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The photosensitized chemistry of three aromatic ketones (xanthone, flavone, and acetophenone) and also

of secondary organic aerosol (SOA) arising from the photo-oxidation of naphthalene was investigated by

means of transient absorption spectroscopy. Halide ions were selected to probe the reactivity of the

generated triplet states. The quenching rate constants ranged from 109 M�1 s�1 with iodide ions to less

than 105 M�1 s�1 with chloride ions. The halide-triplet state interactions produced the corresponding

radical anion (X2c
�) along with halogenated and more oxidized organic compounds as identified by liquid

chromatography and mass spectrometry. Deoxygenated naphthalene SOA solutions showed strong

transient absorption at 420 nm when excited at 355 nm, and were also quenched by iodide ions similar

to the single compound experiments indicating that compounds in naphthalene SOA can act as

photosensitizers. Combining the study of these individual and known photosensitizers with those formed

in the atmosphere (in this case through the oxidation of naphthalene) demonstrates that tropospheric

photosensitization may involve a large variety of compounds of primary or secondary nature and will

introduce new, unconsidered chemical pathways that impact atmospheric multiphase chemistry.
Environmental signicance

Understanding the processing chain of tropospheric aerosols and radicals from sources to sinks is key for our ability to understand climate change. Numerous
indicators, however, show that our knowledge is far from complete. Photosensitized reactions have been suggested to be an important atmospheric oxidation
pathway; we therefore investigated the quenching rates of several triplet states of selected aromatic ketones relevant to the troposphere using halide ions as
quenchers. We show here that this chemistry proceeds with fast rates. In addition, we also demonstrate, for the rst time, that secondary organic aerosol
produced from the oxidation of naphthalene also carry photosensitizing properties. This study provides knowledge for a quantitative assessment of these
oxidation routes in air.
1. Introduction

The hydroxyl radical (cOH) is certainly one of the dominant
tropospheric oxidants in both gas and aqueous phases.1

However, besides the cOH radicals, a number of other oxidative
pathways including nitrate radicals, ozone, halogenated radi-
cals, singlet molecular oxygen, peroxyl radicals, peroxides, and
triplet excited states of organic compounds (3C*) have also been
shown to play a signicant role in the troposphere.2,3

Very recently, the potential importance of triplet state
chemistry has been unraveled for the atmospheric aqueous
phase by novel ambient measurements of triplet state concen-
trations in fog and aerosol water, and by reactivity measure-
ments under atmospheric conditions of various
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photosensitizers known to be present in the particulate
matter.3–11 For instance, triplet excited states of aromatic
ketones have been shown to oxidize phenols commonly found
in biomass burning aerosol,12,13 and halide ions commonly
found in sea spray aerosol.14 In the latter case, the halide ion
oxidation induces the formation of halogen atoms (Xc) or
radical anions (X2c

�),10 which are important reactive species for
the oxidation of organic and inorganic compounds throughout
the troposphere. Halide ions such as iodide, bromide, and
chloride represent compounds of interest because of the high
reactivity of their associated atomic radicals and because of
their ubiquity.15–18

Here, we report the reactivity of common halide ions toward
a subset of organic triplet states from three aromatic ketones:
xanthone, acetophenone, and avone. These compounds are
present in different environmental compartments and were
previously considered as aqueous phase photosensitizers.19

They are also present in the gaseous and particulate atmo-
spheric phases. Of these three compounds, xanthone is more
abundant in the particulate phase having a concentration of
Environ. Sci.: Atmos., 2021, 1, 31–44 | 31
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View Article Online
hundreds of pg m�3 in urban areas.20,21 Different primary and
secondary sources of xanthone have been identied such as
wood and agricultural waste burning, and combustion of diesel,
gasoline, and city gas.22–26 Acetophenone has been detected in
aerosols but it mainly partitions into the gas phase.22 Primary
and secondary sources of acetophenone have also been identi-
ed, including wood combustion and diesel emissions.23,24

Flavone has been identied in biogenic emissions as avonoids
are known as plant-protective antioxidants.25 In a recent study,
avone has also been identied in biomass burning
emissions.26

To answer the question whether direct emissions are the
unique way of introduction of primary photosensitizing
compounds into the troposphere, we also investigated the
possibility of producing such compounds in situ in air. We
previously showed that particulate phase chemistry induces the
production of such secondary photosensitizers.27 Here, we
extended this approach to secondary organic aerosol (SOA).
Specically, we have examined the triplet-state reactivity
towards I� for a complex mixture of organic compounds in SOA
produced by the photooxidation of naphthalene under high-
NOx conditions. This naphthalene SOA has been shown to
strongly absorb near-UV and visible radiation.28 UV irradiation
of naphthalene SOA has been shown to result in an efficient
photosensitized production of singlet oxygen,29 and reactivity
towards limonene.30 Our working hypothesis was that a subset
of compounds in naphthalene SOA has sufficiently high triplet
state energies to oxidize halide ions.

This work aims to explore the effect of the triplet state
chemistry of these compounds on the formation yield of
Fig. 1 Absorption and transient absorption spectra of solutions of xanth
absorption spectra of solutions before the laser excitation. Absorption
solution of xanthone (-D-), acetophenone (-C-) and flavone (---) (10�

32 | Environ. Sci.: Atmos., 2021, 1, 31–44
reactive halogen species (Xc, X2c
�) and their kinetics. The

identication of products from these aqueous photosensitized
reactions also provides insights into the potential chemical
mechanisms. It is noteworthy to point out that the chemistry
investigated here is not only of importance for liquid particles,
but also for the description of photochemical processes at the
air/sea interface. As recently highlighted by our previous work,
there is rich photochemistry taking place in the sea surface
microlayer,31 which has now been demonstrated to involve
PAHs and organic compounds of marine interest.32,33 Therefore,
PAHs can also be efficient photosensitizers at the sea surface
and in aerosols as well.
2. Experimental
2.1. Materials and solution preparation for single-
component experiments

The chemicals used in this study – xanthone (97% Sigma-
Aldrich), acetophenone (96% Sigma-Aldrich), avone (97%
Sigma-Aldrich), sodium chloride (>99% Sigma-Aldrich), sodium
iodide (>99% Sigma-Aldrich), and sodium bromide (>99%
Sigma-Aldrich) – were all used without further purication. All
solutions were freshly prepared using 18 MU ultra-pure water.
The photosensitizer was dissolved in water using magnetic
agitation in the dark for two hours. Aqueous solutions con-
taining z2 mM of photosensitizer were deoxygenated with
a stream of argon for 20 min to avoid any interference or elec-
tron transfer with singlet oxygen. All the experiments are per-
formed at a temperature maintained at 23 �C.
one, acetophenone and flavone. The solid line (—) shows the (UV-Vis)
spectra recorded 330 ns after the 266 nm laser pulse of an aqueous
2 mM).

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ea00011f


Fig. 2 Experimental setup for the laser flash photolysis.
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2.2. SOA preparation

Naphthalene SOA was prepared under high NOx conditions and
40% relative humidity (RH) in a 5 m3 Teon batch chamber
surrounded by 42 UV-B lamps. The chamber was equipped with
a proton-transfer-reaction mass spectrometer to monitor
naphthalene concentrations and a scanning mobility particle
sizer to monitor particle concentrations and size distributions
in the chamber. The NOx concentration and RH of the chamber
were monitored using a Thermo Scientic 42i-Y and Vaisala
HMT333 probe, respectively. The starting naphthalene, H2O2,
and NOx mixing ratios were 0.4, 2, and 0.4 parts per million by
volume (ppmv), respectively. Aer the naphthalene was added
to the chamber and the concentration stabilized, H2O2 and NO
were added and the UV-B lamps were turned on to initiate the
photo-oxidation process (with a steady state OH concentration
of �106 molecules per cm3). The OH steady-state concentration
was determined from the rate at which the starting organic
compound is removed from the chamber as measured by PTR-
MS. Once the particle mass concentration peaked (�3 h), the
SOA was collected onto a poly(tetrauoroethylene) (PTFE) lter
Fig. 3 (A) Transient absorption decays of flavone triplet states in deoxy
observed at 390 nm and (B) with different concentrations of NaBr obser

© 2021 The Author(s). Published by the Royal Society of Chemistry
(FGLP04700, Millipore, 47 mm diameter, 0.2 mm pore size). The
lter was then extracted with HPLC-grade water to produce
a 0.170 g ml�1 SOA solution. Aliquots of an aqueous KI solution
were added to the SOA solution for quenching studies. All the
samples were deoxygenated for 20 minutes before the transient
absorption experiments, as mentioned for single compound
photosensitizer experiments.
2.3. Laser transient absorption

The transient absorption spectra of the excited photosensitizers
(xanthone, avone, and acetophenone) were followed with
a classical laser transient absorption apparatus.34 The third
harmonic of an Nd:YAG laser (Surelite II 10, Continuum) was
used as the excitation source. Based on the photosensitizers'
absorption spectra (Fig. 1), the laser wavelength was set at
266 nm where the three photosensitizers absorb. The laser was
operated in a single-shot mode, and its energy was set to�10mJ
per pulse. Using moderate energy helps to limit as much as
possible the direct photolysis of the photosensitizer and
therefore avoid possible interferents from its products. To get
closer to the atmosphere conditions, another set of experiments
was carried out at a laser wavelength of 355 nm. At this wave-
length, only xanthone absorbs efficiently, but 1.7 times less
than at 266 nm. Therefore, in this case a slightly higher laser
energy was used (Fig. 1).

Fig. 2 illustrates the experimental setup. It consists of
a standard laser transient absorption system but the reaction
cell is replaced with a Teon AF liquid waveguide. The laser
output was shaped by a dispersing lens to irradiate homoge-
neously the outer surface of this 1 m long transparent wave-
guide wounded in a reel. Using a peristaltic pump, the solutions
containing all reactants were owing through the waveguide to
constantly replenish their content between each laser shot (the
residence time of the sample in the cell being less than one
second). All connections were made from either glass or PTFE
tubing. This is important to limit the exposure of the solution to
repeated laser pulses to maintain a constant temperature in the
ow cell and to reduce the degradation/photolysis of the solu-
tion. Transient species produced by the pulsed laser beam were
genated aqueous solutions containing different concentrations of NaI
ved at 350 nm.

Environ. Sci.: Atmos., 2021, 1, 31–44 | 33
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Table 1 First-order rate constants and triplet lifetimes in the absence of quenchers. The ground state reduction potential E�, the triplet state
energy ET, and the triplet state reduction potentials E�* of the three photosensitizers are also given61–66

kdecay (ms
�1) 266 nm s (ms) 266 nm kdecay (ms

�1) 355 nm E� (V) ET (V) E�* (V)

Xanthone 0.44 � 0.02 2.27 0.43 � 0.03 �1.21 (63) 3.17 (64) 1.96
Acetophenone 0.54 � 0.04 1.85 �1.42 (65) 3.19 (66) 1.77
Flavone 0.18 � 0.02 5.5 �1.18 (67) 2.69 (68) 1.51
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monitored employing time-resolved absorption spectroscopy. A
150 W high-pressure xenon arc lamp was used as a broadband
radiation source. The light from the lamp passed along the axis
of the waveguide and the optical bers and was collected then
by a 1/4 mmonochromator (Spectral Products DK240) equipped
with a 2400 grooves per mm grating and coupled with a photo-
multiplier (PMT, Hamamatsu H7732-01). The output signal of
the PMT passed through a high-speed current amplier/
discriminator (Femto) and the AC component recorded on
a 300 MHz oscilloscope (Tektronix TDS3032c). Typically, signals
from 512 laser pulses were averaged for each measurement. To
construct the transient absorption spectrum, measurements
were repeated every 10–15 nm between 300 and 650 nm. The full
transient absorption spectrum was reconstructed from the
steady and transient signals (330 ns aer the laser pulse), and
reported in a wavelength region free of spectral interferents
from the ground state solution.

The transient absorption experiments on naphthalene SOA
solutions were conducted using a different laser transient
absorption apparatus at the University of California, Irvine. The
sample was placed in a standard 10 mm fused silica cuvette.
Circulation was not used due to the limited amount of available
sample (see below). The solution was excited at 355 nm (40 mJ
per pulse) and the transients were probed using a similar xenon
arc lamp, monochromator, and oscilloscope setup (averaging 40
pulses). Exciting the molecules at 355 nm ensured that the
transients formed would be tropospherically relevant and
would lead to photochemical aging of organic aerosols in the
lower atmosphere.

2.4. Chemical characterization

Chemical analysis of the reaction products was performed in
the case of xanthone. For this purpose, solutions were prepared,
containing the same concentration of xanthone, without halide
ions, with sodium iodide (0.89 mM) and nally with sodium
bromide (0.1 M). Half of each solution was kept in the dark for
reference, and the remaining half was exposed to laser pulses at
355 nm in the waveguide. These six solutions were then desa-
linated and concentrated by solid phase extraction (SPE)
(Waters, Oasis MAX 6 cc Vac Cartridge, copolymer, 30 mm). The
extracts were dried under a nitrogen ow and reconstituted in
1 ml of acetonitrile. The samples were analyzed by ultra-high
performance liquid chromatography (UPLC, Dionex 3000,
Thermo Scientic) coupled with a Q-Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientic)
with an electrospray ionization source. The separation relied on
a Water Acquity HSS C18 column (1.8 mL, 100 � 2.1 mm) at
34 | Environ. Sci.: Atmos., 2021, 1, 31–44
a ow rate of 0.3 ml min�1 with a mobile phase gradient using
acidied water (eluent A: 0.1%, v/v, formic acid; Optima liquid
chromatography (LC/MS), Fisher Scientic) and acidied
acetonitrile (eluent B: 0.1%, v/v, formic acid; Optima LC/MS,
Fisher Scientic).

In addition, we have examined the distribution of
compounds found in naphthalene SOA using the same UPLC-Q-
Exactive system equipped with a UV photo-detector array (PDA).
The instrument was operated in the negative polarity mode. The
most relevant compounds in SOA are the ones that strongly
absorb near-UV radiation, and they were assigned by examining
the correlation between chromatographic peaks detected by
both PDA and mass spectroscopy detectors. In addition, we
analyzed the chromatograms using Compound Discoverer to
locate compounds with high abundance in the mass spectrum
regardless of their light-absorption properties. All peaks were
assigned to the formulae of [CcHhOoNn–H]�, where c, h, o, and n
represent the corresponding number of atoms in the ions.
Identied peaks met a sample : blank ratio greater than 5 and
the formula assignments were limited to 30 C, 50 H, 20 O, and
10 N atoms with a maximum error of 5 ppm. When multiple
formula possibilities existed, we picked compounds that could
be conceivably derived from naphthalene. Assignments were
not veried with standards, so the formulae cited below should
be regarded as tentative.
3. Results
3.1. Triplet state transient absorption spectrum

The transient absorption spectrum recorded aer the 266 nm
laser pulse is characterized by a strong absorption peak with
a maximum absorption wavelength of around 590 nm for
xanthone, 340 nm for acetophenone, and 350 nm for avone
(Fig. 1). These wavelengths are in reasonably good agreement
with previously published spectra as discussed below. The
maximum absorption wavelength for excited xanthone and
acetophenone depends on the nature of the solvent. In non-
polar solvents, the n–p* transition triplet state is favored and
the maximum wavelength absorption is at 600 nm for xanthone
and 350 nm for acetophenone.35–39 As shown in Fig. 1, the triplet
avone transient absorption spectrum presents three peaks at
350, 370 (appearing as shoulders due to broad absorption and
limited spectral resolution), and 620 nm. The highest one is at
350 nm and the weakest one is at 620 nm. These results are in
good agreement with the work published by Avila and Pre-
vitali,40 who observed two absorption maxima at 370 nm (the
most intense) and 620 nm, and these maxima were practically
© 2021 The Author(s). Published by the Royal Society of Chemistry
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independent of the solvent used (benzene, ethanol, and aceto-
nitrile). For the determination of lifetimes and quenching rate
coefficients, the triplet state decay was monitored at the wave-
lengths reported above.
3.2. Characteristics of the photosensitizer triplet state

Laser ash photolysis of deoxygenated solutions containing the
selected photosensitizers showed strong transient absorptions
as shown in Fig. 3A for avone. Over the 0–7 ms range, the
absorption decay was tted with a single exponential decay with
an offset (eqn (1)) (Fig. 3B). The triplet state lifetime without
quenchers was thus calculated following eqn (2) where kdecay is
the observed rate constant.

y ¼ a + be�kdecayt (1)

s ¼ 1

kdecay
(2)

These constants in deoxygenated solutions are presented in
Table 1. For the three compounds, the lifetime of the triplet
state ranged from 1.85 ms for acetophenone to 5.5 ms for avone.
These values are in agreement, with triplet state excitation
lifetimes reported in the literature for a large variety of
compounds, which are in the range of 10�7 to 1 s.41 The triplet
lifetimes of cyclic ketones vary with the ring size and with the
degree of substitution; for cyclohexanone it varies between 0.6
and 40 ns.42 In the presence of oxygen, the decay became faster
indicating a quenching by oxygen, probably by energy transfer
producing reactive oxygen species such as singlet oxygen.43
3.3. Triplet state quenching rate constant

We investigated the quenching of the selected photosensitizers
by halide ions. Different concentrations of NaI, NaBr, and NaCl
were added into the deoxygenated aqueous solutions of the
different photosensitizers. Their decay became faster with
increasing concentration. This chemistry is expected to produce
atomic halogens according to (R1) in the next mechanism:14

3P* / quenching by solvent (R-0)

3P* + X� / Pc� + Xc (R-1)
Table 2 Reaction (1) rate constants k1 for quenching of ketone triplet sta
redox potentials (E(X�)/X) for the anions and the free energy of the
repetitions61–66

E(X�/X) (V)

I�

0.535

DGET (V) kI (M
�1 s�1)

Xanthone (266 nm) �1.425 (8.34 � 0.43) � 109

Xanthone (355 nm) (1.86 � 0.82) � 109

Acetophenone (266 nm) �1.235 (3.47 � 0.28) � 109

Flavone (266 nm) �0.975 (4.85 � 0.35) � 109

© 2021 The Author(s). Published by the Royal Society of Chemistry
Xc + X� # X2c
� (R-2)

X2c
� + P / product (R-3)

Xc + P / product (R-4)

X2c
� + X2c

� / X2 + 2X� (R-5)

X2 # X2(g) (R-6)

Under pseudo-rst-order conditions, the quenchers are
added in excess compared to the triplet state, and the quench-
ing rate coefficients can be determined by the following Stern–
Volmer equation (eqn (3)):

�d½3P*�
dt

¼ ðk0 þ k1½X��Þ½3P*� ¼ kdecay½3P*� (3)

In eqn (3), k0 corresponds to the rate constant of the triplet state
decay in the absence of oxygen and other quenchers in pure
water, while k1 corresponds to the quenching rate constant by
the halide X� in reaction (1).41 For a constant concentration of
photosensitizer, k1 corresponds to the slope of the curve ob-
tained from the plot of the observed rate coefficient as a func-
tion of quencher concentration. The different quenching rate
coefficients are summarized in Table 2.

The ground state reduction potential E� and the triplet state
energy ET for the different photosensitizers studied are pre-
sented in Table 1. The triplet state reduction potential E�* is the
sum between ET and E�. Using these values, we can calculate the
free energy (DG) of one electron transfer between the excited
photosensitizer and the quencher (eqn (4)) presented in Table 2.
The deactivation of the excited photosensitizer by reaction (R1)
will take place spontaneously only if DGET is negative. This
quantity may be calculated using the Rehm–Weller equation:44

DGET ¼ nF(E(X�/X) � E� � ET) + C (4)

nF is the total charge transferred during the reaction. The
entropic variation and the coulombic term (C) are considered
here as negligible. If we consider each photosensitizer individ-
ually and compare DGET with different halides, we note that
thermodynamically, the electron transfer reactions are the most
favorable, as expected, with iodine having a DGET ranging from
�0.975 to�1.425 (eV). In the presence of bromide and chloride,
tes by different halide ions following excitation at 266 nm and 355 nm,
electron transfer DGET. Values were obtained with 3 experimental

Br� Cl�

1.087 1.36

DGET (V) kBr (M
�1 s�1) DGET (V) kCl (M

�1 s�1)

�0.873 (6.46 � 0.01) � 108 �0.6 #105

(1.06 � 0.23) � 107 #05

�0.683 (9.89 � 0.6) � 106 �0.41 #105

�0.423 (1.28 � 0.28) � 105 �0.15 #105

Environ. Sci.: Atmos., 2021, 1, 31–44 | 35
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the electron transfer is thermodynamically less favorable than
for iodide with DGET values ranging from �0.873 to �0.423 (eV)
and �0.6 to �0.15 (eV), respectively. These results may explain
the different measured values of k1 for the same photosensitizer
with the different halide ions. And indeed, efficient quenching
assumed to correspond to a rapid electron transfer, has been
measured for iodide, but with somewhat lower rates for the
bromide, and a much slower rate for chloride.

If we compare the measured values of k1 for the different
photosensitizers with the same halide ion, we observed that in
all cases, xanthone presents the highest values for k1. This can
be explained by considering the triplet state reduction poten-
tial, E�*, which is a critical value for the kinetics of electron
transfer reactions.45 The E�* for xanthone is the highest,
compared to those of acetophenone or avone, and corre-
sponds to 1.96, 1.77, and 1.51 V, respectively.44 This observation
has been proven in the literature where two studies show that
the E�* inuences and controls the kinetics of the quenching
oxidation reaction.46,47 Based on the same concept and
comparing the measured values obtained for acetophenone to
those obtained for avone, we note that E�* can explain the
differences observed with bromide where acetophenone k1 is
almost a 100 times higher than k1 of avone. In the case of
iodide, a different trend is observed with avone k1 being 1.4
times higher than acetophenone k1. This difference, a factor 10
to 100 with bromide while a factor of 1.4 for iodide, can be due
to the diffusion effect in the solution which plays a limiting role
in this case. Fig. 3A shows the transient absorption spectrum of
acetophenone in the presence of I� at 330 ns aer the laser shot.
The maximum absorption corresponds to 350 nm, which is
slightly higher than the value obtained for acetophenone in the
absence of any quencher (340 nm). This shimay correspond to
the formation of an absorbing transient compound (see below)
produced rapidly aer the laser discharge. Consequently, the
underlying decay kinetics are affected and more uncertain.

These measurements have also been carried out, for
xanthone, at an excitation wavelength of 355 nm. At this wave-
length, there is still a pronounced reactivity with the halide
ions, which is in the same order of magnitude with iodide
whereas with bromide the kinetics is more than 50 times slower
than at 266 nm (Table 2).
3.4. Transient absorption spectrum of transient species and
products

Based on reactions (R1) and (R2), iodine and bromine atoms are
expected to be produced aer the quenching. While no tran-
sient compounds were observed in the absence of photosensi-
tizers, the situation appeared more complex with added iodide
or bromide ions in the solution. Indeed, aer the laser
discharge, the transient absorption should return to its initial
background absorption (A0) due to the relaxation of the triplet
state. The time needed to return to the initial background
absorption depends on the lifetime of the triplet and the pres-
ence of other quenchers. When the absorption does not return
to the A0 level, or does so over much longer timescales that are
36 | Environ. Sci.: Atmos., 2021, 1, 31–44
expected for triplet state reactions, it indicates the formation of
a transient or new product.

3.4.1. Flavone. In the presence of NaI and NaBr, the
absorption decay of the avone triplet does indeed not return to
its background value, indicating the presence of transient
species. Fig. 3 shows the avone absorption decays at different
concentrations of NaI at 390 nm (Fig. 3A) and at different
concentrations of NaBr at 350 nm (Fig. 3B). We observe that the
long-lived absorption values at this wavelength are a function of
the halide concentrations. It is important to note that the
maximum intensity of this long-lived absorption is observed at
390 nm for NaI and at 350 nm for NaBr and that lower values are
observed at wavelengths of 20 nm around these wavelengths.
Based on the literature, for NaI solutions, this maximum
absorption wavelength could be assigned to the radical I2c

�

exhibiting absorption bands at 385 and 725 nm with an
extinction coefficient of 9500 and 3000 l mol�1 cm�3, respec-
tively.48 Our system did not allow us to detect the second peak at
725 nm because of its lower intensity. For the NaBr solutions,
the maximum absorption wavelength at 350 nm would corre-
spond to Br2c

� having an absorption band at 354 nm with an
extinction coefficient of 9900 l mol�1 cm�3.49

If we consider the extinction coefficient of I2c
� at 390 nm

(9000 l mol�1 cm�3) and for Br2c
� at 350 nm (9900 l mol�1

cm�3), we can calculate that the yield of I2c
� is 239 times higher

than the one for Br2c
� at 10 ms aer the laser pulse, which is

consistent with our results presented above.
Flavone presents the lowest values of triplet state energy and

triplet state reduction potentials compared to acetophenone
and xanthone. In consequence, it should lead to the lowest
halide ion oxidation rates.

3.4.2. Acetophenone. For acetophenone solutions in the
presence of halide ions (Br� and I�), transient products have
also been detected. A comparison of the transient absorption
spectra, between acetophenone in pure water or in the presence
of NaI, at 330 ns and 5 ms aer the laser discharge is shown in
Fig. 4A. It can be seen that a new absorption band at 390 nm
appears a few ms aer the laser discharge for the solution con-
taining NaI. The acetophenone triplet lifetime is expected to last
for 1.85 ms and therefore the observed absorption band at 5 ms is
unlikely to be explained by the acetophenone triplet state but
could be attributed to I2c

�.
The long-lived absorption at 350 nm for acetophenone

solutions in the presence of a different concentration of NaBr is
presented in Fig. 4B. In this case, the long-lived absorption is
more pronounced than for avone for the same NaBr concen-
tration range. To quantify the yield of Br2c

� formed and to
compare with the results obtained with avone, the correlation
between the absorption at 10 ms and the different concentra-
tions of NaBr is presented in Fig. 4B0. A simple rst-order t for
these data gives a slope of about 1.2, i.e., corresponding to 6
times more Br2c

� production with acetophenone than with
avone. This observation could be explained by the different
values of triplet state energies. The acetophenone has ET higher
than that for avone and slightly higher than ET for xanthone,
while a value of triplet state reduction potential is in between
the two values of other photosensitizers.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Transient absorption spectra of deoxygenated acetophenone solution (red triangles) and deoxygenated acetophenonewith NaI (black
circles) at 330 ns (bottom) and at 5 ms (top) after the laser shot. (B) Transient absorbance decays of acetophenone triplet states in aqueous
solutions containing different concentrations of NaBr observed at 350 nm.
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3.4.3. Xanthone. Because of technical limitations, the
transient absorption spectra of xanthone alone, xanthone with
NaI and xanthone with NaBr, at 330 ns and at 5 ms aer the laser
pulse, start at 370 nm in Fig. 5A and A0 (no signal is detected for
wavelength < 370 nm). Approximately 5 ms aer the laser pulse,
half of the absorbance at 590 nm decreases in the absence of
any quencher, while a new absorbance appears with
a maximum at 390 nm for a solution containing NaI. Another
weaker peak appears around 700 nm. The ratio of the absor-
bance (0.56/0.19) of these two peaks (390/700) equals the ratio of
the extinction coefficients (6/1.8) of these two peaks from the
I2c

� spectrum48 conrming the formation of these transient
Fig. 5 Transient absorption spectra of deoxygenated xanthone solution
and deoxygenated xanthone with NaBr solution (green triangles) (A) at 3
absorption decays of xanthone triplet states in a deoxygenated aqueou
containing NaBr observed at 370 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
radicals. For the solutions containing NaBr, the new absorbance
band appears around 370 nm but we cannot conrm the
wavelength of the maximum absorbance.

Fig. 5B shows the absorbance as a function of time at 370 nm
for xanthone in a 0.21 M NaBr solution and at 390 nm for
xanthone in a 0.56 M NaI solution. An absorbance at 370 nm
and at 390 nm was seen in the literature, showing the formation
of these anion radicals.49,50 Taking into account the extinction
coefficient of Br2c

� at 370 nm (9200 l mol�1 cm�3), the
concentration of NaBr in the solution and the values of long-
lived absorbance, we can conclude that photoexcited
xanthone can oxidize Br� to Brc, followed by the formation of
(red circles), deoxygenated xanthone with NaI solution (black squares)
30 ns (bottom) and (A0) at 5 ms (top) after the laser shot. (B) Transient
s solution, in black containing NaI observed at 390 nm, and in green
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Table 3 Compounds identified (D, detected; ND, not detected) in the presence of xanthone and halide ions upon irradiation (I) or in darkness (NI)
by UHPLC-MS: theoretical m/z, measured m/z, empirical formula, and normalized peak abundances

Theoretical mass-to-charge
ratio (m/z)

Measuredmass-to-charge
ratio (m/z)

Empirical
formula

Normalized peak abundances

Xanthone (NI) Xanthone (I) Xanthone + NaI (I) Xanthone + NaBr (I)

197.0603 197.19 C13H8O2 1 1 1 1
223.0759 223.08 C15H10O2 ND 2.1 � 10�1 1.8 � 10�1 1.9 � 10�1

229.0501 229.0511 C13H8O4 ND 4.3 � 10�2 7.2 � 10�3 3.8 � 10�4

245.0450 245.0462 C13H8O5 ND 1.7 � 10�2 1.4 � 10�3 1.3 � 10�4

247.0606 247.05 C13H10O4 ND 7.1 � 10�3 3.0 � 10�3 5.0 � 10�5

263.0556 263.0569 C13H10O6 ND 1.5 � 10�2 2.5 � 10�3 1.4 � 10�4

279.0504 301.03 C13H10O7 ND 1.4 � 10�2 4.3 � 10�3 1.5 � 10�4

341.9389 341.93 C12H7O4I ND ND 7.9 � 10�4 ND
372.9573 372.95 C13H9O5I ND ND 1.5 � 10�3 ND
421.2331 421.2353 C21H41I ND ND 5.6 � 10�4 ND
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Br2c
� 4 times more efficiently than acetophenone and 24 times

more efficiently than avone. Likewise, xanthone shows a high
capacity to oxidize iodide, up to 42 times larger than for avone.
Compared to the other photosensitizers, xanthone has the
highest E�*, the highest DGET, and the fastest kinetics with
halides, which can explain the behavior of this photosensitizer.
Scheme 1 Xanthone photosensitized oxidation mechanism.

38 | Environ. Sci.: Atmos., 2021, 1, 31–44
3.5. Chemical characterization

Based on (R-3) and (R-4), electron transfer and H abstraction
reactions are expected due to the reaction between the radicals
Xc, X2c

� and the surrounding organic compounds. As a result,
halogenated products should be detected in the aqueous phase
and some of them may escape to the gas phase.51 Previous
studies have detected the formation of halogenated products
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 A PDA chromatogram of naphthalene SOA integrated between
300 and 500 nm shows multiple absorbing species. TIC of molecular
species between m/z 120–500 overlap with peaks in the PDA chro-
matogram affording molecular formula assignment to major chro-
mophores. The neutral formulae of the chromophores are listed
beside each of their single ion chromatogram.
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and X2 in the gas phase from photosensitized reactions.14,52 In
this study, we could only examine the products present in the
aqueous phase.

As the solutions were not degassed, in the absence of halide
ions, the products aer the laser discharge correspond to
chemistry involving oxygen (and peroxy radicals).53,54 Using the
UPLC-MS analyses, the molecular formulae were identied
based on their molecular masses and isotopic abundance.
Without tandem analysis (MS-MS) only the empiric formula
could be conrmed (Table 3).

Only xanthone (m/z 197.19) was identied in the non-
irradiated sample, however, six new products were identied
in the irradiated samples in the presence or absence of halide
ions. The most abundant product was C15H10O2, and it repre-
sents the only product that has not gained additional oxygen
atoms. This molecule could be simply the combination of an
excited xanthone with the C2H2 fragment produced from the
photolysis. Five molecules gaining two or more oxygens have
been identied in the three irradiated samples. These mole-
cules are themost abundant in the samples without halide ions.
This could be due to the concentration of oxygen in the solu-
tion, by increasing the concentration of salt in a solution the
solubility of the oxygen decreases, which explains the decrease
in the abundance of these products with increasing salt
concentration ([NaBr] > [NaI]).55 This observation can also show
that oxygen is the limiting reagent in this photosensitized
reaction. Organo-iodide molecules were detected only in the
irradiated sample containing NaI. While no molecule contain-
ing bromine could be identied, it can be due to an insufficient
concentration of NaBr to produce a detectable concentration by
the instrument. Some of the observations presented above can
be explained by the mechanism depicted in Scheme 1, which
only shows the rst oxidation steps. In fact, the production of
halogenated and organic radicals induces a rich and complex
chemistry where a multitude of radical recombination reactions
may take place. These reactions would correspond to the
halogen–halogen or organic radical recombination reactions as
shown by Roveretto et al.,52 explaining some of the products
listed in Table 3.
3.6. Naphthalene SOA composition

An aqueous solution of naphthalene SOA was analyzed using
a UPLC-PDA high resolution mass spectrometer to help identify
potential photosensitizers. The PDA chromatogram (Fig. 6)
showed several absorbing species in the 300–500 nm spectral
region, and these peaks correlated well with peaks appearing in
the total ion chromatogram (TIC), which allowed us to assign
the absorbing species to specic ions. The neutral formulae of
the chromophores are listed beside each of their mass spec-
trometry chromatograms (Fig. 6) and include multiple nitrogen
containing species such as nitro-catechol (C6H5O4N), nitro-
naphthol (C10H7O3N), and dinitro-naphthol, one isomer of
which is known as Martius yellow (C10H6O5N2). Most of these
compounds were previously observed in naphthalene photoox-
idation by Kautzman et al.56 The ten most prominent
compounds found by the Compound Discoverer (regardless of
© 2021 The Author(s). Published by the Royal Society of Chemistry
their absorbing characteristics) are shown in Table 4, and are
also dominated by nitrogen containing compounds. Although
much lower in intensity, we also found smaller amounts of
compounds with the same formula as acetophenone (0.3% of
the sum of all assigned compound intensities).

3.7. Naphthalene SOA transient reactivity

Laser ash photolysis of deoxygenated naphthalene SOA solu-
tions showed strong transient absorption at 420 nm (Fig. 7A)
when excited at 355 nm. A strong uorescence was also
observed immediately aer the laser excitation. This was ex-
pected, as naphthalene SOA is known to uoresce with an
effective quantum yield of a few percent.28,57 Aer the uores-
cence, there was a buildup of transient absorption, followed by
a slow exponential decay (�20 ms). The decay portion was tted
with a single exponential (eqn (1)) as done for single photo-
sensitizer molecule solutions (Fig. 7B). As expected, the
Environ. Sci.: Atmos., 2021, 1, 31–44 | 39
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Table 4 Tenmost prominent NAPH/OH/NOx compounds (in descending order of abundance) fromUPLC-PDA-MS analysis of the SOA solution.
Proposed structures are also given but are not confirmed as no standards or MS-MS were conducted on the sample

MW Compound formula Representative structure with this formula Retention time/min Measured m/z Delta mass/ppm

189 C10H7O3N 10.24 188.03491 2.14

234 C10H6O5N2 11.05 233.01987 2.25

155 C6H5O4N 7.74 154.01424 2.23

166 C8H6O4 6.64 165.01891 2.57

183 C7H5O5N 8.31 182.00903 2.53

205 C10H7O4N 9.67 204.02977 2.25

150 C8H6O3 6.95 149.02402 2.67

40 | Environ. Sci.: Atmos., 2021, 1, 31–44 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd. )

MW Compound formula Representative structure with this formula Retention time/min Measured m/z Delta mass/ppm

194 C9H6O5 5.43 193.01375 2.57

183 C8H9O4N 8.11 182.04544 2.41

139 C6H5O3N 8.59 138.01936 2.29
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transient lifetimes from the exponential ts decreased with
increasing KI concentrations and were then used to conduct
a Stern–Volmer analysis to obtain the reaction rate constant (k1)
of 3.0 � 108 M�1 s�1. This is similar to the single compound
experiments but is an order of magnitude lower, which is
reasonable considering that not every absorber in naphthalene
SOA can act as a photosensitizer.

Comparing the SOA solution experiments to the single
photosensitizer experiments indicate some similarities as the
absorption values at later times were not equal to the absorption
Fig. 7 (A) Steady state (black line) and transient absorption spectra (gree
spectrum was the average signal from 1.2–2 ms. Please note the transien
420 nm were measured and fitted to produce a Stern–Volmer analysis a

© 2021 The Author(s). Published by the Royal Society of Chemistry
values before the laser pulse, indicating the formation of a long-
lived transient or a stable product (Fig. 7B). Unlike the single
compound experiments where the long-time absorption increased
linearly with quencher concentration, the long-time absorption
was independent of quencher concentration for SOA solution
experiments. The reason for this is not entirely clear but is not
entirely surprising either, as the SOA solution is a mixture of
thousands of molecular species including quinones, and other
aromatic ketones, many of which can exhibit transient absorption
�420 nm. Although speculative, we expect that the transient
n triangles) of deoxygenated naphthalene SOA solution. The transient
t spectrum is measured in mOD. (B) The transient absorption decays at
t varying concentrations of KI. All solutions were deoxygenated.
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absorption at 420 nm is most likely a composite absorption of
multiple triplets and free radicals, some of which react with iodide
and/or other SOA species. Similar behavior has been observed in
the chromophoric dissolved organic matter (CDOM) commu-
nity.58–60 Thus, the formation of new transients and products at
long-times is expected to be complex and will include atomic
iodine as well as multiple cross-reaction products between atomic
iodine, radical iodide, and SOA radical species—the amounts of
which depend on the initial amount of iodide present. Increasing
the amount of iodide present may increase the yield of one
photoproduct but may decrease it for another, resulting in
a similar absorption signal. This is further demonstrated by the y-
intercept of the Stern–Volmer plot. The y-intercept of the plot is
larger than the theoretical value of 1, where the y-axis is the ratio
of the lifetime without iodide (s0) and the lifetime with a certain
concentration of iodide (s). At the y-intercept, the ratio should
equal one, but the larger value here indicates chemical reactivity
even when the iodide concentration is zero, likely due to the
aforementioned chemical complexity and cross reactions in the
solution.

The SOA system is complex, with multiple reactive species
undergoing multiple generations of cross reactions with each
other, and cannot be well-explained by a classical triplet-
quencher mechanism. As such, we consider our results as
a study of the “effective” reactivity of the system based on the
triplet/radical pool at 420 nm.

4. Conclusion

These experimental results indicate that aromatic ketones
contribute towards photosensitized reactivity in atmospheric
particles as a source of anion radical formation in the atmosphere.
We show that compounds that come from primary emissions
(xanthone, avone, and acetophenone) as well as from secondary
oxidation of aromatic compounds (such as naphthalene) can act as
potential photosensitizers that are capable of abstracting electrons
from halide ions. The rate of the resulting radical anion formation
depends on the free energy of the electron transfer of the photo-
sensitizer, and the oxidation potential of the halide ions. Further-
more, oxidized compounds and halogenated organic compounds
are also formed by irradiation at 355 nm in the presence of oxygen,
which is atmospherically relevant. These products are highly
oxygenated, and their presence in the atmosphere can be a marker
of the photosensitization process from xanthone in the atmo-
sphere. This study demonstrates that tropospheric photosensitiza-
tion may involve a large variety of compounds of primary or
secondary nature and will introduce new, unconsidered chemical
pathways that impact atmospheric multiphase chemistry.
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51 D. O. Mártire, J. A. Rosso, S. Bertolotti, G. C. Le Roux,
A. M. Braun and M. C. Gonzalez, Kinetic Study of the
Reactions of Chlorine Atoms and Cl2c

� Radical Anions in
Aqueous Solutions. II. Toluene, Benzoic Acid, and
Chlorobenzene, J. Phys. Chem. A, 2001, 105, 5385–5392.

52 M. Roveretto, M. Li, N. Hayeck, M. Brüggemann,
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