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Environmental Significance Statement

The photochemistry of DOM is of interest to environmental scientists. Photochemical reactions
within DOM form a series of reactive intermediates, including hydroxylating species such as
*OH. However, the formation pathway for these species continues to be an active area of

9 research. Here, we explore the mechanism by which these species are formed. These results will
10 support current efforts in the community to better understand DOM photochemistry.
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ABSTRACT

Dissolved organic matter (DOM) is ubiquitous in natural waters and can facilitate the
chemical transformation of many contaminants through the photochemical production of reactive
intermediates, such as singlet oxygen ('0,), excited triplet state DOM (*DOM*), and
hydroxylating species ("OH and other intermediates of similar reaction chemistry). The formation
mechanism of most reactive intermediates is well understood, but this is not the case for the
formation of hydroxylating species from DOM. To investigate this chemistry, DOM model
sensitizers were irradiated with two different probe compounds (benzene and benzoic acid) at
two irradiation wavelengths (254 and 320 nm). The ability of DOM model sensitizers to
hydroxylate these arene probes was assessed by measuring rates of formation of the
hydroxylated probe compounds (phenol and salicylic acid). Multiple classes of model sensitizers
were tested, including quinones, hydroxybenzoic acids, aromatic ketones, and other triplet
forming species. Of these classes of model sensitizers, only quinones and hydroxybenzoic acids
had a hydroxylating capacity. Methanol quenching experiments were used to assess the reactivity
of hydroxylating species. These results have several implications for the systems tested. First,
they suggest that the hydroxylating intermediate produced from hydroxybenzoic acid photolysis
may not be hydroxyl radical, but a different hydroxylating species. Also, these data prompted
investigation of whether quinone photoproducts have a hydroxylating capacity. These results
confirm that hydroxybenzoic acids and quinones are important to the photochemical production
of hydroxylating species from DOM, but the mechanism by which this occurs for these classes of

sensitizers is still elusive.
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INTRODUCTION

Dissolved organic matter (DOM) is the primary light absorbing species in natural waters
and has been shown to facilitate the chemical transformation of various contaminants through the
production of reactive intermediates (RI).!'> These RI, which include singlet oxygen ('O,),
excited triplet state DOM (*DOM?*), and hydroxylating species ("OH and other intermediates of
similar reaction chemistry), can react with many contaminants, making them important
participants in the photodegradation of contaminants in natural waters and in engineered
systems.5-12

The formation mechanisms for most RI are well understood;!'% 13: 14 however, this is not
the case for the formation of hydroxylating species from DOM. DOM photohydroxylation
mechanisms can be differentiated experimentally by the involvement (or lack thereof) of
hydrogen peroxide and/or dissolved oxygen.? The H,0,-dependent pathway involves Fenton-like
reactions’> 15 16 and results in the direct formation of ‘OH, whereas the H,0,-independent
pathway involves the production of hydroxylating species directly through photochemical
reactions involving DOM. The precise mechanism by which hydroxylating species are produced
from DOM photolysis (H,O,-independent pathway) has remained elusive, both in terms of the
chemical moieties involved and identity of the oxidant. Although early studies attributed DOM
photohydroxylation reactions to *OH,% 7 a study by Page et al.'® suggested that the production of
hydroxylating species from DOM photolysis may not exclusively be *OH, prompting the
acknowledgement of yet-unknown hydroxylating species that are also formed through
photochemical reactions of DOM. These so-called ‘OH-like species have been invoked,'®-?!

which have lower, but not well-defined, reactivity compared to "OH.?! A primary difficulty in
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teasing apart the role of ‘OH versus so-called “OH-like species is that photohydroxylation
reactions of many organic molecules result in identical products.'?

The identity of *OH-like species is somewhat ambiguous, but the current understanding is
that these species are either excited states or excited state complexes of chromophores within
DOM. Previous studies have employed model sensitizers to assess potential mechanisms for the
H,0,-independent pathway by which *OH-like species are produced.!% 1% 2125 These sensitizers
are selected based on their presence in DOM (e.g. quinones, aromatic ketones, aromatic acids)
and whether they are photochemically active. Even if these groups are part of larger molecular
weight structures, it is believed that the use of the model sensitizers is still warranted as it could
be expected that these functionalities will still represent the primary photochemically active part
of DOM. Notably, DOM absorbance can be interpreted using a superposition model or a charge-
transfer model.?® The use of individual model sensitizers invokes the superposition model, which
is justified in this study because the irradiation wavelengths chosen (254 and 320 nm) excite
local states, not charge transfer states, which are hypothesized to occur mainly at 350 nm
excitation or longer.?” Also, it should be noted that recent studies®® 2° have shown that charge-
transfer transitions may not be as prevalent as originally hypothesized.?’

Similar to other RI, *OH and other hydroxylating species can be quantified using probe
compounds.'3 3% Some probe compounds that have been used for the detection of hydroxylating
species from DOM photolysis are dimethyl sulfoxide, methane, benzene, nitrobenzene, benzoic
acid, p-chlorobenzoic acid, and terephthalic acid.!® 1% 23 3133 These probe compounds react
either by hydrogen atom abstraction (e.g., methane) or hydroxylation (e.g. DMSO, arenes).!3
Ideally, probe compounds are selective for reaction with “OH or *OH-like species, but there is

evidence that °‘OH-like species react with some probe compounds in a way that is
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indistinguishable from ‘OH reaction.!® 20 21 Due to their lack of selectivity, most probe
compounds measure the hydroxylating capacity of a given system, which encompasses the
measurement of both “OH and other hydroxylating species. Methane is the only probe thought to
be selective for *OH, due to its high H-C bond dissociation energy. For this reason, methane has
been used to distinguish between ‘OH and "OH-like species,'® 19 but its use also has practical
limitations, such as a limited solubility and existing as a gas at room temperature.

Some sensitizers that have been shown to produce hydroxylating species upon irradiation
include quinones and hydroxybenzoic acids.!% 21 2% 3% 34 Early studies of the photochemical
production of a hydroxylating intermediate from quinones utilized a spin trap probe, 5,5-
dimethyl-1-pyrroline-1-oxide (DMPO).3% 34-3¢ These studies claimed that the *OH is formed via
H-atom abstraction when triplet quinones react with water. However, a number of studies have
shown that there are other photochemical pathways that occur in the presence of triplet quinones
that yield the same product as the reaction between DMPO and ‘OH.3’-3° For this reason,
conclusions from earlier studies that utilized DMPO as probe compound are not reliable. Other
studies have been performed using dimethyl sulfoxide (DMSO) as a probe compound to assess
the chemical behavior of the hydroxylating intermediate produced from 2-methyl-p-
benzoquinone photolysis by measuring the production of methyl radicals from the reaction of the
hydroxylating intermediate with DMSO.!% 2! However, a few studies have presented data that
brings into question the use of DMSO as a probe for hydroxylating species.?® 4° Von Sonntag et
al. tested DMSO as a probe for hydroxylating species produced from p-benzoquinone photolysis
and did not detect methyl radicals, suggesting that there is no oxidizing intermediate and that p-
benzoquinone undergoes direct photodegradation for form its photoproducts.® Interestingly,

Gorner utilized DMSO as a probe and did observe the production of methyl radical, but
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attributed it to the reaction of the triplet quinone with DMSO.%’ This contradictory data makes
DMSO a questionable probe compound and is the reason DMSO was not used in this study.
Additionally, Gan et al. used methane as a probe and established that the hydroxylating
intermediate produced from 2-methyl-p-benzoquinone photolysis is not “OH.!° The same study
hypothesized that the unknown hydroxylating intermediate is a quinone—water exciplex. Overall,
the identity of the hydroxylating species produced from quinone photolysis and the mechanism
by which this happens are still in question. Considering hydroxybenzoic acids, one previous
study that utilized benzene and methane as a probe and quencher, respectively, concluded that
this class of sensitizers produces *OH when photolyzed at wavelengths between 290 and 330
nm.?? This study suggested that, among other possible mechanisms, photooxidation followed by
water addition and subsequent *OH cleavage may produce *OH.??

The production of hydroxylating species from DOM photolysis in surface waters and
engineered systems is important because these chemical species can facilitate the transformation
of contaminants. Assessing the reactivity of *OH-like species and how it differs from that of “OH
is key for understanding and predicting the degradation pathways of chemical contaminants in
water. This study focused on three objectives. First, the production of hydroxylating species
during photolysis of various classes of model sensitizers was investigated. Second, the possibility
that different mechanisms are responsible for this hydroxylating capacity was assessed by
utilizing different arene probe compounds and methanol as a quencher. Third, apparent quantum
yields of hydroxylated probe compound formation from the sensitizers in this study were
compared to apparent *OH quantum yields from DOM photolysis. Overall, this work contributes
to a larger understanding of the photochemistry of DOM in natural waters and engineered

systems as it applies to the fate and transport of contaminants.
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MATERIALS AND METHODS

Selection of Model Sensitizers
Sensitizers were selected to include chemical species that have been shown to produce
hydroxylating species upon photolysis, such as quinones!'% 21: 41: 42 and hydroxybenzoic acids.*?
Additional compounds were selected as a negative control that exhibit triplet state
photochemistry but were not expected to produce hydroxylating species. Model sensitizers
selected include p-benzoquinone (PBQ), anthraquinone-2-sulfonic acid (A2S), 2,6-dimethoxy-p-
benzoquinone (DPBQ), 4-hydroxybenzoic acid (4HBA), 2,4-dihydroxybenzoic acid (DHBA),
umbelliferone (UMI), trans-cinnamic acid (TCA), 4-benzoylbenzoic acid (4BA), and 3-
methoxyacetophenone (3MP). All sensitizers structures are presented in Figure 1 with their
corresponding triplet state energy and triplet state one electron reduction potentials. Although
A2S may not the best model for quinone structures in DOM because of its reactivity towards
phenol (the product of benzene hydroxylation), it was selected because previous studies have
used this compound to explore quinone photochemistry and model DOM photochemistry.?3: 34 44
Chemicals and solutions
All chemicals were purchased from commercial sources and are listed in the Electronic
Supplementary Information (ESI) Table S1 with their respective CAS numbers and purities.
Hydrogen peroxide, nitrate, and nitrite were used as sources of “OH. Solutions were prepared in
MilliQ water, with the pH adjusted to 7.0 £ 0.1 using sodium hydroxide (~ 20 mM). Samples
were not prepared in buffers to avoid complicating the chemistry of the hydroxylating
intermediates, which has been observed in systems containing p-benzoquinone in which the
triplet p-benzoquinone reacts with phosphate to form an intermediate, p-benzoquinone-2-

phosphate.’* During experiments performed with unbuffered solutions there was approximately
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0.5 unit decrease in pH from the original pH of 7.0 = 0.1. All model sensitizers besides UMI
(pKa ~7.8) would be unaffected by this pH change. In the case of UMI, a decrease in 0.5 pH
units would change the fraction of deprotonated species from 0.13 to 0.044.
Quantification of hydroxylating species

Many probe compounds are available for detection of hydroxylating species, but probes
relying on aromatic ring hydroxylation are among the most widely used in the aquatic
photochemistry community.2% 2% 23; 31 This was the main motivation for the choice of probes in
this study, which were benzene and benzoic acid. Exploration of the chemistry of hydroxylating
species with these two aromatic probes is important because of the frequency with which they
are used to study the production of hydroxylating species from DOM. These results are
important to previous studies that employ benzene or benzoic acid as probes for the production
of hydroxylating species from DOM photolysis. The formation of hydroxylating species was
detected by monitoring the hydroxylated product of the reaction between the probe compound
and hydroxylating species. In the cases of benzoic acid and benzene, the formation of salicylic
acid and phenol were monitored, respectively. Rate constants for quenching of “OH with benzene
and benzoate are 7.8 x 10% and 5.9 x 10° M-! s’!, respectively.” It should be noted that we used
benzene and benzoate as high concentration probes, '3 i.e., the majority (>97%) of *OH produced
reacted with benzene or benzoate (except for the experiments conducted in the presence of
methanol as a quencher where the fraction of "“OH produced reacting with the probe can be

calculated using eq. 5, see below).
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Aromatic Ketones Quinones
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Other species that form excited triplets
O o] )
\\S/O
- i COr
0, g~
HO Oo” "0 0
Umbelliferone (UMI) trans-Cinnamic acid (TCA) Anthraqumznzesﬂ-sulfonate
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E 142V E 129V Eo¥ — 278 Va

Figure 1. Model sensitizers used in this study, their structures, triplet state one electron reduction

potentials (E°*), and triplet energies (Et). ND = No Data, “McNeill and Canonica,'® #Vaughan et
al.?

Analytical instrumentation

Analysis of salicylic acid and phenol was performed with an Agilent 1200 Series high
performance liquid chromatography (HPLC) equipped with an Eclipse Plus XDB-C18 column
with 4.6 x 150 mm dimensions and 5 um particle size. The salicylic acid method employed an
isocratic mobile phase of 30% acetonitrile and 70% pH 2.8, 10 mM H;PO, with a flow rate of

1.0 mL min!. Analytes were using a fluorescence detector with excitation and emission
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wavelengths set to 320 nm and 410 nm, respectively. The typical retention time of salicylic acid
in the system was approximately 6 min. The phenol method employed an isocratic mobile phase
of 30% acetonitrile and 70% pH 2.8, 10 mM H3PO, with a flow rate of 1.0 mL min!. Phenol was
quantified using a fluorescence detector with excitation and emission wavelengths set to 260 nm
and 310 nm, respectively. The typical retention time of phenol in the system was approximately
5 min. Limit of quantification determined by the signal/noise method for phenol and salicylic

acid were of 6 nM for both methods.

Irradiation experiments

A Rayonet RPR-100 (Southern New England Ultraviolet Company) was used for
irradiations, employing either 254 or 320 nm lamps. The samples were placed in =9mL
stoppered quartz tubes (diameter 1.25cm) on a carrousel rotating in the center of the photoreactor
and were irradiated from the side. The 254 nm lamps emit light ranging from 249 nm to 258 nm.
Quantum yield calculations for experiments using 254 nm lamps were treated as monochromatic.
The 320 lamps emit light broadly centered around 313nm (270-350nm), with secondary emission
peak extending up to 400 nm. Quantum yield calculations for experiments using 320 nm lamps
were treated as polychromatic. Lamp spectra overlaid with absorption spectra of the sensitizers
can be found in the ESI, Figure S1. The Rayonet RPR-100 employs a fan to control temperature.
Photon irradiance was quantified daily using chemical actinometry: Uridine actinometry was
used for 254 nm irradiations® and p-nitroanisole/pyridine (PNA/PYR) actinometry was used for
320 nm irradiations.*® More information about actinometry procedure can be found in ESI Text
S1. Irradiance spectra of the lamps were collected using a spectroradiometer and can be found in

the ESI, Figures S1 and S2.
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Irradiation experiments at 254 nm were performed with 1 mM benzoic acid as the probe
compound and experiments at 320 nm were performed using 3 mM benzene as the probe
compound. At these concentrations the probe compounds act as rate of formation probes,
rendering the fraction of conversion of the probes to be negligible. For experiments performed
using 254 nm lamps the concentration of sensitizers was adjusted to be optically matched at an
initial optical density of 0.3. Concentrations of sensitizers in experiments normalizing
absorbance to 0.3 ranged from approximately 10 — 100 uM. The total absorbance of these
experimental solutions, including benzoic acid, was 0.83, leaving the sensitizers accounting for
~37% of the light absorbed by the experimental solutions. For 254 nm experiments, solution
temperature was not controlled due to the short irradiation times required with little temperature
variation, between 23 and 28 °C. For experiments performed using 320 nm lamps, sensitizers
concentrations were 20 uM. Longer irradiation times were required for 320 nm experiments and
a shift in temperature was observed as a result of longer irradiation time. For this reason, prior to
experimentation the solution temperature was adjusted to 30 £+ 3 °C using a water-jacketed petri
dish, which is the steady-state temperature of the photochemical reactor.

Two corrections were made to experimental data. First, because benzoic acid absorbs
strongly at 254 nm (Figure S2), the light screening factor for these experimental solutions was
calculated and quantum yields were corrected for light screening following the procedure by

Wenk et al.* The equation used for these calculations is as follows,

1—e —2.303(e1,pc[PC] + &3 5ens[Sens])l

S =
APCSens 2_303(5/1,PC[pc] + EA,Sens[SenS])l (1)

where & pc and €, ses are the molar extinction coefficients for the PC and sensitizers in M-! cm™!

and [PC] and [Sens] are the concentrations of PC and sensitizers in M. This resulted in a light

screening factor of 0.43 applied to all solutions containing sensitizers normalized to absorbance
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of 0.3. Using benzene with the 320 nm lamps did not present the same issue, as benzene does not
absorb strongly in the wavelength range emitted by these lamps, shown in ESI Figure S2.
Second, for all experiments with sensitizers, rates of formation of the hydroxylated probe
compound were corrected for formation of the hydroxylated probe compound from the direct
photolysis of the probe compound itself. Additionally, control experiments were performed with
DHBA to determine whether direct photolysis of DHBA results in salicylic acid, chromatograms
for HPLC analysis of these experimental solutions are shown in ESI Figure S3. This data shows
that the direct photolysis of DHBA does not produce salicylic acid and, therefore, will not affect
the quantum yield results. For the experiments using 4HBA as photosensitizer and benzoate as
the hydroxylating species probe, one consideration is that 4HBA is itself one of the reaction
products between benzoate and hydroxylating species.*’ As 4HBA concentration decreased
during irradiation (Figure S5) we conclude that 4HBA formation from benzoate hydroxylation
can be safely neglected in the experiments analysis.

It is important to note that experimental limitations required use of different probe
compound at 254 nm and 320 nm irradiation. Specifically, salicylic acid absorbs in the
wavelength range emitted by the 320 nm lamps (Figure S2) and undergoes non-negligible direct
photolysis (Figure S4), which precluded use of 320 nm lamps with benzoic acid as a probe
compound. At 254 nm, benzoic acid screens most of the incoming light, minimizing direct
photolysis of the salicylic acid photoproduct. The hydroxylated product of benzene (phenol) does
not absorb at 320 nm (Figure S2). For all experiments with sensitizers, rates of formation of the
hydroxylated probe compound were corrected for the production of the hydroxylated probe

compound from the direct photolysis of the probe compound itself.
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Methanol was added as a quencher in some experiments to assess whether the *OH-like
species reacts with methanol similarly to *OH. In these experiments, methanol was spiked into
solutions prior to irradiation at concentrations ranging between 0 and 0.1 M. Methanol reacts
with "OH with a second-order reaction rate constant of 9.7 x 108 M-! s-1.7 It is hypothesized that
the reaction between methanol and other hydroxylating species to be different than that of *“OH
because hydroxyl radicals are non-selective and react with many molecules at near diffusion-
controlled rates. A similar method was used in a study of DOM photochemistry by Leresche et
al.*8

Reaction pathways involving methanol or triplet quinones have been shown to produce
superoxide, a fraction of which will dismutate to H,O,, which can undergo direct photolysis to
form *OH.#-32 Calculations were performed to estimate the rate of formation of *OH from these
pathways considering both 254 and 320 nm irradiation (see ESI Text S2), the highest resulting
values being on an order of 101> M s™! with specific values varying based on the concentration of
H,0,. This value is ~2 — 3 orders of magnitude lower than the rates of hydroxylated probe
compound formation observed in this study (ESI Table S3). Based on these calculations, H,O; is
not expected to contribute significantly to observed rates of formation of hydroxylated probe

compounds.

Quantum Yield Analysis

In order to compare the photoreactivity of sensitizers, apparent “OH quantum yields were
calculated. Quantum yields were calculated for both sensitizer/wavelength systems: benzoic acid
with 254 nm light and benzene with 320 nm light. Apparent quantum yields were calculated as

described by (eq. 2)
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R.on

CDOH - kSens - a[SenS] @

where R.oy is the rate of formation of hydroxylating species in M s™!, kgens — o the specific rate of
light absorption by sensitizers in s'!, and [Sens] is the sensitizer’s concentration in M. The

specific rate of light absorption of sensitizers was calculated using eq. 3.

PrEsens(D)(1 — 10~ (£sens(A)[Sens] + epc(D)[PC])!
Ksens — o = 1000E) totalz D) ) 3)
A (&sens(D)[Sens] + epc(A)[PC])I

Ineq. 3, E g,total is the photon irradiance of the Rayonet photoreactor in Einstein cm™ s7!, p, the
relative spectral photon irradiance, sen5(4) the molar absorption coefficient at the wavelength 4
of the sensitizers in M! em!, epc(A) the molar absorption coefficient at the wavelength A of the
probe compound in M! em!, [PC] the concentration of the probe compound in M, and [ the

optical pathlength in cm. Additionally, R.gy is defined as follows,

Rpc—on 4
Reon =y~ 4)

where Rpc _ gy 1s the rate of formation of the hydroxylated probe compound and Y.gy the yield
for the reaction of "OH with the probe compound.

The yield for the reaction of other hydroxylating species with the probe compound,
Y.0H — like> 18 unknown, so for these calculations, Y.qoy was used for all sensitizers. A reasonable
hypothesis about whether Y.gy _jike 1S less than or greater than Y.py cannot be made without
more information about the identity of the *OH-like intermediate and the mechanism by which it
reacts with probe compounds. Additionally, this difference is difficult to quantitatively constrain
due to the unknown quantum yield for the production of other hydroxylating species from
sensitizers (apart from the use of probe compounds). Therefore, the quantum yields calculated in

this study simply use Y.gy as a benchmark for the expected value of Y.qoy _jixe. Even for "OH, a
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wide variety of yields exist in the literature for different arenes (e.g., ~0.3-0.9 for Y .oy of phenol
from benzene), which may also be sensitive to solution conditions.>3-37 Y ,qy for the reaction of
‘OH with benzene to produce phenol, two more recent studies, Sun et al. and McKay and
Rosario-Ortiz, determined this yield to be 0.693 + 0.022 and 0.63 + 0.07, respectively.?% 4> These
values are in good agreement with each other and fall within the aforementioned range for this
parameter. For this study the value determined by McKay and Rosario-Ortiz, which utilized
similar experimental conditions was used. Considering the formation salicylic acid from benzoic
acid hydroxylation, a Y.gy of 0.155 was used.*®
Methanol Quenching Model

Methanol quenching was modeled by eq. 5, where f is the fraction of *OH reacting with

the probe compound.

f kpc,.on[PC]
= 5
kmeon,.on[MeOH] + kpc.on[PC] + Ksens.on[Sens] ®)

Where kpc.on, kmeon.on, and ksens.on are the second order rate constants for respectively the
probe compound, sensitizers, and methanol (MeOH) with *OH in M-! s, respectively. [PC],
[Sens], and [MeOH] are the concentrations of respectively the probe compound, sensitizers, and

MeOH in M.

RESULTS

Production of Hydroxylating Species from Model Sensitizers

The formation of hydroxylating species ("OH and "OH-like species) from sensitizers was
assessed using two different probe compounds with two irradiation wavelengths, benzoic acid
with 254 nm irradiation and benzene with 320 nm irradiation. Figure 2 shows the results for the

experiments performed using benzoic acid with 254 nm irradiation. Figure 3 shows results for
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the experiments using benzene with 320 nm irradiation. Formation rates for the data in these
figures can be found in the ESI, Table S3. All samples were interpreted as linear with respect to
the formation of the hydroxylated probe compound with one exception: A2S with 320 nm
irradiation using benzene as the probe compound because the production of phenol is clearly
nonlinear (Figure 3). Direct photolysis controls revealed that benzoic acid photolysis produces
salicylic acid with a formation rate equal to 1.4 + 0.08 nM s™'. Of the examined sensitizers,
irradiation of quinones and hydroxybenzoic acids produced greater rates of salicylic acid
formation (> 3.0 nM s'") than direct photolysis of benzoic acid, indicating that these sensitizers
have a hydroxylating capacity. Irradiation of quinones produced salicylic acid at rates between
5.9 and 26 nM s’!, whereas irradiation of hydroxybenzoic acids produced salicylic acid at rates
between 3.0 and 3.4 nM s''. Conversely, the formation of salicylic acid in samples containing
aromatic ketones and other triplet forming species was within the range of the direct photolysis

control, suggesting that these sensitizers had a minimal hydroxylating capacity, if any.
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Figure 2. Production of salicylic acid with respect to time from the photolysis of sensitizers in
the presence of 1 mM benzoic acid, irradiated with 254 nm lamps for 8 minutes. All samples
were adjusted to pH 7.0 + 0.1. The concentration of sensitizers was adjusted to be optically
matched at an initial optical density of 0.3. Each subplot displays benzoic acid (BZA) direct
photolysis data. A: 2,4-Dihydroxybenzoic acid (DHBA), 4-Hydroxybenzoic acid (4HBA), B: p-
Benzoquinone (PBQ), 2,6-Dimethoxy-p-bezoquinone (DPBQ), Anthraquinone-2-sulfonate
(A2S), C: Umbelliferone (UMI), trans-Cinnamic acid (TCA), and D: 3-Methoxyacetophenone
(3MP), 4-Benzoylbenzoic acid (4BA).
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Figure 3. Production of phenol with respect to time from the photolysis of 20 uM sensitizers in
the presence of 3 mM benzene, irradiated with 320 nm lamps for 40 minutes. All samples were
adjusted to pH 7.0 £ 0.1. Each subplot displays benzene (BZ) direct photolysis data. A: 2,4-
Dihydroxybenzoic acid (DHBA), 4-Hydroxybenzoic acid (4HBA), B: p-Benzoquinone (PBQ),
2,6-Dimethoxy-p-bezoquinone (DPBQ), Anthraquinone-2-sulfonate (A2S), C: Umbelliferone
(UMI), trans-Cinnamic acid (TCA), and D: 3-Methoxyacetophenone (3MP), 4-Benzoylbenzoic
acid (4BA).

Similar to the results obtained with benzoic acid at 254 nm, direct photolysis of benzene
leads to its photohydroxylation, forming phenol (0.19 + 0.04 nM s!, Table S3). As shown in
Figure 3 and ESI Table S3, all sensitizers irradiated at 320nm in the presence of benzene
produced phenol at rates greater than could be accounted for by direct photolysis alone (between

0.39 and 2.2 nM s!). Quinone and hydroxybenzoic acid sensitizers had rates of phenol formation
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sufficiently higher than that of the direct photolysis of benzene (all greater than 0.95 nM s!),
compared to the results obtained for the aromatic ketones, umbelliferone, or trans-cinnamic acid
which were a maximum of 0.41 nM s'! (for 4-benzoyl benzoic acid) greater than the rate of
formation from benzene. All samples, except those containing A2S, were interpreted as linear
with respect to the formation of phenol. In the case of A2S, the production of phenol was not
linear, and the formation rate was not included in ESI Table S3. This behavior can be attributed
to the reaction of triplet A2S with phenol, as it has been previously established that phenol is
oxidized by A2S.2 DPBQ may be able to oxidize phenol, but the reaction does not appear to
occur significantly on the timeframe of the experiments. Leresche et al. observed a small (10%)
degradation of salicylic acid in irradiation experiments of DOM, which contains quinone
moieties, on a relatively longer timeframe (4 hours) than the condition used in the present
study.*®

Figure 3B shows that the yield of phenol from A2S photolysis is greater than the original
concentration of A2S in solution. There are a few possible explanations for this behavior. One
study found that the photodecomposition of anthraquinones is fully reversible in the presence of
oxygen while this is not true in the case of benzoquinones.>® % This catalytic process could be
contributing to increased yields of hydroxylating species in the case of anthraquinones.
Additionally, some studies have observed an increase in the production of superoxide and
hydrogen peroxide from anthraquinone-2,6-disulfonate and 9,10-anthraquinone derivatives in the
presence of an electron donor.’% 6! Tt is possible that benzene (which has an oxidation potential
of ~2.2 V)%? facilitates the catalytic production of hydrogen peroxide by continuously cycling
A2S between reduced (A2S*) and oxidized (A2S) states without forming other stable quinone

photoproducts. In the presence of an electron donor, if a high concentration of hydrogen peroxide
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is formed, an appreciable amount of *‘OH could then be formed from hydrogen peroxide
photolysis. Ultimately, a combination of pathways that produce hydroxylating species are likely
contributing to the photochemical behavior of A2S that is observed in Figure 3B. Note that
phenol, the product of the reaction of benzene with hydroxylating species is itself an electron
donating species. A catalytical reaction of phenol with A2S would produces an exponential
formation of phenol vs time. As the opposite is observed (i.e., the formation rate of phenol is
decreasing with time), if the reaction of phenol with A2S is producing hydroxylating species its
overall yield should be <1.

Overall, the data presented in Figures 2 and 3 indicate that quinones and hydroxybenzoic
acids have a hydroxylating capacity. However, in contrast to the data from experiments using
benzoic acid with 254 nm irradiation (Figure 2), experiments using benzene with 320 nm
irradiation (Figure 3) show that the formation of phenol in systems containing aromatic ketones
and other triplet forming species may not entirely be attributed to the direct photolysis of
benzene. For the purposes of this study, aromatic ketones and other triplet forming species were
not investigated further because their formation rates were barely outside of the uncertainties for
the direct photolysis of benzene. Even if these sensitizers do participate in the production of

hydroxylating species, it is to a much lesser extent than quinones and hydroxybenzoic acids.

Estimation of Quantum Yields for Model Sensitizers

Quantum yields were calculated for sensitizers (Table 1), with values at 320 nm irradiation
being considered apparent due to the lamp’s polychromatic nature. There are two complicating
factors for calculating the quantum yields for the sensitizers. First, because the yields of
hydroxylated probe compound from the reaction of hydroxylating species other than ‘OH are

unknown, the yield for the reaction of the probe compound with ‘OH (Y.qy) was used. It is
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expected that the reaction rate constants of these “OH-like species are different than that of *OH,
which reacts with benzene and benzoic acid at near diffusion-controlled rates.” For this reason,
the data in Table 1 can be treated as estimates of the true quantum yield for these systems. Even
given the uncertainty in yield, there is a benefit to presenting the data in terms of a quantum yield
because this normalizes for differences in light absorption by the sensitizers. Additionally,
calculating quantum yields for sensitizers also allows for the comparison to quantum yields
measured for the formation of hydroxylating species from DOM.

Second, there is the issue of the concentration of sensitizers changing with irradiation time.
To evaluate this second issue, solutions of only sensitizers were irradiated under the same
conditions described above and the absorbance spectra of those solutions were measured at
different irradiation times. Changes in concentration of sensitizers were observed for quinones
and hydroxybenzoic acids, which are the sensitizers that have been identified to have a
hydroxylating capacity, at both irradiation wavelengths (ESI Figures S5 and S6). Regarding
quinones, PBQ rapidly photodegrades under both wavelength conditions and A2S and DPBQ
undergo rapid photodegradation with 320 nm irradiation. For hydroxybenzoic acids, Figure S6
shows rapid photodegradation of DHBA at 320 nm. Quantum yields for these sensitizers at these
wavelengths were not calculated.
Table 1. Quantum yields estimates for the production of hydroxylating species using benzoic
acid and benzene as probe compound and irradiating at 254 and 320 nm, respectively. Values

represent average of at least triplicate measurements with error representing one standard
deviation. Values assume a Y.gyvalue of 0.63 and 0.15, equal to that of "OH, for benzene and
benzoic acid, respectively. ND = No quantum yield data for sensitizer because direct
photodegradation of sensitizer occurred on a timescale too short for accurate quantum yield
computation. Direct photodegradation data can be found in the ESI, Figures S5 and S6.

Benzoic Acid (254 Benzene (320 nm
Model Sensitizer nm irradiation) irradiation)
(x103) (x103)
p-Benzoquinone (PBQ) ND ND
Anthraquinone-2-sulfonate (A2S) 47+1.2 ND
2
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2,6-Dimethoxy-p-benzoquinone (DPBQ) 17+0.55 ND
2,4-Dihydroxybenzoic acid (DHBA) 6.3 +0.28 ND
4-Hydroxybenzoic acid (4HBA) 54+0.13 11+0.91

Interestingly, although quinone degradation is significant, the formation rate of the
hydroxylated probe compounds remains constant over our experimental timeframe in all cases
but one (A2S), where it is expected that triplet A2S is reacting with phenol (Figures 3B). One
hypothesis is that the quinone and hydroxybenzoic acid photoproducts also have a hydroxylating
capacity. For quinones, this was tested by performing experiments with hydroquinone, a quinone
photoproduct,'® using 320 nm lamps with benzene as the probe compound. The 320 nm lamps
emit at <300 nm, which overlaps with the absorption peak of hydroquinone (~290 nm). These
results can be found in the Figure S7. Production of phenol is observed in these experiments,
indicating that hydroquinone has a hydroxylating capacity, with an estimated formation rate of
1.1 x 10° M! s!, approximately an order of magnitude higher than the rate of formation of
phenol from the direct photolysis of benzene (1.94 x 1071© M-! s-1). Based on these results, it is
hypothesized that the quantum yields for quinones presented in this study are representative of
the photochemistry of both quinones and quinone photoproducts, which could account for the
linear rate of formation despite the fast photodegradation of quinones in these experimental
conditions. The degradation of the hydroxybenzoic acids happens less rapidly than that of
quinones but is still not negligible, especially in the case of DHBA with 320 nm irradiation
(Figure S6). It is possible that the photoproducts of hydroxybenzoic acids also have a
hydroxylating capacity, but the photoproducts of these compounds are not well established
except for DHBA where a variety of carboxylated quinones and hydroxy-benzoic acids are
known to be formed and to have a hydroxylating capacity.®®> Based on the photochemical

behavior observed for hydroquinone, it is hypothesized that quantum yields presented in this
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study are estimations for the quantum yields for the formation of hydroxylating species from a
combination of sensitizers and their photoproducts.

Quinone quantum yields at 254 nm for A2S and DPBQ were (47 = 1.2) x 103 and (17 +
0.55) x 1073, respectively. These values are approximately an order of magnitude lower than the
quantum yield value reported by Gan et al., which is 0.37 + 0.04.!° This difference may be due
the use of different probe compounds, benzoic acid used in this study and DMSO used by Gan et
al. Notably, a number have studies have concluded that DMSO is not a suitable probe for
detecting hydroxylating species produced from quinone photolysis. 3% 40 One study did not detect
a hydroxylating species from p-benzoquinone photolysis when using DMSO as a probe, while
another did but attributed this to the direct reaction of the triplet quinone with DMSQ.3% 40 Taken
as a whole, the existing data does not support the use of DMSO as a probe compound for the
production of hydroxylating species from quinone photolysis. Consequently, the quantum yield
measured by Gan et al. is questionable. Moreover, calculations performed to relate the
absorbance by quinones in DOM to the quantum yields measured in this study validate the order
of magnitude of the quantum yields presented here. For more information about these
calculations, see the Quinones and hydroxybenzoic acids contribution to DOM behavior section.

For hydroxybenzoic acids, variation in the quantum yields with wavelength was observed,
(5.4 £0.13) x 1073 at 254 nm and (11 + 0.91) x 103 at 320 nm, for 4HBA (Table 1). There are
two possible reasons for variation in quantum yields: the wavelength dependence of the
photochemistry and the use of different probe compounds. In a study by Sun et al.,?? variation in
quantum yield with wavelength was observed to range from (8.0 — 12.9) x 1073 over 290 — 320
nm for 2,4-dihydroxybenzoic acid and (10.0 — 11.3) x 103 over 280 — 290 nm for 4-

hydroxybenzoic acid when using the same probe compound, indicating that the photochemical
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pathway by which hydroxylating species are produced from this class of sensitizers is
wavelength dependent. Additionally, the resulting quantum yield of (11 +0.91) x 1073 for 4HBA
using the 320 nm lamps (wavelength range 270 to 400 nm) agrees well with the results published
by Sun et al., (10.0 — 11.3) x 1073 over 280 — 290 nm, where benzene was also used as the probe
compound.??
Methanol Quenching

An important consideration to further understand the formation of hydroxylating species
from DOM is the ability to differentiate between "OH and "OH-like species. Methanol was used
as a quencher to investigate differences in the behavior of *OH and other hydroxylating species
produced from quinones and hydroxybenzoic acids. These classes of sensitizers were selected
based on data in Figures 2 and 3, which established that both classes of sensitizers have a
hydroxylating capacity. Methanol reacts with *OH, with a rate constant of 9.7 x 108 M-! s'!.7 but
the rate constant between methanol and other unknown hydroxylating species is unknown,
although it is hypothesized to be different. Methanol quenching was modeled using the rate
constant for “OH, represented as the fraction of *OH reacting with the probe compounds, f, as the
concentration of methanol increases, represented by eq. 5. Experimental data were compared to

the model, f, to assess similarities between the behavior of *OH and other hydroxylating species.
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31 474  Figure 4. Effect of methanol addition ("OH quencher) on the production of the hydroxylated
32 475  probe compound. Left axis, normalized experimental rates of formation for the photolysis of 20
33 476 uM p-benzoquinone (PBQ), 20 uM anthraquinone-2-sulfonate (A2S), 20 uM 24-
34 477  dihydroxybenzoic acid (DHBA), and 6 mM nitrate (NOs’) with a probe compound in the
35 478 presence of 0, 0.005, 0.01, 0.02, 0.03, 0.1 M methanol. A: 1 mM benzoic acid as probe

g? 479  compound, 254 nm lamps. B: 3 mM benzene as probe compound, 320 nm lamps.
38 480 Figure 4A shows normalized rates of hydroxylated probe compound formation for
39

40 481 experiments for different sensitizers using benzoic acid and 254 nm irradiation at different
43 482  methanol concentrations. Figure 4B shows the same plot but for 320 nm irradiation. Methanol
45 483  quenching of ‘OH produced from the photolysis of nitrate and nitrite was measured to confirm
47 484  the modeled behavior of *OH.% In experiments containing nitrate (Figure 4A) and nitrite (Figure
5o 485  4B), there is good agreement between observed and calculated quenching (i.e., f calculated via
52 486 eq. 5), especially considering the range of reported values for the rate constant of the reaction

>4 487  between ‘OH and methanol varies by about 20%.” Conversely, measured quenching for both
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quinones and hydroxybenzoic acids exhibited stark and inconsistent differences with calculated
quenching in the two different probe/wavelength systems. For DHBA (a hydroxybenzoic acid
hypothesized to produce free *OH) with benzoic acid and 254 nm irradiation, there is incomplete
quenching of the production of salicylic acid with increasing concentrations of methanol (Figure
4A, green circles). Conversely, for this same sensitizer but using benzene with 320 nm
irradiation, methanol quenches the production of phenol to a greater degree than that modeled by
‘OH (Figure 4B, green circles). Considering quinones, when using PBQ and A2S as the
sensitizers, no quenching of salicylic acid production by methanol was observed in samples
using benzoic acid with 254 nm irradiation. However, when using benzene with 320 nm
irradiation, PBQ exhibited quenching of the formation of phenol that was similar to that of “OH
(Figure 4B, cyan circles).
DISCUSSION
Hydroxylating capacities of model sensitizers

Data in Figures 2 and 3 are supportive of previous studies indicating that quinones and
hydroxybenzoic acids have a hydroxylating capacity. One previous study has reported the
detection of "OH from the photolysis of hydroxybenzoic acids.?? In this case, methane quenching
experiments were supportive that the hydroxylating species responsible was free *OH. While
several mechanisms were postulated such as photoionization,” no definitive mechanism has
been established for the production of *OH from hydroxybenzoic acids. The production of
hydroxylating species from quinones has been studied more extensively than that of
hydroxybenzoic acids. Studies have shown that the hydroxylating species produced by quinone
photolysis is not *OH, but an ‘OH-like species proposed to be a triplet quinone — water

exciplex.?! Other studies suggest that if triplet quinones do form an exciplex with water, this
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species proceeds directly to other photochemical degradation products of quinones, unless there
is sufficient concentration of other reactive compounds.!% 3% 42 Additionally, previous work
indicated that the quantum yield for the formation of phenol from benzene in the presence of
PBQ had an activation energy near zero.?’ In this case, this behavior was attributed to a multi-
step process involving an exciplex.

Although data in Figures 3C and 3D could be taken as support that aromatic ketones and
other triplet forming species have a hydroxylating capacity, we hypothesize that this is not the
case for two reasons. First, to the best of our knowledge there is no known photochemistry for
aromatic ketones and the other triplet forming sensitizers that would lead to "“OH or other
hydroxylating species. Although prior studies have indicated that species having a very high
triplet state one electron reduction potential (e.g., A2S) are capable of oxidizing hydroxide to
form *OH,!% 23 65 the aromatic ketones and other triplet forming species in this study (Figure 1)
have lower one electron reduction potential than A2S. Second, these data are not in agreement
with the data from experiments using benzoic acid with 254 nm irradiation where salicylic acid
formation was attributed solely to the direct photolysis of benzoic acid. Because the rates of
formation for aromatic ketones and other triplet forming species are lower than that of the
quinones and hydroxybenzoic acids (Table S3) and the formation is thought to be dependent on
the probe compound and irradiation wavelength, for the purposes of this study, they are not be
considered significant contributors to the overall production of hydroxylating species from
DOM. Overall, the data displayed in Figures 2 and 3 is consistent with previous publications,
confirming the presence of hydroxylating species from the photolysis of quinones and
hydroxybenzoic acids.!?-2% 3342

Methanol quenching: Hydroxybenzoic acids
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There are a few possible explanations for behavior observed in the DHBA methanol
quenching data (Figure 4). One is that the hydroxylating species produced from the photolysis of
DHBA is not *OH (in contrast with a study by Sun et al.)??> and this *OH -like species has rate
constants with benzene, benzoic acid, and methanol that are different than “OH, resulting in a
trend in the methanol quenching data that differs from that of *OH. Interestingly, if this *OH-like
species has a rate constant with benzene that is an order of magnitude lower than that of *OH,
7.80 x 108 M-! s instead of 7.80 x 10° M- s, then the experimental behavior of this
hydroxylating species in the presence of benzene and methanol would match the model
represented by eq. 5 which is shown in Figure S8 in the ESI. However, not only is this
hypothesis at odds with more stringent methane quenching data reported by Sun et al.?? that
indicated that the photolysis of hydroxybenzoic acids produces free “OH, but it also only explains
the behavior of DHBA in systems using benzene with 320 nm irradiation, not for benzoic acid
with 254 nm irradiation. Sun et al.?? used different quenchers and probe compound to determine
whether the hydroxylating species detected was free “OH than those that were used in our study,
including methane as a probe compound selective for *OH and formate as a competitor with
benzene, which could be responsible for the conflicting results.??

Another possible explanation for the behavior in systems containing DHBA is that there
are other photochemical pathways contributing to the formation and quenching of salicylic acid
and phenol. One possible pathway that was tested, relevant to the use of benzoic acid with 254
nm irradiation, is production of salicylic acid from the direct photolysis of DHBA (Figure S3). If
salicylic acid was being produced from the direct photolysis of DHBA as well as the reaction of
the hydroxylating intermediate, that could explain the incomplete quenching of the formation of

salicylic acid by methanol. However, no formation of salicylic acid was observed from the direct
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photolysis of DHBA (Figure S3), so the incomplete quenching of salicylic acid from the
photolysis of DHBA is unaccounted for. Overall, the conflicting results described in Figure 4
demonstrate that methanol cannot distinguish between ‘OH and °‘OH-like species from
hydroxybenzoic acids.
Methanol quenching: Quinones

Quinones (PBQ and A2S) exhibited no quenching of salicylic acid formation in
experiments using benzoic acid with 254 nm irradiation upon methanol addition. Conversely,
when using benzene with 320 nm irradiation, the quenching of phenol formation from quinone
photolysis was similar to quenching observed for known free “OH sources (Figure 4). There are a
few possible explanations for this behavior. One hypothesis for the difference in the 254 nm and
320 nm quenching data for quinones is that there are different hydroxylating intermediates being
produced at the two wavelengths, one of which does not react with methanol, resulting in the
absence of quenching behavior. It is possible that at 254 nm the hydroxylating species produced
from quinone photolysis is the ‘OH-like species and that this species is not quenched by
methanol and that at 320 nm "OH is produced, which has a well-known rate constant with
methanol.” One study that utilized electron paramagnetic resonance (EPR) to investigate the
reactivity of t-butanol with *OH produced from H,O, and from PBQ photolysis observed that t-
butanol was much more effective at reacting with *OH produced from H,0, than *OH produced
from PBQ photolysis, leading to the conclusion that the hydroxylating species observed in the
EPR spectra is not "OH.3° This study supports the hypothesis that alcohols react more slowly
with *OH-like species than with *OH and that differences in the methanol quenching data shown
in this study could be attributed to the presence of different hydroxylating species at the two

wavelengths tested.
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The second hypothesis is that the lack of quenching in the system using benzoic acid with
254 nm irradiation is due to the formation of salicylic acid from one-electron oxidation of
benzoic acid by the triplet quinone, with the sum of the production from the hydroxylating
species and the one-electron oxidation of benzoic acid by the triplet quinone. However, the
oxidation potential of benzoic acid calculated using the formula found in Jonsson et al.®? is 2.56
V (with an associated error that can be estimated to be £0.2V) and the reduction potential of
triplet PBQ is 2.42 V,!0 so if this reaction does happen it is anticipated to occur slowly. If the
formation of salicylic acid in these experimental conditions is mostly due to the reaction of
triplet quinones with benzoic acid, it is expected that there would still be only limited decrease in
the quenching trend in Figure 4. The decrease would be due to the quenching of hydroxylating
species by methanol and to an eventual reaction of the triplet quinone with methanol.

It is important to note that studies have shown that the photoreduction of triplet quinones
happens in the presence of hydrogen donors, such as alcohols.?® The reaction between triplet
quinones and methanol is thought to produce a carbon centered radical, which can then react
with ground state quinone to form formaldehyde.?® The formation of formaldehyde was not
measured in this study. To assess the contribution of methanol to reaction pathways of triplet
quinone a calculation for the fraction of triplet quinone reacting with methanol in a system
containing water, benzoic acid, methanol, and oxygen was performed using eq. 6 and a figure
displaying this data is presented in the ESI, Figure S9, using the following rate constants. The
rate constant for the reaction of triplet p-benzoquinone and oxygen is reported to be 2 x 10° M-!
s'! and the rate constant for the reaction between triplet p-benzoquinone and methanol is reported

to be 4.2 x 107 M-! 57139 The rate constant of triplet methyl-p-benzoquinone with water has been

estimated to be 7.3 x 10* M-! s-1.19 The rate constant for the reaction between benzoic acid and
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triplet quinones has not been quantified. For this reason, eq. 6 was calculated using values for
kga ranging from 10* — 10° M-! s! to assess the potential effect of this reaction.

; _ kmeon[MeOH] (6)
MeOH ™ kepeon[MeOH] + kpa[BA] + kizo[H20] + ko2[05]

According to Figure S9, at methanol concentrations lower than 0.03 M approximately
20% or less of triplet quinone reacts with methanol. At the highest concentration of methanol,
0.1 M, no more than 50% of the triplet quinone reacts with methanol, depending on the rate
constant for the reaction of benzoic acid and the triplet quinone. It is possible that complex
chemistry involving methanol reactivity with triplet quinones in the presence of benzoic acid is
contributing to a fraction of the lack of quenching observed in Figure 4A. Ultimately, the
conflicting quenching trends for quinones, the use of different probes at the two wavelengths
used in this study, and the possibility of the reaction of methanol with triplet quinones leave the
question of the chemistry of the hydroxylating intermediate produced from quinone photolysis in
question.
Quinones and hydroxybenzoic acids contribution to DOM behavior

To assess the role of quinones as sensitizers for production of “OH and "OH-like species,
the contribution of quinones and hydroxybenzoic acids to the fraction of light absorbed by DOM
was calculated, using electrochemical data for Suwannee River fulvic acid (SRFA)® Similar
calculations were done in a study by Ma et al.®” Electron accepting capacities (EAC, pmol,.
gus') were used to calculate the concentration of quinones (EAC x umolgyinone/2 tmol,.) and
electron donating capacities (EDC, umol.. gus!) were used to calculate the concentration of
hydroxybenzoic acids (EDC x pmolyygroxybenzoic acia/2 pmole.). EDC and EAC measurements are
dependent on solutions conditions, which might not be identical to solution conditions of DOM

photochemistry experiments. The absorbance due to quinones and hydroxybenzoic acids was
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calculated by multiplying the above calculated concentrations by the molar absorption
coefficient for these compounds measured in our study. The results of these calculations are
shown in Figure 5 and in Table S4 (for detailed calculations, see Text S3, ESI). For the
hydroxybenzoic acid sensitizers, 4HBA and DHBA, the fraction of light absorbed at 300 nm
ranged from 0.2% by 4HBA to 47.9% by DHBA, whereas at 254 nm the fraction of light
absorbed by 4HBA is 86.0% and the fraction of light absorbed by DHBA is 47.9%. Figure 5A
shows that the fraction of light absorbed by quinones depends on the specific compound and
wavelength. As a surrogate for the variety of quinone structures in a given DOM sample eight
quinones were used to approximate the total quinone absorbance, shown in Figure 5B. In this
approximation (Figure 5B) quinone absorbance falls in the 1.5 — 22% range. For two quinone
sensitizers in this study (PBQ and DPBQ), values ranged between nearly 31% (by PBQ at 246
nm) and <1% (by PBQ at 424 nm). For quinones whose absorption spectrum extends into the far
UV and visible, the fraction of light absorbed at longer wavelengths increases (e.g., 15.2 % by
1,4-napthoquinone at 342 nm). For DPBQ, the product of the observed quantum yield at 254 nm
as an estimate for the quinone quantum yield (17 x 103, Table 1) and the fraction of light
absorbed by the mixture of quinones at within the range of wavelengths shown in Figure 5B (1.5
—22%), at 254 nm the quantum yield would be ~ 4.8 x 10-3. A study by Lester et al. showed that
quantum yields for the formation of hydroxylating species from DOM photolysis at 254 nm is
generally an order of magnitude higher than the quantum yield values at wavelengths greater
than 300 nm, with the quantum yield for the formation of hydroxylating species from SRFA

being 0.047.68

Page 32 of 40



Page 33 of 40 Environmental Science: Processes & Impacts

1.5

oNOYTULT D WN =

iFﬁ.E!S

1 0.5

F@ o Qa0 o

14 LS WA ‘-.1 ——

ﬂ — 5 e T — =
250 300 350 400 450 500
17 Wavelength (nm)

D 'S .
23 Bo2! o
| j \\
2 5 I'.\ . H_\\\_‘ /.// \
26 0.1 ‘“xM// g ]

0
29 250 300 350 400 450 500
Wavelength (nm)
31 646
32 647 Figure 5. Fraction of light absorbed (f sgs) by quinones in DOM. A: Fraction of light absorbance
34 648 by a: p-benzoquinone, b: 2,3,5,6-tetramethyl-1,4-benzoquinone, c¢: 2,5-diphenyl-1,4-
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4 654 A recent study by Leresche et al. measuring the hydroxylating capacity of DOM before
43

44 655 and after ozonation attributed the increase in quantum yields for hydroxylating species to the
46 656 increase in quinone content of DOM post-oxidation.*8 Our results support the hypothesis that
657 3DOM*, including quinones, are precursors of *OH and *OH-like species from DOM photolysis.
51 658 However, another recent study suggested that SDOM* is not a major precursor to ‘OH or "OH-
53 659 like species based on correlations between RI quantum yields and the abundance of various

> 660  formulas from ultra-high-resolution mass spectrometry.%® Instead, it was suggested that 'DOM*,
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charge-transfer states, or exciplexes involving photochemically excited DOM may be involved.5’
This hypothesis is consistent with the role of hydroxybenzoic acids as sensitizers, but not with
quinones. We contend that triplet quinones are likely responsible for some of the hydroxylation
reactions observed for aromatic probe compounds given the known presence of these moieties in
DOM. Additionally, our study demonstrates quinones do not necessarily need to be photostable
in order to contribute significantly to the “OH or *OH-like production. For example, we observed

similar rates of hydroxylation reactions from hydroquinone, a phenol photoproduct.

CONCLUSION

The goal of this work was to further understand the formation of ‘OH and ‘OH-like
species from DOM photolysis. These results build on prior work that has established that
quinones and hydroxybenzoic acids have a hydroxylating capacity.!? 21 22 3% 3% 42 Aromatic
ketones and other triplet forming species were selected to account for a class of sensitizers that
are responsible for a portion of reactive triplet species in DOM. Aromatic ketones and other
triplet forming species were expected to be negative controls for the production of hydroxylating
intermediates.

The results presented in this study have several implications for measurement of
hydroxylating species formation from DOM photolysis. Testing both benzoic acid and benzene
as probe compound shed light on their respective effectiveness as probe compound for hydroxyl
radials and, more generally, hydroxylating species. Additionally, the quenching of phenol
formation from benzene during quinone photolysis by methanol indicates that methanol reacts

with both *OH and "OH -like species. Although this result has been demonstrated in the literature,

Page 34 of 40



Page 35 of 40

oNOYTULT D WN =

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

Environmental Science: Processes & Impacts

methanol has not been used explicitly to assess the reactivity of ‘OH-like species derived from
triplet quinones.

The probes molecules used in this study are often used to estimate “OH steady-state
concentration (["OH]s) in surface waters without distinguishing between ‘OH and other
hydroxylating species, leading to a potential over estimation of ["OH],. This can potentially lead
to an erroneous estimation of the *OH influence on the fate of micropollutants, e.g., if one uses
an over evaluated ["OH],s and the second-order rate constant between *OH and the micropollutant
to evaluate the rate of transformation of a micropollutant due to *OH.

Taken as a whole, the results of this study provide further support for the role of quinones
and hydroxybenzoic acids as sensitizers for the production hydroxylating species from DOM
photolysis. An important finding is that photoproducts from these species, especially in the case
of quinones, likely have a hydroxylating capacity as well. Methanol quenching as a test of
hydroxylating species’ identity was inconclusive, indicating that other quenchers are needed to
assess these differences in reactivity. Additionally, the quantum yields of *OH and ‘OH-like
species from sensitizers photolysis are comparable to values measured for DOM by taking into
account the fraction of light absorbed by quinones within DOM. These results indicate that

triplet state quinones play a role in the hydroxylating capacity of DOM.
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