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• Rapid photolysis of tonalide was observed
with apparent rate constant of 0.24 min−1.

• Newbi-radicals generated from intramolec-
ular H-abstraction verified by in-situ LFP.

• Products were identified by HPLC-Q-TOF
and validated with synthesized standards.

• Photolysis mechanism of tonalide is the
photoenolization followed the cyclization.

• Bioconcentration factor of photoenol was
13-fold higher than that of tonalide.
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The ubiquitous presence of synthetic musks is causing serious concern due to the species produced from their transfor-
mation and environmental impacts. In this study, tonalide was selected as a representative synthetic musk to evaluate
the transformation mechanism and pathway in water under ultraviolet (UV) irradiation. The results showed that
tonalide could undergo rapid photochemical degradation through a new pivotal bi-radical, which acts as the initial
active species. The bi-radicals with a typical absorption peak at 340 nm was observed by in-situ laser flash photolysis
technology, and the absolute decay rate constant was obtained as 3.61 ± 0.01 × 109 M−1 s−1 with the life-time of
83.3 ns. The photochemical degradation by-products of tonalide were also identified by high-performance liquid chro-
matography coupled with quadrupole time-of-flight mass spectrometry, and the precise structures of key by-products
have been validated by our preparative synthesized standard samples confirmed by nuclear magnetic resonance. Thus,
the mechanism of tonalide photochemical degradation, continuous photoenolization of the bi-radicals and followed
cycloaddition reaction with O2, was proposed as the predominant pathway. The main degradation by-product,
photoenol which has a higher bioconcentration than that of tonalide, was found to form from the bi-radicals
photoenolization. This study is the first work to propose a new bi-radical as the photoenol precursors during photo-
chemical degradation of tonalide in water.
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1. Introduction

Due to the widespread existence of emerging organic contaminants
(EOCs) and products from their photochemical degradation in water,
these have attracted more attention due to their environmental behaviors
and adverse effects on human health (Vione and Carena, 2020). Generally,
photochemical degradation is a pivotal pathway for the environmental geo-
chemistry processes, and affects the environmental fate and transport of
EOCs (Wang et al., 2021). In particular, EOCs could be transformed into
various products during photochemical degradation, and potentially
cause an increased adverse impact on aquatic ecosystem and human health
(Gao et al., 2021). Due to the lack of products standards, the study focusing
on the formation mechanisms of various products is always full of chal-
lenges (Jiang et al., 2021), thus further leading to a massive gap in the tox-
icology of by-products. Therefore, it is urgent to study the formation
mechanism and recognition technology (such as high-resolution mass spec-
troscopy and nuclear magnetic resonance) of these abundant photochemi-
cal degradation products.

Synthetic musks (SMs) are common fragrance ingredients, and have
been extensively used in a variety of scented personal care products such
as perfumes, cosmetics, soaps, detergents and other daily cleaning products
(Montes-Grajales et al., 2017; Reiner and Kannan, 2006). With the contin-
uous improvement in the living standards, the demand for these scented
consumer goods has grown (Li et al., 2018b). It has been estimated that
the global use of these scented consumer goods is as high as 10,000 tons
(Liu et al., 2020). As a result, SMs are released into the environment during
the production, transportation, usage and treatment of these consumer
goods and solid wastes, and therefore, have become a frequently detected
contaminant in wastewater, surface water and sediments. For instance,
SMs concentrations were up to 920–2160 ng·L−1 in the effluents after
the treatment at sewage treatment plants in the USA (Sun et al., 2014a).
Their concentrations in surface water lied within the range of
5.9–120.6 ng·L−1 in China (Hu et al., 2011), 150–16,720 ng·L−1 in South
Korea (Lee et al., 2010), and 0.55–1739.42 ng·L−1 in Italy (Villa et al.,
2012). Moreover, SMs have also been found in human tissues (Moon
et al., 2012), breast milk of women (Zhang et al., 2015), and serum of ex-
posed and general populations (Liu et al., 2013). Recent research suggested
that SMs were bio-accumulative, genotoxic, endocrine-disrupting and
carcinogenic compounds (Parolini et al., 2015; Yamauchi et al., 2008;
Zhang et al., 2017), and had the potential adverse effects on aquatic organ-
isms and human health (Liu et al., 2020).

Photochemical degradation is a pivotal pathway for aquatic environmen-
tal transformation and fate ofmany EOCs including SMs (Wang et al., 2015).
Recent studies have shown that SMs can undergo rapid photochemical
degradation under ultraviolet (UV) irradiation (Godayol et al., 2015), UV-
induced oxidation of hydroxyl radicals (Santiago-Morales et al., 2012), and
chlorine-containing UV irradiation (Wang and Liu, 2019). It is important
to note that a few SMs are very sensitive to UV-induced photochemical
degradation. For example, the degradation efficiency of polycyclic musk
tonalide, which is one of the highly used synthetic musks, is up to 90 % in
15 min under UV irradiation (Santiago-Morales et al., 2012). Moreover,
under UV irradiation, the rate of photodegradation of tonalide was approx-
imately 12–30 times higher than polycyclic musk galaxolide (Sanchez-
Prado et al., 2004). Therefore, tonalide could be a representative for
studying the photochemical degradation of SMs under UV irradiation.
Remarkably, these degradation processes have led to the formation of prod-
ucts resulting from the degradation of SMs, such as the formation of hydrox-
ylation and aldehyde products in the hydroxy-mediated degradation of
tonalide (Fang et al., 2017). However, the main purpose of these studies is
to develop effective elimination techniques for SMs. There are few reports
focusing on the degradation mechanism and the identification of transfor-
mation products of SMs. Comprehensive identification of these transforma-
tion products is still necessary yet challenging for developing a better
understanding of the structures and formationmechanisms of these products
due to the lack of standard samples of many degradation by-products
(Kliegman et al., 2013).
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In this work, the photochemical transformation kinetics, their mecha-
nisms and final fate of SMs were investigated in detail by employing
tonalide as the model SMs. Firstly, the photochemical degradation kinetics
of tonalide was studied in aqueous solution. Then, the specific scavenging
experiments and electron paramagnetic resonance experiments (EPR)
were used to recognize the key reactive species involved in the photochem-
ical degradation of this system. Meanwhile, in-situ laser flash photolysis
technology was employed to investigate the degradation kinetics, analyze
the transient intermediates, and monitor the decay of produced by-
products. Furthermore, absolute rate constant was also obtained from the
growth of transient intermediates. The photochemical degradation mecha-
nism of tonalide was proposed based on the identified by-products using
high-performance liquid chromatography quadrupole-time of flight tan-
dem mass spectrometry (HPLC-Q-TOF-MS) and validated by synthesized
standard samples using nuclear magnetic resonance spectroscopy (NMR).
Finally, the bio-accumulation risk of tonalide and its photochemical degra-
dation by-products were estimated using theoretical calculations. The
results of the present study could provide more convincing information to
better understand the environmental behavior and fate of tonalide in the
aquatic environment.

2. Experimental

2.1. Chemicals and reagents

Ultrapure water (18.25 MΩ·cm) was used in all the experiments.
All reagents and solvents were used as received. Tonalide (7-acetyl-
1,1,3,4,4,6-hexamethyl-tetrahydronaphtalene; ≥98 % pure) was
purchased from Adamas Reagent Ltd., China. Text S1 in the Supporting
Information (SI) summarizes all other chemicals used in this work.

2.2. Photochemical kinetics and laser flash photolysis experiments

2.2.1. Photochemical degradation experiments
The photochemical degradation experiments were carried out in a pho-

tochemical reaction apparatus with 110 W high-pressure mercury lamp
(BL-GHX-V, Shanghai Belang Instrument Co., Ltd., China) as the irradiation
light source. The average irradiation intensity was around 22 mW·cm−2.
The external circulating condensed water could keep the reaction tempera-
ture constant at 20 °C. The photochemical degradation of tonalide was per-
formed on 30 mL of tonalide (500 μM) dissolved in acetonitrile (ACN) and
water (1:1), and the mixture was evenly stirred to ensure a uniform solu-
tion. Samples of approximately 1 mL volume were collected at a certain
time interval, and analyzed using high-performance liquid chromatography
(Agilent 1260 HPLC) with isocratic method (0.8 mL min−1) that consisted
of 10 % water and 90 % acetonitrile. The detection wavelength was
254 nm. Before irradiation, the mixed solution was allowed to stir in dark
for 15 min to achieve gas-liquid equilibrium. The radical scavengers of
isopropanol (IPA, 200 mM), furfuryl alcohol (FFA, 1 mM), p-benzoquinone
(BQ, 30 mM) and sorbic acid (SA, 5 mM) were added to different systems to
scavenge •OH, 1O2, O2•

− and the excited state, respectively (Gao et al.,
2020). The concentration of these scavengers was selected according to our
previous experiments to ensure that the active species in the system were
fully captured. Considering the effect of O2 on the photochemical degradation
of tonalide, the system was continuously aerated for 20 min using N2 before
the photochemical degradation experiments. Each experiment was repeated
at least twice to ensure the reproducibility of the results.

2.2.2. Laser flash photolysis (LFP)
Time-resolved transient absorption spectra and transient decay traces

were recorded on LKS80 laser flash photolysis (Applied Photophysics
Ltd., the United Kingdom) with 266 nm Nd:YAG laser. The laser energy
of around 150 mJ was applied in the laser flash photolysis experiments,
whereas the pulse duration was 6–7 ns. After laser irradiation of the solu-
tion in the 10 × 10 × 40 mm3 quartz cell, the orthogonal detection light
source for 150 W xenon lamp was immediately taken through the sample
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Fig. 1. Tonalide (500 μM) photochemical degradation in the dark and under high
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Fig. 2. The total ion current (A) and the peak area (B) of the photochemical
degradation by-products of tonalide at different time.
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cuvette to monochromator equipped with an R955 photomultiplier. The
variation of optical signal was transferred to computer for further analysis
using HP 54510 B digital oscillograph. The samples were prepared freshly
before each test, and high-purity N2 was bubbled for 20 min to remove dis-
solved O2. Besides, all the experiments were conducted at the controlled
temperature of 25 °C.

2.2.3. Electron paramagnetic resonance (EPR)
The Bruker EMXPlus-10/12 EPR spectrometer was used to detect and

record the electron paramagnetic resonance (EPR) spectra. Detailed instru-
ment parameters and the testing methods are described in Text S2 in SI.

2.3. Identification of the by-products and the prediction of bioaccumulation

For analysis and identification of the degradation by-products, the deg-
radation solution of ATHN was separated using Agilent 1290 HPLC that
was equipped with Eclipse plus C18 column (1.8 μm, 3 × 150 mm2) with
the flow rate of 0.2mLmin−1. The by-productswere qualitatively analyzed
using quadrupole time-of-flight (Q-TOF-MS) high-resolution mass spec-
trometer (Agilent 6545) with the electrospray ionization (ESI) source in
positivemodes. The temperature of the columnwas 30 °C. The gradient elu-
tion started with 50 % water, 2 ‰ formic acid and 50 % ACN, and 54 %
ACN at 8 min. After 7 min, the proportion of ACN was changed to 55 %,
and at 20 min, to 60 % ACN. Moreover, at 40 and 47 min, the proportions
were changed to 62 % ACN and 70 % ACN, respectively. Their ratio
returned to their original values in 1 min and held for 2 min. The entire
elution time was 50 min. The optimized mass spectrometry conditions are
presented in Text S3 in SI.

The components of tonalide solution at different degradation times were
further separated using ZORBAX SB-C18 column (5 μm, 9.4 × 150 mm)
with the flow rate of 1 mL min−1. The detection wavelength was 254 nm.
The mobile phase consisted of water and ACN. The gradient elution started
with 60 % ACN, changed linearly to 70 % at 20 min, and to 75 % and
95 % at 50 and 60 min, respectively. Subsequently, the composition of ACN
was returned to 60 % in 10 min. Each sample was collected with Agilent
1260 semi-preparative HPLC and was further freeze-dried. The collected
samples were redissolved with dimethyl sulfoxide-D6 for NMR analysis.
Both the 1H and 13C NMR spectra were recorded using Bruker spectrometer
with 600 MHz. Each separated component was verified using HPLC-Q-TOF-
MS. All NMR data were processed using MestReNova v 14.1.0 software.

The bioaccumulation risk of tonalide and its photochemical degradation
by-products were theoretically estimated using the regression-based method
BCFBAF v 3.01 as described in one of our earlier studies (Gao et al., 2016).

3. Results and discussion

3.1. Photochemical degradation kinetics of tonalide

Direct photochemical degradation of tonalide in aquatic environment
is possible since tonalide weakly absorbs light that is overlapped
(290–310 nm, Fig. S1) with sunlight reaching the Earth's surface (λ >
290 nm). In the control experiment (Fig. S2), only a little loss of tonalide
was observed (<1 %), proving that the photochemical degradation of
tonalide was nearly negligible without UV irradiation. In contrast, approx-
imately 90 % of tonalide (500 μM) was photochemically degraded within
20min under UV irradiation (Fig. 1).Moreover, the photochemical degrada-
tion kinetics curve of tonalide obeyed the pseudo-first-order kinetic equation
(inset of Fig. S2) with apparent rate constant of 24.1 × 10 −2 min−1 (R2 =
0.99) and the half-life of 2.88min. These results suggested that UV irradiation
can efficiently remove tonalide from water, which is in agreement
with many previous studies (Godayol et al., 2015; Santiago-Morales et al.,
2013; Santiago-Morales et al., 2012). However, during rapid photochemical
degradation, tonalide is inevitably transformed into a variety of by-
products. Therefore, it is necessary to further analyze the by-products
originating from the photochemical transformation of tonalide and explore
3

the photochemical degradation mechanism of tonalide to better understand
its environmental fate.

3.2. Photochemical degradation mechanism of tonalide

3.2.1. Identification of photochemical degradation by-products
In order to better understand the photochemical degradation mechanism

and the pathway of tonalide, high-performance liquid chromatography
quadrupole-time of flight tandem mass spectrometry (HPLC-Q-TOF-MS)
was employed to qualitatively identify all the degradation by-products.
Under these chromatographic conditions, a total of eight by-products were
separated and labeled as peaks P1–P8, as seen in Fig. 2A. Moreover, their
retention times, molecular structures, and their confidence levels are listed
in Table S1 according to Schymanski scale (Schymanski et al., 2014). As
seen in Fig. 2B, the by-products of P2, P3, and P4 appeared as the first-
generation degradation by-products. Their peak areas first increased,
and then, decreased slowly. Correspondingly, P1, P5, P6, P7 and P8 were
identified as the second-generation degradation by-products and increased
gradually during the photochemical degradation. Meanwhile, the tonalide
concentration continuously decreased.

According to the peak area of by-products, the yield of P1 could be
calculated by the ratio of P1 peak area to the sum of peak areas of all the
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by-products at different time periods. Because the yield of P1 reached up to
65 % within 30 min (Fig. S3), P1 emerged as the main by-product during
the photochemical degradation of tonalide. Due to this reason, P1 was
first analyzed. As for the degradation by-product, P1 had the m/z of
273.1856 and corresponded to C18H24O2 (Fig. S4). Compared with the 1H
NMR spectrum of its parent tonalide (Fig. S5), P1 displayed a pivotal quar-
tet for one H with the chemical shift of 5.60 ppm, implying that O was on
the adjacent C of P1 (Fig. S6). Therefore, P1 was rationally identified as
the tonalide-lactone. Besides, a corresponding result was also confirmed
by its 13C NMR spectrum with the chemical shift at 77.89 ppm (Fig. S6).
The critical carbonyl group assigned to the characteristic chemical shift
was around 170 ppm. Moreover, according to the molecular structure, the
C at 77.89 ppm was deemed to chiral center, while other carbons came in
pairs with a 3:2 diastereomeric mixture, as shown in Fig. S6.

The by-products of P2, P3, and P4 were found to be isomers, had the
same molecular ion [M+ H]+ at the m/z of 273.1856 and determined to
be C18H24O2 through the HPLC-TOF-MS (Fig. S4). With regards to the anal-
ysis of the fragment ions for P2, the m/z of 255.1755was assigned to [M+
H-H2O]+. As shown in Fig. S7, the 1H NMR shift data for two aromatic H
and eighteen alkyl H of P2 matched with that of the parent tonalide
(Fig. S5). The H within the chemical shift range of 4.80–4.90 showed a
key correlation to two methylene groups on pyran, and allowed for the
complete structural assignment of P2. However, since P3 and P4 cannot
achieve complete separation by chromatography, the isolation and concen-
tration procedure would merge P3 and P4 for the analysis. As shown in
Fig. S8, the 1H NMR spectrum of P3 and P4 displayed twenty-one H on
the alkyl group with the chemical shift range of 0.5–3 ppm and two H on
the benzene ring at 7.76 and 7.85 ppm. A typical H was observed with
the chemical shift of 10.01 ppm and indicated the formation of an aldehyde
group for the photochemical degradation by-products. Another evidence to
confirm the structure of P3 and P4 was the fragment ion with the m/z of
43.0183, which was produced by the fracture of aldehyde group
([CH3CO]+) though ionization and observed using HPLC-Q-TOF-MS
(Fig. S4).

Other secondary by-products of P5, P6, P7 and P8 were analyzed based
upon the molecular ion [M + H]+ of 257.1896, 289.1796, 275.1646 and
273.1856, and corresponded to C18H24O, C18H24O3, C17H22O3, and
C18H24O2, respectively (Fig. S4). Unfortunately, P6, P7 and P8 with the
low yield rate could not be completely collected, and the identification of
these three by-products was unsuccessful, as observed from the NMR spec-
trum. The molecular composition of P5 (C18H24O) suggested the elimina-
tion of two hydrogen atoms from the parent tonalide. With the perfect
match of the chemical shift of H on parent tonalide, the structure of
tetrahydronaphthalene was still stable in the photochemical degradation
by-products (Fig. S9). Besides, four H with two values of chemical shifts
at 2.71 and 3.01 ppm for P5 were attributed to the H on cyclopentanone,
implying that the structure of indanone was formed (Fig. S9).

Based on the identification of degradation by-products and the valida-
tion using custom-prepared standard substances, the molecular structures
of these by-products clearly indicated that the photochemical degradation
of AHNT mainly occurred on its ketone moiety. These results suggested
that ketone moiety was the key active functional group during the photo-
chemical degradation of tonalide. Besides, the formation of tonalide-
lactone and other by-products implied the generation of reactive species
in the system, which were involved in the photochemical degradation of
tonalide. Therefore, to find out the formation mechanism of these by-
products and the photochemical degradation pathway of tonalide, a series
of reactive species of experiments was conducted to recognize the
byproducts.

3.2.2. Recognition of the reactive species during tonalide's photochemical
degradation

In general, the photochemical degradation of EOCs is usually caused by
various reactive species, such as hydroxyl radicals (•OH), singlet oxygen
(1O2), superoxide anion (O2•

-) and excited triplet (Wan et al., 2020;
Wang et al., 2015). Therefore, the photochemical degradation kinetics of
4

tonalide with and without scavengers of reactive species (IPA for •OH,
FFA for 1O2, BQ for O2•

−, and SA for excited triplet) are summarized in
Fig. 1 and Table S2, respectively. The degradation efficiency with the addi-
tion of isopropanol (IPA) resulted in a reduction of <3 %, indicating that
•OH-initiated transformation process did not exert significant effect on the
photochemical degradation of tonalide. With the addition of sorbic acid
(SA) to capture the triple excited state of tonalide (3tonalide⁎) in the sys-
tem, the apparent rate constant decreased from 24.1 × 10 −2 to 4.2 ×
10−2 min−1, suggesting that 45.4% of degradation efficiency was contrib-
uted by 3tonalide⁎. When the reactive oxygen 1O2 and O2

•− were captured
by furfuryl alcohol (Pan et al., 2015) and p-benzoquinone (BQ) (Li et al.,
2018a), the apparent rate constant of 24.1×10−2min−1 was notably sup-
pressed to 3.9×10−2 and 6.9×10−2 min−1, respectively, indicating that
1O2 and O2•

− contributed to 40.5% and 21.8%, respectively. Furthermore,
the bubbling of N2 in the system confirmed the above-mentioned results,
and the apparent rate constant of tonalide decreased from 24.1 × 10−2

to 5.3 × 10−2 min−1 with 44.5 % of degradation efficiency coming from
3tonalide⁎ and 1O2. This was due to the reason that N2 is an established
efficient protectant of 3tonalide⁎, and can eliminate O2 interference (Gao
et al., 2020; Zhang et al., 2019). In short, all the results suggest that tonalide
could absorb UV light to form 3tonalide⁎ along with the photochemically
produced 1O2 andO2•

−, which acted as the initial reactive species to trigger
its degradation.

Furthermore, the EPR technology was further used to study the main
reactive oxygen species involved in the reaction system. A 1:1:1 triplet
signal, characteristic of TEMPO radical with hyperfine splitting constants
of aN = aH = 16.7 G (Fig. 3A), enhanced with the increase in the degrada-
tion time, demonstrating that 1O2 was generated in the reaction system
according to an early reference (Zhu et al., 2018). However, when DMPO
was used as a trapping agent, the results were inconsistent with the expec-
tations, which was a well-known indicator for •OH (in water) and O2•

−

(in methanol) (Li et al., 2018a; Zhang et al., 2019). Furthermore, EPR
experiments (shown in Fig. 3B) with the addition of scavenger DMPO in
methanol exhibited stable signals, which were assigned to DMPO-RO•
adduct during the photochemical degradation of tonalide due to the hyper-
fine splitting constants of αN=13.5 G and αH=8.8 G (Azman et al., 2014;
Shein and Jeschke, 2019). These results indicated that O2•

− was not
produced in the photochemical degradation of tonalide, because the signal
of O2•

−-DMPO should have six characteristic peaks (Li et al., 2018a). More-
over, it has been reported that, under UV irradiation, acetone could inter-
fere with the generation of O2•

− (Luo et al., 2021). Tonalide has a
particular keto structure, which is similar to the characteristic functional
group of acetone and indicates that O2•

− was not produced in the system.
Besides, BQ is an electron-rich compound, which is not only an effective
trapping agent for O2•

−, but also acts as an electron shuttle agent (Lan
et al., 2022). Therefore, the inhibition of tonalide's photochemical degrada-
tion by BQ could be the cause of electron transfer.

Furthermore, as shown in Fig. 3C, two diastereomeric DMPO-RO•
adducts were observed in the system of DMPO in water though the hyper-
fine splitting constants of: αN = 14.1 G, αβ

H = 9.2 G and αγ
H = 1.5 G

and αδ
N = 13.7 G, αH = 15.2 G. These results further reconfirmed that

•OH was not involved in the photochemical degradation of tonalide
(Zhang et al., 2019). These signals could be similar to those of the adducts
for DMPO with polyunsaturated fatty acid, as reported in a previous work
(Dikalov and Mason, 2001).

Overall, the above results suggested that a new oxygenated free radical
was formed and played an important role in the photochemical degrada-
tion of tonalide, while 1O2 could be produced and involved in the
photochemical degradation of tonalide. Moreover, it could be speculated
that the formation of this new oxygenated radical was due to the photo-
chemical transformation of tonalide triplet rather than the adducts of
tonalide and oxygen, which should have formed peroxide according to
previous work (Baptista et al., 2017). Therefore, the identification of
new oxygenated radicals, as conducted in the current work, facilitates a
better understanding of the reaction mechanism of the photochemical
degradation of tonalide.
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3.2.3. Transient intermediates formed during the photochemical degradation of
tonalide

The LFP is also an effective method to study the reaction mechanism of
initial intermediates (Wan et al., 2021). The method was further applied to
investigate the initial excited state of tonalide during the photochemical
degradation of tonalide (Fig. 4). To get rid of O2, the transient absorption
spectra were obtained after the excitation of tonalide at 266 nm laser
under N2 saturation conditions (Fig. 4A). An asynchronous absorption
signal with two absorption bands at 300–450 nm and 650–900 nm was
observed at nanoseconds time-resolved scales. Obvious absorption took
4 ns to happen at 760 and 830 nm, and increased with the progression of
time. A strong, long-band and structure-free maximum absorption peak at
780 nm was obtained at 12 ns. After 40 ns, higher and stronger absorption
peaks appeared at 340 and 390 nm. Comparative analysis of transient
absorption in the presence of O2 showed that a weak absorption peak got
enhanced at 520 nm at 8 ns (Fig. 4B), which was assigned to an initial
tonalide radical cation (tonalide•+) intermediate and resulted from the
ejection of an electron (photoionization) from a singlet excited state
(Säuberlich et al., 1996). However, the peak at 520 nm disappeared after
20 ns, suggesting that the short-lived tonalide•+, and not the oxygenated
radicals, could also decay soon.

Incomplete quenching of absorption bands at 300–450 nm and
650–900 nm in the presence of O2 suggested that the absorption spectrum
Fig. 4. The LFP scan spectra of tonalide using 266 nm laser: purged with N2 (A) and O
between spectra of 100 ns in the N2- or O2-containing sample (C).
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might be dominated by a superposition of 3tonalide⁎ and oxygenated
radicals. Therefore, subtracting the radical background of 100 ns in the
O2-containing sample from that of the overall absorption of 100 ns in N2-
containing sample resulted in a separation of the spectrum of 3tonalide⁎,
which exhibited significant absorption peaks at 340, 390, and 740 nm
with a shoulder at 780 nm (Fig. 4C). Moreover, according to the observa-
tion of similar transient spectra of various structural analogues, this strong,
asynchronous, and near-infrared absorption band centered at 780 nm
was consistent with the typical characteristic band of the encounter
complex ([3tonalide⁎]ec). The [3tonalide⁎]ec was a complex formed by the
combination of 3tonalide⁎ before it underwent electron transfer to the ion
pairs (Rathore et al., 1997). This indicates that 3tonalide⁎ could act as
both the electron donor and the electron acceptor in the excited state
through [3tonalide⁎]ec. Based on this conclusion, the transient absorption
at 340 and 390 nm was attributed to intermolecular hydrogen abstraction
intermediate by 3tonalide⁎, which could result in electron transfer (ortho
methyl to acetyl) followed by the generation of a pivotal intermediate triple
bi-radicals (340 nm, τ = 83.3 ns) and further yield of photoenol (390 nm,
τ = 233 ns). In addition, the transient decays at 340 and 390 nm in N-
hexane confirmed these results. Moreover, significantly suppressed and
accelerated decay curveswere obtained by the inhibition of the dissociation
of [3tonalide⁎]ec by non-polar solvent (Fig. 5A and B), which agreed well
with the results reported in previous work (Rathore et al., 1997). From
2 (B), and the spectrum shown by open triangle was obtained from the difference
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the linear dependence of the intensities of these peaks on the concentration
of tonalide (Fig. 5C–F), the values for the absolute decay rate constants at
340 and 390 nm were determined to be 3.61 ± 0.01 × 109 M−1 s−1 and
6.31 ± 0.01 × 109 M−1 s−1, respectively. These results indicated that
the formation of bi-radicals was the key step during the photochemical
degradation of tonalide.

In comparison to other direct photochemical degradation processes, the
carbonyl group of EOCs is usually the center of the photochemical reactiv-
ity. For instance, under UV irradiation, the photochemical transformation
of salinomycin and narasin could result in the photochemical cleavage on
the carbonyl group (Sun et al., 2014b). The carbonyl oxygen of ketones
can undergo enol-keto tautomerization to yield photoenols (Klán et al.,
2013; Sebej et al., 2011), which has been reported by the photochemical
degradation of organic pollutants (Wang et al., 2015). Surprisingly, in
this study, a new interesting organic free radical, the bi-radicals of the
photoenol precursors, were detected for the first time during the photo-
chemical degradation of tonalide. Although bi-radicals have also been
reported during the photochemical degradation of triclosan, it was difficult
to match both the conditions, preferential exposure of phenoly‑oxygen
anions (pH > 7) and dichlorination (Kliegman et al., 2013). However,
tonalide could result in intermolecular H-abstraction reaction due to the
encounter complex of [3tonalide⁎]ec to generate bi-radicals, yielding
photoenol, for which an additional deionization process was not required.
The possible processes of photochemical degradation of tonalide could be
summarized by Eqs. (1)–(4).

tonalide →
hv 1

tonalide� →
ISC3

tonalide� ð1Þ
6

3tonalide� þ O2→tonalideþ 1O2 ð2Þ

3tonalide�→ 3tonalide�
� �

ec →
Hydrogen transfer

Bi−radicals ð3Þ

Bi−radicals →
Photoenolization

Photoenols ð4Þ

3.2.4. Photochemical degradation pathway of tonalide
During the photochemical degradation of tonalide, a process of contin-

uous photoenolization is proposed tentatively as shown in Scheme 1. The
pathway is based upon the above results about the recognition of reactive
species, the observation of transient intermediates and the identification
of eight degradation by-products. During Step 1, initially, the excited
singlet state of tonalide (1tonalide⁎) was formed under UV irradiation,
and then, transformed to 3tonalide⁎. Furthermore, 3tonalide⁎ underwent
intramolecular 1,5‑hydrogen abstraction reaction to form bi-radicals.
Meanwhile, the formation of encounter complex ([3tonalide⁎]ec) became
favorable for the generation of bi-radicals. During Step 2, the bi-radicals
sequentially yielded photoenol, whereas P5 was generated via the cycliza-
tion of photoenol (Park and Ryu, 2010). Moreover, photoenol could also
revert to parent tonalide via fast 1,5-sigmatropic hydrogen transfer reaction
(Klán et al., 2013; Pelliccioli et al., 2012). Furthermore, the formation of P5
was completely suppressed under O2 saturation due to the competition of
the reaction of bi-radicals with O2 (Fig. S10). Therefore, the delocalization
of bi-radicals reacted with O2 to form peroxide intermediate 1 or 2, which
was followed by the rearrangement and ring-opening reactions to generate
P3 and P4. During Step 3, with the production of new alkylphenyl ketones,



Scheme 1. Proposed transformation pathways for tonalide photolysis. P1 (3,5,5,7,8,8-hexamethyl-5,6,7,8-tetrahydronaphtho[2,3-c]furan-1(3H)-one), P2 (6,6,8,9,9-
pentamethyl-6,7,8,9-tetrahydro-1H-benzo[g]isochromen-4(3H)-one), P3 (2-(3,5,5,6,8,8-hexamethyl-5,6,7,8-tetrahydronaphthalen-2-yl)-2-oxoacetaldehyde), P4 (3-acetyl-
5,5,7,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalene-2-carbaldehyde), P5 (5,5,6,8,8-pentamethyl-2,3,5,6,7,8-hexahydro-1H-cyclopenta[b]naphthalen-1-one), P6 (3-(2-
hydroxyacetyl)-5,5,7,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalene-2-carbaldehyde), P7 (6,6,7,9,9-pentamethyl-6,7,8,9-tetrahydronaphtho[2,3-d][1,2]dioxin-1(4H)-
one), P8 (3-hydroxy-5,5,6,8,8-pentamethyl-2,3,5,6,7,8-hexahydro-1H-cyclopenta[b]naphthalen-1-one).
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the intramolecular 1,5‑hydrogen abstraction happened from P3 and P4 to
form P1 and P2, respectively. On the other hand, the bi-radical species
from P3 and P4 could further react with O2 with the rearrangement and
ring-opening reaction to form P6 and P7. Notably, the formation of P8
was depressed in the dehydrated solvents (Fig. S10), indicating that solvent
water participated during the formation of P8. A similar process was
reported in an earlier study (Park and Ryu, 2010; Plíštil et al., 2006). This
means that the solvent water was added to the triplet state of aldehyde
group through proton exchange and formed a bi-radical intermediate.
Therefore, P8 was generated from the nucleophilic addition of H2O
followed by the photoenolization of bi-radicals.

Briefly speaking, the photochemical degradation of tonalide could first
generate bi-radicals, which sequentially yielded photoenol. Further path-
way of photochemical degradation of tonalide could occur through contin-
uous photoenolization followed by cyclization with O2 to form various by-
products. Moreover, the bi-radicals were generated due to the electron
transfer between the aromatic ketones and alkyl substituents. These results
imply that the same mechanism could exist in synthetic musks with similar
structures. These findings advance the knowledge of photochemical degra-
dation and the environmental fate of synthetic musks.

3.3. Bioaccumulation risk assessment of tonalide and key by-products

In order to quickly screen the toxicity of tonalide and its photochemical
degradation by-products, acute and chronic toxicities to fish were
employed using the ECOSAR program. According to the aquatic toxicity
criteria of the European Union (shown in Fig. S13), despite a potential
decreasing toxicity risk during the photochemical degradation of tonalide,
7

tonalide and its by-products were identified to be toxic. The detailed anal-
ysis is described in Text S4 in SI. However, the high concentration of
tonalide in aquatic organisms has been documented in previous work
(Wan et al., 2007), indicating potential bioaccumulation of the tonalide.
It is necessary to assess the bioaccumulation effects of tonalide with
aquatic toxicity. Therefore, to further investigate whether the by-products
formed through photoenolization during the photochemical degradation of
tonalide had the potential of bioaccumulation or not, and whether they
bioaccumulatedmore strongly than the parent tonalide, the bioconcentration
factors (BCF) of tonalide as well as the key degradation by-products were
evaluated using computational toxicology.

According to the range of promulgated bioaccumulation (Gao et al.,
2016), the value of 1 < BCF < 1000 L/kg wet-wt was regarded as having
the “tendency to accumulate in organisms”, whereas the values of 1000 <
BCF < 5000 and BCF >5000 L/kg wet-wt belonged to the levels of
“bioaccumulative” and “very bioaccumulative”, respectively. These results
of bioaccumulation assessment are shown in Fig. S11. The BCF of tonalide
was obtained as 696 L/kg wet-wt and was consistent with the experimental
data for zebrafish (600 L/kg wet-wt) and Crucian carp (670 L/kg wet-wt)
(Gao et al., 2016), indicating the reliability of computational toxicology
and showing that tonalide has a significant bioaccumulation potential
with high BCF value. However, according to the transformation pathway,
it was surprising to find that the BCF of key degradation by-product,
photoenol, was obtained as “very bioaccumulative” with the value of
9515 kg wet-wt, which was 13.6 times higher than that of the tonalide.
This value tremendously exceeded the standard threshold (5000 kg wet-
wt) set of the typical persistent organics, and therefore, is termed as
critically bioaccumulative according to the standard outlined in an earlier
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work (Gao et al., 2016).With the further decay and degradation, photoenol
would be reverted to the parent tonalide and cyclized to form P5
with BCF of 1560 kg wet-wt. With this BCF, it was considered to be
“bioaccumulative” and was still more accumulative than tonalide. More-
over, another two by-products (P1 and P3) were also found to have the
BCF of 1360 and 1560 L/kg wet-wt. Both of them were classified as
“bioaccumulative”. Notably, comparing with tonalide, tonalide-lactone
(P1) might be more photostable due to the slower photochemical degrada-
tion rate (Fig. S12), indicating their high occurrence in the aquatic environ-
ment. As seen in Fig. S11, although the lower bioaccumulation factors were
observed for many other degradation by-products (P2, P4, P6, P7, and P8),
the health risk of all these by-products may still be believed as having the
potential to bioaccumulate in fish and therefore, cannot be ignored. These
theoretical results successfully revealed that aquatic organismsmight suffer
more severe effects from these by-products than that of tonalide due to the
formation of these by-products with increased BCFs.

As mentioned earlier, tonalide was readily degraded by forming key bi-
radicals upon photochemical irradiation. These bi-radicals were further
converted into by-products that were toxic to aquatic organisms. Therefore,
the formation of bi-radicals could be used to better understand the forma-
tion mechanism and environmental fate of these toxic by-products, show-
ing potential harm to aquatic organisms in the aqueous environment.

4. Conclusions

This work mainly investigated the photochemical degradation kinetics
and mechanism of typical synthetic musks, tonalide. Based on results
obtained about the reactive species and the identification of degradation
by-products, the fate and bioaccumulation risk of tonalide in aquatic envi-
ronment were revealed. The main conclusions are drawn as follows.

1) Rapid photochemical degradation of tonalide was observed within
20 min. The pseudo-first-order kinetics with apparent rate constant of
0.24 min−1 and the half-life of 2.88 min described the photochemical
degradation of tonalide.

2) The precise structures of the photochemical degradation by-products of
tonalide were identified through the analysis of HPLC-Q-TOF-MS and
further validated using NMR analysis on custom-synthesized standard
samples.

3) A critical free radical, the bi-radical, was found in the photochemical
degradation of tonalide for the first time. The special bi-radicals came
from the intramolecular 1,5‑hydrogen abstraction reaction of
3tonalide⁎. In addition, the typical transient absorption peak for this
bi-radical at 340 nm was observed using LFP, and the absolute decay
rate constant at 340 nm was determined to be 3.61 ± 0.01 × 109

M−1 s−1.
4) Continuous photoenolization was proposed to yield photoenol. Addi-

tionally, the former species will convert efficiently back to the parent
tonalide and cyclized to form other by-products.

5) The bioconcentration factor of the photoenol was 13-fold higher than
that of tonalide, indicating that the bioaccumulation risk of photoenol
to aquatic organisms may even be severer than that of tonalide.
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