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• Dicarbonyl displayed higher 1O2 produc-
tion than monocarbonyl.

• 3PA* formation was confirmed by laser
flash photolysis technique for the first
time.

• Added inorganic salt or increased solution
pH decreased 3PA* and [1O2]SS of PA.

• High excited triplet species in photolysis
of MG and DMA enhanced [1O2]SS.

• Direct evidence for 1O2 formation in atmo-
spheric environment was obtained.
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 Excited triplet species play an important role in the photolytic formation of 1O2 from carbonyls, but the related mech-
anism is still uncertain, due to lack of direct evidence. In this study, steady-state and transient photolysis of eleven car-
bonyls to produce 1O2 was investigated. Dicarbonyl displayed greater 1O2 production ability thanmonocarbonyl, while
dicarbonyl containing both ketone and carboxyl groups connected by CC bond (i.e., pyruvic acid (PA)) showed the
highest 1O2 steady-state concentration ([1O2]SS). For the first time, the production of 3PA* from PAwith narrow energy
gap was confirmed by laser flash photolysis technique and the second-order decay rate constant of 3PA* was 2.78 ×
107 M−1 s−1. Quenching results verified the dominant contribution of 3PA* to 1O2 production from PA. Addition of in-
organic salt or increase in solution pH showed negligible effect on 3PA*, but significantly decreased the [1O2]SS of PA by
up to two orders of magnitude, due to reduction of hydrate content. Photolysis of methylglyoxal and dimethylamine
mixture led to higher content of excited triplet species at pH≈ 11 and remarkably enhanced [1O2]SS, which was 2.3
times of that from PA and dimethylamine mixture. These findings provide direct evidence for the contribution of tran-
sient species from carbonyls or their product to 1O2 formation in atmospheric environment.
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1. Introduction

Carbonyls are a group of highly reactive and toxic pollutants in the at-
mosphere, threatening air quality and human health. The International
of Environmental Catalysis and
er for Photocatalytic Technology
ronmental Health and Pollution
10006, China.

8 April 2022; Accepted 19 April
Agency for Research on Cancer has classified several carbonyls as toxic
air pollutants and even human carcinogens (Liu et al., 2020; Weng et al.,
2009). Moreover, carbonyls not only form secondary organic aerosols
(Sareen et al., 2010; Schwier et al., 2010; Woo et al., 2013; Knote et al.,
2014; Rincon et al., 2010; Rincon et al., 2009) and other atmospheric poly-
merized pollutants (Rossignol et al., 2014; Fu et al., 2015; Guzman et al.,
2006a), but also significantly contribute to production of ozone (Duan
et al., 2008; Yuan et al., 2012;Wang et al., 2018; Shen et al., 2021), causing
secondary pollution. In addition, carbonyls can photochemically produce
reactive oxygen species (ROS) (Anastasio et al., 1997; Rohrer et al., 2014;
2022
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Fig. 1. 1O2 steady-state concentrations of 5 mM carbonyls dissolved in water under
Xe lamp irradiation with or without UV filter. More information is shown in
Table S1.
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Yang et al., 2018; Guzman et al., 2006b), which further react with the car-
bonyls or other compounds to generate complex intermediates (Zhang
et al., 2021; Xia et al., 2018; Eugene and Guzman, 2019a; Guzman and
Eugene, 2021). While the harmful effect of carbonyls on human body and
their pollution to atmospheric environment have received considerable at-
tention from researchers, studies on photochemical production of ROS from
carbonyls and potential implications for atmospheric chemistry are recently
becoming widespread.

Available studies mostly focus on the photochemical production of free
radicals (e.g., •OH, •HO2, •RO2) from organics (Rohrer et al., 2014; Yang
et al., 2018; Tan et al., 2017). Besides these radicals, 1O2 is inevitably pro-
duced during photolysis of organics because it is easily formed through the
transfer of energy from excited organic matter to O2 (Ogilby, 2010). Till
now, various organics-containing environmental substances, such as rain-
water (Albinet et al., 2010), fogwater (Kaur and Anastasio, 2017), particu-
late matter (Manfrin et al., 2019), road dust (Cote et al., 2018), green leaf
volatiles (Richards-Henderson et al., 2015), biochar (Fu et al., 2016), soot
(Li et al., 2019), secondary organic aerosol (Manfrin et al., 2019) andwaste-
water organic matter (Mostafa and Rosario-Ortiz, 2013), have been con-
firmed to produce 1O2 after photolysis treatment. The resulting 1O2 not
only affects the fate of aerosol tracers, pollutants within aerosols and toxins
(Kaur and Anastasio, 2017;Manfrin et al., 2019; Cote et al., 2018; Richards-
Henderson et al., 2015), but also reacts with proteins, DNA and biomole-
cules, initiating irreversible damage to cells (Briviba et al., 1997). All
these studies suggest that it is essential to deeply understand the production
mechanism of 1O2 from organics to prevent its negative effect on environ-
mental quality and human health. Unfortunately, the above studies did
not attempt to reveal the mechanism, probably due to the complex compo-
sition of these substances. Recently, mechanism involving excited state spe-
cies has been proposed to play a significant role in 1O2 production from
pure organics (Eugene and Guzman, 2019b; Lin et al., 2021). However,
there is still no direct observation of the excited state species produced
from photolysis of carbonyls.

In this study, eleven carbonyls with different structures were selected as
model compounds to investigate their ability to photolytically produce 1O2.
Then, laser flash photolysis technique was applied to directly identify the
excited state species. Quenching experiments were also performed in
steady state and transient experiments to further verify the contribution
of excited state species to the formation of 1O2. Energy gap of carbonylmol-
ecules was calculated to illustrate their ability to be excited. Finally, the var-
iations of excited state species and 1O2 steady-state concentration were
compared with addition of inorganic salt and organic amine as well as
change in solution pH to reveal whether the contribution of excited state
species to 1O2 formation from carbonyls was also applicable under complex
environments.

2. Materials and methods

2.1. Experiment description

Furfuryl alcohol (FFA) and eleven carbonyls (Table S1) were succes-
sively dissolved in 20 mL of distilled water to obtain solutions with initial
concentrations of 100 μM and 5 mM, respectively. A Xe lamp (300 W,
PLS-SXE300+) vertically irradiated the solution from the top to trigger
1O2 formation reaction (Figs. S1 and S2). The effects of inorganic salt, solu-
tion pH and organic amine on 1O2 formation from pyruvic acid (PA) and
methylglyoxal (MG) were also investigated (see detailed description in
Supporting Information (SI)).

2.2. Singlet oxygen determination

FFA was used to determine 1O2 and quantified by high performance liq-
uid chromatography (HPLC) with C18 column (see detailed description in
SI). Control experiment showed negligible photolysis of FFA to 1O2. The
steady-state concentration and quantum yield of 1O2 ([1O2]SS and Φ1O2)
were calculated via the equations given in SI.
2

2.3. Transient and steady-state product analysis

A laser flash photolysis spectrometer (LKS80) equipped with Nd:YAG
laser was used to identify transient species. Thewavelength and pulse inter-
val of the laser were 266 nm and 5 ns, and the energy of each pulse was
10–15 mJ. The light source was a Xe lamp. The excitation and detection
beams passed through a slit (1 × 10 mm) perpendicularly, and irradiated
the quartz reaction cuvette (10 × 10 × 40 mm). The transmitted light
entered a monochromator equipped with a R955 photomultiplier and the
output signal of the digital oscilloscope (HP 54510 B) was recorded for
analysis.

Triethanolamine (TEOA, 5 mM) and 2,4,6-trimethylphenol (TMP, 2
mM) were used as quenchers for excited triplet species, and monitored by
HPLC. Ultra-performance liquid chromatography-quadrupole-orbitrap
high resolution mass spectrometry (UPLC-Q-Orbitrap HRMS, Q Exactive)
was used for steady-state product identification before and after quenching
experiments. Detailed description of the analysis processes is given in SI.

2.4. Theoretical calculations

Calculations were performed using the Gaussian 09 program, and the
m062x/6-311 g** basis set was used for geometrical optimizations for all
atom, simulation of systems in solution using the self-consistent reaction
field (SCRF) method. Setting water as solvent, SMD model for
solventization effect can get optimized results. Then Multiwfn (Lu and
Chen, 2012) and VMD (Humphrey et al., 1996) were used to draw
HOMO and LUMO orbitals. Energies of the highest occupied molecular
orbitals (EHOMO) and lowest unoccupied molecular orbitals (ELUMO) were
obtained to describe the thermodynamic properties of carbonyls.

3. Results and discussion

3.1. Single oxygen formation from photolysis of carbonyls

Photolysis of eleven carbonyls (5mM) for 60min under full spectrum of
Xe lamp resulted in [1O2]SS ranging from (0.2 ± 0.1) × 10−14 to (4.3 ±
0.4) × 10−12 M (Fig. 1). The 5 mM of carbonyls was selected in this
study, due to that previous study estimated that acidic urban aerosols
contained ≥5 mM PA (Guzman et al., 2006c; Eugene and Guzman,
2017a). The obtained [1O2]SS was of similar order of magnitude compared
with that from atmospheric particulate organicmatter and black carbon (Fu
et al., 2016; Li et al., 2019; Appiani and McNeill, 2015), suggesting the im-
portant contribution of atmospheric carbonyls to 1O2 formation. The [1O2]
SS values of acetone (ACE), n-butyraldehyde (NB), butyric acid (BA),
propionic acid (PPA) and crotonaldehyde (CRO) were close, ranging from
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(0.2 ± 0.1) × 10−14 to (0.4 ± 0.2) × 10−14 M. Higher [1O2]SS was ob-
tained from glyoxylic acid (GLA, (2.4 ± 0.7) × 10−14 M), glyoxal (GLY,
(1.3 ± 0.5) × 10−14 M) and levulinic acid (LA, (0.7 ± 0.2) × 10−14

M). Dicarbonyl showed greater production ability of 1O2 than
monocarbonyl. Oxalic acid (OXA) and MG are also dicarbonyls, which
displayed high [1O2]SS ((1.3 ± 0.3) × 10−13 and (0.7 ± 0.2) × 10−13

M), confirming the above conclusion. The [1O2]SS from OXA was found
more than ten times of that from GLY, further revealing higher production
of 1O2 from dicarbonyl with carboxyl group relative to aldehyde group.

The [1O2]SS and Φ1O2 of another dicarbonyl, PA, were (4.3 ± 0.4) ×
10−12 M and (15.4± 1.5)× 10−3 (Table S1), at least one order of magni-
tude higher compared to other dicarbonyls. Eugene et al. provided a direct
quantitative comparison of the 1O2 production from PA recently (Eugene
and Guzman, 2019b). However, they did not study the effect of the
structure of carbonyl on 1O2 production. The synergetic effect of ketone
and carboxyl groups of PA may lead to remarkably enhanced production
of 1O2. However, very low [1O2]SS was produced from LA, which also
contains ketone and carboxyl groups. Further comparison revealed that
the ketone and carboxyl groups in PA are connected by CC bond, while
those in LA are linked via C-C-C-C bond. Shorter bond linkage between
two carbonyl groups favors 1O2 formation. The carbonyl groups in OXA,
MG, GLA and GLY with relatively high [1O2]SS are also connected by CC
bond, supporting the above conclusion. To sum up, dicarbonyl displayed
greater photolytic 1O2 production ability than monocarbonyl, while
dicarbonyl containing CC connected ketone and carboxyl groups led to
the highest [1O2]SS.

Fu et al. proposed that carbonyl-containing structures other than aro-
matic ketones were involved in 1O2 formation (Fu et al., 2016). In this
study, ACE displayed the highest [1O2]SS among five monocarbonyls, sug-
gesting that the ketone group contributes to 1O2 production. When ketone
group coexisted with carboxyl group, the resulting compound (e.g., PA)
led to higher [1O2]SS, further highlighting the contribution of ketone
group to 1O2 production. Recently, Wang et al. found that compared with
-COOH, the presence of -OCH3 and quinone in the appropriate position
was more favorable for the production of 1O2 mediated by aromatic hydro-
carbons (Wang et al., 2020). Although [1O2]SS values from BA and PPA
(containing -COOH) were also very low, ranking second and third to last
in this study, PA and LA were more conducive to the formation of 1O2

when -COOH coexisted with ketone group.
The n-π* transition occurs when carbonyl structure is excited by UV

light (Sidman, 1958), possibly contributing to 1O2 formation. Based on
the fact, it was exploredwhether visible light also participates in the forma-
tion of 1O2. No 1O2 was detected from GLY and six monocarbonyl com-
pounds after filtering UV (Fig. 1), although the light intensity changed
very little (from 23.4 to 23.1 mW cm−2). Under the same conditions,
about (0.7 ± 0.5) × 10−14, (1.1 ± 2.0) × 10−14, (2.0 ± 0.3) × 10−14

and (4.6 ± 1.1) × 10−14 M of [1O2]SS were obtained from GLA, PA, MG
and OXA, accounting for 26.7%, 0.25%, 28.3% and 34.6% of total [1O2]
SS, respectively. Clearly, the visible light component of the lamp contrib-
uted significantly to 1O2 formation of GLA, MG and OXA, due to their visi-
ble light absorption (Fig. S3).

3.2. Steady-state and transient products from photolysis of carbonyls

PAwas selected as a model to investigate the photolysis products of car-
bonyls. After 4 h reaction, three steady-state products with m/z of 175.06,
177.04 and 219.05 were detected (Fig. S4). Based on the information of
1O2 and photolysis products in this study as well as previous studies
(Guzman et al., 2006a; Eugene and Guzman, 2019b; Mekic et al., 2019a;
Eugene andGuzman, 2017b), it was deduced that the excited triplet species
(e.g., 3PA*) significantly determined the production of both 1O2 and the
three intermediates from PA (Fig. S5). To verify this hypothesis, two com-
mon quenchers of excited triplet species, TMP (Bodhipaksha et al., 2015;
Ossola et al., 2019; Zhou et al., 2019) and TEOA (Gao et al., 2020), were
separately added into the photolysis reaction of PA. The proportion of
[1O2]SS correspondingly decreased by 98.2% and 94.1% (Fig. S6a), while
3

the content of the three products was reduced by at least one order of mag-
nitude (Fig. S6b). These results indicate the formation of 3PA* from photo-
chemical reaction of PA as well as the decisive role of 3PA* in producing
1O2 and other products.

Fig. 2a further compares the photolysis kinetic curves of TMP in the
presence of PA or MG. The decay points of TMPwith or without MG almost
overlapped, resulting in similar decay rate of (1.9 ± 0.7) × 10−3 min−1

for TMP. This result suggests either negligible formation of excited triplet
species during photolysis of MG or very slow reaction rate of the excited
triplet species with TMP. During photolysis of TMP with PA, a faster
decay rate ((6.0 ± 0.3) × 10−3 min−1) for TMP was achieved, again re-
vealing the production of 3PA* from photolysis of PA. Evidently, PA can
produce 3PA* after irradiation by Xe lamp and further convert dissolved ox-
ygen to 1O2 and form other polymeric products.

Theoretically, 3PA* is from 1PA*. However, due to the lack of direct ob-
servation of 1PA* and 3PA*, a firm transformation process between them
cannot be obtained. To address this issue, laser flash photolysis technique
was applied to identify the transient species. Compared with the control
spectrum from pure water, an intense peak at around 330 nmwas observed
in the spectrum of PA (Fig. 2b), which can be ascribed to the absorption of
its transient species. The peak of transient species was stable for 0.1 μs and
then decreased rapidly. Unlike radicals, excited triplet species easily react
with O2 to accelerate self-decay (Gawargy et al., 2022; Frimmel et al.,
1987). Much stronger absorption peak of transient species with longer
self-decay time was observed upon photolysis of PA with N2 instead of O2

(Fig. S7), suggesting that the transient species was excited triplet species
of PA (i.e., 3PA*). Various excited triplet species have been successfully
identified from different organics by laser flash photolysis spectrometer
(An et al., 2010; Fang et al., 2013; Yamaji et al., 2016; Fujino et al.,
2018), supporting the validity of this method.

In order to further verify whether the transient species was 3PA*, TEOA
was added into PA solution. The peak of original transient species
completely disappeared after TEOA addition. Thus, the formation of 3PA*
from PA was solidly confirmed. By fitting pseudo-first-order exponential
decay kinetics at different concentrations of PA (Fig. 2c), the production
rate constant of 3PA* from PA photolysis (2.78 × 107 M−1 s−1) was ob-
tained (inset in Fig. 2c). Unfortunately, no transient species was observed
for the other carbonyls (Fig. S8), although they showed comparable
EHOMO-ELUMO gap (e.g., 0.28 eV for MG) as PA (0.30 eV) (Fig. 2d). The pos-
sible reason is that the lifetime of transient species from these carbonyls is
too short to be detected by the instrument in this study.

3.3. Contribution of excited triplet species to single oxygen formation in complex
atmospheric environment

The contribution of excited triplet species to 1O2 production in complex
experimental conditions was further investigated. The presence of 1 mM
(NH4)2SO4, NaCl or Na2SO4 decreased the [1O2]SS of PA to (1.6 ± 0.2) ×
10−12, (1.9 ± 0.1) × 10−12 or (2.3 ± 0.1) × 10−12 M and of MG to
(4.5± 1.8) × 10−14, (4.5± 0.1) × 10−14 or (5.6 ± 0.1)× 10−14 M, re-
spectively (Fig. 3a and b). With the increase in concentration of inorganic
salts to 10 and 100 mM, the [1O2]SS of PA exhibited an initial increase
and then decreased, while that of MG continuously increased. NH4

+ in
(NH4)2SO4 showed the greatest impact on variation of [1O2]SS for both
PA andMG. Previous studies have reported that NH4

+ is an efficient catalyst
for the aldol condensation of carbonyl compounds (Noziere et al., 2010)
and the enhanced formation of imidazole via reaction with carbonyls
(Lian et al., 2021), partially supporting the present results. The almost un-
changed transient species for PA andMG before and after inorganic salt ad-
dition indicated that the variation of [1O2]SS was related to other species
rather than excited triplet species (Fig. S9). On the other hand, increment
of pH from 2.71 (or 3.87) to 6.35 (or 6.85) decreased the [1O2]SS from
(4.3 ± 0.1) × 10−12 to (7.0 ± 0.6) × 10−14 for PA (or from (7.0 ±
0.4) × 10−14 to (5.0 ± 1.0) × 10−14 for MG) (Fig. 3c). PA and MG in
acidic solution preferred the 1O2 production in the presence of DMA
(Fig. 3d). Higher [1O2]SS was related to high Φ1O2 (Tables S2-S5).



Fig. 2. (a) Photolysis kinetic curves of TMPwith orwithout PA andMG. (b) Time-resolved transient absorption spectra of PAwith orwithout adding TEOA. (c) Decay curve of
transient species of PA under different PA concentrations (Inset: the second-order rate constant curve of PA transient species at 330 nm). (d) Simulation results for the orbitals
of PA and MG (HOMO: the highest occupied molecular orbitals, LUMO: the lowest unoccupied molecular orbitals).
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In comparison, [1O2]SS from PA was more significantly affected by pH
variation, regardless of the presence of DMA. In water, PA exists as a
mixture of the keto form and its hydrate (the geminal diol 2,2-
dihydroxypropanoic acid); 5 mM PA contains approximately 50% diol
and 50% keto (Mekic et al., 2019b). Previous study suggested that cations
Fig. 3. 1O2 steady-state concentrations of PA and MG in the presence of different inorga
with DMA for one day under different pH (pH was adjusted with HNO3. Inset: time-res
TEOA).

4

(e.g., Na+, NH4
+) deprotonate PA, reducing the relative content of diol

(Luo et al., 2020). As the pH increased, the ratio of the diol in PA solution
also decreased and approached equilibrium when pH > 4 (Rapf et al.,
2017). After adding DMA into PA solution, the pH of the mixed solution
sharply increased to around 11, accompanied by obviously decreased
nic salts (a, b), under different pH (c, pH was adjusted with NaOH), and (d) reacted
olved transient absorption spectra in alkaline environment with or without adding
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[1O2]SS. These results confirm the strong relationship between [1O2]SS and
content of diol in PA solution.

Notably, the [1O2]SS frommixedMG andDMAwas 1.8–5.6 times of that
frompureMG, indicating that DMApromoted the 1O2 production ofMG. As
is known,MG can reactwith organic amines to produce brown carbon or N-
containing oligomers (Powelson et al., 2014; Lin et al., 2015). These formed
species not only show excellent light absorption performance, but also have
stronger ability to form transient species (Fig. S10), enhancing 1O2 produc-
tion. This is the first report that observes the significant formation of 1O2

from brown carbon or N-containing oligomers during reaction of carbonyl
and organic amines. Interestingly, the [1O2]SS obtained from mixed MG
and DMA system was 2.3 times of that from mixed PA and DMA system
in alkaline environment (Fig. S11). Higher intensity of excited triplet spe-
cies was observed from the former system (inset in Fig. 3d), again verifying
the important contribution of excited triplet species to 1O2 production.
However, it is necessary to further investigate the formation mechanism
of 1O2 from carbonyls and their products under more complex conditions
to comprehensively understand the transformation and fate of carbonyls
in real atmospheric environment (Eugene and Guzman, 2019b).
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