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Abstract. Molecular singlet oxygen (IOE) is the first ex-
cited state of molecular oxygen (O,) and can be formed
through indirect photochemistry during irradiation of chro-
mophoric organic matter. Once formed in the particle and
droplet phases in the atmosphere, 103 can be a competi-
tive oxidant in the photochemical processing of organic mat-
ter. Now, as more researchers study the atmospheric photo-
chemistry of '0%, establishing protocols by evaluating and
comparing experimental setups across laboratories is becom-
ing necessary. Here, we present 103 measurements from
four photosensitizing molecules in four photoreactor setups
at three research institutions, including two xenon lamps of
different strengths and two multi-bulb UVA + UVB broad-
band systems. The production of 10; was investigated from
perinaphthenone, lignin, and juglone, which are photosen-
sitizers with atmospherically relevant light absorbing moi-
eties, as well as from Rose Bengal, a standard photosensi-
tizer. Two chemical actinometers, 2-nitrobenzaldehyde and
p-nitroanisole/pyridine, were used to quantify photon fluxes
and calculate rates of light absorbance for photosensitizers
for each photoreactor. We compared two commonly used
10; quantification methods, chemical probe method using
furfuryl alcohol, as well as direct 10; phosphorescence de-
tection at 1270nm. Rates of light absorbance across ex-
perimental setups for each photosensitizer ranged between
0.2and 62 x 107 molphotons L's~!, while 103 steady-state
concentrations ranged between 0.01 and 129 x 10~ M. De-

spite order of magnitude differences in rate of light ab-
sorbance and 10; steady state concentrations, normalizing
to 10; quantum yields showed good inter-laboratory agree-
ment but only for the sensitizers with high quantum yields:
perinaphthenone (94 % £9 %—112 % £ 17 %) and for Rose
Bengal (67 % £ 15 %—87 % + 5 %). 10; quantum yields for
lignin and juglone increased with decreasing irradiation
wavelength, highlighting a wavelength-dependence. Finally,
we make five recommendations to improve the accuracy and
reproducibility of 10; measurements for the atmospheric
chemistry community. These recommendations include con-
sidering wavelength-dependent quantum yields, avoiding
suppression of 'O, controlling and reporting photoreactor
temperature, considering light scattering from nanoparticles,
and conducting control experiments. These recommenda-
tions can serve as guidelines to build future photoreactors as
well as help standardize 10; measurements in studying pho-
tochemical processing of atmospheric aerosols and droplets.

1 Introduction

Wildfires are becoming more frequent and severe with ris-
ing global temperatures, affecting air quality, climate, and
human health (Tymstra et al., 2020). These events are major
sources of brown carbon (BrC) aerosols, which contain light-
absorbing organic chromophores capable of driving complex
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photochemistry in the atmosphere (Laskin et al., 2015). Upon
absorbing sunlight, these chromophores reach electronically
excited states that can transfer energy to other atmospheric
species, initiating indirect oxidation pathways (George et al.,
2015; Li et al., 2022; Hems et al., 2021). One particularly
important pathway is the formation of triplet excited state
organic carbon (3C*) and its subsequent energy transfer to
molecular oxygen, generating singlet oxygen (! 03), a potent
oxidant (Kaur and Anastasio, 2018; McNeill and Canonica,
2016). Excited-state oxidants have been hypothesized to con-
tribute to the elevated oxidation state of carbon observed in
wildfire plumes, beyond what can be explained by classical
radical chemistry (Akherati et al., 2022).

10; is efficiently generated by well-characterized syn-
thetic photosensitizers such as Rose Bengal and Methylene
Blue (Wilkinson et al., 1993), including within the con-
text of photo-dynamic therapy (Gianotti et al., 2014; Dhaini
et al., 2022). In natural waters, dissolved organic matter is
a strong photosensitizer, with quinones, aldehydes, ketones,
coumarins, and polycyclic aromatic hydrocarbons among the
compound classes responsible for 10; production (McNeill
and Canonica, 2016). Atmospheric BrC contains chemical
analogues of these same chromophores, including nitrophe-
nols (Xu et al., 2022), nitroanisoles (Zheng et al., 2023; Li
et al., 2025b), quinones (Lee et al., 2014), and aromatic car-
bonyls (Smith et al., 2014, 2016), though their photosensi-
tizing activity remains incompletely characterized. Measure-
ments of 10; across atmospheric samples such as fog water
(Anastasio and McGregor, 2001; Kaur and Anastasio, 2017),
cloud and rainwater (Faust and Allen, 1992; Albinet et al.,
2010), indoor cooking aerosols (Borduas-Dedekind et al.,
2024), road dust (Cote et al., 2018; Burnett et al., 2025), and
particulate matter extracts (Manfrin et al., 2019; Ma et al.,
2023b; Lyu et al., 2023; Bogler et al., 2022; Cote et al., 2018;
Kaur et al., 2019a; Leresche et al., 2021) confirm that 103 is
ubiquitous in multiphase atmospheric environments . Recent
studies also demonstrate 10; reactivity at air—solid and air—
water interfaces (Durantini et al., 2023; Durantini and Greer,
2021; Li et al., 2025a).

Concentrations of 103 are typically on the order of
10713 M (Bogler et al., 2022; Cole et al., 2018; Kaur et al.,
2019b; Leresche et al., 2021; Lyu et al., 2023; Ma et al,,
2023b, a; Manfrin et al., 2019; Heinlein et al., 2025), an
order of magnitude larger that its triplet excited state pre-
cursor (10’14 M) (Kaur et al., 2019b; Lyu et al., 2023; Ma
et al., 2023b, a) and two orders of magnitude larger than -OH
(1015 M) (Arakaki et al., 2013; Kaur et al., 2019b; Leresche
et al., 2021; Ma et al., 2023b, a; Zhou et al., 2008) in at-
mospheric extracts. Yet, reported 10; quantum yields vary
widely, even for the same material. For example, Suwannee
River fulvic acid shows quantum yields ranging from 0.47 %
to 5.4 %, with strong wavelength dependence (Partanen et al.,
2020). Atmospheric samples likewise span 0.2 %—19 % (Ma
et al., 2023a; Petersen-Sonn et al., 2025; Kaur et al., 2019b;
Bogler et al., 2022; Manfrin et al., 2019; Ma et al., 2024;
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Lyu et al., 2023). Some of these discrepancies arise from us-
ing different rate constants, different parameters for light ab-
sorbance, dismissing the presence of competing oxidants, or
measurement errors (Ossola et al., 2021).

The challenge of extrapolating laboratory measurements
of 10; to the atmospheric context is exacerbated by the cur-
rent lack of reproducibility in environmental samples such
as the Suwannee River fulvic acid samples (Partanen et al.,
2020), making it difficult to distinguish between variability in
10; measurements and true inconsistencies in reproducibil-
ity. Anton et al. (2024) recently reported an intercomparison
study in surface water context related to photochemical pro-
cesses and made suggestions on how to limit the uncertainty
related to the wavelength-dependence of quantum yields. In-
deed, two extensive reviews have been written in the aquatic
context to help reduce measurement reporting discrepancies
by Ossola et al. (2021) and Anton et al. (2024). Our study
builds on their work as we consider the atmospheric context
of measuring excited state oxidants.

To evaluate atmospheric measurement consistency, we se-
lected a diverse set of BrC-relevant photosensitizers: peri-
naphthenone, juglone, and lignin (Fig. 1). Perinaphthenone is
a benchmark 10; sensitizer with well defined photophysics
(Schmidt et al., 1994; Schweitzer and Schmidt, 2003) and
structurally similar to BrC moieties (Samburova et al., 2016).
Juglone represents hydroxyquinones which have been pro-
posed to be atmospheric photosensitizers linked to BrC for-
mation (Lee et al., 2014; Manfrin et al., 2019). Lignin and
its derived products are present in biomass burning organic
aerosols,(Myers-Pigg et al., 2016; Shakya et al., 2011) and
can generate 10; upon irradiation (Du et al., 2018; Flem-
ing et al., 2020). For a standard comparison, we also in-
cluded Rose Bengal as a well studied reference sensitizer
commonly used to benchmark 10’2‘ quantum yields, albeit an
atmospherically irrelevant molecule (Redmond and Gamlin,
1999; Gottschalk et al., 1986).

Here, we quantified 10; production from four photosen-
sitizers in four photoreactor setups across three institutions
to establish a standard operating procedure for atmospheric
chemistry experiments. To compliment our inter-laboratory
photoreactor intercomparison, we also measured 10; quan-
tum yields using phosphorescence spectroscopy to act as a
method comparison to chemical probe quantification. Stan-
dardizing a method of 103 measurement is timely, as the
there are increasing numbers of studies of photooxidants in
irradiated particulate matter (Heinlein et al., 2025; Chang
et al., 2025). This study is unique in its direct intercompari-
son of 10; quantification using the identical photosensitizing
molecules and procedures across different photoreactor se-
tups. Following this intercomparison, we provide recommen-
dations to standardize 10; measurements to minimize errors
and enhance interpretation of results specifically across dif-
ferent light sources. Our goal is to provide a methodologi-
cal road map for future studies to consider and adopt in the
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Figure 1. Structures of chemicals used in this study. Top row: chemical probe, furfuryl alcohol (FFA). Middle row: chemical actinometers,
p-nitroanisole (PNA)/pyridine (Pyr), and 2-nitrobenzaldehyde (2NB). Bottom row: photosensitizers. Rose Bengal is a synthetic dye standard
and perinaphthenone, juglone, and lignin are atmospherically relevant moieties.

measurements of photooxidants with a focus on 103 in at-
mospherically relevant samples.

2 Methods
2.1 Chemicals

Isopropanol (HPLC grade, >99.9%), perinaphthenone
(97 %), juglone (5-hydroxy-1,4-naphthoquinone, 97 %),
lignin (low sulphonate alkali lignin), 4-nitrophenol (98 %),
2-nitroanisole (98 %), 3-nitroanisole (98 %), 4-nitroanisole
(98 %), Rose Bengal (95 %), 2-nitrobenzaldehyde (2NB,
98 %), and pyridine (Pyr, > 99.9 %) were all purchased from
Sigma-Aldrich and used without further purification. All so-
lutions were prepared using 18.2 M2 cm Milli-Q water.

Furfuryl alcohol (FFA, 97 %) and p-nitroanisole (PNA,
97 %) were checked for purity using UV-Vis, and purified
if coloured impurities were present. Specifically, FFA was
purified using a liquid-liquid extraction with NaHCO3, fol-
lowed by fractional distillation under reduced pressure (see
Fig. S20 for the impact of FFA impurities on control exper-
iments) (Armarego and Chai, 2013). FFA was then stored in
the fridge and covered in foil to avoid any photochemical
processes. PNA was recrystallized from petroleum ether at
60 °C (Armarego and Chai, 2013).

2.2 Instruments

In this section, we describe the details of each photoreactor at
the University of British Columbia (UBC), University of Cal-
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ifornia Davis (UCD), and Universite Claude Bernard Lyon
1 (Ircelyon), as well as high performance liquid chromato-
graph (HPLC), UV/Vis spectrometer and spectrophotometer
at each institution.

2.2.1 Photoreactor experimental setups

UBC. The photoreactor used at UBC was a Rayonet RPR-
200 (The Southern NE Ultraviolet Co.) equipped with 16 re-
movable bulbs and a rotating sample carousel (Fig. 2a). The
photoreactor was temperature controlled using the vented
gas from a 15 L liquid nitrogen dewar (Cryofab, Inc. CLPB-
15-GF). Temperature was monitored using a thermocouple
probe (Thermosense BTM-4208SD 12 Channels Tempera-
ture Recorder) at each time-point. Experimental solutions
(5 mL) were transferred into borosilicate glass test tubes and
set into a rotating carousel. Empty slots on the carousel were
filled with borosilicate glass vials containing 5 mL of MilliQ
water in order to ensure homogeneous light distribution. Ex-
perimental solutions contained 20 uM furfuryl alcohol, 1 mM
of isopropanol and 10puM of either perinaphthenone, Rose
Bengal, juglone, or 20 mg L~! of lignin. At 6-10 designated
time points during illumination, 100 uL aliquots were re-
moved for furfuryl alcohol quantification. Two UBC pho-
toreactor setups were used for the present study. One setup
used 12 UVA centred bulbs (Southern NE Ultraviolet Co.,
RPR-3500A), herein referred to as UBC UVA. The other
setup used 8 UVA centred bulbs and 8 UVB centred bulbs
(Zoo Med 26396 Reptisun 15W 10.0 T5-Ho UVB Fluores-
cent Lamp, 12in.), herein referred to as UBC UVA+UVB
broadband.
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Figure 2. Experimental setup of 3 different laboratory photoreactors. (a) UBC, (b) Ircelyon, and (¢) UCD. Details of each photoreactor setup
are shown in Table 1. Main components of each set up, light source, sample holders, and temperature control, are labelled. Direction of light
beam travel is indicated with a yellow arrow in panels (b) and (c), and is in all directions in panel (a).

UCD. At UCD, tropospheric sunlight was simulated with
a 1000 W xenon arc lamp with three downstream optical fil-
ters: a water filter, an AM1.0 air mass filter (AM1D-3L, Sci-
encetech), and a 295 nm long-pass filter (20CGA-295, Thor-
labs) (Fig. 2b). The temperature of the illumination chamber
was controlled with a water bath set to 20 °C. Illuminations
were either performed in 1 mL GE 021 quartz tubes (5 mm
inner diameter) or in 5 mL rectangular quartz cuvettes (1 cm
pathlength; Starna Cells). Experimental solutions contained
20 uM furfuryl alcohol, 1 mM of isopropanol and 10 uM of
either perinaphthenone, Rose Bengal, juglone, or 20 mg L ™!
of lignin. At five designated time points during each illu-
mination experiment, 130 uL aliquots were removed for fur-
furyl alcohol quantification. For the experiments performed
in 1 mL tubes, the entire solution was illuminated. The solu-
tions did not need to be stirred during illumination but the so-
lutions were shaken vigorously prior to aliquot removal. For
the experiments performed in cuvettes, the light beam only
illuminated a subset of the solution and therefore the solu-
tions were stirred during illumination. The volume removed
during the cuvette experiments did not exceed 15 % of the
initial illuminated volume.

Ircelyon. The set-up applied in Ircelyon consisted of a
glass photoreactor equipped with a water jacket to allow
for temperature control (Fig. 2c). Experimental solutions
contained 20 uM furfuryl alcohol, 1 mM of isopropanol and
10 uM of either perinaphthenone, Rose Bengal, or 30 uM ju-
glone, or 40mgL~! of lignin. 20 mL of experimental solu-
tion were transferred to the photoreactor for irradiation. All
experiments were performed at 293 K (20 °C). The solution
was stirred by a magnetic stirrer. A quartz lid was placed on
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top of the reactor to avoid exchange with the air surrounding
the set-up. The light source applied was a xenon lamp (LOT
LSE140/160.25C, 150 W), which had an infrared (IR) filter,
a mirror bending the light 90°, followed by a Pyrex filter to
avoid light with wavelengths below 280 nm.

2.2.2 HPLC

UBC. High performance liquid chromatography (HPLC, Ag-
ilent 1260, Agilent Technologies) equipped with a photodi-
ode array detector was used to quantify the decay of the pho-
tooxidant probes. The analytical method was conducted with
a reverse phase C18 column (Agilent, 5 pm, 4.6 x 150 mm)
and an eluent gradient of acetonitrile (ACN) and MilliQ wa-
ter for furfuryl alcohol. For the furfuryl alcohol quantifi-
cation, a flow rate of 1 mLmin~! was used. The gradient
was 6min at 20 /80 (water / ACN), and 2min at 90/ 10
(water / ACN) for a total run duration of 8 min. Furfuryl
alcohol was monitored at 219nm and typically observed
at 3.32min (Bogler et al., 2022). For the monitoring of
2-nitrobenzaldehyde, a flow rate of 0.5mLmin~! was ap-
plied to an isocratic gradient of 60 /40 (water / ACN), and
maintained for 20 min. 2-nitrobenzaldehyde was monitored
at 254nm and was typically observed at 9.6 min. For p-
nitroanisole, the gradient was 6 min at 50 / 50 acetonitrile/ac-
etate buffer (pH = 6). The p-nitroanisole peak was typically
quantified at 316 nm.

UCD. Furfuryl alcohol was monitored using high per-
formance liquid chromatography (HPLC: Shimadzu LC-
20AB pump, Thermo Scientific Accucore XL C18 column
(50 x 3mm, 4 um bead), and Shimadzu-M20A Photodiode
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Array detector. A flow rate of 0.45mL min~! and an eluent
gradient with 2 min of 10 /90 (acetonitrile / water), 3.5 min
of 40 / 60 (acetonitrile / water), and the remaining 12.5 min
with 10 /90 (acetonitrile / water) for a total run time of
18 min was used. Furfuryl alcohol was quantified at 210 nm
and eluted at 3.0 min, and the remainder of the run was to
ensure all photosensitizers were flushed from the column.

Ircelyon. Samples were extracted at varying time inter-
vals, depending on the experiment, and set aside for UH-
PLC/UV analysis. The method applied for UHPLC/UV anal-
ysis had an ACQUITY UPLC HSS T3 by WATERS col-
umn (100mm x 2.1 mm, 1.8 um) and is also described in
Petersen-Sonn et al. (2024). With a flow of 0.3 mL min~! the
method started using two solvents: H,O with 0.1 % formic
acid (solvent A), and acetonitrile (ACN) with 0.1 % formic
acid (solvent B). Initially, 1 % solvent B (and 99 % solvent
A) was applied for 2min. In the next 11 min, the gradient
gradually shifted from 1 % to 100 % solvent B. After this,
solvent B was kept at 100 % for the following 2 min, which
was followed by a change to 1 % solvent B (over 0.1 min),
which was kept until the end of the sequence (total runtime
of 22 min). This allowed for an equilibrium of the column
before the next sample was injected. Furfuryl alcohol, 2-
nitrobenzaldehyde and p-nitroanisole were analyzed at 218,
254, and 320 nm, respectively.

2.2.3 UV/Vis spectroscopy

All absorbance spectra of experimental solutions was mea-
sured from 200—-800 nm and contained furfuryl alcohol, iso-
propanol, the photosensitizer. Samples were measured in
1 cm pathlength quartz cuvettes, and were corrected for base-
line and for the absorbance of a blank furfuryl alcohol + iso-
propanol solution to isolate the absorbance of the photosen-
sitizer. At UBC, absorbance spectra were recorded using a
double beam UV/Visible spectrometer (Carry 5000, Varian).
At UCD, absorbance spectrum of each sample solution were
measured with a Shimadzu UV-2501PC spectrophotometer.
At Ircelyon, solutions were measured using an Agilent Cary
60 spectrophotometer.

2.2.4 Photospectrometers

An Ocean Optics FLAME-T-UV-VIS spectrophotometer
equipped with a QP600-1-XSR fiber optic cable and a CC-
3-UV-S cosine receptor was used to measure the irradiance
spectrum of the photoreactor setups at UBC. Due to the ro-
tation of the carousel sample holder, the spectrophotome-
ter probe was positioned in one of the sample slots and ro-
tated for measurement. One rotation of the sample carousel
took 10s. To not oversaturate the spectrophotometer detec-
tor and to obtain the entire photoreactor light output the
spectrophotometer integration time was set to 0.25 s and av-
eraged over 40 scans. At UCD, a TIDAS S 300 VIS/NIR
3011 (MMS 300-1100nm) spectrophotometer was used to

https://doi.org/10.5194/amt-19-3961-2026

3965

measure the irradiance spectrum of the solar simulator. The
Ircelyon laboratory used an Avantes AVASPEC-HSC1024 x
58TEC-EVO spectrophotometer, equipped with an optical
fiber (FC-UV/IR-400-1-PR, Avantes) that has a cosine cor-
rector, was employed to measure the irradiance spectrum of
the lamp.

2.3 Quantifying 10; formation parameters
2.3.1 Rate of light absorbance

The rate of light absorbance (Raps, mOlphotons L! s’l) of the
photosensitizer was calculated by:

Ras=Y (IA,O cay - AL -2.303 - 103) (1)
A

where a, is light absorption coefficient of the sample (cm™!,

baseline corrected), /) o is the spectral irradiance of the light
source (molphotons cm 2! nm’l), AM is the interval be-
tween adjacent wavelengths, and the values 2.303 and 103
are conversions for base and units, respectively (Kaur et al.,
2019b). Following the recommendations of Ossola et al.
(2021), UV-vis spectra were corrected by averaging and sub-
tracting the absorbance of a sample from 700-800 nm (or the
region of noise determined in logarithmic absorbance space
of the UV-Vis spectrum) from the entire absorbance spectra.
Additionally, negative absorbance values were screened and
set to be 0 to avoid an artificial decrease in the rate of light
absorbance. A baseline spectrum was also taken with the sol-
vent (water) as well as isopropanol and furfuryl alcohol.

2.3.2 10; production under pseudo-first-order
conditions

10; was detected using furfuryl alcohol as a chemical probe,
which has a well constrained rate constant with 103 of 1 x
108 +2.1x 10 (T [°C] —22) M~ ! s~! (Appiani et al., 2017)
and has been used for several decades for 103 quantification
(Haag et al., 1984). The decay of the furfuryl alcohol probe
was followed with (U)HPLC/UV. The loss of the 10; probe,
furfuryl alcohol, can be expressed as:

d[FFA]
—— =keeatio; x [FFA] x 1031

+ kppagscr X [FFA] x [PC*
+ krga+.0H X [FFA] x [+OH]ss + jrra ()

The reaction of furfuryl alcohol with hydroxyl radicals
(*OH) was set to be 0 due to the use of isopropanol as a
quencher (Bogler et al., 2022), and the direct photodegrada-
tion (jrra) was also negligible for the irradiance times used
in this study, evidenced by the direct photodegradation con-
trol experiments (Fig. S1 in the Supplement). The reaction
of furfuryl alcohol with 3C* is also negligible, evidenced by
deoxygenation control experiments (Fig. S2). Therefore, the
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loss of furfuryl alcohol can then be expressed only as a func-
tion of its reaction with 'O%.

< [FFA],
In

Through this decay, the pseudo-first-order rate constant,
kobs,FEA, Was obtained (Figs. S2—S7). kobs,FFA Was then cor-
rected for light screening of the sample:

kobs,FFA
sf

“

kobs,corr =
2.3.3 Light screening factor

Internal light screening due to light absorption is the reduc-
tion of light intensity within a sample as photons are ab-
sorbed before they can reach the entire irradiated volume.
The light screening of the sample depends on the light ab-
sorbance of the sample, the path length of the light through
the sample, and the irradiance from the light source. The light
screening factor (sf) is described by Eq. (5).

X (=107 o)
Y23y -1-10)

where [ is the path length of the sample. As described in
Eq. (4), the screening factor was used to obtain the corrected
rate constant for decay of furfuryl alcohol, kobs,corr- Kobs,corr
was used to calculate the steady-state 10; concentration by
applying the second-order rate constant between furfuryl al-
cohol and ' 03, k10, FFa- according to Eq. (6).

sf

®

k
[103]SS — kobs,corr (6)
]OZ,FFA

234 10; quantum yield (<I>10;)
The quantum yield expresses the efficiency of 10; produc-
tion, i.e., it is the fraction of absorbed photons that lead to

10; production (Eq. 7).

# of 10; molecules formed

'03 = "% of photons absorbed @
The quantum yield is particularly powerful for comparing
10; production across different experimental setups (Ossola
et al., 2021). For example, strong irradiation sources would
produce larger absolute quantities of 10; that are difficult to
directly compare to weaker irradiation sources.

Considering the photophysical and chemical processes in
the system, the 10’2‘ quantum yield can be expressed in
Eq. (8) (Sharpless, 2012; Schweitzer and Schmidt, 2003; Os-
sola et al., 2021):

ko,[02]

—_— 8
kT + ko, [02] Ja ®

Digs = P1sc
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where ®rgc is the fraction of excited singlet photosensi-
tizer molecules that undergo intersystem crossing to the ex-
cited triplet state, k} is the deactivation of triplets, ko, is the
second-order rate constant for the physical quenching of >C*

‘ ko,[02]
with 02 5 WZ[OZJ

Oy, and f is the fraction of the quenching that leads to the
formation of 10%.
In practice, two methods can be used to calculate @103.

is the fraction of 3C* that is quenched by

The direct method ((D?i(;*)’ uses rate of light absorbance as
2

well as a rate constant to account for the deactivation of 10;
in the solvent (Eq. 9).
kobs,corr . kd

dir
g, =

9

klo’z‘,FFA * Raps

where kq is the deactivation of 10; by water, 2.76 x 10° 57!
(Appiani et al., 2017). The direct quantum yield depends on
the rate of light absorbance, Raps, which were determined
using spectral irradiances determined using actinometry of
either 2-nitrobenzaldehyde or p-nitroanisole/pyridine.

In contrast, the relative quantum yield of 0%, ®f o> does
not require photon flux to be quantitatively measurezd, and
only normalizes rate of light absorbance of a compound of in-
terest to a reference compound. In this study, perinapthenone
(PN) was applied as reference compound. Perinaphthenone
as a reference photosensitizer allows the normalization of the
production of photooxidants and of the rate of absorbance
for each experiment, due to possible slight changes in irra-
diation and/or experimental setup, since it has a well charac-
terized ]O’z‘ quantum yield (Schmidt et al., 1994). Addition-
ally, the triplet state of perinaphthenone does not react with
furfuryl alcohol under typical experimental conditions (con-
centrations in the uM range), meaning that furfuryl alcohol
loss reflects only reaction with singlet oxygen. This greatly
simplifies [103]55 and CDIO; calculations by enabling rela-
tive rate comparisons between singlet oxygen production and
furfuryl alcohol consumption (Schmidt et al., 1994; Ossola
etal., 2021). Finally, perinaphthenone possesses no acid-base
functionality. Therefore, its triplet reactivity is not expected
to exhibit a pH dependence, further supporting its use as a
robust reference photosensitizer.

o _ kobs,corr Rabs,PN q)PN (10)

10*
0 kobs,PN,corr Raps

In Eq. (10), kobs,PN,corr 18 the observed decay of furfuryl
alcohol due to 10; produced by perinaphthenone that has
been corrected for light screening, and Ry pN is the rate of
light absorbance from the perinaphthenone sample.

2.4 Control experiments
2.4.1 Blank control

Control experiments were performed to isolate the reaction
of furfuryl alcohol 4 ]O§ and eliminate any other sources
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of furfuryl alcohol degradation. A blank control containing
MilliQ water and 20 uM of furfuryl alcohol was irradiated
to ensure the absence of probe decay due to impurities in
the solvent (MilliQ water) or direct photodegradation of the
chemical probe due to impurities. Based on the results of this
control experiment, jrra in Eq. (2) was set to zero.

2.4.2 Dark control

A dark control solution was prepared for each set of photo-
sensitizer experiments by adding a glass vial of sample solu-
tion covered with aluminum foil to protect the solution from
irradiation. The dark control sample was conducted to ac-
count for any potential reactions between the photosensitizer
and the probe in the absence of light.

2.4.3 Deoxygenated control (N, purge)

In order to investigate potential reactions of the triplet state of
the photosensitizer with furfuryl alcohol, deoxygenation ex-
periments were conducted. The borosilicate tube was sealed
with a septum and bubbled with N3 for 15 min to evacuate O,
dissolved in solution and present in the headspace. Through-
out the irradiation process, the time points were taken by
adding a Ny flow through the system, to maintain an inert
environment. Oy deoxygenation experiments were only con-
ducted at the UBC laboratory. Since the same photosensi-
tizer compounds were used, any triplet state reactivity with
furfuryl alcohol observed, or lack thereof, is expected to be
reproducible across all laboratories. Based on the results of
the deoxygenation control experiments, we set the value of
kgga 3¢+ to zero in Eq. (2).

2.5 10; phosphorescence detection

To complement chemical probe quantification of 10;, we
also used phosphorescence spectroscopy to directly detect
the emission of '0%. Since 'O} is in a spin-forbidden state,
its relaxation to the ground state can be detected as phos-
phorescence emission. Corresponding to an energy gap of
94 kJ mol~! between the excited and ground states, this emis-
sion occurs in the near-infrared at a characteristic wavelength
of 1270 nm. This distinct emission can be selectively filtered
and monitored (Fig. S8). The instrumentation set up at the
University of Calgary was a CryLas FTSS-355-Q3 Laser
(532 and 355nm emission options, 1000Hz pulse rate),
Spectral Products CM110 Monochromator (set to 1270 nm
detection), and a Hamamatsu H10330A-45 photomultiplier
tube (Fig. S8). A bi-exponential fit of the data is used to ob-
tain information about the generation of 0%, and the preced-
ing triplet excited state of the photosensitizer (Kabanov et al.,
2019).

S@t) = So

A (e(ri) _e(fr')>+Yo (1D

TA —TT
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Where S(¢) is the signal intensity at time ¢, Sy is signal inten-
sity at time 0, T is the 10; lifetime, T is the photosensitizer
triplet lifetime, and Yy is the baseline correction. In order
to determine a quantum yield of 10; for different photosen-
sitizers, and using an excitation wavelength of 355 nm, we
measured signal intensity as a function of absorbance for a
reference photosensitizer (in this case perinaphthenone) and
compared each photosensitizer to the reference. The response
of intensity as a function of absorbance was determined for
the reference photosensitizer, then the quantum yield of the
other photosensitizers can be determined by the same method
(Eq. 12).

SlOp Csample

= ———— X D1 12
slopepy 103,PN (12)

where slope is obtained as the linear regression of intensity
response as a function of absorbance at the excitation wave-
length. The standard error of the slope of the regression is
reported as the uncertainty (Fig. S9). Phosphorescence mea-
surements were conducted for five concentrations of each
photosensitizing molecule dissolved in D>O corresponding
to absorbances of 0.1 to 0.5 AU. In addition to the photo-
sensitizing molecules used for the photoreactor intercompar-
ison study (Rose Bengal, perinaphthenone, lignin, and ju-
glone), a suite of nitroaromatic molecules (2-nitroanisole,
3-nitroanisole, 4-nitroanisole, and 4-nitrophenol) were also
tested.

2.6 Chemical actinometers

Two chemical actinometers, 2-nitrobenzaldehyde and p-
nitroanisole/pyridine, were used to determine the absolute
photon flux in the sample container in each setup. The decay
of the chemical actinometer as a function of irradiation time
was followed by (U)HPLC/UV detection to obtain the first-
order rate constant, kops. The measured irradiance spectrum
of the light source, Ij meas, Was used to calculate a relative
irradiance spectrum, I, re|, according to Eq. (13).

Ik,meas

Zlk,meas

With the relative irradiance spectrum, a scaling factor, y, was
calculated as described by Ossola et al. (2021) (Eq. 14):

Ik,re] = (13)

kobs[comp]o!

(14
q)comp Z Iy rel (1 — 10_8}~[C°mp]01) A )

y:

where [comp]y was the concentration of the compound at the
start of the irradiation, [ is the path length of the light, ®¢omp
is the quantum yield of the compound, ¢, is the extinction
coefficient of the compound, and AX is the wavelength incre-
ment (typically 1 nm). For p-nitroanisole the quantum yield
was calculated by: ®pna = 0.29[Pyr] + 2.9 x 1074 (Lasza-
kovits et al., 2017), where [Pyr] is the concentration of
pyridine used. For 2-nitrobenzaldehyde, ®,ng = 0.41+£0.02
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(Galbavy et al., 2010). Both chemical actinometer quantum
yields are reported to be independent of wavelength.

The scaling factor was used to scale the relative irradiance
to obtain absolute irradiance (I, o) (Ossola et al., 2021), as
shown in Eq. (15).

I)\,():I)L,rel Y 15)

Absolute irradiance was then used to calculate a rate of
light absorbance for each of the photosensitizing molecules
for each photoreactor. Absolute irradiance was also used to
compare photoreactor light output to simulated sunlight con-
ditions.

2.7 Comparison to atmospheric sunlight

The NCAR Tropospheric Ultraviolet and Visible (TUV)
Radiation Model was used to simulate sunlight at so-
lar noon for the summer solstice of 2025 in Vancouver
(49.2827°N, 123.1207° W), Canada (20 June, 13:14 local
time) (https://www.acom.ucar.edu/Models/TUV/Interactive_
TUV/, last access: 29 July 2025). The measurement altitude
was 5 km to represent the mid-troposphere, and total irradia-
tion was considered. Surface albedo was set to 0.1, overhead
ozone column concentration was set to 300 du, cloud optical
depth was set to 0, and aerosol optical depth was set to 0.235.
Conversion factors to equivalent hours of sunlight for atmo-
spherically relevant photosensitizers were calculated accord-
ing to Eq. (16).

Raps

Conversion Factor = (16)

abs,sunlight

2.8 Wavelength dependent quantum yield experiments

To test the wavelength dependence of 103 quantum yields of
lignin and juglone, wavelength dependent experiments were
performed at UCD. The illumination experiments were per-
formed with a 1000 W mercury-xenon arc lamp with a down-
stream monochromator (Spectral Energy) and a 310 nm long-
pass filter. The illumination chamber was temperature con-
trolled with a water bath set to 25 °C. Samples were illu-
minated with 313, 334, and 366 nm light. Experiments were
performed in 1 cm Spectrocil quartz cells (Starna Cells, 1-
Q-10-GL14-C) with a plastic cap. The cuvettes initially held
3mL of sample, and at each illumination time point, 90 uL
of solution was removed to perform HPLC-PDA analysis
of FFA. At each wavelength, we determined the 10; quan-
tum yield of lignin and juglone by illuminating solutions of
20mgL~! lignin and 20 uM FFA, and 20 uM juglone and
20uM FFA, respectively. At each wavelength, actinometry
was quantified by illuminating 10 uM 2NB. The 10; quan-
tum yields were calculated using the direct method with 2NB
actinometry following Eq. (9).
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3 Results

3.1 Intercomparison of photoreactor experimental set
ups

3.1.1 Light types

Intercomparing photoreactor light sources is essential for
evaluating the reproducibility and the atmospheric relevance
of 103 measurements across different laboratory setups, be-
cause light absorption by chromophoric organic matter is the
first step in the formation of 103. We compared xenon lamps
as solar simulator systems at UCD (Heinlein et al., 2025) and
at Ircelyon (Petersen-Sonn et al., 2025), as well as two con-
figurations of 16 bulbs of broad-band UV lights in a commer-
cial Rayonet photoreactor at UBC (Borduas-Dedekind et al.,
2024) (Fig. 2, Table 1).

These choice of light source has advantages and disadvan-
tages to consider. Xenon lamps produce a broad spectrum
most similar to the solar spectrum, including the photochem-
ically active UV range (280—400 nm). Xenon lamp photore-
actors provide a better mimic of natural sunlight, but may be
less suited for mechanistic, wavelength-specific experiments.
In contrast, UV-centred bulbs enable selective irradiation in
higher-energy UV regions, but fail to replicate the full spec-
tral profile of solar irradiance (Sect. 3.2, Fig. 3b).

Although this intercomparison focuses on these four sys-
tems, many other photoreactors are also used in the commu-
nity. Examples reported in recent atmospheric photochem-
istry studies include multiple 300 W xenon lamps (Go et al.,
2022, 2024; Liu et al., 2025), custom LED reactors equipped
with discrete monochromatic LEDs (Wu et al., 2021; Lee
et al., 2025; Vallon et al., 2022), and additional photoreac-
tors with different power xenon-lamp sources. In Sect. 3.2.4,
we quantify each photoreactors light source compared to
natural sunlight, and in Sect. 3.3.8 we assess the potential
wavelength dependence of 103 formation. Together, these
comparisons provide the foundation for interpreting inter-
laboratory differences in 10’2‘ production, while recognizing
the broader diversity of photoreactor setups used across the
community.

3.1.2 Number of samples per experiment

The number of samples that can be irradiated simultaneously
depends on the light setup (Fig. 2, Table 1, column 4). If the
setup has one point source, such as a xenon lamp, then only
one sample can be irradiated at at time (Figs. 2b, ¢ and S6).
On the other hand, if the setup has multiple bulbs arranged
in an array, like a Rayonet or an incubator, then dozens of
samples can be irradiated simultaneously. These multi-bulb
setups can have a carousel, like the setup at UBC (Fig. S4),
or have rotating lights (Fig. 2a). Multiple lights provide the
advantage of increasing the experimental throughput. Addi-
tionally, chemical actinometry methods that were exposed to
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Table 1. Photoreactor details for each laboratory. Light sources, temperature ranges, operational temperature used for this study, # of samples

that can be irradiated simultaneously, and sample volumes.

Lab Light Source Temperature ~ Operational #of  Sample
Control  Temperature  Samples  Volume
Range (°C) °O) (mL)
UBC UVA, UVB, & Fluorescent 20-34 22 16 5
UuCh Xenon 0-50 20 1 1-20
Ircelyon  Xenon 0-50 20 1 20
= UCD gri(; (;JQQEUVB only possible when multiple samples can be irradiated simul-
UBC UVA Simulated Sunlight: Vancouver BC, taneously.
[ Ircelyon T Summer Solstice 2025, Solar Noon
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Figure 3. Irradiance measurement of photoreactor setups, showing
(a) Photon flux quantified using 2-nitrobenzaldehyde actinometry
(mOlphotons em2s~nm™!, average of triplicate actinometry ex-
periments) and (b) normalized to peak irradiance. UCD is shown
in blue, Ircelyon in green, and UBC in orange (UVA only) and
purple (UVA+UVB broadband). Sunlight was simulated from the
NCAR quick TUV calculator (https://www.acom.ucar.edu/Models/
TUV/Interactive_TUV/) for solar noon on the summer solstice of
2025 in Vancouver, British Columbia (see Sect. 3.2.4 for model de-
tails).

the exact same irradiation conditions were expected to pro-
vide the most accurate photon flux measurements, which is

https://doi.org/10.5194/amt-19-3961-2026

3.1.3 Temperature control

All three photoreactors can control sample temperature,
which is important for chemical kinetic experiments, includ-
ing for the reaction of 10’2‘ with its furfuryl alcohol probe. In-
deed, Appiani et al. (2017) calculates a +2 % increase in rate
constant per °C increase in temperature. The Rayonet tem-
perature at UBC is measured using a thermal couple probe
and is regulated using a perforated copper coil inside the
photoreactor where liquid nitrogen flows through a needle
valve (Fig. S4). However, this setup does not benefit from
the same accuracy or temperature range that the water-cooled
temperature regulators provide in the Ircelyon and UCD pho-
toreactors (20-34 °C for the liquid nitrogen cooling system
vs. 0-50 °C for water bath cooling systems, Table 1). Opera-
tional temperatures used for intercomparison experiments in
this work were 22 °C at UBC and 20 °C at Ircelyon and UCD
(Table 1, column 3).

3.2 Measuring irradiance
3.2.1 Comparing chemical actinometers

Chemical actinometry allows for the quantification of the
photon flux from an irradiation source, necessary to in-
tercompare photochemical results across samples, setups
and studies. Chemical actinometers are compounds with
well characterized direct photolysis chemistry and with
known quantum yields and absorption cross sections. For
our intercomparison, we used two chemical actinome-
ters: 2-nitrobenzaldehyde (Galbavy et al., 2010) and p-
nitroanisole/pyridine (Laszakovits et al., 2017). Molar ab-
sorption coefficients for both compounds define the wave-
length ranges over which they can be used as chemical
actinometers, i.e., their validity ranges (Fig. S10). The va-
lidity ranges for the p-nitroanisole/pyridine system and for
2-nitrobenzaldehyde are 300-400nm (Laszakovits et al.,
2017), and 280-400 nm (Galbavy et al., 2010), respectively.
For these actinometers to be effective, these ranges should
overlap with the emission spectra of the photoreactor, which
is the case for our intercomparison (Sect. 3.1). Additionally,
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both chemical actinometers should be used at low optical
depth, and potential light screening by all chromophores, in-
cluding reaction products, should be considered.

The p-nitroanisole (PNA) and pyridine (Pyr) actinome-
tery pair has the advantage that the time decay can be ad-
justed from min to h (depending on the strength of the light
source) by varying the pyridine concentration (i.e ®pnp =
0.29[Pyr] + 2.9 x 10*4). For example, if the sample’s fur-
furyl alcohol decay takes 12 h, the concentration of Pyr can
be tuned to match the timeline of the probe kinetics. In con-
trast, the quantum yield of the 2-nitrobenzaldehyde system
is fixed (®ong = 0.41 +0.02) and cannot be tuned to match
the timescale of 10’2‘ probe decay experiments. For these rea-
sons, when an experiment may be subject to varying pho-
ton flux over the irradiation period (for example, in natural
sunlight experiments when the angle of the sunlight changes
throughout the day), the p-nitroanisole/pyridine actinome-
ter is preferred due to its tunable quantum yield. However,
in the context of lab-based photoreactors, we found that 2-
nitrobenzaldehyde was operationally simpler to use. If pho-
ton flux is expected to remain stable throughout a 10; probe
experiment, the 2-nitrobenzaldehyde actinometer may be the
more suitable option.

To demonstrate that these two chemical actinometers work
interchangeably, we compared them across setups. As ex-
pected, they provided nearly identical photon fluxes as a
function of wavelength for the same photoreactor (Fig. S11).
Consequently, the rate of light absorbance of each photosen-
sitizer in different photoreactor configurations did not differ
by more than 11 % when using both chemical actinometers
(Table S5). Nevertheless, we recommend conducting illumi-
nation experiments with both 2-nitrobenzaldehyde (Galbavy
et al., 2010) and p-nitroanisole/pyridine (Laszakovits et al.,
2017) chemical actinometers at the start of a study, since
the reproducibility of the photon fluxes determined by two
independent actinometers provides confidence that the pho-
ton flux is accurately calculated. When the agreement is es-
tablished, subsequent experiments may rely on a single acti-
nometer.

3.2.2 Photoreactor photon flux

To compare the absolute and normalized photon fluxes from
each setup, we measured their spectrally resolved irradi-
ance profiles using a spectrophotometer. Absolute irradiance
was calculated by combining the irradiance profiles with
2-nitrobenzaldehyde actinometry, following Eqgs. (13)—(15).
As a standard reference, we integrated the photon flux over
200-800nm, noting that wavelengths below 290 nm con-
tribute negligibly to tropospheric irradiance whereas wave-
lengths above approximately 600 nm are unlikely to initi-
ate photochemistry. The UCD photoreactor, with a 1000 W
xenon light source, had the highest absolute photon flux,
with an integrated irradiance in the 200—800 nm wavelength
range of 4686 W m~2 (Fig. 3a). The Ircelyon photoreactor,
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with a 150 W xenon lamp, had a lower integrated irradi-
ance at 171 W m~2. The UBC photoreactor had an integrated
irradiance of 103 W m™2 for the UVA configuration, and
163 W m~2 for the UVA+UVB broadband configuration. The
Tropospheric Ultraviolet and Visible (TUV) radiation mod-
elled sunlight for the 2025 summer solstice in Vancouver,
BC, was 774 W m~2 over 200-800 nm. This modeled sun-
light value is higher than those of the UBC and Ircelyon
photoreactors, but lower than the UCD photoreactor, hence
the need to quantify the approximate sunlight equivalents for
each photoreactor (Sect. 3.2.4).

Calculating absolute irradiance required combining the
spectrophotometer measurements of relative photon fluxes as
a function of wavelength with chemical actinometry. UCD
found significant variability in the relative photon fluxes for
measurements made on the same day but with different op-
tical probe positions in the sample chamber (see Sect. S12).
We believe that this variability was due to internal reflections
within the UCD illumination chamber. To determine the most
correct relative photon fluxes, we used experiments to deter-
mine the 10; quantum yield from perinaphthenone to con-
strain the 548 nm / 347 nm intensity ratio, which we used as
a marker of the photon fluxes at long and short wavelengths
(Sect. S12 and Fig. S21 in the Supplement). The combination
of actinometry (to get the short-wavelength region) and a ref-
erence photosensitizer (to characterize the long-wavelength
region) allowed us to constrain the UCD photon flux by
identifying the influence of internal reflections on the spec-
tral shape. By testing if experiments with two actinometers
yielded equivalent photon fluxes, and by ensuring that exper-
iments with reference photosensitizers yielded published val-
ues, this tested the photon flux across a wide range of wave-
lengths. This highlights the utility of actinometry and model
photosensitizers as robust tools to constrain the photon flux
in an experimental illumination system.

3.2.3 Spectral range of wavelengths

The spectral range of wavelengths and their peak inten-
sity are also important considerations for interpreting pho-
tochemical results. The Ircelyon photoreactor has light that
extends to 285nm, a lower threshold than the simulated
sunlight from the TUV model (Fig. 3b). The UBC pho-
toreactor configurations had UVA bulbs (348—405 nm), and
UVA+UVB bulbs (300—405 nm), with some additional irra-
diance at longer wavelengths due to fluorescence from the
UVB bulbs. The UBC spectral profiles differed from the
broad distribution of natural sunlight, with implications for
extrapolating to the real atmosphere (Fig. 3b). Normalized
photon fluxes showed similar spectral shapes for the xenon
lamp setups at UCD and Ircelyon (Fig. 3b), suggesting con-
sistency in the emission characteristics despite differences
in absolute intensity. Based on differences in spectral range
of the different light sources, we also explored the possible
quantum yield dependence on wavelength in Sect. 3.3.8.
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Table 2. Rate of light absorbance equivalent hours of sunlight
for photosensitizers with atmospherically relevant moieties for an
hour in each photoreactor setup calculated according to Eq. (16).
Rates of light absorbance for photoreactors were calculated from 2-
nitrobenzaldehyde actinometry and are the mean value of triplicate
experiments.

Light absorbance equivalent hours (h)

Sensitizer UBC UBCUVA+UVB UCD Ircelyon
UVA broadband

Perinaphthenone  0.72 0.67 6.3 0.26

Lignin 0.45 0.60 5.0 0.29

Juglone 0.23 0.29 7.1 0.24

3.2.4 Rate of light absorbance equivalent hours of
sunlight

To estimate the equivalent hours of sunlight experiences by
the samples in each photoreactor, we compared rates of light
absorbance by photosensitizers in each four photoreactor
configurations to conditions under natural sunlight. The con-
version factor, calculated using Eq. (16), represents the num-
ber of hours of solar exposure at 5 km altitude over Vancou-
ver, Canada (a representative mid-tropospheric location), re-
quired to match 1 h of irradiation in a given photoreactor.
Equivalent hours of sunlight were determined for peri-
naphthenone, lignin, and juglone, based on rates of light ab-
sorbance from 2-nitrobenzaldehyde actinometry (Table 2).
Consistent with our observed photon fluxes (Sect. 3.2.2), the
UCD photoreactor had the highest effective light intensity
with conversion factors of 5.0 to 7.1 (Table 2). In contrast,
the Ircelyon photoreactor yielded the lowest values, with less
than 0.3 h of natural sunlight for each hour in the photoreac-
tor, consistent with a weaker irradiance. The UBC photoreac-
tor setups had intermediate conversion factors, ranging from
0.23 to 0.72. These trends reflect differences in both total ir-
radiance and spectral overlap with the absorbance features
of the photosensitizers, highlighting the need to character-
ize and report spectral irradiance, light intensity, and action
spectra of light absorbance for each illumination system.

3.3 Quantifying 10; Production
3.3.1 Measuring 10; using furfuryl alcohol as a probe

Furfuryl alcohol is widely used as a chemical probe for 10;
due to its well characterized and selective reactivity (Haag
et al., 1984; Appiani et al., 2017). Recent work has expanded
the family of furan-based probes. For example, Arciva et al.
(2025) reported singlet oxygen reaction kinetics for 17 fu-
ran derivatives, highlighting that alternative probes may be
selected for specific experimental constraints. For example,
less volatile probes such as 2-methylfuran-3,4-dicarboxylic
acid may be advantageous in open systems where volatility
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is a concern, although this was not an issue for the capped
solutions used here. To the best of our knowledge, chemi-
cal compatibility has not been systematically explored as a
limitation of FFA as a probe for 10;.

To accurately quantify 103 production, furfuryl alcohol
must display pseudo-first order kinetics as a function of ir-
radiation time (Figs. S2-S7). This linearity is necessary, as
a deviation indicates that 10; is no longer under steady-
state conditions and other sources and sinks of 10; are likely
contributing to furfuryl alcohol’s decay. Furthermore, devi-
ations from pseudo-first-order kinetics can also be observed
for longer irradiation times and weak light sources. To ac-
count for these deviations, we have previously suggested re-
moving furfuryl alcohol time points resulting in a change in
slope greater than 25 % (Borduas-Dedekind et al., 2024).

When using a chemical probe to determine 10;, all possi-
ble sinks of the probe need to be considered and accounted
for. These sinks include photolysis, light screening, reactiv-
ity with other oxidants such as *OH, and reactivity with other
molecules and excited state photosensitizers (see Sect. 3.3.2).
For example, a dark control will confirm the lack of reactiv-
ity between the photosensitizer and the probe in the absence
of light (Fig. S1). Additionally, correcting observed decays
of the probe for light screening according to Eq. (4) is nec-
essary to account for any heterogeneity of chromophores in
the sample and particularly due to concentrated and coloured
samples. In our case, the screening factors were optimized to
be close to 1, by reducing sample absorbance, to specifically
avoid screening (Tables S1-S4). However, in the Ircelyon
photoreactor, the 3.5 cm irradiation pathlength through the
sample produced screening factors that deviated from 1. Fur-
thermore, to account for *OH reactivity with furfuryl alcohol,
we recommend adding an *OH quencher such as isopropanol
to the solution (Bogler et al., 2022; Borduas-Dedekind et al.,
2024). Alternatively, *OH can be quantified explicitly with a
probe such as benzoic acid (Klein et al., 1975) or terephthalic
acid (Manfrin et al., 2019). Manfrin et al. (2019) found that
*OH accounted for up to 32 % of the observed furfuryl alco-
hol loss under 311 nm irradiation, but only up to 2 % under
365 nm irradiation, highlighting the importance of quenching
*OH or accounting for probe loss from *OH in the presence
of UVB light.

Yellow impurities in furfuryl alcohol can also influence
the reaction kinetics and the absorbance of the sample in
the UVA region (Fig. S12). These impurities can contribute
to the direct photodegradation of furfuryl alcohol by 3.1 %,
as shown in Fig. S13 (Marchisio et al., 2015; Maizel et al.,
2017). To limit this issue, stock solutions should be stored at
4°C, and in dark environments (Ossola et al., 2021). Overall,
using a probe such as furfuryl alcohol is an indirect method
of quantification but does lend itself readily to high through-
put experiments of atmospheric sample extracts.
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3.3.2 Control experiments for 3C* reacting with
furfuryl alcohol

Removing oxygen by bubbling with N, from sample solu-
tions is an important control for verifying that the 3C* of
the photosensitizer did not react with furfuryl alcohol at a
competitive rate, which is the case for the the photosensi-
tizing molecules used in our photoreactor intercomparison
(Figs. S2, S3). However, we found that excited states of at-
mospherically relevant nitroanisoles (Xu et al., 2022), can
react with furfuryl alcohol in the absence of O, leading to
a 10; false positive (Fig. S14). Nitrogen-containing com-
pounds are ubiquitous in organic aerosols and have been
found in wildfire smoke and PM; s filters (Xu et al., 2018;
Li et al., 2025b; Zheng et al., 2023; Fleming et al., 2020),
highlighting the importance of conducting this control ex-
periment for the atmospheric context.

Furthermore, previous studies have used the kinetic sol-
vent isotope effect as a diagnostic tool to assess the decay of
furfuryl alcohol from oxidants other than 103 (Davis et al.,
2018; Lyu et al., 2023). The kinetic solvent isotope effect
relies on the difference in the deactivation lifetime of 10; in
H,0 (3.5 ps; Bregnhgj et al., 2016) and in DO (67 ps; Nonell
and Flors, 2016). Although not conducted in our intercom-
parison study, kinetic solvent isotope effect experiments can
be a useful diagnostic tool to quantify the furfuryl alcohol
from oxidants other than 'O%.

3.3.3 Calculation of quantum yields via absolute and
relative methods

There are two approaches to calculate a quantum yield.
There is an absolute method, @?g*, which relies on
chemical actinometry and is measured for instance by 2-
nitrobenzaldehyde or p-nitroanisole/pyridine according to
Eq. (9) and used to generate Fig. 4c. In addition, there is a rel-

ative method, @} 105 which uses a reference photosensitizer

such as permaphthenone along with Eq. (10). This method
requires that a solution of perinaphthenone be run side by
side with the samples in a multi-sample holder and captures
changes in photon flux throughout the irradiation experiment.

For this intercomparison study, we ran both sets of experi-
ments to evaluate the differences between the absolute and
relative methods. Values between the two methods (CDf‘g
vs. @} o) were consistently within 15 % of each other fozr
all sensftlzers, and we thereby suggest 15 % as a reason-
able metric for acceptable agreement between quantification
methods (Tables S1-S4). Agreement between these methods
is expected and supports the stability of the lights sources
in all four experimental setups (Table S5). Chemical acti-
nometry has the advantage of providing both the photon flux
and the corresponding quantum yield (Eq. 9), while the rel-
ative method only provides quantum yields (Eq. 10). Apply-
ing both approaches at the onset of a study can provide a
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consistency check to identify systematic biases in the light
distribution and actinometry based quantification within the
photoreactor. Nevertheless, previous aqueous environmental
studies of 103 have favoured the use of actinometry over ref-
erence photosensitizer to quantify 10; quantum yields (24
studies to 4 studies, reported by Ossola et al., 2021).

3.34 10; Quantum Yield from the probe method

Rates of light absorbance and 10; steady-state concentra-
tions differed by several orders of magnitude across the dif-
ferent laboratories (Fig. 3). These differences reflect varia-
tion in photon flux among the light sources, with higher in-
tensity sources producing higher absorbance rates and cor-
respondingly higher 10* concentrations (Fig. 4a, b) Despite
these order of magmtude differences in Ryps and [1O ]Ss, the
apparent quantum yield, Cbloﬁ for Rose Bengal and for peri-
naphthenone were consistent and reproducible across pho-
toreactors and aligned with literature values (Schmidt et al.,
1994; Wilkinson et al., 1993) (Fig. 4c), indicating that these
sensitizers singlet oxygen generation efficiency exhibit min-
imal dependence on the irradiation conditions explored here.
In contrast, lignin and juglone exhibited deviations in
quantum yields across photoreactors. Specifically, xenon
lamp systems (UCD and Ircelyon) yielded lower & 103 val-
ues, whereas the UV bulb system (UBC) produced hlgher
values. For juglone, this discrepancy was particularly pro-
nounced, as the highest photon flux (UCD; Fig. 4a) corre-
sponded to the lowest measured quantum yield (Fig. 4c, left).
These results suggest that, unlike Rose Bengal and perinaph-
thenone, the apparent quantum yields of lignin and juglone
are influenced by the spectral distribution of the light source,
consistent with a wavelength dependent mechanism.

3.3.5 Wavelength-dependency of quantum yields

10; quantum yields have been observed to decrease as a
function of wavelength in surface water samples (Partanen
et al., 2020) and in juglone aqueous solutions (Manfrin et al.,
2019). In this study, we observed similar trends for two sam-
ples specifically: lignin and juglone. Indeed, shorter wave-
lengths led to an increase in @10* (Figs. 4, S20). This
wavelength dependency may be due to higher energy pho-
tons leading to higher singlet to triplet intersystem cross-
ing rates, kisc.(Drozd et al., 2024) This increase in intersys-
tem crossing rate has been observed for a range of aromatic
molecules relevant to the atmosphere (Valiev et al., 2025).
While a quantitative relationship between photon energy and
increasing cblo; does not yet exist, there is clear evidence
for wavelength-dependent quantum yields of photosensitiz-
ing molecules within chromophoric dissolved organic mat-
ter,(Partanen et al., 2021), and we now extend this observa-
tion to atmospherically relevant molecules like lignin and ju-
glone. For inter-comparing @iy, it is thus necessary to re-
port the irradiance spectrum and if possible use different light
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juglone are shown as open circles (conducted at 313, 334, and 366 nm).

sources for the interpretation of ®1q: values. This wave-
length sensitivity may introduce a measurement-dependent
bias when different light sources are used and should there-
fore be treated as a methodological constraint.

Due to wavelength dependencies, results obtained using
narrow or single wavelength irradiation can be difficult to
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reliably extrapolate to the broader solar spectrum. Accord-
ingly, using sunlight-mimicking irradiation sources, or com-
binations of several narrow band excitations are best recom-
mended. In fact, Anton et al. (2024) recommended that, to
obtain more accurate measurements, researchers should: (1)
select a chemical actinometer that absorbs light in the same
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Table 3. 10; quantum yields (@103) calculated from Eq. (10) for
photosensitizers: Rose Bengal, Lignin, Juglone, 2-nitroanisole, 3-
nitroanisole, 4-nitroanisole, and 4-nitrophenol, measured by chem-
ical probe (FFA) and direct phosphorescence (1270 nm).

Sensitizer Chemical Probe  Direct Phosphorescence
(UBC UVA) (1270 nm)

(‘1’103’%) (d>103«,%)

Rose Bengal 83+ 10 78.1+10.0
Lignin 0.75+£0.07 0
Juglone 1.73+£0.22 534+1.7
2-nitroanisole 1.25+£0.18 0
3-nitroanisole 344421 243448
4-nitroanisole 8.83+1.07 0
4-nitrophenol 0.804+0.01 0

spectral region as the compound of interest, and (2) mini-
mize inner filter effects by employing optically transparent
solutions.

3.3.6 10;‘ quantum yield from phosphorescence data

We conducted phosphorescence measurements of 10; as a
direct spectroscopic technique to further intercompare re-
ported @i+ values measured using a chemical probe. All
four sensitizers, as well as nitrophenol and nitroanisoles
as additional sensitizers relevant for BrC, were excited at
355nm and the relaxation of 10; to the ground state was
detected at 1270 nm (Kabanov et al., 2019). The <1>103 values
between the two methods only matched well for the reference
sensitizer Rose Bengal (Table 3).

Interestingly, lignin, 2-nitroanisole, 4-nitroanisole and 4-
nitrophenol had 10’2‘ quantum yields of 0 in the phospho-
rescence set up, but measurable 10’2‘ quantum yields using
the chemical probe method (Table 3). We hypothesize that
this discrepancy is due to the detection limit of the photo-
multiplier tube in the phosphorescence set up. To further test
this hypothesis, we used a range of concentrations of the
sensitizers (absorbance 0.1-0.5), yet 10; signals remained
undetectable. We did not test the role of oxygen saturation
to maintain comparability with the ambient-air conditions
of the chemical probe experiments.The differences observed
among the photosensitizers support the conclusion that the
direct phosphorescence method, despite its high specificity,
may lack sufficient sensitivity to detect 10; emission for
photosensitizers with low 10; quantum Yyields.

For juglone, a phosphorescence signal was detected, and
the 103 quantum yield obtained was three times higher than
with the chemical probe method (Table 3). This discrepancy
is hypothesized to be due to an observed wavelength depen-
dence on 10; quantum yield from the single wavelength laser
used (355 nm) in phosphorescence experiments (Sect. 3.3.4).

The relatively high quantum yield for 3-nitroanisole by
both methods compared to 4- and 2-nitroanisole (Table 3)

Atmos. Meas. Tech., 19, 3961-3982, 2026

may be explained by the unique meta position of the methoxy
and the nitro substituents. Indeed, the meta position has
been suggested to lead to an excited state through a low
lying m,w* triplet state (Mir et al., 1998), consistent with
a high 10; quantum yield (Schweitzer et al., 2003; Goll-
nick et al., 1970). Furthermore, a quantum yield of 8.83 %
was measured for 4-nitroanisole using the chemical probe
method, however no corresponding signal was detected via
direct phosphorescence. We hypothesize that this discrep-
ancy can be attributed to the reactivity of the 3C* of the this
nitroanisole with furfuryl alcohol observed in the absence of
O, (Sect. 3.3.1, Fig. S14). The proposed mechanism is a sub-
stitution reaction involving the nitro group on nitroanisole
and and the alcohol on furfuryl alcohol, proceeding under
light with wavelengths greater than 300 nm in water (Dulin
and Mill, 1982). In these cases, furfuryl alcohol is not a suit-
able probe for 10; in the presence of nitro groups, which are
particularly prevalent in BrC and the atmospheric chemistry
context.

Phosphorescence measurements can be used to diagnose
whether quenching of 10; is significant in complex samples
(Madhiyan and Moor, 2026). Although not conducted here
due to the use of single molecule sensitizers, 103 can be gen-
erated using a known sensitizer at a wavelength outside the
absorbance range of the sample matrix and the phosphores-
cence signal at 1270 nm compared in the presence and ab-
sence of the sample. A reduction in the signal when the sam-
ple is present indicates additional quenching of 10; and this
approach is complementary to chemical probe methods. For
example, in systems that do not absorb above 500 nm, Rose
Bengal can be excited at 550 nm to generate 10; and evaluate
quenching by the sample matrix.

Overall, the direct phosphorescence method and the indi-
rect probe method remain complimentary. The phosphores-
cence technique does not suffer from the interferences out-
lined for the indirect probe method since it tracks 10; di-
rectly (Sect. 3.3.1 and 3.3.2). However, it does not provide
information on 103 reactivity (i.e. no information on kopg
that chemical probe methods provide (Partanen et al., 2020;
Schweitzer and Schmidt, 2003).

3.3.7 Role of dissolved oxygen

Discrepancies between phosphorescence and chemical probe
methods may also be attributed to differences in dissolved
O3 (Eq. 8). To test this hypothesis, we estimated the partial
pressure of O at the location of the measurement, used O;’s
Henry’s Law constant to estimate the amount of dissolved
O, and then calculated the fraction of triplets quenched by
O, using the constant for the deactivation triplets, kg from
Erickson et al. (2018) and calculating (ko,[O2]) (see addi-
tional details in the Supplement). The calculation of [O;] in
solution led to calculated 3C* deactivation pathways yields,
ko,[0O2], that were 2.8 times larger than k:jr in Vancouver, and
2.5 times larger in Calgary. In other words, a lower po, re-
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sults in a lower ®1x, according to Eq. (8), consistent with
the quantum yield for Rose Bengal that we reported in Ta-
ble 3.

3.3.8 Photochemical action regions of light absorbance

Photochemical action spectra of light absorbance repre-
sent rates of light absorbance as a function of wavelength,
and provide insights into the specific wavelength regions
that drive photochemical reactions. Rose Bengal exhibited
a strong absorbance peak at 549 nm in water, which domi-
nated its photochemical action spectra of light absorbance in
all photoreactors except the UBC UVA setup, where no ir-
radiance was present at this wavelength (Fig. 5a). Remark-
ably, despite this difference, <I>1O* rp remained compara-
ble across all setups, indicating no wavelength dependence.
Perinaphthenone action regions of light absorbance also dif-
fered, with xenon lamp photoreactors displaying broader re-
gions (e.g 294-480nm at Ircelyon) and narrower regions
in the UV photoreactor setups (e.g 348—405nm for UBC
UVA) (Fig. 5b). The differences in action regions of light ab-
sorbance did not lead to an observed difference in P10z PN
suggesting that the quantum yield is 1ndependent of wave-
length, and effectively normalizes R,ps and O* production.

The juglone action spectra of light absorbance peaked at
longer wavelengths in xenon lamps (433 nm at UCD, 421 nm
at Ircelyon), where lower P10 Juglone values were observed
(Fig. 4c). UBC photoreactors showed peaks at 365 nm, with
the UVA+UVB broadband setup extending further into the
UV (down to 304 nm) and producing the highest ®: 0%, Juglone>
consistent with increased excitation by higher energy pho-
tons (Fig. 5d). A similar trend was observed for lignin;
increased contributions from high energy photons in the
UBC UVA and UVA+UVB broadband systems led to higher
<I>103'Lignin compared to the UCD and Ircelyon xenon lamp
setups. This general trend is consistent with previous studies
for quantum yields of photodegradation (Anton et al., 2024).

An important consideration in the analysis of photochem-
ical action regions of light absorbance is the potential for
light scattering in absorbance measurements. Light scatter-
ing should be considered a source of uncertainty in UV-Vis
absorbance measurements, even in filtered samples, as par-
ticles smaller than filter pore size (0.22 um here) can still
contribute to scattering and filtration alone will not necessar-
ily eliminate this effect. Dissolved organic matter can form
colloidal structures or aggregates smaller than the filter pore
size, which remain in solution and can scatter light. The for-
mation and optical properties of these colloids depend on the
composition and source of the organic matter, and thus filtra-
tion does not guarantee the removal of all scattering effects
(Sect. S8, Figs. S15, S16) (Bieber et al., 2024). Scattering
from nanoparticles is particularly challenging, and can arti-
ficially increase rates of light absorbance. We therefore rec-
ommend that future studies recognize and discuss the poten-
tial influence of light scattering when interpreting light ab-
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sorbance measurements. In this work, we also conducted a
sensitivity analysis of the light scattering from nanoparticles
(Sect. S8). Particle concentrations below the detection lim-
its of nanoparticle tracking analysis or dynamic light scatter-
ing can produce errors over 100 % in calculated absorbance
rates (Fig. S17). These findings indicate that calculated rates
of light absorbance, and consequently, 10; quantum yields,
may be sensitive to scattering artifacts an introduce an addi-
tional source of uncertainty.

4 Recommendations

Reproducible and comparable quantification of IOZ in atmo-
spheric systems requires attention to experimental design and
data analysis. Previously measured R,y for environmental
samples are on the order of 107 to 1075 mOlphotons L1l
for fog water samples (Kaur and Anastasio, 2017) and for
PM extracts in multiple studies (Bogler et al., 2022; Kaur
et al., 2019b; Petersen-Sonn et al., 2025; Ma et al., 2023a).
[103]55 measured from particulate matter (PM) extracts us-
ing chemical probe-based methods have been reported in the
range of 1071% to 1072 M and depend strongly on the ex-
tract concentration (Kaur et al., 2019a; Leresche et al., 2021;
Lyuetal., 2023; Ma et al., 2024; Manfrin et al., 2019; Bogler
etal., 2022).

However, direct comparisons of Ryps and [tox >1ss across
different studies are complicated by differences in photoreac-
tor light output, which dictate the magnitude of these param-
eters. 10; quantum yield (& 103) offers a more comparable
metric, as it normalizes for photon flux and photosensitizer
concentration. Previously reported @10* values from atmo-
spheric samples range from 0.002 to up to0. 19, highlighting
the large range of &1+ values for more complex systems
(Petersen-Sonn et al., f025; Ma et al., 2023a; Kaur et al.,
2019b; Bogler et al., 2022; Manfrin et al., 2019; Ma et al.,
2024; Lyu et al., 2023).

Based on this intercomparison, we make the following rec-
ommendations to improve the reproducibility and interpreta-
tion of atmospheric 103 measurements across experimental
setups:

1. Considering wavelength dependence: Excited state ox-
idant studies should explicitly report the irradiation
wavelengths used. At a minimum, spectrophotometer
measurements and action spectra of light absorbance
should be included. Without this information, it can be
difficult to interpret results across different studies or to
evaluate the influence of wavelength-dependence on re-
ported apparent quantum yields.
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2. Chemical probe concentration: We recommend using
concentrations of furfuryl alcohol such that the reaction
of 1013 with the probe accounts for less than 1 % of the

stant, likely involving impacts on the photophysics of
the excitation (Figs. S18, S19).

total O; loss, ensuring that the probe does not perturb 4. Ligﬁt scattering considerations:- When worki.ng. with
steady-state 103 concentrations. This condition can be particulate .matter. extracts, solutlo.ns may .contam 1nso.l—
evaluated by calculating the fraction of 103 lost to FFA uble material which can scatter light dgrmg a UV/_ Vis
relative to other sinks (Sect. S13), which corresponds to spectrgmetry measuremept. Thus, the 1mpact' of light
[FFA]o < 27 uM (at 25 °C). scatFermg should be cons1dered.when calcu.latl.ng raFes
of light absorbance, as scattering can artificially in-
crease apparent absorbance by accounting for scattered
3. Control and report the temperature of photoreactor: light.
We recommend that photoreactor setups be tempera-
ture controlled to avoid deviation from the temperature- 5. Control experiments: Experiments should include a

dependent rate constant of furfuryl alcohol with 10;
(Appiani et al., 2017). Our use of a range of 20-25 °C
is based on practically achievable temperature con-
trol across cooling systems. UCD and Ircelyon’s water
cooling system is more precise than UBC’s liquid N>
through the copper coil system. In addition, there are
temperature effects beyond furfuryl alcohol’s rate con-
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sample without a photosensitizer to evaluate direct
chemical probe decay, and a sample without light to
assess probe degradation in the dark (Fig. S1). Adding
an +*OH radical quencher is also important to mitigate
furfuryl alcohol decay due to other oxidants. Addition-
ally, experiments conducted in the absence of oxygen
are necessary to determine whether the chemical probe
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reacts directly with the 3C*, particularly in atmospheric
contexts where nitroaromatic compounds can react with
furfuryl alcohol (Sect. 3.3.1, Fig. S14). However, results
from purged and deoxygenated experiments should be
interpreted with caution, as the removal of oxygen may
fundamentally alter the system, for example by increas-
ing 3C* lifetimes and allowing other reaction pathways
to emerge. Experiments using deuterated water can test
for kinetic solvent isotope effects, providing additional
confirmation that furfuryl alcohol decay arises primar-
ily from 10;. Although it is not possible to completely
isolate the reaction of 10; with furfuryl alcohol, these
controls enhance the reliability and intercomparability
of 10; quantification.

In addition to the recommendations outlined above, sev-
eral design features should be considered when constructing
new photoreactor systems. The ideal photoreactor would in-
clude:

1. an irradiance spectrum that spans a broad range of
wavelengths, attempting to reproduce the solar spec-
trum, such as a xenon lamp

2. temperature control over a wide range
3. the ability to process a high number of samples.

As highlighted in Sect. 3.2, to extrapolate laboratory mea-
surements to the atmosphere, the use of natural sunlight is
an advantage. We note that solar irradiance is not constant
in either intensity or spectral distribution, as it varies with
solar zenith angle and season. Although irradiation sources
that span wavelength ranges similar to those of natural sun-
light can help reduce wavelength dependent quantum yield
artifacts, it remains difficult to perfectly reproduce solar radi-
ation under laboratory conditions. While xenon lamps repli-
cate the solar spectral distribution well, they are point sources
and therefore cannot accommodate high throughput experi-
ments. Alternatives such as multi-bulb or LED systems (Wu
et al., 2021) in photoreactors such as the Rayonet increase
throughput but struggle to span wavelength ranges similar
to that of the solar spectrum. Incubator-style photoreactors
have also been developed (Anton et al., 2024), though they
may not provide uniform photon flux across all samples.
Short pathlength photoreactors have also recently been de-
veloped (Niedek et al., 2026), which reduce light attenuation
in strongly absorbing solutions by minimizing optical path-
length while maintaining temperature control. These trade
offs highlight the need to balance spectral accuracy, photon
flux intensity, and sample throughput depending on the re-
search objectives.

S Atmospheric implications

Forest fires release chromophoric species to the atmo-
sphere, and photochemically-generated oxidants, including
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3C* and 10;, can drive multiphase atmospheric chemistry.
Recent laboratory and field studies have demonstrated that
steady-state concentrations of ! O3 in atmospheric waters and
aerosol liquid water often exceed those of OH by two to
three orders of magnitude, particularly in particulate phases
enriched in BrC (Ma et al., 2023a; Manfrin et al., 2019). Un-
der these conditions, ‘O; can dominate the oxidation of spe-
cific compound classes, including N-containing compounds
and S-containg compounds (Manfrin et al., 2019). 10; is also
the dominant oxidant over 3C* and -OH for amino acids and
carboxamides (Petersen-Sonn et al., 2025). Furans in BrC
can also be oxidized by 103 to form SOA (Arciva et al.,
2025). 10; therefore impacts organic aerosol aging, aqueous
SOA formation, and BrC evolution.

Quantitative comparisons of 10; across studies remain
challenging due to methodological differences in probe and
actinometer selection, light source, light normalization, and
competing sinks for the probe, the sensitizer and 10;. Conse-
quently, variability in reported 10; concentrations can span
orders of magnitude even for similar particle types, limit-
ing our ability to select a concentration or quantum yield
as inputs for constraining models. Nevertheless, Zhang et al.
(2024) parameterized 3C* and ]O’z‘ as functions of dissolved
organic carbon and light absorption to predict secondary or-
ganic aerosol formation from wildfire smoke phenols. The
authors highlighted how the uncertain in 10; steady-state
concentrations was a limitation in their study. The intercom-
parison presented here addresses this gap by systematically
evaluating commonly used 10; quantification approaches
under controlled yet atmospherically relevant conditions.
By establishing this best-practice guide for probe choice,
control experiments, calibrations, actinometry, wavelength-
dependent quantum yields and and uncertainty reporting, this
work enables more robust inter-study comparisons and facil-
itates integration of IOZ chemistry into multiphase chemical
models. Ultimately, we need to better constrain the concen-
trations of 10; and 3C* generated from different types of
BrC to better predict aerosol photochemical aging.

Furthermore, photochemical experiments for quantifying
10; are conducted in bulk solutions and are therefore not
representative of concentrated organic aerosols. Kaur et al.
(2019b) and Ma et al. (2021) have estimated that 103 is
likely underestimated in particulate matter as the concentra-
tion of chromophores increases, despite adding organic mat-
ter as sinks for 10;. There is also an ongoing need to identify
unique sensitizers relevant for the atmosphere such as nitro-
phenols in BrC, (Fleming et al., 2020; Siemens et al., 2023)
to further understand the drivers of excited state oxidants
in aerosols. In addition, Chang et al. (2025) used structure-
activity relationships and machine learning approaches to
predict 3C* and IOZ and identified photosensitizer proper-
ties, intersystem crossing yields and triplet-state energies as
sources of uncertainty. We hope that our intercomparison
study addresses this need by harmonizing methodologies for
quantifying 10;, enabling closer integration between pre-
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dictive photosensitizer models and multiphase atmospheric
chemistry simulations.
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