailed de-
scriptions of these descriptors and the values for the DOM-analogs are
shown in Text S6 and Table S10 in the SI.

For QSARypo model, the descriptor Ey/E3 is also included, which
indicates the important role of molecular weight on the formation of the
excited triplet state of these DOM-analogs. GATS2e shows the dispersion
of electronegative atoms at a topological distance equal to 2 bonds in a
molecule (Fatemi et al., 2011). In the model, logspom+ values decrease
gradually as GATS2e decreases, it represents that the higher of GATS2e
the more appropriate the electron distribution in the DOM molecular
structure. So DOM-analogs with strong electronegativity generate
3DOM* when exposed to light. HATSIe is also connected to the elec-
tronegativity of the DOM-analogs. In the model, logspom+ values
decrease gradually as HATSIe increases. The detailed descriptions of
these descriptors and the values for the DOM-analogs are shown in Text
S6 and Table S11 in the SL.

An external verification for the predictive capability of the con-
structed QSAR models was performed. Besides riboflavin and a com-
mercial DOM (SRFA), two organic pollutants naproxen and fenofibrate
acid, which are frequently detected in rivers and structurally similar to
the compounds in the training set, were also selected [38,41], of which
frvp and @ypo are listed in Table S9. As can be seen in Fig. 4, the pre-
dicted log®ypo and logfryp values using the two QSAR models fitted
well with the experimental values for both the training set and the
validation set. This result demonstrated that the developed QSAR
models have a good predictive ability. Besides, the application domains
of the two QSAR models are shown in Fig. S9-S12, and a detailed
description of these the application domains is provided in Text S7. The

+ 3.15 x SpMin3 Bh(v) -

+ 0.003 x Ey/E3 -
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Fig. 4. Plot of predicted versus experimental logfryp (a) and log®upo (b) values for compounds in training and validation sets.

results showed that the compounds in the training set are of diverse
structure and can be used to predict the fryp and @ypo values of various

DOM-analogs.

To further investigate the substituent effects on the differences in
3DOM* that were determined using TMP and HDO, more DOM-analogs
with different chemical structures were selected, of which logfryp and
log®ypo are predicted using the constructed QSAR models. The value of

logfrvp and log®ypo can be seen in Table S14.

The values of fryp and @ypo for the DOM-analogs with similar
structures are shown in Fig. 5. The left side of the red line is the values of
frmp for the DOM-analogs with similar structures, and the right side is
®ypo. The values of fryp for naphthalene and its derivatives (part I in

Fig. 5) are close. This is due to the low value of the fryp of these com-

pounds. Thus, the substitution on the naphthalene basic structure
showed little effect on the generation of their excited triplet state
determined using TMP. Differently, the ®&ypo values of naphthalene and
its derivatives are significantly different (part III in Fig. 5). The substi-
tution of a carbonyl increased the @ypp while an aldehyde decreased the

®ypo. These results indicate a negative effect of aldehyde on the energy
transfer ability and a positive effect of carbonyl on the energy transfer
ability of the excited triplet state of these DOM-analogs.

For the values of fryp for benzophenone and its derivatives (part II in
Fig. 5), the substitution of a carboxyl or hydroxyl chloride atoms or a
hydroxyl atoms on the benzophenone greatly affects the values of fryp.
The trend of ®dypo values of benzophenone and its derivatives (part IV in

Fig. 5) are same as fryp values. Thus, this indicates a positive effect of

carboxyl on the electron/energy transfer ability and correspondingly a
negative effect of hydroxyl or chloride on the electron/energy transfer
ability of the excited triplet state of these DOM-analogs.

4. Conclusions

The determination and characterization of >DOM* are of great sig-
nificance for understanding the environmental behavior and effect of
DOM in sunlit surface water. HDO and TMP are the mostly used
chemical probes for the determination and characterization of DOM* .
As proven in this study, the determined ®3pop+(TMP) and ®@3pop+(HDO)
values of isolated DOMs showed differences when using HDO and TMP
through the energy and electron transfer pathway, respectively. For the
DOM-analogs with different molecular structures, the values of ®ypo
and fryp detected using HDO and TMP showed great difference, which
indicates that the determined *DOM* using different probes through
different pathways represents different triplet mixtures of chromophores
in a DOV, even if the @3pop+ has little difference. For the DOM-analogs
with similar structures, substituent effects on the determined ®ypo and
frvp were observed. The methoxy group exhibits for instance a negative
effect on the generation of >DOM?* detected through the electron
transfer pathway, whereas a methyl group induced a positive effect on
the generation of DOM* as detected through the electron transfer
pathway. Besides, the substitution of a chlorine, aldehyde, or carboxylic
acid group could also influence the determined ®ypo and fryp values
through different pathways. Thus, for the DOM from different water

80 I ? 1

30
1 980" QY

HDO

D

Fig. 5. frmp and &ypo values for other selected DOM-analogs with similar molecular structure.
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bodies (fresh water or sea water, river water or lake water, etc.), the
choice of different probes to determine their >DOM* could show certain
differences.

The study is useful to further clarify the gap between the identified
3DOM* and the real and complex values in natural waters. Furthermore,
it is to be noted that the existing water treatment processes and various
emerging advanced oxidation technologies are likely to lead to differ-
entiation in DOM structures, and subsequently lead to differences in the
values of SDOM* as determined by using different chemical probes.
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