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Summary  

The increasing interest in the fate of organic contaminants in the aquatic environment requires 

the elucidation of relevant abiotic transformation processes. These processes often involve the 

ubiquitous dissolved organic matter (DOM), a complex mixture of organic compounds present 

in the aquatic environment. Upon light absorption of DOM a range of photochemically 

produced reactive intermediates (PPRI) form, which may induce the transformation of organic 

contaminants. PPRI reacting as oxidants have been proposed to consist of two pools, short-

lived photooxidants, such as singlet oxygen (1O2), the hydroxyl radical (•OH) and triplet states 

of chromophoric DOM (3CDOM*), and long-lived photooxidants (LLPO), whose nature is still 

unclear. LLPO-induced transformations were hypothesized to cause a concentration-dependent 

enhancement effect observed for 3CDOM*-induced transformations. Thereby, pseudo-first-

order phototransformation rate constants for electron-rich phenols increased when their initial 

concentrations were lowered from 5.0 to 0.1 M. Phenolic moieties within DOM have been 

proposed as LLPO precursors. This thesis tests the hypothesis that LLPO are relevant PPRI, 

formed, concomitantly with 3CDOM* upon DOM light absorption, from phenolic DOM 

precursors.  

Experimental methods used in this thesis include steady-state irradiations, laser flash photolysis 

and studies with DOM surrogates and pre-oxidized DOM. The occurrence of LLPO-induced 

phototransformations was tested by analyzing target compound transformation kinetics for two 

initial concentrations, namely 5.0 and 0.1 M in steady-state irradiation experiments. The 

aforementioned enhancement effect for the lower initial concentration was taken as an indicator 

for the involvement of LLPO in the phototransformation.  

Firstly, the relevance of LLPO in the phototransformation of various aquatic contaminants was 

evaluated. Electron-rich phenols, anilines and phenylureas were identified to be susceptible to 

LLPO-induced transformations. The LLPO reduction potential could be estimated to lie 

between 1.0 – 1.3 V vs. SHE. Secondly, LLPO-induced target compound transformation was 

mimicked by photochemically produced electron-poor phenoxyl radicals. Enhanced target 

compound transformation was observed for an initial concentration of 0.1 M with any of the 

tested phenoxyl radicals, which were generated by the photosensitized oxidation of the parent 

phenols in aqueous solution. Reactivity increased proportionally with the one-electron 

reduction potential of the electron-poor phenoxyl radical. Finally, characterization of LLPO 

precursors was attempted by DOM pre-oxidation. A DOM isolate, Suwannee River fulvic acid, 
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was pre-oxidized, by chlorine and ozone (with and without t-BuOH), characterized by 

measurements of UV absorbance and electron donating capacity and subsequently tested for its 

photoreactivity. The chemical pre-oxidation lead to changes of DOM, such as decrease in 

aromaticity and phenol content, in accordance to previous studies. LLPO precursors were 

concluded to be composed of oxidant susceptible sites and to likely include phenolic DOM 

moieties.  

The results presented in this thesis corroborate the hypothesis of LLPO formed from phenolic 

DOM precursors upon DOM light absorption. One consequence drawn from this thesis is the 

recommendation to include target compound concentrations < 1 M in laboratory-scale 

phototransformation experiments for contaminant fate studies to better assess the situation of 

real aquatic systems. 
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Zusammenfassung 

Das zunehmende Interesse am Umweltverhalten organischer Schadstoffe in der aquatischen 

Umwelt erfordert die Äufklärung relevanter abiotischer Umwandlungsprozesse. Diese 

Umwandlungsprozesse treten oft im Zusammenhang mit dem allgegenwertigen gelösten 

organischen Material (OM) auf. Mit der Lichtabsorption des OM werden eine Reihe von 

photochemisch produzierten reaktiven Intermediaten (PPRI) gebildet, welche die Umwandlung 

von organischen Schadstoffen induzieren können. Es wurde vorgeschlagen, dass oxidativ 

reagierende PPRI aus zwei Pools bestehen: Kurzlebige Photooxidantien, wie der Singlet 

Zustand von Sauerstoff, 1O2, das Hydroxylradikal, •OH, und die Triplett Zustände von 

chromophorem OM, 3CDOM*, und langlebige Photooxidantien (LLPO). In früheren Studien 

wurden LLPO-induzierte Umwandlungen von Zielsubstanzen als Grund für einen 

konzentrationsabhängigen Beschleunigungseffekt in 3CDOM* induzierten Umwandlungen 

angeführt. Dieser Beschleunigungseffekt wurde als eine Zunahme in der 

Geschwindigkeitskonstante pseudo-erster Ordnung bei der Umwandlung von elektronenarmen 

Phenolen beobachtet, wenn deren Ausgangskonzentrationen von 5.0 auf 0.1 M herabgesetzt 

wurden. Phenolische Gruppen im OM wurden als LLPO Vorläufer vorgeschlagen. Die 

vorliegende Arbeit testet die Hypothese, dass LLPO relevante PPRI sind, welche in Folge von 

OM Lichtabsorption, zusammen mit 3CDOM*, aus phenolischen Gruppen im OM gebildet 

werden. 

Experimentelle Methoden in dieser Arbeit umfassen stationäre UV-Bestrahlungen, 

Blitzlichtphotolyse und Studien mit OM Ersatzstoffen und voroxidierten OM. Das Auftreten 

von LLPO-induzierter Reaktionen wurde getestet, indem in stationären Bestrahlungen die 

photochemische Umwandlung von Zielsubstanzen mit zwei unterschiedlichen 

Ausgangskonzentrationen getestet wurde: 0.1 und 5.0 M. Dabei wurde eine Erhöhung der 

Geschwindigkeitskonstante der Umwandlung pseudo-erster Ordnung bei einer 

Ausgangskonzentration von 0.1 M im Vergleich zu 5.0 M Ausgangskonzentration als ein 

Hinweis für die Beteiligung von LLPO-induzierten Reaktionen interpretiert.  

Zuerst wurde die Relevanz von LLPO-induzierten Photoumwandlungen für organische 

Schadstoffe untersucht. Elektronenreiche Phenole, Aniline und Phenylharnstoffe wurden als 

empfänglich für LLPO-induzierte Umwandlungen identifiziert. Eine Abschätzung des LLPO 

Reduktionspotentials ergab einen Wert zwischen 1.0 – 1.3 V. Danach wurden LLPO-induzierte 

Umwandlungen von Zielsubstanzen mit photochemisch produzierten Phenoxylradikalen 

nachgestellt. Es wurden beschleunigte Umwandlungen von Zielsubstanzen mit 
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submikromolaren Ausgangskonzentrationen in Anwesenheit von allen getesteten 

Phenoxylradikalen beobachtet. Die Reaktivität nahm mit dem Reduktionspotential der 

Phenoxylradikale zu. Als letztes wurden OM Einheiten charakterisiert, welche an der Bildung 

von LLPO beteiligt sind. Ein OM Isolat, Suwannee River Fulvinsäure, wurde durch 

Chlorierung und Ozonierung voroxidiert, charakterisiert und anschliessend bezüglich der 

Photochemie getestet. Es wurde gefolgert, dass LLPO Vorläufersubstanzen aus leicht 

oxidierbaren Gruppen bestehen und vermutlich Phenole umfassen.  

Die Ergebnisse dieser Arbeit unterstützen die Hypothese, dass LLPO in Folge von OM 

Lichtabsorption aus phenolischen OM Vorläufersubstanzen gebildet werden. Eine Konsequenz 

die aus der Arbeit gezogen werden kann, ist die Empfehlung, bei Laborexperimenten auch 

Zielsubstanzen mit Konzentrationen unter 0.1 M einzubeziehen, wenn das Ziel ist 

Vorhersagen für deren Umweltverhalten zu machen. 

 

Schlagworte 
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1.1 Background 

The fate of organic contaminants in the aquatic environment has gained increasing scientific 

attention following a growing concern for human health and ecosystem functioning during the 

last decades (Malaj et al. 2014, Petrie et al. 2015, Schwarzenbach et al. 2006). Advances in 

analytical techniques prompted the detection of various organic compounds e.g. in rivers, lakes 

and groundwaters and evoked inquiry about contaminant interactions with environmental and 

biological systems (Johnson et al. 2020). The rationalization of transformation processes 

contributes to contaminant fate studies which enhances the understanding and predictability of 

contaminant-imposed risks (Pal et al. 2010, Schwarzenbach et al. 2010). 

Organic compounds originally produced for industrial, domestic or agricultural use have been 

detected in trace concentrations in the aquatic environment. Entry points include diffuse sources 

such as runoffs of crop protection chemicals and point sources, such as spills and discharge of 

wastewater treatment plants (Burri et al. 2019). In freshwater, organic compounds are mostly 

reported in the ng to mgL-1 concentration range in Europe, Asia and North America (Murray et 

al. 2010). In Swiss surface waters, single organic contaminants are found mostly in the low 

ngL-1 concentration range and the sum of contaminants may reach concentrations in the mgL-1 

range (Moschet et al. 2014, Ruff et al. 2015). Main transformation pathways have been studied 

for different classes of aquatic organic contaminants, namely for pesticides (Fenner et al. 2013), 

pharmaceuticals (Halling-Sørensen et al. 1998) and persistent organic pollutants (Zhang et al. 

2003).  

Studied processes, influencing the fate of organic contaminants in surface waters include 

physical, biological and chemical processes, such as adsorption, biotransformation, hydrolysis 

and sunlight-induced transformations (Fenner et al. 2013). Sunlight-induced processes were 

found to be relevant for a number of organic contaminants present in sunlit surface waters. 

Transformations following light absorption by the contaminant are defined as direct 

photochemical transformations (Zepp and Cline 1977). Transformations following light 

absorption by photosensitizers and the concomitant production of photochemically produced 

reactive intermediates (PPRI) have been defined as indirect photochemical processes (Zafiriou 

et al. 1984). An established photosensitizer in the aquatic environment is the ubiquitous 

dissolved organic matter (DOM). 

1.1.1 DOM-induced aquatic organic contaminant phototransformation  

DOM is a complex mixture of organic compounds, which is produced by biogeochemical 

processes, and has many roles in the environment, such as in transporting and binding of 
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contaminants, providing an energy and carbon source for microorganisms and as a major 

reactant in environmental systems, such as in the global carbon cycle (Leenheer and Croué 

2003). This complex mixture can vary in molecular weight from ~100-100.000 Da and is 

composed of hydrocarbon structures, including aliphatic and aromatic moieties, with various 

functional groups, namely amide, carboxyl, hydroxyl and ketone, and limitations remain in its 

characterization, as was reviewed by (Derrien et al. 2019) and (Leenheer and Croué 2003). 

Besides the characterization challenges given inherently by the DOM, such as its complexity 

and sensitivity towards chemical and physical changes, a major challenge remains to link the 

results of structural analysis to its role in the environment. This challenge was recently 

addressed for DOM photoreactivity, as will be discussed in paragraph 1.1.5. 

The chromophoric part of DOM, CDOM, can absorb sunlight and act as a photosensitizer in 

surface waters and by that enable the formation of photochemically produced reactive 

intermediates (PPRI) (Richard and Canonica 2005, Vione et al. 2014). CDOM-produced PPRI 

encompass the triplet states of chromophoric dissolved organic matter, 3CDOM*, (McNeill and 

Canonica 2016), singlet oxygen, 1O2, (Ossola et al. 2021), as well as the carbonate radical, CO3
•- 

(Canonica et al. 2005) and the hydroxyl radical (Mopper and Zhou 1990), •OH. CDOM light 

absorption as a function of wavelength, expressed as decadic absorption coefficient, 𝑎CDOM (𝜆) 

(in m-1), can be fitted to a single-exponential function (Helms et al. 2008): 

𝑎CDOM (𝜆) = 𝐴e
−S𝜆           (1.1) 

Where is the wavelength of light (in nm), A (in m-1) is the amplitude and S (in nm-1) is the 

spectral slope parameter describing the steepness of the spectrum and also serving as an 

indicator of DOM composition (Twardowski et al. 2004). In optically thin solutions, the rate of 

CDOM light absorption, 𝑟CDOM
abs  (in einstein L-1 s-1), can be calculated (Rosario-Ortiz and 

Canonica 2016): 

𝑟CDOM
abs =

2.303 

1000
× ∫ 𝑎CDOM (𝜆) × 𝐸𝑝

0,(𝜆) × 𝑑𝜆
𝜆

      (1.2) 

Where 𝐸𝑝
0,(𝜆) (in einstein m-2 s-1 nm-1) is the spectral photon fluence rate. Bolton and co-

workers (Bolton et al. 2015) emphasized the importance to employ photon fluence rates rather 

than energy descriptions to enable the comparison of the results of photochemical and 

photobiological processes amongst research groups. 
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In general, the concomitantly formed PPRI exhibit low concentrations (< 10-12 M) in surface 

waters, but due to their often high reactivity with organic compounds (with second-order rate 

constants ~106-1010 M-1s-1) they may influence contaminant fate (Vione et al. 2014).     

Commonly, DOM-induced photochemical transformations of aquatic organic contaminants are 

studied in laboratory scale, steady-state irradiation experiments and further environmental 

modeling can elucidate contaminant fate in the environment (Vione 2020). In steady-state 

irradiation experiments, mostly an appropriately filtered light source producing photons with 

wavelengths comprised in the terrestrial solar spectrum is employed, such as xenon or mercury 

lamps. For the estimation of phototransformation rates in the environment, a recently provided 

updated solar irradiance reference spectrum can be used (Apell and McNeill 2019), additional 

environmental effects, such as cloud cover, shading and light scattering have to be considered 

(McConville et al. 2017, Schmitt et al. 2021).  

In general, multiple PPRI can contribute to the phototransformation of a single compound and 

it is hardly possible to generalize compound transformation pathways based on compound class. 

Organic compounds, for which transformation pathways with a selected PPRI are being studied, 

are referred to as target compounds (TC). Thereby it remains possible that a TC is able to react 

with multiple PPRI and the rate of TC transformation, 𝑟TC
t  (in M s-1), can be described with the 

following equation (1.3), assuming TC concentration, is sufficiently low not to influence PPRI 

steady-state concentration, [PPRI]ss (Rosario-Ortiz and Canonica 2016): 

𝑟TC
t =

𝑑[TC]

𝑑𝑡
= −[TC]∑ 𝑘PPRIm,TC

t [PPRIm]ssm       (1.3) 

Where 𝑘PPRIm,TC
t  (in M-1s-1) is the second-order rate constant for the transformation of a TC by 

a PPRI. 

PPRI inducing oxidative transformation in TC have been divided into two pools: short-lived 

photooxidants (SLPO) and long-lived photooxidants (LLPO) (Canonica and Freiburghaus 

2001, Canonica and Hoigné 1995). Short-lived photooxidants have lifetimes < 10 s in sunlit 

surface waters and include, e.g. 3CDOM* and 1O2. Under these conditions, reactions with 

compounds in the water matrix, such as with the dissolved oxygen, are decisive for their 

lifetime. LLPO were proposed to concomitantly be formed with 3CDOM* and to have lifetimes 

in the range of ~100 s (Fig. 1.1). In the illustration it is suggested that for LLPO the reaction 

with the TC itself strongly influences their lifetime.   
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Fig. 1.1 Conceptual scheme for the description of concomitant formation of short- and long-

lived photooxidants, SLPO and LLPO, respectively. (TC is the target compound, 𝑟SLPO
f  and 

𝑟LLPO
f  are formation rates; 𝑘SLPO

d  and 𝑘LLPO
d  are pseudo-first-order decay rate constants in the 

absence of TC, 𝑘SLPO,TC 
q

and 𝑘LLPO,TC 
q

are second-order quenching rate constants) (adapted from 

(Canonica and Hoigné 1995)). 

1.1.2 Photochemically produced reactive intermediates, PPRI 

An overview of the major PPRI present in sunlit surface waters is provided in Fig. 1.2. These 

major PPRI have been indicated to be relevant for organic contaminant transformation in the 

aquatic environment. The following discussion contains some general information about PPRIs, 

before the individual PPRIs are presented in detail. 

 

Fig. 1.2 Schematic overview of selected photochemically produced reactive intermediates, 

including suggested formation pathways. Interactions with target compounds are indicated in 

red, and dashed lines illustrate pathways which are not thoroughly elucidated. 
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Photochemically produced reactive intermediates, formed concomitantly through light 

absorption by a sensitizer, operate by various reaction modes, including electron or energy 

transfer, with aquatic contaminants (Richard and Canonica 2005, Vione et al. 2014). For 

environmental fate modelling, the quantum yield coefficient was introduced and is determined 

for a selected PPRI: 

ΦPPRI =
mol PPRI formed

mol photons absorbed
= 

𝑟PPRI
f

𝑟CDOM
abs        (1.4) 

Where, 𝑟PPRI
f is the rate of PPRI formation and 𝑟CDOM

abs  can be calculated according to equation 

(1.2). Due to short lifetimes, low concentrations and the associated difficulties for spectroscopic 

methods, PPRIs are typically studied using specific probe compounds (PCs) in laboratory scale 

experiments (Rosario-Ortiz and Canonica 2016). These PCs are stable radicals or molecules, 

which typically react with PPRI and a selectivity for a specific PPRI is desired. PPRI detection 

and quantification may be achieved by following PC decay, and calculation of the rate of PC 

transformation, 𝑟PC
t is given by: 

𝑟PC
t =

d[PC]

d𝑡
= −𝑘PPRI,PC

t [PPRI]ss[PC]       (1.5) 

Where 𝑘PPRI,PC
t  is the second-order rate constant for the transformation of a PC after reaction 

with a PPRI. In the case of negligible PPRI quenching by the PC, [PPRI]ss is independent of 

[PC] and the following equation (1.6) is obtained: 

ln (
[PC]

[PC]0
) =  −𝑘PPRI,PC

t [PPRI]ss × 𝑡 = −𝑘PC
obs × 𝑡       (1.6) 

Where 𝑘PC
obsis the pseudo-first-order transformation rate constant of a PC. Thus, the PPRI 

steady-state concentration can be determined under these circumstances as: 

[PPRI]ss =
𝑘PC
obs

𝑘PPRI,PC
t           (1.7) 

Also, the quantum yield coefficient, 𝑓PC (in M-1), can be calculated, which describes the fraction 

of light absorption leading to PC transformation: 

𝑓PC =
𝑘PC
obs

𝑟CDOM
abs            (1.8) 

The following sections describe characteristics of selected major PPRI, and a summary of 

relevant characteristics is given in Table 1.1.   
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Table 1.1 Characteristics of major PPRI. 

 Triplet chromophoric 

dissolved organic matter, 
3CDOM*a) 

Singlet oxygen, 1O2
b) Hydroxyl radical, •OHc) Carbonate radical, CO3

•- 

Steady-state concentration 

range in the environment 

(M) 

10-14 – 10-12 10-14 – 10-12  10-17 – 10-14  10-15 to 10-13 (Huang and 

Mabury 2000) 

Lifetime (µs) ~2 In distilled water: 3.5 5 – 10 ~0.7 – 3.5 ms  

Reaction mechanisms  Energy transfer  

Oxidation (𝐸red,1
0 ~ 1.3 – 1.8V) 

(Parker and Mitch 2016) 

(Possibly reduction) 

[4+2], [2+2] cycloaddition, ene 

reaction, phenol and sulfide 

oxidation  

Unselective, strong oxidant 

𝐸red,1
0 (•OH/OH-) = 1.90 V; 

𝐸red,1
0 (•OH+H+/H2O) = 2.73 V 

 

Oxidation  

𝐸red,1
0 (CO3

•-/CO3
2-) = 1.59 V 

(Huie et al. 1991) 

Most often used probe 

compound 
2,4,6-trimethylphenol (for 

oxidation)  

sorbic acid (for energy transfer) 

Furfuryl alcohol (FFA) Hydroxylation of arenes, 

terephthalic acid 

Quenchers: t-butanol, 

isopropanol 

N,N-dimethylaniline 

(controversial) (Rosario-Ortiz 

and Canonica 2016) 

Typical reaction rate 

constants with organic 

compounds 

~ max. : 3 × 109 M-1s-1 ~1 × 108 M-1s-1 108 – 1010 M-1s-1 (Buxton et al. 

1988) 

~ 106 – 108 M-1s-1 (Canonica et 

al. 2005) 

Formation process in 

surface waters 
CDOM 

ℎ𝜈
→  1CDOM*  

1CDOM* 
ISC
→ 3CDOM* 

3CDOM* + O2  1O2 + CDOM Formation from different 

photosensitizers: from CDOM, 

from nitrate/nitrite, iron 

minerals 

From oxidation of the carbonate 

anion, likely by •OH, 3CDOM* 

or iron minerals (Canonica et al. 

2005) 

Quantum yield (%) ~ 1 – 2  

(Grebel et al. 2011, Zepp et al. 

1985) 

~ 2.3  

(Ossola et al. 2021) 
Wavelength and precursor 

substrate specific 
Strongly pH dependent (Vione 

et al. 2014) 

Further relevant 

characteristics 

Pool of triplets Microheterogenity (Latch and 

McNeill 2006) 
  

References, if not indicated otherwise are: a): (McNeill and Canonica 2016), b) (Latch 2016) c) (Gligorovski et al. 2015) 
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Excited triplet states of chromophoric dissolved organic matter, 3CDOM*  

The triplet states of chromophoric dissolved organic matter, 3CDOM*, are a crucial pool of 

PPRI and their different modes of reactivity with aquatic organic contaminants have been 

reviewed (Canonica 2007, McNeill and Canonica 2016). Upon CDOM excitation by the 

absorption of a photon, the singlet excited state, 1CDOM* (τ ~ 150 ps – 6 ns (Boyle et al. 2009)) 

may be formed which may be converted to the triplet states by intersystem crossing (ISC) (see 

Fig. 1.2 and Fig. 1.3 (a)). The overall rate of triplet formation, 𝑟
CDO3 M∗
f  (in M s-1), is related to 

ΦCDOM
ISC , the intersystem crossing quantum yield (mol einstein-1) and 𝑟CDOM

abs , the rate of CDOM 

light absorption, by the following equation (1.9): 

𝑟
CDO3 M∗
f = 𝑟CDOM

abs × ΦCDOM
ISC          (1.9) 

Where ΦCDOM
ISC illustrates the moles 3CDOM* formed per absorbed photon, which ranged 

between 0.3 – 12.5 % for natural waters and commercially available DOM isolates (Erickson 

et al. 2018, Schmitt et al. 2017).  

The decay of 3CDOM* in natural waters is given by the decay rate constant, 𝑘
CDO3 M∗
d , and is 

attributed to 3CDOM* self-decay, due to phosphorescence and triplet-to-singlet intersystem 

crossing, and the reaction with oxygen, which is the main quencher under these conditions: 

𝑘
CDO3 M∗
d = 𝑘

CDO3 M∗
d,0 + 𝑘

CDO3 M∗,O2

q
 [O2]              (1.10) 

Where 𝑘
CDO3 M∗
d,0

 is the first-order deactivation rate constant and 𝑘
CDO3 M∗,O2

q
 is the second-order 

rate constant for the quenching of 3CDOM* by oxygen. 𝑘
CDOM∗,O2
3
q

can be estimateded by 

considering the oxygen quenching rate constants of other sensitizers, ~ 2 × 109 M-1s-1, resulting 

in 3CDOM* lifetimes of ~2 µs (Zepp et al. 1985). Equation (1.10) does not account for 

additional deactivation pathways of 3CDOM* due, for instance, to reaction with dissolved 

compounds other than oxygen. 

Furthermore, the product of the 3CDOM* reaction with oxygen, 1O2, was employed to 

determine the steady-state concentrations of 3CDOM, [3CDOM*]SS ~ 10-14 – 10-12 M, in the 

surface of air saturated waters depending on DOM concentration, under summer noon-time, 

cloud-free sky conditions (McNeill and Canonica 2016).  
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Fig. 1.3 Schemes describing relevant 3CDOM* formation and transformation processes: (a) 

definition of processes (F: fluorescence, IC: internal conversion, P: phosphorescence, ISC: 

intersystem crossing, TC: target compound), and (b) relevant kinetic parameters, such as 𝑟CDOM
abs  

(the rate of CDOM light absorption), ΦCDOM
ISC  (CDOM ISC quantum yield), 

𝑘
CDO3 M∗
d,0

.(3CDOM* first-order deactivation rate constant) and 𝑘
CDO3 M∗,O2

q
 (the second-order 

quenching rate constant of 3CDOM* by oxygen). Adapted from (Ossola et al. 2021). 

3CDOM* exhibits two main modes of reactivity, energy transfer and electron transfer, and can 

thus induce the transformation of organic compounds. Hereby, it is noteworthy that the pool of 

3CDOM* encompasses compounds with a range of energies and oxidation potentials.  

Studied energy transfer reactions include the previously mentioned formation of 1O2 from 

ground state O2 (Singlet energy: ES = 94 kJ mol-1) (Zepp et al. 1977) and photoisomerization of 

the cis and trans forms of various dienes, such as pentadiene (triplet energy: ET = 248 kJ mol-

1) (Kellogg and Simpson 1965), sorbic alcohol (2,4-hexadien-1-ol, ET = 249 kJ mol-1) (Kellogg 

and Simpson 1965), sorbic acid (2,4-hexadienoate, ET = 239 – 247 kJ mol-1) (Grebel et al. 2011, 

Moor et al. 2019) and isoprene (ET = 251 kJ mol-1)(Kellogg and Simpson 1965). By considering 

the range of observed energy transfer reactions, it was concluded that 3CDOM* is composed of 

high energy (ET ≥ 250 kJ mol-1) and low energy (94 ≤ ET ≤ 250 kJ) triplets (Zepp et al. 1985), 

which is also in the range of triplet energies found for molecules with functional groups 

assumed to occur in 3CDOM* (McNeill and Canonica 2016).  

3CDOM* oxidation reactions have been observed with a range of organic compounds 

(Canonica 2007) and in analogy to the triplet energies, a distribution of oxidation potentials has 

been proposed. Amongst compounds, for which 3CDOM* oxidation has been observed, are 
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phenylurea herbicides (Gerecke et al. 2001), sulfa drugs (Boreen et al. 2005) and beta blockers 

(Leresche et al. 2016). By examination of susceptible organic compound structures, reoccurring 

substructures have been identified as aniline, sulfide and phenol related (McNeill and Canonica 

2016). Furthermore there is implication that 3CDOM* can oxidize inorganic compounds, such 

as the carbonate anion (Canonica et al. 2005) and halides (Parker and Mitch 2016). 3CDOM* 

one-electron reduction potentials can be estimated to lie between 1.3 – 1.8 V vs. SHE by 

considering the results from different studies. For instance, the reduction potential was 

estimated, by comparing the reaction rates of phenols with well-defined triplet ketones and 

DOM (best estimate: ~ 1.64 V vs. SHE) (Canonica et al. 1995), by defining the second-order 

rate constants for the reaction of triplet ketones with phenols (estimate: 1.36 – 1.9 V) (Canonica 

et al. 2000) and by comparing the photoproduction of halide radicals of SRFA and model 

ketones (estimate: 1.6 – 1.8 V) (Parker and Mitch 2016).   

Additionally 3CDOM* were suggested to act as reducing agents and it seems likely that a subset 

of 3CDOM* is involved in the reduction of O2 to superoxide, O2
•- (McNeill and Canonica 2016). 

Common probe compounds are 2,4,6-trimethylphenol (TMP), 𝐸red,1
0  = 1.22 V, as probe for 

oxidizing 3CDOM* and sorbic acid, ET = 239 – 247 kJ mol-1, as probe for high energy 

3CDOM*. It can be useful to describe the fraction of TMP transforming 3CDOM* quantum 

yields, fTMP, which can be calculated according to equation (1.8) (Canonica et al. 1995).  

(Canonica et al. 1995) observed high similarities in the selectivity of aromatic ketones and 

DOM in photosensitized transformations of methyl- and methoxyphenols. Since then, model 

aromatic ketones and quinones have been used frequently to simulate the oxidative character 

of 3CDOM*(Carena et al. 2019, Minella et al. 2018, Werner et al. 2005). Amongst ketones 

frequently employed are 2-acetonaphthone (𝐸red,1
0∗ (3S*/S-) = 1.34 V) (Loeff et al. 1993), 

methylene blue (𝐸red,1
0∗ (3S*/S-) = 1.5 V) (Gollnick et al. 1970, Kelley et al. 1997), 4-

carboxybenzophenone (𝐸red,1
0∗ (3S*/S-) = 1.84) (Hurley et al. 1988) and anthraquinone-2-

sulfonate (𝐸red,1
0∗ (3S*/S-) = 2.23 V) (Hayano and Fujihira 1971, Herkstroeter et al. 1964). 

Evidence rationalizing chemical structures within 3CDOM* came from the chemical reduction 

of DOM with sodium borohydride, NaBH4, and the complementary measurement of DOM 

photophysics (Golanoski et al. 2012, Sharpless 2012). Upon DOM reduction, lower absorbance 

and 1O2 production rates were observed, which is in line with the hypothesis that 1O2 producing 

chromophores are borohydride reducible, such as aromatic ketones.  
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Singlet oxygen,1O2 

Singlet oxygen as a PPRI has been studied for decades (Zepp et al. 1977) and its relevance was 

illustrated recently, by a review focusing on singlet oxygen quantum yields (Ossola et al. 2021). 

There are two possible excited states of oxygen, 1Δg and 1Σg with 94 and 156 kJ mol-1 above 

ground state respectively, however as 1Σg decays rapidly, only 1Δg is of environmental relevance 

and in this thesis, 1O2 only refers to the 1Δg state of molecular oxygen. 1O2 is formed by the 

reaction of oxygen with 3CDOM* (see Fig. 1.3 (b)), typically 𝑘
CDOM∗3 ,O2

q
 is nearly diffusion 

controlled and often the maximum value, 𝑘
CDOM∗3 ,O2

q
 = 2 × 109 M-1s (Zepp et al. 1985), is 

employed for calculations. Reported steady-state concentrations for singlet oxygen are similar 

as for 3CDOM*, [1O2]ss ~ 10-14 – 10-12 M in sunlit surface waters (Peterson et al. 2012). Decay 

pathways include phosphorescence and intersystem crossing, which lead to ground state 

oxygen, as well as reactions with quenchers. Lifetimes in distilled water are ~ 3.5 µs (Appiani 

et al. 2017). The quantum yields of 1O2, ΦΔ, have been reviewed, resulting in a median of ΦΔ = 

2.29%, considering literature values given from freshwater, wastewater, soil and atmospheric 

samples (Ossola et al. 2021). In general, the following equation (1.11) is used for ΦΔ calculation: 

ΦΔ = ΦCDOM
ISC (

𝑘
CDO3 M∗,O2

q
 [O2]

𝑘
CDO3 M∗

d,0 +𝑘
CDO3 M∗,O2

q
 [O2]
)𝑓∆                 (1.11) 

Where 𝑘
CDO3 M∗,O2

q
 (in M-1s-1) is the second-order rate constant for the quenching of 3CDOM* 

by O2 and 𝑓∆ is the 1O2 quantum yield coefficient. 

Singlet oxygen-induced transformations encompass a range of specific addition and oxidation 

reactions (Latch 2016). Well-studied reactions include the [4+2] cycloaddition with conjugated 

dienes (Larson and Weber 2018, Wilkinson et al. 1995), such as with cyclic, acyclic and 

heterocyclic dienes, yielding an endoperoxide, which oftentimes undergoes further reactions 

due to its unstable nature. Furthermore [2+2] cycloadditions have been observed with electron-

rich C-C double bonds resulting in the formation of 1,2-dioxetane products and ene reactions 

with unsaturated organic molecules producing hydroperoxides (Foote et al. 1995, Larson and 

Weber 2018). Oxidations of phenols have also been studied (Tratnyek and Hoigne 1991), 

although the phototransformation of phenols in the aquatic environment is dominated by 

3CDOM*-induced oxidations (Canonica et al. 1995, Faust and Hoigne 1987).  

Singlet oxygen can be either measured directly by observing the phosphorescence at 1270 nm 

(Partanen et al. 2020) or by employing the probe compound furfuryl alcohol (Appiani et al. 



13 

 

2017, Haag and Gassman 1984). In studies with environmental relevance mostly the probe 

compound method is preferred as it also directly takes into account differences in light 

absorption and it enables the comparison amongst different studies (Rosario-Ortiz and 

Canonica 2016).  

One particular observation in the occurrence of singlet oxygen is its microheterogeneous 

distribution detected first in non-environmental photochemical studies and also shown to occur 

in environmental systems (Neckers and Paczkowski 1986). This microheterogeneous 

distribution manifests as a heterogeneous concentration profile in multiphasic media. In 

aqueous solutions of DOM this concentration profile can lead to high steady-state 

concentrations around DOM and pronounced compound transformation at the hydrophobic 

sites (Latch and McNeill 2006). 

Hydroxyl radical, •OH 

The hydroxyl radical, •OH, is a highly reactive and unselective PPRI and generally rate 

constants close to the diffusion limit are measured for its reactions with organic compounds 

(Buxton et al. 1988, Gligorovski et al. 2015). •OH formation processes are not yet completely 

elucidated and are observed following light absorption by different photosensitizers, such as by 

CDOM, nitrite/nitrate and iron minerals. Steady-state concentrations in sunlit surface waters 

are lower than for the previously mentioned PPRI, [•OH]SS ~ 10-17 – 10-14 M and its main 

scavengers are DOM, carbonate, bicarbonate, nitrite, and bromide (in brackish waters) (Buxton 

et al. 1988, Grebel et al. 2010). Lifetimes of 5 – 10 s can be estimated in natural waters, 

considering the presence of various quenchers. 

•OH has  high one-electron reduction potentials, as 𝐸red,1
0 (•OH/OH-) = 1.9 V and 

𝐸red,1
0 (•OH+H+/H2O) = 2.73 V (Wardman 1989) and its high rate constants compared to other 

strong oxidants, can be rationalized by its reaction mechanisms. Possible reactions of •OH with 

organic compounds include hydrogen atom abstraction and addition of double bonds and 

aromatic rings as well as the rare one-electron abstraction. (Gligorovski et al. 2015).  

In laboratory scale experiments with the •OH in aqueous solution, reaction rate constants are 

determined by two main approaches, namely by observing probe compounds and by the 

competition kinetic method (Gligorovski et al. 2015). For the probe compound methods, often 

the hydroxylation of arenes was employed and either product formation or decay of arenes was 

measured. Challenges in this probe compound method originate from the possible interference 

of other oxidants (either present in solution or formed during the reaction) and the uncertainty 
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in product formation yield, for which different values were used in literature (Rosario-Ortiz and 

Canonica 2016). In the competition kinetic approach the relative rate constant can be expressed 

in relation to a reference rate constant (Gligorovski et al. 2015). The reliability of this 

competition kinetic method is limited by the reliability given for the second-order rate constant 

of the reference system (Minella et al. 2017). Furthermore, there is the strict requirement, that 

no process other than •OH degradation is operational (Minella et al. 2017).  

Carbonate radical, CO3
•-  

Carbonate radical-induced phototransformations can contribute to contaminant fate, in 

particular in surface waters presenting a high pH. Carbonate radical formation was suggested 

by the reaction of carbonate and bicarbonate ions with hydroxyl radical (Larson and Zepp 

1988), and also the formation through direct reaction of these ions with 3CDOM* seems likely, 

as indicated based on studies with aromatic ketone and quinone sensitizers (Canonica et al. 

2005). Furthermore the production was suggested from irradiated iron phases, but the 

environmental relevance of this process is controversial (Chiron et al. 2009). (Vione et al. 2014) 

studied CO3
•- formation from •OH and observed increasing formation rates with increasing pH. 

As the hydroxyl radical reacts faster with CO3
2- than with HCO3

-, this pH dependence of the 

CO3
•- formation was ascribed to be a consequence of the pKas of the carbonate systems 

(pKa(CO2/HCO3
-) = 6.3; pKa(HCO3

-/H2CO3) = 10.3). Steady-state concentrations are suggested 

to be higher than for the hydroxyl radical, e.g. [CO3
•-]SS = 10-15 to 10-13 in sunlit surface waters, 

as there are less CO3
•- quenchers (Huang and Mabury 2000). Lifetimes of 0.7 – 3.5 ms can be 

estimated based on the second-order quenching rate constant of CO3
•- by a model DOM, 

Suwannee River fulvic acid, 280 L mgC
-1 s-1(Canonica et al. 2005) and assuming concentrations 

of 1 – 5 mgC L-1. CO3
•-was observed to induce the transformation of anilines with electron 

donating substituents. N,N-dimethylaniline was proposed as CO3
•- probe compound, however 

reservations remain for its use as PC, as N,N-dimethylaniline was observed to also react with 

3CDOM* and to be susceptible to the DOM antioxidant effect (Canonica and Laubscher 2008, 

Rosario-Ortiz and Canonica 2016). 

1.1.3 Antioxidant sites 

Besides being a source for PPRI, DOM was demonstrated to also inhibit certain PPRI-induced 

phototransformations (Canonica and Laubscher 2008, Canonica and Schönenberger 2019, 

Wenk et al. 2011). This inhibition was ascribed to DOM antioxidant moieties. TC 

transformation was rationalized to be diminished as the initial PPRI-induced electron transfer 

is followed by the antioxidant-induced reduction of the oxidation intermediate: 
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PPRI + TC  PPRIred + TC•+                  (1.12) 

TC•+ 
 TCox                     (1.13) 

TC•+ + DOM  TC + DOM•+                  (1.14) 

Equation (1.12) describes the electron transfer from a target compound to an oxidative PPRI, 

which leads to the formation of the TC radical cation, TC•+. In a subsequent step this TC•+ can 

be further and irreversibly oxidized (equation (1.13)) or reduced back to TC by antioxidant 

moieties present in DOM (equation (1.14)).  

The role of DOM inhibition in photochemical reactions was demonstrated by decreasing 

transformation rate constants of certain compounds with 3CDOM* photooxidant surrogates 

following DOM addition (Canonica and Laubscher 2008, Wenk et al. 2011). Ketonic 

photosensitizers served as well defined 3CDOM* photooxidant surrogates, such as 2-

acetonaphthone and 4-carboxybenzophenol, and so far, the antioxidant effect was shown to 

inhibit 3CDOM*- (e.g. (Canonica and Laubscher 2008)) and sulfate radical-induced 

phototransformations (Canonica and Schönenberger 2019). Thereby a particular pronounced 

inhibition was observed for compounds with an aromatic amino group, such as for sulfonamides 

and anilines. N,N-dimethyl-4-cyanoaniline (DMABN) was proposed as suitable probe 

compound for the characterization of this antioxidant effect (Leresche et al. 2016). 

The quantification of DOM antioxidant moieties was found feasible with electron donating 

capacity (EDC) measurements (Aeschbacher et al. 2012). The EDC is measured by mediated 

electrochemical oxidation and is defined as the number of electron transferred from DOM to a 

chemical oxidant (Aeschbacher et al. 2009). EDC was found to correlate with DOM phenol 

content and phenolic moieties are likely part of the antioxidant sites, as pointed out in detail in 

paragraph 1.1.5 (Aeschbacher et al. 2012, Walpen et al. 2016).  

1.1.4 Long-lived photooxidants 

Long-lived photooxidants (LLPO) have been proposed to be formed as an additional pool of 

CDOM derived PPRI, conceivably contributing to the transformations of target compounds 

(Canonica and Freiburghaus 2001, Canonica and Hoigné 1995, Kawaguchi 1993). Initially, the 

formation of LLPO has been suggested following the observation of increased 

phototransformation rate constants for electron-rich phenols, when their initial concentrations 

decreased to the submicromolar range (Canonica and Hoigné 1995). The expression LLPO was 

developed to emphasize the mode of reactivity (oxidation) and the expected long life times ( ~ 

100 µs) of the DOM derived species involved in the enhancement effect. LLPO’s longer 
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lifetimes are a consequence of their slower decay pathways. Compared to the concomitantly 

occurring 3CDOM*, LLPO are less susceptible to quenching by compounds of the water matrix 

and more susceptible to quenching by target compounds, in particular for target compound 

initial concentration > 0.1 M. 

The CDOM-photosensitized transformation of a target compound susceptible to reactions with 

LLPO can be described as the sum of contribution of the contribution of short- and long-lived 

photooxidants (Fig. 1.1) (Canonica and Hoigné 1995): 

−
d[TC]

d𝑡
= 𝑘SLPO,TC

t [SLPO]SS[TC] + 𝑘LLPO,TC
t [LLPO]SS[TC]              (1.15) 

Which is consistent with equation (1.3) and 𝑘SLPO,TC
t  and 𝑘LLPO,TC

t  are the second-order 

transformation rate constants for a TC by SLPO and LLPO, respectively. The steady-state 

concentration of SLPO and LLPO, [SLPO]ss and [LLPO]ss can be described, in accordance with 

equation (1.7), using the corresponding formation rates, 𝑟SLPO
f  and 𝑟LLPO

f , and pseudo-first-order 

decay rates, 𝑘SLPO
d  and 𝑘LLPO

d , respectively, as well as the second-order quenching rate constant of 

LLPO by a target compound, 𝑘LLPO,TC
q

: 

[SLPO]ss =
𝑟SLPO
f

𝑘SLPO
d                     (1.16) 

[LLPO]ss =
𝑟LLPO
f

𝑘LLPO
d +𝑘LLPO,TC

q
[TC]

                   (1.17) 

Finally, as 𝑘LLPO,TC
t  ~ 𝑘LLPO,TC

q
 for phenols, the pseudo-first-order transformation rate constant 

of a TC, 𝑘obs, may be described as: 

𝑘obs = 𝑘SLPO,TC
t′ +

𝑟LLPO
f

𝑘LLPO
d

𝑘LLPO,TC
q +[TC]

                  (1.18) 

With 𝑘SLPO,TC
t′  defined as the pseudo-first-order rate constant for SLPO-induced transformation 

of TC: 

𝑘SLPO,TC
t′ = 𝑘SLPO,TC

t [SLPO]ss                   (1.19) 

The observed enhancement effect was proposed to be a consequence of the susceptibility of 

LLPO towards quenching by the TC and the associated increase in LLPO concentrations upon 

decrease of TC concentrations. Thus, at high initial TC concentrations (~1-10 M), the short-

lived photooxidants were concluded to dominate the transformation of TC, whereas at 
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submicromolar concentrations the contribution of long-lived photooxidants increases and likely 

dictates TC transformation.  

An LLPO detection method was introduced, consisting of the comparison of pseudo-first-order 

transformation rate constants for initial concentrations of 0.1 and 5.0 M with a selected probe 

compound (Canonica and Freiburghaus 2001, Rosario-Ortiz and Canonica 2016). LLPO-

induced transformations were implied to be relevant for electron-rich phenols, and 2,4,6-

trimethylphenol and 3,4-dimethoxyphenol have been employed as probe compounds (Canonica 

and Freiburghaus 2001). 

1.1.5 Relating DOM structure to DOM photochemistry 

The study of the relationship between DOM composition and photochemical reactivity may 

provide further insights into PPRI formation pathways and contribute to the prediction of 

contaminant transformation in the aquatic environment. DOM composition can be assessed by 

bulk characterization, e.g., by analyzing absorptivity and electron donating capacity (EDC). 

Namely, the specific UV absorption at λ = 254 nm, SUVA254, reveals DOM aromaticity 

(Weishaar et al. 2003), the ratio of the absorption at λ = 254 nm to the absorption at λ = 365 

nm, E2:E3, and the spectral slope, S (equation (1.1)), were shown to be inversely proportional 

to DOM molecular weight (Helms et al. 2008), and EDC was proved to be connected to DOM 

phenolic content (Aeschbacher et al. 2012). Furthermore high-resolution mass spectrometry has 

been used as a semiquantitative method to assess molecular insights into DOM (Remucal et al. 

2020, Zhang et al. 2012). Parameters used to characterize CDOM photoreactivity normalized 

to the number of photons absorbed are PPRI quantum yields, such as ΦΔ (equation (1.11)) and 

PPRI quantum yield coefficients, such as fTMP (equation (1.8)).   

The photoreactivity of CDOMs with varying bulk characteristics was studied for instance using 

environmental DOMs collected from different sites (Berg et al. 2019, Bodhipaksha et al. 2015, 

Guerard et al. 2009b) or chemically modified DOMs, .i.e. treated with sodium borohydride, 

NaBH4 (Golanoski et al. 2012, Sharpless 2012) or gradually increasing chlorine or ozone doses 

(Leresche et al. 2019b, Wan et al. 2021, Wenk et al. 2015). 3CDOM* and 1O2 quantum yields 

were found to correlate strongly with saturated formulas (Berg et al. 2019) and E2:E3 ratios, 

suggesting enhanced 3CDOM* formation in low molecular weight DOM (Bodhipaksha et al. 

2015). Augmented 3CDOM*-induced transformations in low molecular weight compared to 

high molecular weight DOM was also observed following size fractionation experiments for 

soil humic acid (Richard et al. 2004) and aquatic fulvic acids (Maizel and Remucal 2017b). 

•OH quantum yields correlated with less saturated and more oxygenated formulas, suggesting 
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the •OH to have different precursors than 3CDOM* (Berg et al. 2019), but differing results can 

be found in the literature (Wan et al. 2021). Notably, PPRI formation may be influenced 

additionally by physicochemical characteristics of the solution, such as pH (Maizel and 

Remucal 2017a) and temperature (McKay and Rosario-Ortiz 2015). 

Phenolic DOM moieties 

Phenols are recurring structures within DOM and have been found relevant in evaluating DOM 

photoreactivity, as they are suggested to inhibit the phototransformation of organic compounds 

due to their antioxidant properties (Guo et al. 2020, Wenk and Canonica 2012, Wenk et al. 

2011). Phenolic content varies amongst DOMs of different origins, typically autochthonous 

DOM, produced from macrophites, algae and bacteria, has lower phenol content than 

allochthonous DOM, of pedogenic origin. For commercially available DOM isolates, phenol 

contents range between 0.8 (Upper Mississippi River NOM) and 4.2 meq g-1 (Suwannee River 

humic acid), as defined by acidic titration (Ritchie and Perdue 2003) and corroborated by EDC 

measurements (Aeschbacher et al. 2012). The hypothesis that DOM electron-rich phenolic 

moieties act as antioxidants was supported by the observations that well-defined phenolic 

antioxidants were able to mimic the DOM antioxidant character (Wenk and Canonica 2012) 

and that this DOM antioxidant character decreased upon DOM ozonation (Wenk et al. 2015). 

Furthermore electron-poor phenolic moieties have been proposed as LLPO precursors, along 

with other candidates, such as alkoxyl or peroxyl radicals containing moieties (Rosario-Ortiz 

and Canonica 2016). 

1.2 Research Needs  

CDOM light absorption initiates the formation of photochemically produced reactive 

intermediates (PPRI), which are able to induce phototransformations in organic contaminants 

present in the aquatic environment. PPRI reacting via oxidation with organic compounds have 

been proposed to consist of two pools: on the one hand short-lived photooxidants, such as 

3CDOM*, 1O2 and •OH, and on the other hand long-lived photooxidants (LLPO). The suggested 

formation of LLPO provided an explanation for the enhancement effect observed in the 

3CDOM*-induced phototransformation of electron-rich phenols upon lowering their initial 

concentrations from 5.0 to 0.1 M. The aim of this thesis is to test the hypothesis that LLPO 

are relevant PPRI, formed concomitantly with 3CDOM* upon DOM light absorption from 

phenolic DOM moieties. Therefore, LLPOs are characterized in analogy to other PPRI by 

studying the formation, reactivity and chemical nature. To this end, three objectives were 
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formulated: (1) to evaluate the relevance of LLPO-induced phototransformation, (2) to mimic 

LLPO-induced transformations by means of photochemically produced phenoxyl radicals, and 

(3) to characterize DOM moieties involved in LLPO formation. 

1.3 Objectives and Underlying Hypotheses 

1.3.1 Evaluating the relevance of LLPO-induced phototransformations for aquatic 

organic contaminants 

To test the relevance of LLPO in DOM-induced phototransformations we want to 

identify organic contaminants, which show a link between concentration and pseudo-

first-order transformation rate constant when initial concentrations are reduced from 5.0 

to 0.1 M. Furthermore, we aim to select a probe compound for the qualitative testing 

of LLPO formation and establish contaminant characteristics, which can rationalize the 

susceptibility to LLPO-induced transformations. 

The hypothesis within this objective was that LLPO react with electron-rich compounds 

out of several classes of aquatic organic contaminants. 

1.3.2 Mimicking LLPO-induced contaminant transformation by means of 

photochemically produced phenoxyl radical 

The goal is to investigate whether organic contaminant transformation by 

photochemically produced phenoxyl radicals can simulate organic contaminant 

transformation by LLPO. We want to analyze which phenoxyl radicals are suitable 

candidates to mimic the LLPO effect and gain further insights into the reactions 

occurring in these DOM model systems.  

The hypothesis for the formulation of this goal was that photochemically produced 

phenoxyl radicals can be classified as long-lived photooxidants in analogy to LLPO 

derived from DOM. 

1.3.3 Characterizing chemical moieties involved in LLPO formation 

Lastly, we want to determine DOM moieties involved in LLPO formation. For that we 

choose to analyze the effects of chemical oxidation of DOM on the pseudo-first-order 

transformation rate constant of a probe compound.  

The hypothesis was that LLPO are phenoxyl radicals photochemically derived from 

DOM. 
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1.4 Structure 

1.4.1 Chapter 2 

The study presented in Chapter 2 underlines the relevance of LLPO-induced transformations 

for aquatic organic compounds by identifying compounds susceptible to the reaction with 

LLPO. To this end, we assess the pseudo-first-order phototransformation rate constants of 

organic compounds for two distinct initial concentrations of TC, 0.1 and 5.0 M in aqueous 

DOM solutions. Enhanced phototransformations at low initial concentration are observed for 

electron-rich phenols, anilines and phenylureas. The LLPO one-electron reduction potential is 

estimated between 1.0-1.3 V. Photochemically produced 4-cyanophenoxyl radicals are shown 

to mimic the enhancement effect.  

1.4.2 Chapter 3 

In Chapter 3, we inspect which properties are crucial for phenoxyl radicals to mimic the 

enhancement effect. The reaction kinetics of photochemically produced phenoxyl radicals are 

analyzed utilizing LLPO probe compounds with two initial concentrations: 0.1 and 5.0 M. 

Phenoxyl radicals are produced in aqueous solution containing a model photosensitizer and a 

model electron-poor phenol, serving as DOM surrogates. Enhanced probe compound 

transformations of the low compared to the high initial concentration were observed with all of 

the tested phenoxyl radicals. Reaction rate constants for the low initial concentration were 

observed to increase with the one-electron reduction potential of the parent phenol and with the 

fraction of phenols present as phenolates. With laser flash photolysis we determined the second-

order quenching rate constant of the organic compound 2,4,6-trimethylphenol with an electron-

poor phenoxyl radical, 4-cyanophenoxyl radical, as (4 ± 1) × 108 M-1s-1.  

1.4.3 Chapter 4 

In Chapter 4 we assess the link of LLPO formation with changes in DOM absorbance and 

electron donating capacity by analyzing the photochemistry of oxidized SRFA. Firstly 

dissolved organic matter is oxidized by chlorine and ozone (with and without t-butanol) and 

characterized by absorbance and EDC measurements. Secondly, photoirradiation experiments 

are performed in which the transformation of the LLPO probe compound 3,4-dimethoxyphenol 

(DMOP) is observed in the presence of chemically oxidized DOM. DMOP transformation was 

abated more strongly for low initial concentration compared to high initial concentration, which 

was interpreted as an indication for the formation of two pools of photooxidants with distinct 

formation pathways. Transformation rates decreased for low initial concentration with 
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decreasing EDC and SUVA254 values, hinting to the involvement of phenolic moieties as LLPO 

precursors.  

1.4.4 Chapter 5 

In the last chapter, the results of this thesis are summarized and discussed in regards to the 

initially formulated objectives. In particular, LLPO characteristics are compared to 3CDOM* 

characteristics, to highlight relevant findings. Research gaps concerning the characterization 

of LLPO are described, and further experimental work to fill theses gaps is proposed. Lastly, 

the relevance of long-lived photooxidants is analyzed in the context of contaminant 

transformation in sunlit surface waters.  
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Abstract 

Dissolved organic matter (DOM) plays a crucial role in the photochemical transformation of 

organic contaminants in natural aquatic systems. The present study focuses on the 

characterization of a specific effect previously observed for electron-rich phenols, consisting in 

an acceleration of the DOM-photosensitized transformation of target compounds at low 

concentrations (< 1 µM). This effect was hypothesized to be caused by DOM-derived "long-

lived" photooxidants (LLPO). Pseudo-first-order rate constants for the transformation of 

several phenols, anilines, sulfonamide antibiotics and phenylureas photosensitized by 

Suwannee River fulvic acid were determined under steadystate irradiation using the UVA and 

visible wavelengths from a medium-pressure mercury lamp. A significant enhancement (by a 

factor of 2.4  16) of the first-order transformation rate constant of various electron-rich target 

compounds was observed for an initial concentration of 0.1 M compared to 5 M . This effect 

points to a relevant reactivity of these compounds with LLPO. For phenols and anilines the 

enhancement effect occurred only above certain standard one-electron oxidation potentials. 

From these data series the standard one-electron reduction potential of LLPO was estimated to 

be in the range of 1.0  1.3 V versus the standard hydrogen electrode. LLPO are proposed to 

mainly consist of phenoxyl radicals formed by photooxidation of electron-poor phenolic 

moieties of the DOM. The plausibility of this hypothesis was successfully tested by studying 

the photosensitized transformation kinetics of 3,4-dimethoxyphenol in aqueous solutions 

containing a model photosensitizer (2-acetonaphthone) and a model electron-poor phenol (4-

cyanophenol) as DOM surrogates. 

 

Keywords 

Dissoled organic matter, aquatic photochemistry, transformation kinetics, photosensitizer, 

phenoxyl radicals, organic contaminants   
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2.1 Introduction 

The ubiquitous and in its chemical composition extremely complex dissolved organic matter 

(DOM) (Leenheer and Croué 2003) is a source of various photochemically produced reactive 

intermediates (PPRI) when exposed to sunlight (Richard and Canonica 2005, Rosario-Ortiz and 

Canonica 2016, Vione et al. 2014, Zafiriou et al. 1984). PPRI are produced through absorption 

of sunlight, especially its ultraviolet (UV) portion, by chromophoric constituents of the DOM, 

the so-called CDOM, (Rosario-Ortiz and Canonica 2016, Sharpless and Blough 2014) and 

contribute to the transformation of many aquatic contaminants in sunlit surface waters (Richard 

and Canonica 2005). PPRI derived from CDOM irradiation comprise well-defined chemical 

entities, such as the hydroxyl radical, carbonate radical or singlet oxygen, as well as excited 

states or radical species that are often elusive to precise chemical identification because they 

are derived from and still attached to the DOM (Richard and Canonica 2005, Sharpless and 

Blough 2014, Vione et al. 2014). Excited triplet states of the CDOM (3CDOM*) have been 

recognized as pivotal photooxidants affecting the fate of organic contaminants in surface waters 

(Canonica 2007, Canonica et al. 1995, McNeill and Canonica 2016). 

Besides 3CDOM*, the existence of DOM-derived photooxidants having longer lifetimes than 

3CDOM* and therefore termed "long-lived" photooxidants (LLPO) was postulated (Canonica 

and Freiburghaus 2001, Canonica and Hoigné 1995). This assumption was used to explain the 

observed increase in pseudo-first-order CDOM-photosensitized transformation rate constants 

of electron-rich phenols (i.e., phenols bearing electron donating substituents) with decreasing 

initial phenol concentrations in the range of 10˗6  10˗7 M (Canonica and Freiburghaus 2001, 

Canonica and Hoigné 1995, Kawaguchi 1993). This observation is highly relevant, since 

concentrations of many organic contaminants in natural surface waters are even lower than this 

concentration range (Moschet et al. 2014, Ruff et al. 2015). So far, 2,4,6-trimethylphenol (TMP) 

(Canonica and Freiburghaus 2001, Kawaguchi 1993), 4-methoxyphenol (Canonica and Hoigné 

1995), 3,4-dimethoxylphenol (DMOP) (Canonica and Freiburghaus 2001, Canonica and 

Hoigné 1995), and N,N-dimethylaniline (Canonica and Freiburghaus 2001) were reported to 

undergo this effect, while for 4-methylphenol the effect was absent at the lowest investigated 

initial concentration of 10˗7 M (Canonica and Freiburghaus 2001). A conceptual model and 

corresponding kinetic equations were developed to explain the observed increase in pseudo-

first-order transformation rate constants with decreasing initial concentration of the target 

compound (Canonica and Freiburghaus 2001, Canonica and Hoigné 1995). An updated version 

of this model is visualized in Fig. 2.1. Two pools of CDOM-derived photooxidants in aerated 

aqueous solution are assumed. For the first pool, the presence of a target compound at 
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concentrations ≤ 5  10˗6 M does not significantly affect the steady-state concentration of the 

photooxidants. With the current knowledge on CDOM photochemistry and using target 

compounds that are not significantly transformed by singlet oxygen, these photooxidants are 

assumed to mainly represent 3CDOM*. For the second pool, the presence of a target compound 

at concentrations in the range of 1  10˗7  5  10˗6 M significantly affects the steady-state 

concentration of the photooxidants. The increasing steady-state concentration of this pool of 

photooxidants with decreasing target compound concentration results in an increasing pseudo-

first-order rate constant for the transformation of the target compound. Assuming a maximum 

second-order rate constant of  3  109 M˗1 s˗1 for the reaction of these photooxidants with a 

target compound and a reduction in steady-state concentration of the photooxidants by at least 

50% upon addition of a target compound at 5  10˗6 M concentration, the photooxidants of this 

second pool can be estimated to have on average lifetimes longer than  67 s (see the 

Supplementary Information (SI), Text S2.1 for a detailed calculation). An estimation made in 

the original study lead to lifetimes in the order of 100 s (Canonica and Hoigné 1995). This 

lifetime is much longer than estimates for 3CDOM* in aerated water (1.6  6.3 s, see SI, Text 

S2.2), which justifies the use of the term "long-lived photooxidants" (LLPO) in the present 

paper. 

 

Fig. 2.1. Reactions controlling the deactivation and lifetime of long-lived photooxidants 

(LLPO) compared to excited triplet states of chromophoric dissolved organic matter (3CDOM*) 

in aerated water in the presence of a target compounds (TC). The thickness of the arrows 

illustrates the relative importance of the various deactivation processes of LLPO and 3CDOM* 

in the presence of an electron-rich phenol as TC at a concentration of 5  10˗6 M. 
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The knowledge on the deactivation pathways and rate constants of 3CDOM* has been 

substantially improving during the last decade (Golanoski et al. 2012, Schmitt et al. 2017, 

Sharpless 2012), yielding the aforementioned average lifetimes of 3CDOM* in aerated water at 

25 °C that match well with the early lifetime estimate of 2 s (Zepp et al. 1985). The main 

groups of reactions of 3CDOM* with organic contaminants, namely one-electron oxidation and 

triplettriplet energy transfer, and the energetics of such reactions are also fairly well 

understood (McNeill and Canonica 2016, Rosario-Ortiz and Canonica 2016). In contrast, 

during the last twenty years, no substantial advances in the characterization of the hypothesized 

LLPO were made, despite their potentially decisive contribution to the phototransformation of 

some aquatic organic contaminants in surface waters which may even override the contribution 

of 3CDOM*, due to the often very low concentrations of these contaminants. Since LLPO are 

formed in an oxic environment and are capable of oxidizing electron-rich phenols, they are 

expected to be oxidizing radicals that are part of the photochemically transformed DOM. These 

radicals possibly include peroxyl radicals (Mill et al. 1980), or phenoxyl radicals, which are 

plausible due to abundance of phenolic moieties in the DOM (Ritchie and Perdue 2003) and 

could result from a one-electron oxidation of these moieties by 3CDOM*. LLPO have been 

suggested to have a higher selectivity than 3CDOM* in their reaction with phenols (Canonica 

and Hoigné 1995), and therefore, assuming one-electron oxidation of the phenols (or any other 

compound) in both cases, LLPO should have lower standard one-electron reduction potentials 

(𝐸red,1
0 ) than 3CDOM* (note that in the following all potentials are given vs. standard hydrogen 

electrode (SHE)). The reduction potentials of the latter were estimated to lie in the range of  

1.36  1.90 V vs. SHE (Canonica et al. 2000) and, more recently, 1.6  1.8 V vs. SHE (Parker 

and Mitch 2016). The reduction potentials of various substituted phenoxyl radicals have been 

measured and cover a wide range (Jonsson et al. 1993a, Lind et al. 1990), which extends from 

values near zero for very electron-rich species to 1.22 V for the 4-nitrophenoxyl radical (Lind 

et al. 1990), with the unsubstituted phenoxyl radical having 0.79 V (Lind et al. 1990). Moreover, 

estimations of 𝐸red,1
0  are available for alkyl peroxyl radicals, ROO• (0.71  0.83 V) and alkyl 

percarboxyl radicals, RC(O)OO•, (1.05  1.19 V) (Merényi et al. 1994). Considering the 

estimated standard one-electron oxidation potentials, 𝐸ox,1
0 , of electron-rich phenols in their 

undissociated form (˗1.17 V for DMOP and ˗1.22 V for TMP) (Canonica et al. 2000) both 

electron-poor phenoxyl radicals and RC(O)OO• would be efficient oxidants of these phenols 

and therefore plausible candidates for LLPO. 
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The primary goal of this study was to evaluate the propensity of several organic compounds, 

belonging to various chemical classes, to undergo photosensitized transformation induced by 

LLPO. To this end, the pseudo-first-rate constants for the DOM-photosensitized transformation 

of each target compound at initial concentrations of 1.0  10˗7 M and 5.0  10˗6 M was 

measured. The lower initial concentration was designated to allow precise quantification of the 

rate constants without the need of sample pre-concentration and to be consistent with a previous 

study (Canonica and Freiburghaus, 2001). The resulting rate constant difference was interpreted 

in terms of LLPO reactivity. For substituted phenols and anilines as target compounds, their 

reactivity with LLPO was related to the standard one-electron oxidation potentials of the 

compounds for estimating the reduction potential of LLPO. Using DMOP as an LLPO probe 

compound, the dependence of LLPO reactivity on DOM type and concentration was 

investigated. Finally, a chemical model system consisting of a photosensitizer and an electron-

poor phenol (i.e., a phenol bearing electron-withdrawing substituents) was employed to mimic 

the effect of DOM-derived LLPO on the pseudo-first-order transformation rate constant of the 

electron-rich phenol DMOP. 

2.2 Experimental Section 

2.2.1 Materials and solutions  

The following chemicals were obtained from common commercial sources and used as 

received: (A) Target compounds: phenol (Fluka, >99.5%), 4-methylphenol (Fluka, >99 %), 

2,4,6-trimethylphenol (TMP, Ega Chemie, 99%), 3,4-dimethoxyphenol (DMOP; Alfa Aesar, 

98%), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox, Sigma Aldrich, 97%), 

aniline (Sigma Aldrich, 99.5%) , 4-cyanoaniline (Fluka, 97%), 4-methylaniline (Sigma 

Aldrich, 99.6%), 4-(dimethylamino)benzonitrile (DMABN, Sigma Aldrich, 98%), isoproturon 

(Sigma Aldrich, pestanal®), diuron (Sigma Aldrich, pestanal®), 3-(2,5-dimethoxyphenyl)-1,1-

dimethylurea (DMP, Sigma Aldrich), sulfamethoxazole (Sigma Aldrich), sulfadiazine (Sigma 

Aldrich, 99%), and sulfadimethoxine (Sigma Aldrich, 98.5%); (B) Model photosensitizer: 

2-acetonaphthone (2-AN, Sigma Aldrich, 99%); (C) Model electron-poor phenol: 4-

cyanophenol (4-CN-PhOH, Fluka, >97%); (D) Buffer components: Na2HPO4⋅2H2O (Sigma 

Aldrich/Merck, 98.5%) and NaH2PO4⋅H2O (Merck, for analysis). The DOM isolates 

Suwannee River fulvic acid (SRFA, type “standard III”, 3S101F), Suwannee River humic acid 

(SRHA, type “standard III”, 3S101H), Pony Lake fulvic acid (PLFA, type “reference”, 

1R109F) were purchased from the International Humic Substances Society (IHSS). 
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Ultrapure water was obtained from a Barnstead NANOpure system (Skin AG, Allschwil, 

Switzerland). Stock solutions of all target compounds (100 or 500 M) and the model electron-

poor phenols (500 M) were made in ultrapure water. The stock solutions of the photosensitizer 

(500 M) were prepared in acetonitrile and further diluted to 50 M using ultrapure water. 

Phosphate buffer stock solutions (50 mM, pH 7.76) were prepared in ultrapure water by 

dissolving appropriate amounts of Na2HPO4⋅2H2O and NaH2PO4⋅H2O. DOM isolates stock 

solutions ( 50 or 100 mgC L-1) were made in ultrapure water by dissolving an estimated target 

amount of the hygroscopic isolates. All solutions were stored in the dark at 4°C. 

2.2.2 Irradiation experiments  

Solutions to be irradiated were prepared by mixing appropriate amounts of the aforementioned 

stock solutions, and 16 mL thereof were transferred to quartz tubes (18 mm external diameter, 

15 mm internal diameter, 250 mm height) sealed with glass stoppers. The final concentration 

of phosphate buffer was 5 mM, resulting in a pH of 8.0 ± 0.1. The quartz tubes were shaken by 

hand and placed in a water bath at 25.0 °C for 15 minutes. Thereafter, irradiations were 

performed using a temperature-controlled DEMA (Hans Mangels GmbH, Bornhein-Roisdorf, 

Germany) model 125 merry-go-round photoreactor equipped with a Heraeus Noblelight model 

TQ718 medium-pressure mercury lamp. The latter was positioned in a borosilicate cooling 

jacket and operated with an input power of 500 W. The geometry of the photoreactor was 

described in detail elsewhere (Wegelin et al. 1994). Light from the mercury lamp was filtered 

by the double wall of the cooling jacket and additionally by a 0.15 M sodium nitrate filter 

solution, which was recirculated in the photoreactor to maintain a constant temperature of 25.0 

± 0.2 °C. This resulted in a cut-off filter transmitting light with wavelength λ > 320 nm. Total 

irradiation times varied in the range of 3 minutes to 8 hours depending on the rates of 

transformation of the various target compounds, and 360 L samples were withdrawn from the 

quartz tubes at six equidistant time intervals. The photon fluence rate in the quartz tubes was 

checked weekly by chemical actinometry using an aqueous solution of 4-nitroanisole (5.0  

10˗6 M) and pyridine (1.0  10˗2 M) (Dulin and Mill 1982, Laszakovits et al. 2017, Leresche et 

al. 2016). It was determined for the relevant wavelength band of 334  436 nm using the 

methods detailed by Leresche et al., 2016, and found to vary in the range of (4.1  5.6) × 10−3 

einstein m−2 s−1 over the duration of the whole study. 

2.2.3 Analytical methods  

Concentrations of the target compounds were determined by high-performance liquid 

chromatography (HPLC) using an Agilent 1100 HPLC system, equipped with a quaternary low-
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pressure mixing gradient pump, a photodiode array detector, and a fluorescence detector 

(Agilent 1200 series), or an analogous Dionex 3000 Ultimate system. The photodiode array 

detector was mainly used to analyze samples taken from solutions with  

5.0 μM initial target compound concentration. For solutions with 0.1 μM initial target 

compound concentration, the fluorescence detector was often preferred to the photodiode array 

detector because of the higher sensitivity that could be achieved for the analysis of some target 

compounds. Typically, duplicate injections of 100 μL samples were performed. A reverse-

phase C18 column (Cosmosil 5C18 –MS-II) was used. Details on HPLC analytical conditions 

are described in the SI, Table 2.2. 

The pH of the samples was measured before and after each irradiation experiment using a pH 

meter (either a Metrohm Model 605 equipped with a Metrohm pH electrode Model 

6.02341.110, or a Thermo Scientific Model Orion Star A111 equipped with a Thermo Scientific 

pH electrode Model Orion 8115BNUWP ROSS Ultra). Typically, a small pH decrease ( < 0.1 

pH units) was observed during the irradiation experiment. Concentrations of DOM stock 

solutions were measured, after appropriate dilution, using a Shimadzu TOC-L CSH total 

organic carbon (TOC) analyzer (limit of quantification 0.5 mgC L˗1, accuracy 0.2 mgC L˗1, 

measuring range 0.5  30 mgC L˗1). An Agilent Cary 100 UV-vis spectrophotometer was used 

to measure absorption spectra of the DOM isolates and to calculate light screening factors. 

2.2.4 Determination of rate constants  

Pseudo-first-order rate constants, kobs, for the transformation of a given target compound were 

determined using the following relationship: 

 ln (
[TC]𝑡
[TC]0

)  =  −𝑘obs𝑡 
(2.1) 

where [TC]t and [TC]0 are the target compound concentrations at irradiation time t and before 

irradiation, respectively. For DOM-containing samples, light screening corrections were 

performed according to the SI, Text S2.3. To determine the net contribution of DOM 

photosensitization to the transformation of TCs, the observed rate constants measured for 

DOM-containing solutions were further corrected, when applicable, by subtracting the pseudo-

first-order rate constant obtained for the corresponding blank experiments (i.e., for DOM-free 

solutions). This correction compensates for the possible contributions of direct 

phototransformation or other effects of the water matrix. All corrected rate constants are termed 

kobs,c, details of the calculation are given in the SI, Text S2.4. 
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2.2.5 Determination of the enhancement factor  

For the representation of the enhancement in kobs,c observed for the transformation of target 

compounds at the low initial concentration of  

1.0  10˗7 M (0.1 M) compared to the high initial concentration of 5.0  10˗6 M (5.0 M), an 

enhancement factor, EF, was defined as: 

𝐸𝐹 =  
𝑘0.1
obs,c

𝑘5.0
obs,c

 
(2.2) 

where the subscripts of the rate constants indicate the initial TC concentration in M. 

2.2.6 Kinetic models and simulations  

The software Kintecus© (Ianni 2017) was employed to simulate the photosensitized 

transformation kinetics of 3,4-dimethoxyphenol in solutions containing 2-acetonaphthone as a 

model photosensitizer and 4-cyanophenol as a model electron-poor phenol. Details of these 

simulations are given in the SI, Text S2.6 and Table 2.8. 

2.3 Results and Discussion 

2.3.1 Screening of target compounds potentially subject to LLPO-induced transformation  

Based on a literature review, organic target compounds were selected for a screening study 

according to the following criteria: (1) Indirect phototransformation photosensitized by CDOM 

is, or is expected to be, their dominant photochemical transformation pathway; (2) excited 

triplet states of the CDOM (3CDOM*) acting as photooxidants play, or are expected to play, a 

major role in their indirect phototransformation under the employed irradiation conditions ( > 

320 nm); (3) LLPO are known to, or might, significantly contribute to their CDOM-

photosensitized transformation. A few target compounds not satisfying the third criterion were 

also investigated as negative controls. The selected target compounds potentially fulfilling the 

above criteria (see Table 2.1) belong to four distinct chemical classes, namely phenols, anilines, 

sulfonamides, and phenylureas. 
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Table 2.1 Selected target compounds to test the long-lived photooxidant (LLPO) effect. 

Compound class Target compound 𝑬𝐨𝐱,𝟏
𝟎  / V 

vs. SHE 

pKa Information on LLPO effect 

prior to this study 

References on CDOM-photosensitized transformation 

a) phenols 

 

phenol ˗1.50 a 10.0 b Tested, not observed 

This study: negative control 

(Canonica and Hoigné 1995, Canonica et al. 1995) 

4-methylphenol ˗1.38 a 10.3 b Tested, not observed 

This study: negative control 

(Canonica and Hoigné 1995, Canonica et al. 1995) 

2,4,6-trimethylphenol 

(TMP) 

˗1.22 a 10.9 b Tested, observed (Aguer et al. 2005, Canonica and Freiburghaus 2001, Canonica 

and Hoigné 1995, Canonica et al. 1995, Halladja et al. 2007, 

Kawaguchi 1993, Rosario-Ortiz and Canonica 2016) 

3,4-dimethoxyphenol 

(DMOP) 

˗1.17 a 9.9 c Tested, observed (Canonica and Freiburghaus 2001, Canonica and Hoigné 1995, 

Canonica et al. 1995) 

6-hydroxy-2,5,7,8-

tetramethylchroman-2-

carboxylic acid (trolox) 

˗0.95 a 11.9 d Expected (Canonica and Hoigné 1995, Canonica et al. 1995) 

b)    anilines 

 

4-(dimethylamino)ben-

zonitrile (DMABN) 

˗1.34 e  Unknown (Leresche et al. 2016) 

4-cyanoaniline ˗1.32 f 1.74 b Unknown (Canonica and Laubscher 2008, Leresche et al. 2016) 

4-acetylaniline ˗1.14 f  Unknown  

aniline ˗1.02 f 4.62 b Unknown (Canonica and Laubscher 2008, Wenk and Canonica 2012) 

4-methylaniline ˗0.92 f 5.08 b Unknown  

  𝝈𝐭𝐨𝐭
+  g    

c) phenylureas 

 

diuron 0.48  Not expected 

This study: negative control 

(Canonica et al. 2006, Gerecke et al. 2001, Zeng and Arnold 

2013) 

isoproturon ˗0.28  Tested, not observed 

This study: negative control 

(Canonica et al. 2006, Gerecke et al. 2001, Karpuzcu et al. 2016, 

Langlois et al. 2014) 

3(2,5-dimethoxyphe-

nyl)-1,1-dimethylurea 

(DMP) 

˗0.54 

 

 Unknown  

d) sulfonamides 

 

sulfamethoxazole  1.8 h; 

5.6 h 

Unknown (Bahnmüller et al. 2014, Boreen et al. 2005, Canonica and 

Laubscher 2008, Ryan et al. 2011, Wenk and Canonica 2012) 

sulfadiazine  2.1 h; 

6.3 h 

Unknown (Bahnmüller et al. 2014, Canonica and Laubscher 2008, Wenk 

and Canonica 2012) 

sulfadimethoxine  1.9 h; 

5.9 h 

Unknown (Guerard et al. 2009a, Leresche et al. 2016) 
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a Standard one-electron oxidation potential of the substituted phenol (undissociated form) calculated using the experimentally determined standard 

one-electron oxidation potential of the corresponding phenoxide ion and the pKa values of the phenol and the corresponding protonated phenoxyl 

radical (Canonica et al. 2000). Note that negative values are used here to comply with thermodynamic conventions. b (Dean 1999). c (Canonica et al. 

2000). d (Steenken and Neta 1982). e Estimated using excited triplet state quenching data of several photosensitizers (Leresche et al. 2019a). f Standard 

one-electron oxidation potential of the substituted aniline (non-protonated form) set equal to the negative value of the experimentally determined 

reduction potentials of the corresponding aniline radical cation (Jonsson et al. 1994). g Overall Hammett + substituent constant calculated as the sum 

of the individual substituent constants at each position (+ for the ortho and para positions,  for the meta position) (Canonica and Tratnyek 2003, 

Hansch et al. 1991). Negative values indicate higher electron donating character with respect to the parent compound fenuron. h pKa values of the 

protonated and neutral form of the sulfonamide, respectively (Lin et al. 1997)
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The experimental rate constant data for all investigated target compounds are summarized in 

SI, Table 2.5 and represented in Fig. 2.2 utilizing the enhancement factor (EF, equation (2.2)). 

For the sulfonamides and 4-acetylaniline, the determination of EF was not possible because 

direct photolysis appeared to dominate their transformation (see SI, Text S2.4 and Table 2.5). 

For six target compounds, EF was ≤ 1, within the experimental accuracy, meaning that there is 

no enhancement in the rate constant by reducing the initial target compound concentration. This 

is interpreted as a negligible impact of LLPO on the phototransformation of these target 

compounds. For all other compounds, including TMP, DMOP, trolox, aniline, 4-methylaniline, 

and DMP, EF was > 1, meaning that at the low initial target compound concentration a 

significantly higher rate constant was determined compared to the higher initial target 

compound concentration. For these compounds, the enhancement in the rate constants at the 

low initial concentration is attributed to the effect of LLPO. The compounds with EF > 1 

belonging to the phenols, anilines, and phenylureas are among the most electron-rich 

representatives of each class, as can be deduced from their oxidation potentials or Hammett 

substituent constants (see Table 2.1). The three electron-rich phenols TMP, DMOP and trolox 

exhibit by far the highest EF values, which lie in the range of 6  16. For anilines and 

phenylureas, EF values do not exceed  2.6. 

 

Fig. 2.2. Observed enhancement factors (EF, equation (2.2)) for the transformation of organic 

compounds: (a) phenols (brown squares), and (b) anilines (black triangles), and phenylureas 

(orange pentagons), photosensitized by Suwannee River fulvic acid (2.5 mgC L-1) at pH 8.0. 

High and low initial concentrations of the target compounds were 5.0 and 0.1 µM, respectively. 

Note the different y-axis scales. The horizontal red straight lines indicate EF = 1. Error bars 

(when not visible, smaller than the symbols) represent standard deviations of duplicate 

experiments.  
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2.3.2 Estimation of the reduction potential of LLPO  

The above EF data for phenols and anilines, for which standard one-electron oxidation 

potentials (𝐸ox,1
0 ) are known (see Table 2.1), can be used to evaluate the oxidative character of 

LLPO, in particular the standard one-electron reduction potential (𝐸red,1
0 ). Fig. 2.3 displays EF 

values for these two compound classes (as from Fig. 2.2) as a function of the corresponding 

oxidation potentials.  

 

Fig. 2.3 Dependence of the enhancement factor on the oxidation potential of the target 

compounds (see Table 2.1). EF (data as in Fig. 2.2) was measured at pH 8.0 for the 

photosensitized transformation of phenols (brown squares) and anilines (black triangles). 

Photosensitizer: Suwannee River fulvic acid (2.5 mgC L-1). Error bars (when not visible, smaller 

than the symbols) represent standard deviations of duplicate experiments. Shaded areas (red for 

phenols, grey for anilines) indicate the 𝐸ox,1
0  ranges used to estimate the LLPO reduction 

potential. 

For the phenols, EF is close to unity up to a value of 𝐸ox,1
0  = ˗1.38 V and increases steadily 

with 𝐸ox,1
0  above this value. The onset of EF > 1 is located between ˗1.38 and ˗1.22 V. For the 

anilines, the change in EF as a function of 𝐸ox,1
0  follows a similar trend as for the phenols, with 

EF  1 for 𝐸ox,1
0  ≤ -1.32 V and an onset of EF > 1 located between -1.32 and -1.02 V. These 

onset ranges overlap (from -1.32 to ˗1.22 V), but the onset range for the anilines is shifted by  

0.2 V towards higher oxidation potentials compared to the phenols. Assuming a pure one-
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electron transfer reaction of LLPO with anilines, it can be concluded that the maximum 𝐸red,1
0  

values for LLPO lie in the range of 1.02  1.32 V. The case of phenols is more complex to 

evaluate, since phenols are known to undergo proton-coupled electron transfer reactions (Sjödin 

et al. 2006, Warren et al. 2010, Weinberg et al. 2012), which may lower the potential required 

for their oxidation compared to a pure electron-transfer reaction. Therefore, we consider that 

the range of maximum 𝐸red,1
0  values for LLPO that can be deduced from the phenol series (1.22 

 1.38 V) overestimates the actual maximum reduction potential of LLPO. At the experimental 

pH, a small fraction of the phenols (between 1.2% for phenol and 0.013% for trolox, as can be 

calculated from their pKa values) is present as phenoxide ion. The latter, which has a standard 

one-electron reduction potential that is on average about 0.7 V higher compared to the 

corresponding undissociated phenol, is expected to react with LLPO at a very high rate. The 

fact that neither 4-methylphenol nor phenol exhibit an LLPO effect demonstrates that the 

reaction of phenoxides with LLPO can be neglected in the frame of the present experiments. 

2.3.3 Dependence of enhancement effect on type and concentration of DOM  

Using DMOP as a target compound, its photosensitized transformation kinetics at the two initial 

concentrations of 1.0  10˗7 and 5.0  10˗6 M was measured in the presence of various 

concentrations of the three selected DOM isolates. Fig. 2.4 displays the DOM concentration 

dependence of the corrected pseudo-first-order rate constants, kobs,c, and the enhancement 

factors (EF) derived from these rate constants, for the three isolates (a) Suwannee River fulvic 

acid, (b) Suwannee River humic acid, and (c) Pony Lake fulvic acid. 

At [DMOP]0 = 5.0  10˗6 M and for all three DOM isolates, kobs,c is always much lower than 

for [DMOP]0 = 1.0  10˗7 M and increases proportionally with increasing DOM concentrations. 

This indicates that, up to [DOM] = 10 mgC L˗1, DOM does not significantly quench the 

photooxidants responsible for the transformation of DMOP. This conclusion concurs with the 

assumption that the photooxidants are mainly 3CDOM*, which, in analogy to the excited triplet 

states of model aromatic ketones (Wenk et al. 2013b), are expected to be free from quenching 

by DOM at these DOM concentration levels. Moreover, for [DMOP]0 = 5.0  10˗6 M, all three 

DOM isolates exhibit similar rate constants at equal DOM concentration. For the lower initial 

DMOP concentration, PLFA exhibit a linear increase in kobs,c with increasing DOM 

concentrations, while for SRFA and SRHA the initially linear increase in kobs,c  tends to level 

off at [DOM] >  5 mgC L˗1. 
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Fig. 2.4 Corrected pseudo-first-order rate constants (right y-axes) for the DOM-photosensitized 

transformation of 3,4-dimethoxyphenol (DMOP) (initial concentrations 1.0  10˗7 M, open 

crossed circles, and 5.0  10˗6 M, closed blue circles) at pH 8.0 as a function of the concentration 

of (a) Suwannee River fulvic acid, (b) Suwannee River humic acid, and (c) Pony Lake fulvic 

acid. The corresponding enhancement factors (EF, black diamonds, left y-axis) with linear fits 

(red lines) are also shown. Error bars (when not visible, smaller than the symbols) represent 

standard deviations of duplicate experiments. 

For increasing DOM concentrations, the enhancement factors tend to decrease for SRFA and 

SRHA and to remain constant for PLFA. For PLFA, EF is essentially independent of the DOM 

concentration, with an average value of 2.1, which is significantly lower than the values 

determined for SRFA and SRHA. The lower EF is interpreted as lower impact of LLPO in the 

transformation of DMOP. Interestingly, the Suwannee River DOM isolates also have a higher 

aromaticity, phenolic content, and electron donating capacity than PLFA (Aeschbacher et al. 

2012, Senesi et al. 1989). The fact that the LLPO effect is positively correlated with the 

concentration of phenolic moieties in the DOM supports the hypothesis that LLPO include 

phenoxyl radicals of the DOM formed during photoinduced oxidation of the corresponding 

phenolic moieties of the DOM. The decrease in EF observed at the higher SRFA and SRHA 

concentrations (also revealed by the linear fit line slopes of (˗0.4 ± 0.1) and  

(˗0.29 ± 0.05) L mgC
˗1, respectively) is attributed to partial LLPO scavenging by DOM itself. 
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Such a scavenging coincides with the higher concentration of electron donating moieties for the 

two Suwannee River DOM isolates compared to PLFA. 

2.3.4 Chemical model systems to mimic DOM-derived LLPO  

Model aromatic ketones and quinones have been widely used in aquatic photochemistry to 

mimic the reactivity of 3CDOM* with an oxidative character (Canonica et al. 2006, Canonica 

et al. 2000, Canonica et al. 1995, Canonica and Laubscher 2008, Carena et al. 2019, Maurino 

et al. 2008, Minella et al. 2018, Werner et al. 2005). Moreover, phenol and phenolic compounds 

bearing electron donating substituents have been utilized as model antioxidants, in combination 

with DOM or model photosensitizers, to investigate the dual role of DOM as a photosensitizer 

and inhibitor of 3CDOM*-induced oxidations of aquatic organic contaminants (Bahnmüller et 

al. 2014, Leresche et al. 2016, Wenk and Canonica 2012). Here, we use a model photosensitizer 

(Sens) in combination with a model electron-poor phenol (RPhOHep) to photogenerate both 

oxidizing excited triplet states (3Sens*) and electron-poor phenoxyl radicals (RPhOep
•), which 

are formed upon one-electron oxidation of the model phenol by 3Sens*. In such model systems 

with well-defined chemicals (see Fig. 2.5), 3Sens* and RPhOep
• are used to mimic 3CDOM* 

and LLPO, respectively. As in the case of irradiated CDOM, both short-lived excited triplet 

states and longer-lived radicals coexist under irradiation in these model systems.  

 

Fig. 2.5 Reaction scheme for a model system including a photosensitizer (Sens) and a partly 

dissociated electron-poor phenol (RPhOHep/RPhOep
) used to photogenerate short-lived 

excited triplet states (3Sens*) and longer-lived phenoxyl radicals (R-PhOep
•), both contributing 

to the transformation of a target compound (TC). 
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Irradiation experiments were performed using aqueous solutions buffered at pH 8.0 and 

containing 2-AN (1.5  10˗6 M) as Sens, 4-CN-PhOH (5.0  10˗6 M) as an electron-poor phenol 

(RPhOHep), and DMOP as a target compound at different initial concentrations in the range 

of 1.0  10˗7 M  5.0  10˗6 M. The photosensitized transformation kinetics of DMOP was 

found to slow down with increasing initial concentration of DMOP between 1.0  10˗7 and 1.0 

 10˗6 M, while it remained constant above the latter concentration (Fig. 2.6 (a)). First-order 

fitting of the kinetic data yielded pseudo-first-order rate constants that increased by a factor of 

3, 4, and 10 for initial DMOP concentrations of 5.0  10˗7 M, 2.5  10˗7 M, and 1.0  10˗7 M, 

respectively (see Fig. 2.6 (b)), compared to the average rate constant observed for the higher 

initial DMOP concentrations (1.0  5.0  10˗6 M). The decrease in the first- order rate constant 

with increasing initial concentrations of the target phenol is analogous to the one observed in 

the original study, in which DOM was used as a photosensitizer (Canonica and Hoigné 1995). 

This indicates that the model system is able to qualitatively reproduce the kinetic effect 

attributed to LLPO. The concentrations of 2-AN and 4-CN-PhOH were also monitored during 

these experiments and found to be essentially constant (see SI, Text S2.5 and Fig. 2.7). 

Kinetic modelling was used to rationalize the observed DMOP transformation kinetics for the 

different initial concentrations of DMOP. The reactions considered in the model correspond to 

those represented in Fig. 2.5. The primary reaction (equation (2.3)) consists in the excitation of 

2-AN by photons of UV light to form its excited triplet state, 32-AN*. Note that this reaction 

includes several elementary photophysical steps (see e.g. (Rosario-Ortiz and Canonica 2016)), 

which do not have to be considered in detail because they occur on a very short time scale 

compared to the lifetime of 32-AN*. A second reaction (equation. (2.4)) describes the 

deactivation of 32-AN* in the absence of a target compound or an electron-poor phenol. This is 

also a lumped reaction comprising unimolecular deactivation and quenching by oxygen, but an 

overall deactivation rate constant can be employed because the oxygen concentration remains 

constant during the irradiation experiments. Further relevant reactions of 32-AN* involve 

DMOP (equation (2.5)), leading to an oxidation product of DMOP, DMOPox, and 4-CN-PhO 

(equation (2.6)), which is present at pH 8.0 at equimolar concentration compared to the 

undissociated form of 4-CN-PhOH, leading to the formation of the phenoxyl radical of the 

latter, 4-CN-PhO•. Both reactions also lead to ground-state 2-AN. The reaction of 32-AN* with 

the undissociated form of 4-CN-PhOH was neglected because it is too slow (Canonica et al. 

2000). Finally, 4-CN-PhO• reacts with DMOP leading to 4-CN-PhO and DMOPox (equation 
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(2.7)). Note that for simplicity no distinction was made between the oxidation products of 

DMOP from equations (2.5) and (2.7). 

2-AN 
ℎ𝜈
→  32-AN*           (2.3) 

32-AN*  2-AN            (2.4) 

32-AN* + DMOP  2-AN + DMOPox        (2.5) 

32-AN* + 4-CN-PhO  2-AN + 4-CN-PhO•       (2.6) 

4-CN-PhO• + DMOP  4-CN-PhO + DMOPox       (2.7) 

Kinetic modelling was performed using the rate constants presented in Text S2.6 and Table 2.8 

(SI). Kinetic simulations based on the above five reactions failed to reproduce adequately the 

experimental data shown in Fig. 2.6 (a). Also, the inclusion of an additional first-order 

deactivation reaction of 4-CN-PhO• in the kinetic model was not able to mimic the observed 

kinetics for DMOP in the micromolar range. Finally, the inclusion of a reaction of 4-CN-PhO• 

with DMOPox (note that for simplicity no distinction was made between various generations of 

oxidation products), equation (2.8), lead to a satisfactory reproduction of the experimental 

kinetics (see simulation results in Fig. 2.6 (a)).  

4-CN-PhO• + DMOPox  4-CN-PhO + DMOPox       (2.8) 
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Fig. 2.6 Photosensitized transformation kinetics of 3,4-dimethoxyphenol (DMOP), in the 

presence of 2-acetonaphthone (2-AN, 1.5  10˗6 M) and 4-cyanophenol (4-CN-PhOH,  

5.0  10˗6 M) at pH 8.0,  (a) for different initial concentrations of DMOP. Note the logarithmic 

scale of the y-axis. Black filled squares represent experimental data (average values from 

duplicate experiments), black thin lines are the corresponding first-order kinetics fits (yielding 

kobs), and green lines represent simulated DMOP transformation kinetics runs obtained from 

kinetic modelling (see SI, Text S2.6 and Table 2.8). (b) Pseudo-first-order rate constants (kobs) 

for the photosensitized transformation of DMOP as a function of [DMOP]0. The red line with 

95% confidence interval band represents a fit to equation (2.10). (c) Time runs for the 

concentrations of 32-AN* (orange lines), and 4-CN-PhO• (blue lines), for [DMOP]0 = 5.0  

10˗6 M (continuous lines) and 1.0  10˗7 M (dashed lines), obtained from kinetic simulations 

(see SI, Text S2.6 and Table 2.8). Note the logarithmic scale of the y-axis. 
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The fractions of DMOP transformed by the individual reactive species (after the whole 

irradiation periods) were also estimated utilizing the kinetic simulations. For [DMOP]0 = 5.0  

10˗6 M, 86% of the initial DMOP is transformed by 32-AN*, while for [DMOP]0 = 1.0  10˗7 

M, 89% of DMOP is transformed by 4-CN-PhO•.To better understand the role of [DMOP]0 for 

the kinetics of DMOP transformation, the concentrations of the key reactive species, namely 

32-AN* and 4-CN-PhO•, obtained from kinetic simulations are represented in Fig. 2.6 (c) as a 

function of irradiation time for the highest and lowest [DMOP]0 values (5.0  10˗6 M and 1.0  

10˗7 M, respectively). For the duration of the DMOP transformation experiments, both 32-AN* 

and 4-CN-PhO• exhibit a constant steadystate concentration. This steadystate condition can 

be used to express the pseudo-first-order rate constant for the transformation of DMOP as the 

sum of the individual contributions of each reactive species (equation (2.9)). 

𝑘DMOP
obs = 𝑘

2-AN*3 ,DMOP
r  × [ 2-AN*3 ]

ss
 + 𝑘4-CN−PhO•,DMOP

r × [4-CN-PhO⦁ ]ss    (2.9) 

where the second-order rate constants kr refer to the reactions of the species indicated in the 

subscripts leading to a transformation of DMOP, and the subscript "ss" stands for steadystate. 

The simulation results show that, while [32-AN*]ss has essentially the same value for both initial 

DMOP concentrations, [4-CN-PhO•]ss for [DMOP]0 = 1.0  10˗7 M is 50 times higher than for 

[DMOP]0 = 5.0  10˗6 M, suggesting an inverse proportionality between [4-CN-PhO•]ss and 

[DMOP]0 (i.e., [4-CN-PhO⦁ ]ss ∝ 1 [DMOP]0⁄ ). Utilizing this relationship, equation (2.9) can 

be expressed as: 

𝑘DMOP
obs  = 𝑘

2-AN*3 ,DMOP
obs  + 𝛽4-CN−PhO•,DMOP

r  [DMOP]0⁄                 (2.10) 

where the factor 𝑘
2-AN*3 ,DMOP
obs  = 𝑘

2-AN*3 ,DMOP
r  × [ 2-AN*3 ]

ss
 is the pseudo-first-order rate 

constant for the transformation of DMOP in the absence of 4-CN-PhOH, and 𝛽4-CN−PhO•,DMOP
r  

is an inverse proportionality factor related the reaction of 4-CN-PhO• with DMOP. Both factors 

are independent of the DMOP concentration. Equation (2.10) has a similar form as the original 

equation developed to explain the kinetic effect attributed to LLPO (Canonica and Hoigné 

1995). A non-linear fitting of the 𝑘DMOP
obs  vs. [DMOP]0 data to equation (2.10) was successful 

(see Fig. 2.6 (b)), yielding 𝑘
2-AN*3 ,DMOP
obs  = (7.25  0.07)  10˗4 s˗1 , 𝛽4-CN−PhO•,DMOP

r  = (1.23  

0.03)  10˗9 M s˗1 and a determination coefficient of 0.98. 
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2.4 Conclusions 

This study provides new insights into the kinetics of transformation of several target compounds 

and actual or potential aquatic contaminants photosensitized by CDOM. The principal objective 

of the study was to show that an enhancement of such a photosensitized transformation may 

occur at target compound concentrations of 1  10˗7 M compared to concentrations of a few 

10˗6 M. A concentration of 1  10˗7 M is closer to actual concentrations of contaminants 

occurring in sunlit surface waters compared to the concentrations used in the great majority of 

the studies in literature. The main outcomes of this study are: 

· Electron-rich compounds belonging to the chemical classes of phenols, anilines, and 

phenylureas showed an enhanced CDOM-photosensitized transformation at 1  10˗7 M 

initial concentration compared to 5  10˗6 M. For phenols, enhancement factors (EF) 

are > 10 in some cases, while for the other compound classes maximum EF of  2.6 

were observed. 

· The enhancement effect was attributed to DOM-derived long-lived photooxidants 

(LLPO). Using the enhancement effect of selected anilines and phenols, which was 

shown to increase with oxidation potential of the compounds, the one-electron reduction 

potential of LLPO derived from Suwannee River fulvic acid was estimated to be in the 

range of 1.02  1.32 V vs. SHE. 

· Using 3,4-dimethoxyphenol as an LLPO probe compound, the highly aromatic and 

phenolic-rich Suwannee River humic and fulvic acids exhibited a much higher LLPO 

effect than Pony Lake fulvic acid, which has a significantly lower aromaticity and 

phenolic content. 

· The same probe compound exhibited an analogous enhancement effect in a model 

system consisting of the photosensitizer 2-acetonaphthone and the electron-poor phenol 

4-cyanophenol. The results from this model system support the hypothesis that LLPO 

comprise electron-poor phenoxyl radicals photochemically produced from DOM. This 

conclusion is corroborated by the aforementioned correlation between the LLPO effect 

and the phenolic content of different DOM types. 

The findings of this study call for a reexamination of the predictions concerning the rates of 

indirect photochemical transformation of electron-rich aquatic contaminants, such as several 

phenols and anilines. Since such predictions are mostly based on laboratory irradiation 

experiments with spiked contaminants, it is recommended that future experiments are 

performed using various initial concentrations of the TCs in the range 1  10˗6 M.  
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2.5 Supplementary Information  

Text S2.1 Estimation of the lifetime of LLPO 

Two deactivation pathways for LLPO are considered. 

1) A hypothetical unimolecular decay of LLPO, with first-order rate constant 𝑘LLPO
d,0

. 

 LLPO  LLPOdeact                   (S2.1) 

2) The reaction of LLPO with a target compound (TC). 

 LLPO + TC  LLPOdeact + TCox                 (S2.2) 

The pseudo-first-order rate constant attributed to this reaction is the product of the second-

order-rate constant kLLPO,TC for the reaction of LLPO with the TC and the concentration of 

the target compound ([TC]  [TC]0), i.e.  kLLPO,TC  [TC]. We estimate a maximum kLLPO,TC 

value of 3  109 M˗1 s˗1 for electron-rich phenols based on a review of available experimental 

second-order rate constants for organic peroxyl radicals (Neta et al. 1990) and phenoxyl 

radicals (Neta and Grodkowski 2005). 

The overall deactivation of LLPO in the presence of TC can be described by the pseudo-first-

order rate constant 𝑘LLPO
d : 

 𝑘LLPO
d  = 𝑘LLPO

d,0  +  𝑘LLPO,TC [TC]                 (S2.3) 

Assuming an at least 50% reduction of the steady-state concentration of LLPO upon addition 

of TC at [TC] = 5  10˗6 M, which corresponds (at an unchanged formation rate of LLPO) to 

the condition: 

 𝑘LLPO,TC [TC]  > 𝑘LLPO
d,0

                   (S2.4) 

and substituting the mentioned numeric values of 𝑘LLPO,TC  and [TC] into equation (S2.4), one 

obtains  

𝑘LLPO
d,0

 < 1.5  104 s˗1, corresponding to an LLPO lifetime 𝜏LLPO = 𝑘LLPO
d −1

>   67 s. 

This lifetime is in a similar range as estimated in a previous study (> 100 s) (Canonica and 

Hoigné 1995). 
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Text S2.2 Estimation of the lifetime of 3CDOM* 

We refer here to the methodology used in a previous review article (Rosario-Ortiz and Canonica 

2016) and Scheme 1 in the main paper. Accordingly, the pseudo-first-order deactivation rate 

constant of 3CDOM* in the presence of a target compound (TC) can be defined as: 

 𝑘
CDOM∗3
d  =  𝑘

CDOM∗3
d,0  + 𝑘

CDOM∗ ,O2
3
q [O2]  + 𝑘 CDOM∗3 ,TC 

q
[TC]             (S2.5) 

where 𝑘
CDOM∗3
d,0  is the first-order-deactivation rate constant of 3CDOM*, 𝑘

CDOM∗ ,O2
3
q

is the 

second-order rate constant for the quenching of 3CDOM* by oxygen, [O2]   is the oxygen 

concentration, 𝑘
CDOM∗3 ,TC 

is the second-order rate constant for the quenching of 3CDOM* by 

the target compound, and [TC] is the concentration of the latter. Correspondingly, the lifetime 

of 3CDOM* is defined as: 

 𝜏 CDOM∗3 = 𝑘
CDOM∗3
d −1

                  (S2.6) 

In the case of [TC] < 10 M, 𝑘
CDOM∗3 ,TC 

[TC]≪  𝑘
CDOM∗3
d,0 + 𝑘

CDOM∗ ,O2
3
q [O2], and equation 

(S2.5) simplifies to: 

 𝑘
CDOM∗3
d  = 𝑘

CDOM∗3
d,0  +  𝑘

CDOM∗ ,O2
3
q [O2]                 (S2.7) 

For 𝑘
CDOM∗3
d,0

and 𝑘
CDOM∗ ,O2
3
q

different values were proposed in the literature. Sharpless et al. 

(Sharpless 2012) estimated a 3CDOM* lifetime of  20 s in the absence of oxygen (i.e., 

𝑘
CDOM∗3
d,0 = 5  104 s-1). Schmitt et al. (2017) measured lifetimes between 12  26 s, for 

different natural water (i.e., 𝑘
CDOM∗3
d,0

 = (3.8  8.3)  104 s-1). Zepp et al. (1985) proposed 

𝑘
CDOM∗ ,O2
3
q

 = 2  109 M-1 s-1, based on quenching rate constants of organic photosensitizers. 

In aerated waters ([O2] = 258 M) this leads to lifetimes of around 2 s (𝑘
CDOM∗ ,O2
3
q [O2]  =  

5  105 s-1). Golanoski et al. (2012) determined values of 𝑘
CDOM∗ ,O2
3
q

 in the range of 0.5  2.1 

 109 M-1 s-1. Taking all the above different measurements of 𝑘
CDOM∗3
d,0

 and 𝑘
CDOM∗ ,O2
3
q

 into 

consideration, the lifetimes of 3CDOM* in aerated water at 25 °C and normal atmospheric 

pressure are expected to fall in the range of 1.6  6.3 s. 
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Table 2.2 HPLC methods for the analysis of individual compoundsa.  

Compound Eluent composition (%) Retention 

time (min) 

Absorption 

wavelength / nm 

(Photodiode array 

detector) 

Excitation/Emission 

wavelength / nm 

(Fluorescence 

detector) 
 water acetonitrile buffer b 

phenol - 30 70 3.3 220 275/310 

4-methylphenol - 40 60 3.2 220 225/316 

2,4,6-trimethylphenol - 20 80 4.1 220 230/325 

3,4-dimethoxyphenol - 25 c 75 c 2.7 c 220 230/325 

trolox - 43 57 3.3 220 - 

DMABN 40 60 - 2.5 298 290/488 

4-cyanoaniline 70 30 - 3.0 273 274/384 

4-acetylaniline 75 25 - 2.7 312 230/390 

aniline 70 30 - 3.0 242 232/343 

4-methylaniline 40 60 - 3.0 242 232/343 

sulfadiazine - 15 85 2.7 266 - 

sulfamethoxazole - 15 85 2.6 270 - 

sulfadimethoxine - 20 80 2.2 270 - 

isoproturon 55 45 - 2.5 242 - 

diuron - 55 45 2.6 242 - 

DMP 55 45 - 2.4 242 - 

2-acetonaphthone - gradient method d 9.5 242 - 

4-cyanophenol - gradient method d 6.5 242 - 
a All compounds were analyzed on a reverse-phase C18 column (COSMOSIL 5C18-MS-II packed column, pore size 120 Å, particle size 5 µm, internal 

diameter 3.0 mm, length 100 mm) with a column oven temperature of 25 °C (Agilent system) or 30 °C (Dionex system), a flow rate of 0.5 mL min-1, 

and an injection volume of 100 L. The employed measuring ranges for phenols, anilines and 2-acetonaphthone were 0.5  5 M with the photodiode 

array detector, and 0.01  0.1 M with the fluorescence detector, the measuring range for trolox, phenylureas and sulfonamides was 0.01  5.0 M 

with the photodiode array detector. Standard deviations of measured concentrations were typically < 5 %. b Buffer composition: 10 mM H3PO4 in 

ultrapure water, pH 2.1. c In the presence of 2-acetonaphthone and 4-cyanophenol, the method described in note d was used, and the retention time 

was 4.1 min. d Time course of the gradient method (acetonitrile (ACN)/buffer): 0.0 min (start), 15% ACN; 3.0 min, 15% ACN; 7.0 min, 70% ACN; 

10.8 min, 70% ACN; 12.8 min, 15% ACN; 14 min (stop), 15% ACN.
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Text S2.3 Light screening corrections 

Light screening corrections were performed according to the methods developed in previous 

studies (Leresche et al. 2016, Wenk et al. 2011). In brief, the wavelength-dependent light 

screening factor of a DOM solution, 𝑆𝜆,DOM([DOM]), can be calculated based on the following 

Morowitz-type equation (Morowitz 1950): 

 𝑆𝜆,DOM([DOM])  =  
1−𝑒

−2.303(𝜀𝜆,DOM[DOM])𝑏  

2.303(𝜀𝜆,DOM[DOM])𝑏
                (S2.8) 

where  (nm) is the wavelength of light, b (cm) is the path length of light through the sample, 

𝜀𝜆,DOM (L mgC
˗1 cm˗1) is the decadic specific absorption coefficient of DOM, and [DOM] is the 

concentration of DOM (mgC L˗1). 

The geometries of the lamp and the sample quartz tubes were taken into consideration to 

calculate the average optical path length, �̅�, which was determined to be 1.785 cm, 

corresponding to the internal diameter of the quartz tubes (1.5 cm) multiplied by a factor of 

1.19 (Leresche et al. 2016). Substituting �̅� for b in equation (S2.8) yields the light screening 

factor for the specific irradiation conditions of the used photoreactor, 𝑆�̅�,DOM([DOM]). Since 

the absorption of light in the photoreactor occurs at only two relevant wavelengths, namely 366 

nm (major component) and 334 nm (minor component), a wavelength-averaged screening 

factor, 𝑆�̅̅�,DOM([DOM]), was subsequently calculated employing equation (S2.9): 

 𝑆�̅̅�,DOM([𝐷𝑂𝑀])  =  
𝐼𝜆=334 nm𝑇𝜆=334 nm𝑆�̅�=334 nm+𝐼𝜆=366 nm𝑇𝜆=366 nm�̅�𝜆=366 nm

𝐼𝜆=334 nm𝑇𝜆=334 nm𝜀𝜆=334 nm+𝐼𝜆=366 nm𝑇𝜆=366 nm𝜀𝜆=366 nm
                 (S2.9) 

Where 𝐼𝜆 is the photon flux emitted by the lamp (𝐼𝜆=334 nm  = 17  10-3 mol quantum hour-1; 

𝐼𝜆=366 nm = 236  10-3 mol quantum hour-1) (Wenk et al. 2011) and 𝑇𝜆 is the transmission of 

the NaNO3 filter solution used in the photoreactor (𝑇𝜆=334 nm  = 0.483; 𝑇𝜆=366 nm  = 0.816) 

(Wenk et al. 2011). 𝑆�̅�,DOM([DOM]) values for  = 366 and 334 nm were calculated using the 

specific absorption coefficients of the employed DOM isolates, which were determined at the 

relevant wavelengths of 366 nm and 334 nm (Table 2.4) in phosphate-buffered aqueous 

solutions (5 mM, pH 8.0) with [DOM] in the range of 1  10 mgC L˗1. 

Light screening corrections of rate constants obtained using DOM solutions were performed by 

dividing the observed rate constant by the applicable screening factor, 𝑆�̅̅�,DOM([DOM]) (see also 

Text S2.4). 
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Table 2.3 Decadic specific absorption coefficients of the used DOM isolates. 

DOM Type 

𝜺𝟑𝟑𝟒 𝐧𝐦,𝐃𝐎𝐌/ 

L mgC
-1 cm-1 

𝜺𝟑𝟔𝟔 𝐧𝐦,𝐃𝐎𝐌/ 

L mgC
-1 cm-1 

SRFA 0.0116 0.0087 

SRHA 0.0174 0.0164 

PLFA 0.0063 0.0241 

 

 

Table 2.4 Screening factors (𝑆�̅̅�,DOM([DOM])) for the various DOM types and concentrations. 

DOM Type 

[DOM]/ mgC L-1 

1.0 2.5 5.0 10.0 

SRFA 0.98 0.95 0.90 0.82 

SRHA 0.97 0.93 0.86 0.75 

PLFA 0.99 0.97 0.95 0.90 
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Text S2.4 Rate constants and corrections 

For each target compound, a set of four pseudo-first-order rate constants from duplicate 

independent experiments was determined, namely 𝑘dir_0.1
obs  and 𝑘dir_5.0

obs , (blank experiments, 

DOM-free solutions) and 𝑘DOM_0.1
obs , and 𝑘DOM_5.0

obs  (DOM-containing solutions). The subscripts 

_0.1 and _5.0 are used to designate the initial concentration of the target compound, namely 0.1 

M and 5.0 M, respectively. In a first step, 𝑘DOM
obs  were corrected for the light screening effect 

(see Text S2.3 and Table 2.4) to give 𝑘DOM
obs,sc

 according to equation (S2.10). In a second step, 

with some exceptions explained below, 𝑘DOM
obs,sc

 was further corrected for the often minor non-

DOM-induced phototransformation (mainly attributed to direct photolysis) by subtracting 𝑘dir
obs 

to yield 𝑘DOM
obs,c

, according to equation (S2.11). 

 𝑘DOM
obs,sc = 𝑘DOM

obs /𝑆�̅̅�,DOM([DOM])                (S2.10) 

 𝑘DOM
obs,c  = 𝑘DOM

obs,sc − 𝑘dir
obs                (S2.11) 

The second correction was not performed in the cases in which 𝑘dir
obs was dominant, thus 

excluding the determination of the enhancement factor (EF) as defined by equation (2.2) of the 

main paper. The phototransformation of aniline and 4-methylaniline at 5 M initial 

concentration in the absence of DOM appeared to be significantly affected by an autocatalytic 

effect. Therefore, 𝑘dir_5.0
obs  was determined in a limited time range. In the case of aniline, 𝑘dir_5.0

obs  

was still high compared to 𝑘DOM_5.0
obs,sc

. For this reason, 𝑘dir_5.0
obs,c

 was obtained by subtracting 𝑘dir_0.1
obs  

from 𝑘DOM_5.0
obs,sc

. This correction leads to a possible underestimation of EF for aniline. 
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Table 2.5 Observed and corrected pseudo-first-order transformation rate constants a of target compounds used for Fig. 2.1 in the main paper. 

Target compound 𝒌𝐝𝐢𝐫_𝟎.𝟏
𝐨𝐛𝐬  b 𝒌𝐝𝐢𝐫_𝟓.𝟎

𝐨𝐛𝐬  b 𝒌𝐒𝐑𝐅𝐀_𝟎.𝟏
𝐨𝐛𝐬,𝐬𝐜

 c 𝒌𝐒𝐑𝐅𝐀_𝟓.𝟎
𝐨𝐛𝐬,𝐬𝐜

 c 𝒌𝐒𝐑𝐅𝐀_𝟎.𝟏
𝐨𝐛𝐬,𝐜

 d 𝒌𝐒𝐑𝐅𝐀_𝟓.𝟎
𝐨𝐛𝐬,𝐜

 d EF 

phenols         

phenol 0.27 ± 0.08 0.10 ± 0.03 2.27 ± 0.01 2.37 ± 0.04 2.00 ± 0.08 2.27 ± 0.06 0.88 ± 0.06 

4-methylphenol 0.3 ± 0.2 0.22 ± 0.02 7 ± 2 8.3 ± 0.1   7 ± 2 e 8.1 ± 0.2 0.8 ± 0.2 

2,4,6-trimethylphenol < 1 0.39 ± 0.01        190 ± 40    31.9 ± 0.7        190 ± 40 e     1.5 ± 0.7 6 ± 1 

3,4-dimethoxyphenol  20 ± 10 < 1      1700 ± 100     150 ± 9      1700 ± 100 e     150 ± 9 e           11 ± 2 

trolox        24 ± 3         16 ± 2      1140 ± 50       87 ± 1      1120 ± 50        72 ± 3           16 ± 1 

anilines        

DMABN 6.86 ± 0.08 1.8 ± 0.5     17.83 ± 0.03       19 ± 2       11.0 ± 0.1       17 ± 3 0.6 ± 0.1 

4-cyanoaniline 0.551 ± 0.002 0.14 ± 0.04 1.48 ± 0.04 1.9 ± 0.4 0.93 ± 0.04 1.7 ± 0.5 0.5 ± 0.2 

4-acetylaniline 5.0 ± 0.2 4.8 ± 0.2 7.51 ± 0.04 4.9 ± 0.1 2.5 ± 0.2 n.d. f n.d. 

aniline 0.6 ± 0.2          9 ± 2 g       10.7 ± 0.2 4.8 ± 0.3       10.1 ± 0.4 4.2 ± 0.5 h 2.4 ± 0.4 

4-methylaniline 1.4 ± 0.4     1.36 ± 0.02  g          28 ± 1  11.93 ± 0.04          27 ± 2  10.6 ± 0.06 2.6 ± 0.2 

phenylureas 

diuron 0.73 ± 0.02      0.48 ± 0.02 1.8 ± 0.4    1.10 ± 0.02         1.1 ± 0.5       0.62 ± 0.04 1.7 ± 0.8 

isoproturon 0.7 ± 0.5    0.200 ± 0.004 7.1 ± 0.5      6.2 ± 0.1         6.4 ± 0.9         6.0 ± 0.1 1.1 ± 0.2 

DMP 7 ± 2        0.9 ± 0.2          63 ± 1    24.3 ± 0.7          56 ± 3       23.4 ± 0.9 2.4 ± 0.2 

sulfonamides        

sulfamethoxazole      3.4 ± 0.4        2.3 ± 0.4         2.8 ± 0.5    1.98 ± 0.01 n.d. n.d. n.d. 

sulfadimethoxine 9.4 ± 0.9  3.1 ± 0.5         3.0 ± 0.7 2.1 ± 0.1 n.d. n.d. n.d. 

sulfadiazine 4.8 ± 0.6  7 ± 1       11.3 ± 0.5 5.97 ± 0.04 6.5 ± 0.8 n.d. n.d. 
a Units for all rate constants: in 10−5 s−1. Average values and standard deviations from two independent experiments are given. b Measured for buffered 

aqueous solutions (10 mM phosphate, pH 8.0) in the absence of DOM. c Measured for buffered aqueous solutions (10 mM phosphate, pH 8.0) in the 

presence of 2.5 mgC L-1 Suwannee River fulvic acid and corrected for the light screening effect (Text S2.4, equation (S2.10)). d Corrected rate constants 

(Text S2.4, equation (S2.11)). e Correction had no effect on the significant digits. f n.d.: Not determined for the reasons explained in Text S2.4. g 

Evaluated in the time range 0  2160 s. h Conservative estimate calculated by subtracting 𝑘dir_0.1
obs . from 𝑘SRFA_5.0

obs,sc
.
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Table 2.6 𝑘DOM_0.1
obs,c

 for DMOP in aqueous solutions of DOM isolates at various concentrations (pH 8.0). 

DOM Type 

[DOM] / mgC L-1 

1 2.5 5 10 

SRFA (5.4  0.4)  10-3 (1.7  0.1)  10-2 (2.31  0.01)  10-2 (4.3  0.5)  10-2 

SRHA (8.11  0.02)  10-3 (1.46  0.08)  10-3 (3.1  0.1)  10-2 (4.4  0.1)  10-2 

PLFA (8  4)  10-4 (2.5  0.2)  10-3 (5.0  0.3)  10-3 (1.16  0.03)  10-3 

 

 

Table 2.7 𝑘DOM_5.0
obs,c

 for DMOP in aqueous solutions of DOM isolates at various concentrations (pH 8.0). 

DOM Type 

[DOM] / mgC L-1 

1 2.5 5 10 

SRFA (5.4  0.3)  10-4 (1.49  0.09)  10-3 (3.1  0.4)  10-3 (6.1  0.4)  10-3 

SRHA (8.6  0.2)  10-4 (1.6  0.2)  10-3 (3.52  0.05)  10-3 (6.4  0.3)  10-3 

PLFA (3.2  0.5)  10-4 (1.3  0.1)  10-3 (2.8  0.2)  10-3 (5.1  0.5)  10-3 



53 

 

Text S2.5 Stability of 2-acetonaphthone and 4-cyanophenol during irradiation 

experiments of chemical model system solutions 

The concentrations of the photosensitizer 2-acetonaphthone and of the electron-poor phenol  

4-cyanophenol were also monitored during the irradiation experiments performed to study the 

transformation kinetics of 3,4-dimethoxyphenol (DMOP) in the chemical model system 

solutions. Fig. 2.7 illustrates the typical evolution of concentration of DMOP,  

2-acetonaphthone and 4-cyanophenol as a function of irradiation time for the highest (5.0 M, 

Fig. 2.7 (a) and lowest (0.1 M, Fig. 2.7 (b)) initial concentrations of DMOP. In these two 

specific cases, after the whole irradiation period, the concentration of 2-acetonaphthone 

decreased by 7% and 1%, respectively, and the concentration of 4-cyanophenol decreased by 

2% and 3%, respectively, compared to their initial concentration. These minor reductions, 

which are mostly even smaller than the analytical precision in the quantification of 

concentrations ( 5%), confirm the stability of 2-acetonaphthone and 4-cyanophenol under the 

employed experimental conditions. Therefore, no corrections were applied to the determination 

of the pseudo-first-order rate constants kobs for the transformation of DMOP. 

 
Fig. 2.7 Experimental runs of the concentrations of 3,4-dimethoxyphenol (DMOP, gray 

squares), 2-acetonaphthone (blue triangles), and 4-cyanophenol (red circles) for the irradiation 

of solutions (pH 8.0) with initial DMOP concentration of (a) 5 M, and (b) 0.1 M. Note the 

logarithmic scale of the y-axes. The initial concentrations of 2-acetonaphthone and  

4-cyanophenol were 1.5 M and 5.0 M, respectively. 

 

0 200 400 600 800

1×10−8

1×10−7

1×10−6

1×10−5

0 50 100 150 200

1×10−8

1×10−7

1×10−6

1×10−5

c 
/ 

M

Irradiation time / s

DMOP

2-acetonaphthone

4-cyanophenol

[DMOP]0 = 5 M

 (a)  (b)

c 
/ 

M

Irradiation time / s

[DMOP]0 = 0.1 M



54 

 

Text S2.6 Kinetic modelling for the system including 2-acetonaphthone as a 

photosensitizer, 4-cyanophenol as an electron-poor phenol, and 3,4-dimethoxyphenol 

(DMOP) as a target compound 

The reactions considered for the modelling and explained in detail in the main paper, Section 

3.4., are compiled in Table 2.8, together with details about the used rate constants. 

Particular attention had to be paid to the determination of the first-order rate constant for the 

excitation of the photosensitizer 2-acetonaphthone (2-AN) to yield its excited triplet state  

32-AN* (equation (2.3) in the main paper), 𝑘
2-AN*3
f  (the superscript "f" stays for "formation"), 

which depends on the experimental conditions used for irradiation. To obtain this rate constant, 

the experimental value of the pseudo-first-order phototransformation rate constant of DMOP at 

an initial concentration of 5.0  10˗6 M, 𝑘2-AN,DMOP_5.0
obs , was used. Since at this initial DMOP 

concentration the transformation of DMOP is almost exclusively induced by 32-AN*, for which 

the lifetime is not significantly affected by the presence of DMOP, the following equation 

holds: 

 𝑘2-AN,DMOP_5.0
obs  = 𝑘

2-AN*3 ,DMOP 
r [ 2-AN*3 ]

ss
             (S2.12) 

where 𝑘
2-AN*3 ,DMOP 
r  is the second-order rate constant for the reaction of 32-AN* with DMOP 

leading to the transformation of the latter (the superscript "r" stands for "reaction" of DMOP), 

and [32-AN*]ss is the steadystate concentration of 32-AN*. This can be expressed as the ratio 

between the formation rate of 32-AN* (= 𝑘
2-AN*3
f × [2-AN] ) and the pseudo-first-order 

deactivation rate constant of 32-AN*, 𝑘
2-AN*3
d,air

: 

 [ 2-AN*3 ]
ss
= 𝑘

2-AN*3
f × [2-AN]/𝑘

2-AN*3
d,air

              (S2.13) 

Substituting equation (S2.13) into equation (S2.12) and solving for 𝑘
2-AN*3
f  yields: 

 𝑘
2-AN*3
f  =  

𝑘2-AN,DMOP_5.0
obs ×𝑘

2-AN*3
d,air

𝑘
2-AN*3 ,DMOP

r ×[2-AN]
               (S2.14) 

To calculate 𝑘
2-AN*3
f  using eq. (S2.14), the values of the following three rate constants are 

needed: 

1) 𝑘2-AN,DMOP_5.0
obs  : This pseudo-first-order rate constant was determined in this study as 

9.7  10˗4 s˗1. 



55 

 

2)  𝑘
2-AN*3
d,air

 : The first-order deactivation rate constant of 32-AN* in aerated aqueous 

solution (see equation (2.4) in the main paper) was determined as 6.44  105 s˗1 in a 

previous study using laser flash photolysis (Canonica et al. 2000). 

3) 𝑘
2-AN*3 ,DMOP
r  : This rate constant (corresponding to the reaction of equation (2.5) in the 

main paper) was set equal to the second-order rate constant for the quenching of 32-

AN* by DMOP (3.1  109 M˗1 s˗1) determined in a previous study by laser flash 

photolysis (Canonica et al. 2000). The validity of this approximation is supported by 

the high radical yields (approaching 1.0) determined for the quenching of the excited 

triplet states of aromatic ketones by phenoxides in water-acetonitrile solutions (Das and 

Bhattacharyya 1981). 

Inserting the above-mentioned rate constant values and [2-AN] = 1.5  10˗6 M into eq. (S2.14), 

one obtains 𝑘
Sens∗3
f  = 0.134 s˗1. 

The second-order rate constant for the reaction of 32-AN* with the 4-cyanophenoxide ion  

(4-CN-PhO) leading to the formation of the 4-cyanophenoxyl radical (4-CN-PhO•, equation 

(2.6) in the main paper) was estimated as 𝑘
2-AN*3 ,4-CN-PhO 
r  = 1 109 M-1 s-1 based on the 

quenching rate constant determined for aqueous solutions of 4-cyanophenol at pH 6.0 

(Canonica et al. 2000) and the high radical yields (approaching 1.0) determined for the 

quenching of the excited triplet states of aromatic ketones by phenoxides in water-acetonitrile 

solutions (Das and Bhattacharyya 1981). Note that the reaction of 32-AN* with undissociated 

4-cyanophenol was neglected in the kinetic model because it is ≤ 107 M-1 s-1 (Canonica et al. 

2000). 

The second-order rate constants for the reactions of 4-CN-PhO• with DMOP (equation (2.7) in 

the main paper) and its oxidation products DMOPox (equation (2.8) in the main paper) are 

unknown. They were estimated as 2  109 M-1 s-1, i.e. the maximum values measured for the 

reactions of various phenoxyl radicals with different phenoxides (Steenken and Neta 1979). 
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Table 2.8 Overview of reactions and rate constants in the kinetic model. 

Reaction Equation number 

(main paper) 

Rate constant Notes and references 

2-AN  
ℎ𝜈
→   32-AN* 

(2.3) 𝑘
2-AN*3
f  = 0.134 s-1 determined in this study a 

32-AN*  2-AN (2.4) 𝑘
2-AN*3
d,air  = 6.44  105 s-1 (Canonica et al. 2000) 

32-AN* + DMOP  2-AN + DMOPox (2.5) 𝑘
2-AN*3 ,DMOP 
r  = 3.1  109 M-1 s-1 (Canonica et al. 2000) a 

32-AN* + 4-CN-PhO  2-AN + 4-CN-PhO• (2.6) 𝑘
2-AN*3 ,4-CN-PhO 
r  = 1  109 M-1 s-1 estimated based on 

(Canonica et al. 2000) a 

4-CN-PhO• + DMOP  4-CN-PhO + DMOPox (2.7) 𝑘4-CN-PhO∙,DMOP 
r  =  2  109 M-1 s-1 Estimated based on 

(Steenken and Neta 1979) a 

4-CN-PhO• + DMOPox  4-CN-PhO + DMOPox (2.8) 𝑘4-CN-PhO∙,DMOPox 
r  = 2  109 M-1 s-1 Estimated based on 

(Steenken and Neta 1979) a 
a For further explanations, see Text S2.6. 
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Abstract 

Reactive intermediates formed upon irradiation of chromophoric dissolved organic matter 

(CDOM) contribute to the degradation of various organic contaminants in surface waters. 

Besides well-studied “short-lived” photooxidants, such as triplet state CDOM (3CDOM*) or 

singlet oxygen, CDOM-derived “long-lived” photooxidants (LLPO) have been suggested as 

key players in the transformation of electron-rich contaminants. LLPO were hypothesized to 

mainly consist of phenoxyl radicals derived from phenolic moieties in the CDOM. To test this 

hypothesis and to better characterize LLPO, the transformation kinetics of selected target 

compounds (phenols and anilines) induced by a suite of electron-poor model phenoxyl radicals 

was studied in aerated aqueous solution at pH 8. The phenoxyl radicals were generated by 

photosensitized oxidation of the parent phenols using aromatic ketones as photosensitizers. 

Under steady-state irradiation, the presence of any of the electron-poor phenols lead to an 

enhanced abatement of the phenolic target compounds (at an initial concentration of 1.0 × 10−7 

M) compared to solutions containing the photosensitizer but no electron-poor phenol. A trend 

of increasing reactivity with increasing one-electron reduction potential of the electron-poor 

phenoxyl radical (range: 0.85 ‒ 1.12 V vs. standard hydrogen electrode) was observed. Using 

the excited triplet state of 2-acetonaphthone as a selective oxidant for phenols, it was observed 

that the reactivity correlated with the concentration of electron-poor phenoxide present in 

solution. The rates of transformation of anilines induced by the 4-cyanophenoxyl radical were 

an order of magnitude smaller than for the phenolic target compounds. This was interpreted as 

a reduction of the radical intermediates back to the parent compound by the superoxide radical 

anion. Laser flash photolysis measurements confirmed the formation of the 4-cyanophenoxyl 

radical in solutions containing 2-acetonaphthone and 4-cyanophenol, and yielded values of (2.6 

 5.3) × 108 M−1 s−1 for the second-order rate constant for the reaction of this radical with 2,4,6-

trimethylphenol. These and further results indicate that electron-poor model phenoxyl radicals 

generated through photosensitized oxidation are useful models to understand the 

photoreactivity of LLPO as part of the CDOM. 

Keywords 

aquatic photochemistry, phototransformation, organic contaminant, dissolved organic matter, 

long-lived photooxidants 
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3.1 Introduction 

Dissolved organic matter (DOM), a complex mixture of organic compounds ubiquitous in 

surface waters (Leenheer and Croué 2003, Zark and Dittmar 2018), is a key player in the 

sunlight-induced transformation of trace organic contaminants in the aquatic environment. 

Under sunlight, the chromophoric fraction of DOM, CDOM, generates photochemically 

produced reactive intermediates (PPRI), which can initiate the transformation of contaminants 

and thus contribute to their degradation (Richard and Canonica 2005, Vione et al. 2014). 

Besides well-studied short-lived PPRI, such as the excited triplet states of CDOM (3CDOM*) 

(McNeill and Canonica 2016) or singlet oxygen (1O2) (Ossola et al. 2021), long-lived 

photooxidants (LLPO), having lifetimes in the order of 10−4 s, have been proposed to occur 

upon irradiation of CDOM and to be relevant for the phototransformation of electron-rich 

contaminants in surface waters (Canonica and Freiburghaus 2001, Canonica and Hoigné 1995, 

Remke et al. 2021). The hypothesis that LLPO occur concomitantly with 3CDOM* was able to 

explain the enhancement in CDOM-photosensitized transformation of electron-rich phenols, 

anilines and phenylureas when reducing their initial concentration from 5 M down to 0.1 M. 

The reason for this concentration dependence is that the target compound (TC, e.g., an electron-

rich phenol) at higher concentrations, significantly affects the lifetime of LLPO. This leads to 

a lower steady-state concentration of LLPO at the higher TC concentrations with consequently 

lower pseudo-first-order transformation rate constant of the TC. In a recent study (Remke et al. 

2021) we demonstrated that the effect of LLPO was correlated to the phenolic content of DOM 

and successfully tested a model system, consisting of a model photosensitizer and a model 

electron-poor phenol, to mimic the LLPO effect (Remke et al. 2021). These results supported 

the hypothesis that LLPO comprise DOM-derived phenoxyl radicals, whose precursors are 

electron-poor phenolic moieties of the DOM. 

An important open question about LLPO model systems is related to the suitability of well-

defined phenoxyl radicals to represent LLPO. This translates in identifying phenoxyl radicals 

with a sufficiently high reactivity with the above-mentioned electron-rich compounds. To date, 

a single phenoxyl radical, namely the 4-cyanophenoxyl radical (4-CN-PhO•), has been 

investigated using 3,4-dimethoxyphenol (DMOP) as a well-studied LLPO probe compound 

(Remke et al. 2021). Photochemically produced 4-CN-PhO• was also shown to induce the 

oxidation of antimony(III) and arsenic(III) species (Buschmann et al. 2005a, Buschmann et al. 

2005b), while phenoxyl radical was found to be unreactive toward antimony(III). Second-order 

rate constants for the reaction of various compounds with phenoxyl radicals, which are 



61 

 

important oxidation intermediates of phenolic compounds in chemical and biological systems, 

have been determined over decades with methods such as, e.g., laser flash photolysis or pulse 

radiolysis (Neta and Grodkowski 2005). However, for electron-rich compounds showing an 

LLPO effect (Remke et al. 2021), rate constants in circumneutral aqueous solution are not 

available. An exception is the water-soluble vitamin E analogue 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (trolox), for which values up to 4.1 × 108 M−1s−1 were 

reported (Neta and Grodkowski 2005). It is plausible to assume that the reactivity of phenoxyl 

radicals with a substrate correlates with the one-electron reduction potential (𝐸red,1
0 ) of the 

phenoxyl radicals (Li and Hoffman 1999, Lind et al. 1990, Steenken and Neta 2003). For basic 

aqueous solutions of various phenols, the second-order rate constants for the reactions between 

phenoxyl radicals and phenoxide ions were shown to be   2  109 M−1s−1. Furthermore, a 

Marcus relationship was obtained, when they were plotted against the Gibbs free energy of the 

corresponding one-electron transfer reaction (Canonica and Tratnyek 2003). Based on these 

previous observations, such rate constants for a given TC are expected to increase with 𝐸red,1
0  

of the phenoxyl radicals and level off when 𝐸red,1
0  approaches the one-electron reduction 

potential of the TC•+/TC couple. With such a model in mind, the selectivity of phenoxyl radicals 

reacting with TCs is expected to decrease with increasing 𝐸red,1
0 . 

In the present study, the transformation kinetics of electron-rich model phenols and anilines as 

TCs was investigated by steady-state irradiation of aerated aqueous solutions containing, in 

addition to the TC, a model photosensitizer and an electron-poor phenol as model phenoxyl 

radical precursor. Several electron-poor phenols were used to generate phenoxyl radicals with 

various reduction potentials, and the ability of these radicals to represent LLPO was assessed. 

In addition, laser flash photolysis was utilized to clarify the photosensitized formation and 

decay of the 4-cyanophenoxyl radical, 4-CN-PhO•, in the presence of selected TCs, and to 

determine the second-order rate constant for the quenching of 4-CN-PhO• by TMP. 

3.2 Experimental Section 

3.2.1 Chemicals and solutions 

The following organic chemicals were used in this study: (A) Photosensitizers (Sens): 2-

acetonaphthone (2-AN) and 4-carboxybenzophenone (CBBP); (B) Electron-poor phenols: 4-

cyanophenol (4-CN-PhOH), 2,6-dichlorophenol, 3,5-dichlorophenol, 4-hydroxyacetophenone 

and 4-hydroxybenzoic acid; (C) Target compounds: aniline, 3,4-dimehtoxyphenol (DMOP), 4-
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methylaniline and 2,4,6-trimethylphenol (TMP); (D) Further compounds: acetonitrile, 4-

nitroanisole and pyridine. Inorganic chemicals used as buffer components comprised boric acid, 

phosphoric acid, Na2HPO42H2O and NaH2PO4H2O. All chemicals were purchased from 

common commercial suppliers as detailed in the Supplementary Information (SI), Text S3.1 

and used as received. Ultrapure water with a resistivity of >18.2 MΩ∙cm was obtained from an 

Arium® pro ultrapure water system (Sartorius AG, Göttingen Germany) except for laser flash 

photolysis experiments (for details see Text S3.1, SI). For all compounds, stock solutions of 

appropriate concentrations were prepared in ultrapure water except for 2-acetonaphthone, for 

which a 40/60 (v/v) acetonitrile/water mixture was utilized. The maximum concentration of 

acetonitrile in irradiated solutions was always lower than 2% (v/v) in nanosecond laser flash 

photolysis and lower than 0.2% (v/v) in steady-state irradiation experiments and assumed to 

have no significant effect on the studied reactions. 

3.2.2 Photosensitized formation of electron-poor phenoxyl radicals 

In a previous study (Remke et al. 2021) solutions containing a photosensitizer (2-AN) and an 

electron-poor phenol (4-cyanophenol) were employed as surrogates for CDOM solutions to 

produce, under irradiation, on the one hand excited triplet states of the photosensitizer (3Sens*, 

as models for 3CDOM*), and on the other hand an electron-poor phenoxyl radical (as model 

for LLPO). Such a model system and its analogy to CDOM is represented in Fig. 3.1. 

 

Fig. 3.1 Scheme of the main reactions involved in the phototransformation of a target compound 

(TC) in aerated aqueous solution through (a) excited triplet states of a model photosensitizer, 

represented by a ketone (upper part) or 3CDOM* (lower part), and (b) an electron-poor 

phenoxyl radical (upper part) or LLPO (lower part). The re-cycling of the photosensitizer 

involves molecular oxygen with an ensuing superoxide radical anion production. 
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The two employed aromatic ketone photosensitizers, 2-AN and CBBP (see (a) above), were 

chosen due to the suitability of their excited triplet states to model 3CDOM* (Canonica et al. 

1995, Carena et al. 2019). Moreover, the 𝐸red,1
0  values of 3Sens* for these two model 

photosensitizers (i.e., 1.34 and 1.84 V vs. standard hydrogen electrode (SHE), respectively) 

represent a lower and upper limit, respectively, for the estimated range of one-electron 

reduction potentials of 3CDOM* (McNeill and Canonica 2016). The five electron-poor phenols 

(R-PhOHep) (see (b) above) were selected to confirm the enhancement effect on TC 

transformation previously observed using 4-cyanophenol and to test in particular the lower limit 

of the range of 𝐸red,1
0  estimated for LLPO (i.e., 1.0 and 1.3 V vs. SHE (Remke et al. 2021)). 

These phenols are represented in Fig. 3.2 (a), together with 𝐸red,1
0 (R-PhOep

•/R-PhOep
) of the 

corresponding phenoxyl radicals (R-PhOep
•), covering the range of 0.85  1.12 V vs. SHE (see 

Text S3.4 and Table 3.9 (SI) for details). Also represented in Fig. 3.2 (a) is the fraction of 

phenoxide (R-PhOep
), 𝑓R-PhOep−, at pH 8.0, since this is an important parameter for the 

formation of R-PhOep
• from the reaction of 3Sens* with the phenols, as illustrated in Fig. 3.2 

(b). The formation of R-PhOep
• from undissociated phenols and phenoxides can be described 

by equations (3.1), (3.2) and (3.3), respectively. 

 3Sens* + R-PhOHep  Sens•− + R-PhOHep
•+      (3.1) 

 R-PhOHep
•+  R-PhOep

• + H+        (3.2) 

 3Sens* + R-PhOep
  Sens•− + R-PhOep

•       (3.3) 

The reaction of excited triplet aromatic ketones with phenols (Canonica et al. 2000) and 

phenoxides (Das and Bhattacharyya 1981) has been shown to consist of a rate-determining 

single electron transfer (Eqs. (3.1) and (3.3), respectively). Therefore, a diffusion-controlled 

reaction for the undissociated phenols is expected when 𝐸red,1
0  (3Sens*) > 𝐸red,1

0  (R-

PhOHep
•+/R-PhOHep), and for the phenoxides when 𝐸red,1

0  (3Sens*) > 𝐸red,1
0  (R-PhOep

•/R-

PhOep
) (Canonica et al. 2000). Fig. 3.2 (b) shows that the excited triplet state of CBBP, 

3CBBP*, fulfils this condition for all studied undissociated phenols and phenoxides, but the 

excited triplet state of 2-AN, 32-AN*, fulfils the condition only for phenoxides. Therefore, the 

production rate of electron-poor phenoxyl radicals from reaction with 32-AN* is expected to 

positively correlate with 𝑓R-PhOep−. 
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Fig. 3.2 (a) Structures, pKa, one-electron reduction potential (𝐸red,1
0 (R-PhOep

•/R-PhOep
), x-

axis), and phenoxide fraction at pH 8.0 (𝑓R-PhOep−, vertical bars) of the studied electron-poor 

phenols. (b) One-electron reduction potential of the couples R-PhOHep
•+/R-PhOHep (light 

grey circles) and R-PhOep
•/R- PhOep

 (dark grey circles) compared to those of the excited 

triplet state of CBBP and 2-AN (horizontal red lines). 

3.2.3 Steady-state irradiations 

Aqueous solutions (16 mL) containing 5.0 mM phosphate buffer (pH = 8.0 ± 0.1) and 

appropriate concentrations of a photosensitizer, an electron-poor phenol, and a target compound 

were prepared in ultrapure water and transferred to quartz tubes (18 mm external diameter and 

15 mm internal diameter). Prior to irradiation, the tubes were placed in a water bath for 15 

minutes at 25 °C. Irradiation experiments were conducted as described in detail elsewhere 

(Remke et al. 2021). Briefly, the quartz tubes containing the experimental solutions were 

irradiated in a temperature-controlled (25.0 ± 0.2 °C) merry-go-round photoreactor equipped 

with a medium-pressure mercury lamp placed in a borosilicate cooling jacket at the center of 

the reactor. The tubes were immersed in a filter solution containing 0.15 M sodium nitrate, 

which, combined with the cooling jacket, absorbed all light of wavelength  < 320 nm. During 

irradiations, which lasted overall between 3 and 36 min, seven aliquots (360 L) of solution 

were withdrawn from the quartz tubes at equidistant time intervals during the irradiation. The 

photon fluence rate in the tubes was determined weekly using the 4-nitroanisole/pyridine 

chemical actinometer as described elsewhere (Leresche et al. 2016). The photon fluence rate in 

the wavelength band of 334  436 nm varied in the range of (4.4  5.6) × 10-3 einstein m−2 s−1 
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over the duration of this study (calculations according to (Laszakovits et al. 2017, Leresche et 

al. 2016) Text S3.2, SI). Pseudo-first-order rate constants, kobs (s−1), for the transformation of a 

TC were obtained by linear regression as the slope of natural logarithmic concentration values 

of TC versus time. No light screening correction was applied due to the negligible absorbance 

of the investigated solutions at  > 320 nm. 

3.2.4 Analytical methods 

Compound concentrations were determined by high-performance liquid chromatography 

(HPLC) using an Agilent 1100 HPLC system equipped with UV-vis absorbance and 

fluorescence detection. Typically, for samples taken from experiments with ≥ 1 µM initial 

target compound concentration the UV-vis absorbance detector was employed, while for 

samples with submicromolar initial concentrations the fluorescence detector was often applied, 

because higher sensitivity could be achieved for most compounds. Details on the HPLC set-up 

and methods are provided in Text S3.3 and Table 3.4, Table 3.5, Table 3.6 (SI). 

The pH of the samples was measured before and after each irradiation experiment using a pH 

meter (a Metrohm Model 605 equipped with a Metrohm pH electrode Model 6.02341.110). A 

small pH decrease (< 0.1 pH units) was observed during most of the irradiation experiments. 

3.2.5 Nanosecond Laser Flash Photolysis 

Laser flash photolysis experiments were performed utilizing two distinct instruments described 

below as LFP-1 and LFP-2. 

1) LFP-1: An Nd:YAG laser (Quantel Brilliant, pulse length 10 ns, pulse energy 

~ 10 mJ (energy measured at the cuvette), emission wavelength 355 nm) with a 2X 

beam expander from Thorlabs was employed to excite an area of 1×1 cm of the samples 

in a 1×1×4 cm quartz cuvette. Transient absorption spectra were recorded on an LP-

920KS setup from Edinburg Instruments, equipped with an ICCD camera from Andor 

(with time integration over 200 ns). A photomultiplier tube was used to record kinetic 

transient absorption traces at single wavelengths. Experiments were performed at 25 °C 

in a temperature-controlled cuvette holder. 

2) LFP-2: The setup of this equipment is described in detail elsewhere (Leresche et 

al. 2019). Briefly, an Nd:YAG laser (EKSPLA, model SL334, pulse length < 150 ps, 

pulse energy ~150 mJ (measured directly after the laser), emission wavelength 355 nm) 

was employed to excite the sample in a 4×1×1 cm quartz cuvette. The laser pulse was 

dispersed using a cylindrical concave lense on one 4×1 cm side of the cuvette. Transient 
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absorption spectra were recorded using an ICCD camera (Andor iStar, model DH740i-

18U-03) with an overpulsed Xenon arc lamp as source of the probe light. Kinetic 

transient absorption traces were recorded using the software TekScope on a Tektronix 

digital phosphor oscilloscope (model DPO7104C) employing a Hamamatsu model 928 

photomultiplier tube. Experiments were performed in an air-conditioned room at an 

ambient temperature of 20 ± 1 °C. 

The Software Origin 2019b (Academic) (OriginLab Corporation) was employed for the data 

analysis. Transient absorption spectral data were plotted and absorption bands were ascribed to 

transient species based on previous observations (Table 3.18, SI). Kinetic transient absorption 

traces were fitted to single exponential decays. Fitting of kinetic traces of 32-AN* at 450 or 440 

nm was performed using absorbance data, typically up to 8 - 10 s time delay after the laser 

pulse. To fit kinetic traces of 4-CN-PhO• at 436 nm, the fitting range was set to 5  100 s or 5 

 400 s after the laser pulse, to avoid the early signal by 32-AN*. Fitting residuals were 

examined for every trace visually and concluded to be adequate (Figs. S12-17, SI). 

The software Kintecus© (Ianni 2017) was employed for kinetic simulations to verify the set of 

assumed reactions occurring after the laser pulse (Text S3.5, Fig. 3.17, Table 3.19, SI). 

3.3 Results and Discussion 

3.3.1 Target compound transformation induced by electron-poor phenoxyl radicals 

The photosensitized transformation of the phenolic TCs DMOP and TMP, measured at initial 

TC concentrations of 0.1 and 5.0 M in the presence of either CBBP or 2-AN as 

photosensitizers and one of the five selected electron-poor phenols, followed first-order 

kinetics. The corresponding pseudo-first-order rate constants (kobs; note that in this paper 𝑘0.1
obs 

and 𝑘5.0
obs are used to designate the rate constants for the initial TC concentrations of 0.1 and 5.0 

M, respectively) for the investigated different combinations of TC, photosensitizer, and 

electron-poor phenol are shown in Fig. 3.3 (for values, see Table 3.11 and Table 3.12, SI). The 

concentrations of the photosensitizers and electron-poor phenols were also monitored during 

these irradiation experiments and found to remain unchanged within the analytical uncertainty 

(± 5%) during the time span for the determination of 𝑘0.1
obs. A limited decrease in the 

concentration of these components (< 15% over 30 min) was found for experiments used to 

determine 𝑘5.0
obs, which can be considered as negligible compared to the variation in photon 

fluence rate (Section 3.2.3).  
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Fig. 3.3 Pseudo-first-order rate constants for the photosensitized transformation of (a and b) 

DMOP and (c) TMP determined at pH 8.0 and 25 °C for irradiated solutions containing (a) 

CBBP (0.5 μM) or (b and c) 2-AN (1.5 μM) and a suite of electron-poor phenols (5.0 μM) 

indicated on the x-axis of the diagrams. Values with no added electron-poor phenol are also 

provided (no phenol on x-axis). Open squares: Experimental data for an initial TC concentration 

of 0.1 μM; filled squares: Experimental data for an initial TC concentration of 5.0 μM. Symbols 

represent average values from duplicate experiments, while error bars indicate the 

corresponding mean deviations. 

In general, much higher 𝑘0.1
obs values were obtained compared to 𝑘5.0

obs, indicating that the relative 

TC transformation is significantly enhanced at lower concentrations by long-lived reactive 

species in the presence of electron-poor phenols. The involved species are presumably the 
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corresponding electron-poor phenoxyl radicals. A previous kinetic analysis of the system 

DMOP/2-AN/4-cyanophenol revealed that, at 5.0 M initial DMOP concentration, only 14% 

of the observed DMOP transformation was due to 4-CN-PhO•, while for an initial DMOP 

concentration of 0.1 M this fraction increased to 89% (Remke et al. 2021), which supports the 

present interpretation. Moreover, 𝑘5.0
obs values for each TC/photosensitizer combination were 

low and not significantly affected by the presence of electron-poor phenol, confirming the 

assumption that, at an initial TC concentration of 5.0 M, TC transformation is primarily due 

to 3Sens*, while electron-poor phenoxyl radicals play a minor role. 

For the investigated combinations of TCs and electron-poor phenols, a series of control 

irradiation experiments was performed using solutions that contained no photosensitizer. The 

𝑘0.1
obs and 𝑘5.0

obs values obtained from these experiments, named 𝑘0.1,control
obs  and 𝑘5.0,control

obs , 

respectively (see Table 3.11, SI), were at least one order of magnitude smaller than for solutions 

containing 2-AN, except for the pair DMOP (0.1 M)/4-hydroxybenzoic acid (only factor of 

4.6 smaller). Compared to solutions containing CBBP, kobs values from control experiments 

were also clearly smaller, but the differences were less important for the pair DMOP (0.1 

M)/4-hydroxybenzoic acid (factor of 2.8 smaller) and DMOP (0.1 M)/4-

hydroxyacetophenone (factor of 3.3 smaller). This suggests that, for these two electron-poor 

phenols, a secondary photochemical process, besides Eqs. (3.13.3), generates the 

corresponding phenoxyl radicals. We propose that this secondary source of phenoxyl radicals 

is caused by photoionization of the corresponding phenoxides (Eq. (3.4)), since their UV 

absorption spectra ( Fig. 3.11, SI) overlap with the spectrum of UV light in the photoreactor. 

R-PhOep
 + h  R-PhOep

• + eaq
         (3.4) 

To carry out this data analysis, first, the data for the CBBP-photosensitized transformation of 

DMOP in the presence of various electron-poor phenols were considered (Fig. 3.3 (a)). As 

shown in Figure 4a, the corrected pseudo-first-order rate constants, 𝑘
R−PhOep

·
obs,c

 exhibited a 

significant positive and linear correlation to 𝐸red,1
0 (R-PhOep

•/R-PhOep
), with coefficient of 

determination R2 = 0.93 (details of the linear regression are provided in Table 3.16, SI). 

𝑘
R−PhOep

·
obs,c

 increased by a factor of 6 over a reduction potential span of 0.3 V. For this data 

set, it can be assumed that 3CBBP* reacts with all of the electron-poor phenol (independent of 

the speciation of the latter) at approximately the same rate, which should be close to a diffusion-

controlled reaction (Section 2.2). For any of the electron-poor phenols, the phenoxyl radical 
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yield may be safely assumed to be close to unity, as previously observed for a variety of 

substituted phenols (Das and Bhattacharyya 1981). This results in a phenoxyl radical production 

rate that is independent of the employed electron-poor phenol. Therefore, the increase in 

𝑘
R−PhOep

·
obs,c

 as a function of the 𝐸red,1
0 (R-PhOep

•/R-PhOep
) is mainly attributed to the increased 

reactivity of the phenoxyl radicals with the TC (in this case DMOP), which qualitatively fulfils 

the expectation. 

Since 2-AN should be capable of oxidizing all studied phenoxides but not their corresponding 

undissociated phenols (see Fig. 3.2 (b)), 𝑘
R−PhOep

·
obs,c

 values for the 2-AN-photosensitized 

transformation of DMOP (derived from Fig. 3.3 (b)) are expected to be affected by both 

𝐸red,1
0 (R-PhOep

•/R-PhOep
) (as seen above with CBBP) and 𝑓R-PhOep−. To factor out the 

dependence of 𝑘
R−PhOep

·
obs,c

 on 𝐸red,1
0 (R-PhOep

•/R-PhOep
), we assumed it to be identical as in the 

above case with CBBP. Consequently, 𝑘
R−PhOep

·
obs,c

 values obtained with 2-AN were divided by 

those obtained with CBBP. These 𝑘
R−PhOep

·
obs,c

 ratios, i.e., 𝑘
R−PhOep

·
obs,c

(Sens = 2-AN) / 

𝑘
R−PhOep

·
obs,c

(Sens = CBBP), are represented in Fig. 3.4 (b). They are linearly and positively 

correlated (R2 = 0.88) to 𝑓R-PhOep− (calculated according to the details provided in Text S3.4 and 

in Table 3.13, SI). In the case of 4-CN-PhOH, these results concur with the observed pH 

dependence of the transformation kinetics of this phenol photosensitized by 2-AN (Wenk et al. 

2021). 

The set of 𝑘
R−PhOep

·
obs,c

 data obtained for DMOP and TMP with 2-AN as a photosensitizer (Fig. 

3.4 (c) and Fig. 3.3 (a, b) for uncorrected data) were compared to obtain information about the 

selectivity of the various R-PhOep
• in their reaction with these two phenolic TCs. The ratio of 

𝑘
R−PhOep

·
obs,c

 values obtained for DMOP and TMP, respectively, i.e., 𝑘
R−PhOep

·
obs,c

(TC = DMOP)/ 

𝑘
R−PhOep

·
obs,c

(TC = TMP) (Fig. 3.4 (c)) decreases linearly (R2 = 0.96) with 𝐸red,1
0 (R-PhOep

•/R-

PhOep
) from 13 (at 0.85 V) to 2 (at 1.12 V), indicating a marked loss in selectivity of R-

PhOep
• with increasing 𝐸red,1

0 (R-PhOep
•/R-PhOep

). The higher reactivity of DMOP compared 

to TMP is due to the lower tendency of TMP to undergo oxidation, corresponding to a higher 

reduction potential of the couple TMP•+/TMP compared to DMOP•+/DMOP (see SI, Table 3.7). 

Note that the value of the 𝑘
R−PhOep

·
obs,c

 ratio for 4-hydroxybenzoic acid, the lowest point in Fig. 

3.4 (c), is considered as an outlier, explainable by a high relative error due to the small measured 
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rate constants. Since 𝑘
R−PhOep

·
obs,c

 values for DMOP are always higher than for TMP (except for 

the mentioned outlier), one can also infer that for any studied R-PhOep
•, the second-order rate 

constant for their reaction with TMP must be lower than the limiting value of a diffusion-

controlled reaction. 

 

Fig. 3.4 (a) Corrected pseudo-first-order rate constants, 𝑘
R−PhOep

·
obs,c

, obtained for the 

transformation of 3,4-dimethoxyphenol (DMOP) photosensitized by 4-carboxybenzophenone 

(CBBP) in the presence of various electron-poor R-PhOH as a function of the one-electron 

reduction potential of the corresponding phenoxyl radical, 𝐸red,1
0 (R-PhOep

•/R-PhOep
). (b) Ratio 

of 𝑘
R−PhOep

·
obs,c

 for DMOP transformation with 2-AN and CBBP as photosensitizers, respectively 

as a function of the fraction of deprotonated R-PhOHep, 𝑓R-PhOep−. (c) Ratio of 𝑘
R−PhOep

·
obs,c

 for the 

2-AN-photosensitized transformation of DMOP and TMP, respectively as a function of the 

𝐸red,1
0 (R-PhOep

•/R-PhOep
). 

3.3.2 Transformation of 2,4,6-trimethylphenol and aniline induced by the 4-

cyanophenoxyl radical 

The characterization of the LLPO model system using 2-AN as a photosensitizer and 4-

cyanophenol as a phenoxyl radical precursor, accomplished for DMOP in a preceding study 

(Remke et al. 2021), was extended here to other TCs (TMP and aniline). First, irradiation 

experiments were performed at initial TC concentrations of 0.1 and 5.0 M with various 

concentrations of 4-cyanophenol in the range of 0  10 M. The corresponding kobs are 

presented in Fig. 3.5 (a,b) (see also Fig. 3.15, SI). During each kinetic run, the concentrations 

of 2-acetonaphthone and 4-cyanophenol remained almost constant (± 5% with 0.1 M initial 

concentration and ± 15% with 5.0 M initial concentration) (Fig. 3.13, SI). Moreover, no 

correction for direct photolysis was necessary for these kobs data due to the minor transformation 

rates measured in the absence of 2-AN (Table 3.11, SI). Consistently for both TCs, 𝑘0.1
obs was 
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observed to increase linearly with 4-cyanophenol concentration, while 𝑘5.0
obs was not affected 

significantly by the presence of 4-cyanophenol. Furthermore, several irradiation experiments 

were conducted at various initial TC concentrations between 0.1 and 5.0 M. The 

corresponding kobs, plotted as a function of the initial TC concentration (Fig. 3.5 (c,d)), exhibit 

a hyperbolic decrease, as already observed for DMOP (Remke et al. 2021). 

 

Fig. 3.5 Pseudo-first-order rate constants, kobs, determined at pH 8.0 and 25.0 °C for the 

transformation of (a, c) 2,4,6-trimethylphenol (TMP) and (b, d) aniline (A) photosensitized by 

2-acetonaphthone (1.5 M). Experiments performed using (a, b) varying concentrations of 4-

cyanophenol (4-CN-PhOH, 010 M), and (c, d) varying initial concentrations of target 

compounds (0.15.0 M) and 5.0 M 4-cyanophenol. Data for 3,4-dimethoxyphenol (DMOP, 

from (Remke et al. 2021)) are shown for comparison as open squares in (c) along with TMP 

data (filled squares). Error bars (when not visible, smaller than the symbol) represent mean 

deviations of duplicate experiments. Lines indicate (a, b) linear regressions and (c, d) best fits 

to Eq. (3.6) with the shaded areas corresponding to 95% confidence intervals. 

Despite the mentioned similarities, there are several differences in the kobs trends for TMP and 

aniline. A first difference concerns the slope of the line kobs as a function of [4-CN-PhOH] (Fig. 

3.5 (a,b)), which is about 10 times smaller for aniline than for TMP. This difference in the slope 
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could be due to either a slower electron-transfer reaction between 4-CN-PhO• and aniline 

compared to TMP, or a less efficient transformation of the formed aniline radical cation to an 

oxidation product compared to the TMP phenoxyl radical. Aniline radicals or radical cations 

are known to undergo back-reduction in the presence of antioxidants to form the original 

compound, which results in a decrease in their transformation rates (Wenk and Canonica 2012, 

Leresche et al. 2020). In the present experiments, the superoxide radical anion (O2
•−), which, 

according to Scheme 1, is formed during the irradiation of a photosensitizer (such as 2-AN) in 

the presence of an electron-donor (such as the 4-cyanophenoxide ion, TMP and aniline in the 

present experiments), could play the antioxidant role by reducing the aniline radical, thereby 

contributing to a lower transformation rate of aniline. A second important difference is that for 

aniline (and 4-methylaniline, Fig. 3.15, SI),  𝑘5.0
obs > 𝑘0.1

obs for 4-cyanophenol concentrations 

below 2 M, whereas for TMP  𝑘5.0
obs ≤ 𝑘0.1

obs for any 4-cyanophenol concentration. In particular, 

in the absence of 4-cyanophenol, 𝑘5.0
obs  7 × 𝑘0.1

obs. This is not explainable based on the kinetic 

model of Fig. 3.1, which would predict a pseudo-first-order rate constant independent of initial 

TC concentration (see discussion below). This anomaly in the photosensitized transformation 

of aniline might be due to aniline radical (PhNH•) coupling reactions of the type described in 

Eq. (3.5), which would compete with the back-reduction process, leading to a faster aniline 

transformation (higher kobs) with increasing [PhNH•], and therefore with increasing aniline 

concentration. 

 PhNH• + PhNH•   (PhN)2         (3.5) 

The occurrence of such coupling reactions, leading to the formation of azobenzenes, was found 

for the transformation of anilines photosensitized by different humic substances (Zepp et al. 

1981) and for the oxidation of anilines by manganese dioxide (Laha and Luthy 1990). 

The aforementioned hyperbolic decrease in kobs with increasing initial concentration of TMP 

and aniline in irradiated solutions containing 2-AN and 4-cyanophenol (5 M) (Fig. 3.5 (c,d)) 

was modeled using a previously developed relationship (Eq. (3.6)) (Remke et al. 2021). 

 𝑘TC
obs = 𝑘

2-AN*3 ,TC
obs  + 𝛽4-CN−PhO•,TC

r  [TC]0⁄        (3.6) 

where 𝑘TC
obs is the pseudo-first-order rate constant for TC abatement, 𝑘

2-AN*3 ,TC
obs   is the direct 

contribution of the reaction of TC with the excited triplet state of 2-AN to 𝑘TC
obs, and 

𝛽4-CN−PhO•,TC
r [TC]0⁄  is the contribution of the reaction of TC with the 4-cyanophenoxyl radical 
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to 𝑘TC
obs, the parameter 𝛽4-CN−PhO•,TC

r  being an inverse proportionality factor. Non-linear fits of 

𝑘TC
obs vs. [TC]0 according to Eq. (3.6), are summarized in Table 3.1 

The second term of the 𝑘TC
obs calculation in Eq. 3.6 can also be expressed as: 

 𝛽4-CN−PhO•,TC
r  [TC]0⁄ = 𝑘4-CN−PhO•,TC

r × [4-CN-PhO⦁ ]ss     (3.7) 

where 𝑘4-CN−PhO•,TC
r  is the second-order rate constant for the reaction of TC with 4-CN-PhO· 

leading to the transformation of TC and [4-CN-PhO•]ss is the steady-state concentration of 4-

CN-PhO•. In turn, [4-CN-PhO•]ss can be expressed as the ratio of the rate of its formation, 

𝑟4-CN−PhO•
f , and the first-order rate constant for its decay. We assume that, for TMP and DMOP 

experiments, these compounds are the only scavengers of 4-CN-PhO• present in solution, and 

that their reaction with TC leads to the transformation of TC with a yield of one. In this case, 

the following equation holds: 

[4-CN-PhO⦁ ]ss = 
𝑟4-CN−PhO•
f  

𝑘4-CN−PhO•,TC
r ×[TC]0

        (3.8) 

Substituting equation (3.7) into equation (3.8) and multiplying both sides by [TC]0, one obtains: 

𝛽4-CN−PhO•,TC
r = 𝑟4-CN−PhO•

f           (3.9) 

These calculations (provided the above assumptions regarding the transformation of TC and 

the scavenging of 4-CN-PhO• are valid) are able to explain why 𝛽4-CN−PhO•,TC
r  does not depend 

on TC (𝛽4-CN−PhO•,DMOP
r   𝛽4-CN−PhO•,TMP

r ) and corresponds to the rate of formation of 4-CN-

PhO• for the case of TMP and DMOP. 

 

Table 3.1 Non-linear fits of the observed transformation rate constants of 3,4-dimethoxyphenol 

(DMOP), 2,4,6-trimethylphenol (TMP) and Aniline with varying initial concentrations in 

irradiated solution containing 2-acetonaphthone (1.5 M) and 4-cyanophenol (5 M), buffered 

at pH 8, according to Eq. 3.9. Determination coefficients were 0.98, 1.0 and 0.81 for DMOP, 

TMP and aniline, respectively. 

 DMOP TMP Aniline 

𝜷𝟒-𝐂𝐍−𝐏𝐡𝐎•,TC
𝐫  / M s-1 (1.23 ± 0.03) × 10-9 (1.18 ± 0.01) × 10-9  (1.4 ± 0.1) × 10-10 

𝒌
𝟐-𝐀𝐍*𝟑 ,𝐓𝐂

𝐨𝐛𝐬  / s-1 (7.3 ± 0.1) × 10-4  (2.0  ± 0.1) × 10-4 (6.5 ± 0.1) × 10-4 
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When comparing the diagrams of TMP and aniline (Fig. 3.5 (c,d)), it is evident that kobs for 

aniline cover a much narrower range than for TMP. This is reflected in 𝛽4-CN−PhO•,Aniline
r , which 

is more than one order of magnitude lower than 𝛽4-CN−PhO•,DMOP
r  and 𝛽4-CN−PhO•,TMP

r . This is a 

direct consequence of the observations displayed in Fig. 3.5 (b) and thoroughly discussed 

above. Despite a good data fit to Eq. (3.6), aniline cannot be used to estimate 𝑟4-CN−PhO•
f , 

because its transformation is most probably inhibited by the superoxide radical anion, as 

discussed in a recent study (Wenk et al. 2021). In addition, aniline transformation is accelerated 

at higher concentrations, as explained before. Therefore, Eq. (3.9) is not valid in the case of 

aniline. 

3.3.3 Quenching of the 4-cyanophenoxyl radical by target compounds  

Laser flash photolysis experiments were performed primarily to determine second-order rate 

constants for the quenching of electron-poor phenoxyl radicals by phenols and anilines. The 

reaction scheme applicable to these experiments is the same as for the photosensitized 

transformation of a TC in the presence of an electron-poor phenol (Fig. 3.1 (b), upper part). 

Because of the intrinsic difficulty of the experiments, which are impaired by spectral overlap 

of the various transient species, in particular R-PhOep
• and TC•+, experimental series were 

restricted to the study of the 4-cyanophenoxyl radical. The latter is the main radical investigated 

in this and a previous study (Remke et al. 2021), and it exhibits a characteristic absorption band 

with a narrow maximum at 436 nm (Bronner and Wenger 2012, d’Alessandro et al. 2000). The 

primary selected TC was TMP because of the minor interference caused by absorption of its 

phenoxyl radical.  

Transient absorption spectra obtained by laser flash photolysis of an aerated aqueous solution 

(pH 8.0) containing 2-AN (150 M), 4-cyanophenol (2 mM) in the absence or presence of TMP 

(250 M) are shown in Fig. 3.6 (a and b), respectively. Fig. 3.17 (SI) represents the simulated 

regime of transients in this mixture. At a very short delay time (50 ns) after the laser pulse, the 

transient spectra mainly represent the absorption of 32-AN* (maximum at 440 nm) with a 

small peak at 436 nm corresponding to 4-CN-PhO•. With increasing delay time, the absorption 

of 4-CN-PhO• becomes clearer and persists in the absence of TMP (Fig. 3.6 (a)), while the 

absorption of 32-AN* strongly decreases and finally disappears. The band at about 390 nm (see 

2 s-delay spectrum) is attributed to the ketyl radical or radical anion of 2-AN, resulting through 

the electron transfer from 4-CN-PhO− to 32-AN*, and disappears at long delay times, mainly 

due to reaction with oxygen to yield superoxide radical ion (Bryce and Wells 1963). In the 

presence of TMP (Fig. 3.6 (b)), the 4-CN-PhO• peak at 436 nm grows until intermediate delay 
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times, then decreases and finally disappears after 50 s, while a new peak appears at 395 nm 

after 10 s, which persists at least up to 50 s. This peak is attributed to the phenoxyl radical 

of TMP, which is formed by the reaction of 4-CN-PhO• with TMP. The just described temporal 

sequence of species is analogous to the one observed in a previous study about the radical cation 

of 4-(dimethylamino)benzonitrile (DMABN) and its reaction with phenols and various types of 

DOM (Leresche et al. 2020). A kinetic model of the main transients formed in the presence of 

TMP supports this assignment (Text S3.5 and Fig. 3.17, SI). 

 

Fig. 3.6 Transient absorption spectra of an aerated aqueous solution containing (a) 2-

acetonaphthone (2-AN, 150 M) and 4-cyanophenol (4-CN-PhOH, 2 mM). (b) Same as (a) 

with 2,4,6-trimethylphenol (TMP, 250 M) as additional solution component.Data obtained 

using LFP-1. Time delays after the laser pulse are indicated in the diagrams. The excitation 

wavelength was 355 nm for all of the spectra, samples were buffered at pH 8 with phosphate 

buffer (20 mM). 

 

The rate of 4-CN-PhO• decay was observed to increase with increasing concentration of the 

added TMP (see the corresponding absorption traces measured at 436 nm, Figs. S15 and S16, 

SI). Fitting the decay traces to a single-exponential function with a constant offset yielded first-

order rate constants that were used to determine the second-order rate constant for the 

quenching of 4-CN-PhO• by TMP, 𝑘4-CN−PhO•,TMP
q

 (Fig. 3.7 (b)). Values of 𝑘4-CN−PhO•,TMP
q

 of 

(2.6 ± 0.3) × 108 M−1 s−1 and (5.3 ± 0.1) × 108 M−1 s−1 for measurements performed using the 

instruments LFP-1 and LFP-2, respectively, were obtained. An experimental series performed 

using deuterated water as a solvent and LFP-1 yielded 𝑘4-CN−PhO•,TMP
q

 = (1.68 ± 0.09) × 108 M−1 

s−1, from which a deuterium isotope effect of 1.5 ± 0.3 was derived. This suggests that a proton, 

either from the solvent or from the phenolic functional group of TMP, is involved in the rate 

determining step of the reaction between 4-CN-PhO• and TMP. 
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Fig. 3.7 First-order decay rate constants, determined in aerated aqueous solution of 2-

acetonphahtone ([2-AN]0 = 150 M), (a) of 32-AN* as a function of the 4-cyanophenol (4-CN-

PhOH) concentration, used to determine the corresponding second-order quenching rate 

constants, 𝑘
2−AN∗3 ,4−CN−PhOH

q
, by linear regression (lines), and (b) of 4-CN-PhO• ([4-CN-

PhOH]0 = 1 mM) as a function of the 2,4,6-trimethylphenol (TMP) concentration, used to 

determine the corresponding second-order quenching rate constants, 𝑘4-CN−PhO•,TMP
q

 by linear 

regression (lines). Open and filled symbols represent two distinct measurement series 

performed using the same equipment. Orange squares and rate constants: data obtained using 

LFP-1; dark brown triangles and rate constants: data obtained using LFP-2. Excitation 

wavelength was 355 nm for all of the measurements, samples were buffered at pH 8 with 

phosphate buffer (20 mM). 

 

The reason why two significantly different 𝑘4-CN−PhO•,TMP
q

 values using different instruments 

were obtained could be due to the different signal intensities, which were higher for LFP-2 than 

for LFP-1. Taking the higher value of (5.3 ± 0.1) × 108 M−1 s−1 as a limit for a higher estimate, 

one can definitely state that it is much lower than typical diffusion-controlled rate constants for 

the reaction of phenoxyl radicals with electron donors, i.e. 4 × 109 M−1 s−1 (Neta and 

Grodkowski 2005). This conclusion matches with the prediction made in Section 3.1 about the 

magnitude of 𝑘4-CN−PhO•,TMP
q

. Unfortunately, for DMOP the determination of the corresponding 

rate constant was not possible because of the superposition of the UV-Vis absorption bands of 

the DMOP phenoxl radical and 4-CN-PhO•. In view of the conclusions of Section 3.1 and the 

lower value of 𝐸red,1
0  for DMOP compared to TMP, it is very likely that 𝑘4-CN−PhO•,DMOP

q
 > 

𝑘4-CN−PhO•,TMP
q

. Analogous laser flash photolysis experiments were performed using aniline and 

4-methylaniline as target compounds. In solution containing 2-AN as a photosensitizer and 4-

CN-PhOH as an electron-poor phenol, the formation of the corresponding aniline radicals or 

0 1×10−3 2×10−3
4.0×105

8.0×105
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1.6×106

0 1×10−4 2×10−4 3×10−4
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kd 3
2

-A
N

*
 / 

s-1

[4-CN-PhOH] / M

(1) kq
32-AN*;4-CN-PhOH = (3.1 ± 0.4)  108 M-1 s-1

(2) kq
32-AN*;4-CN-PhOH = (3.5 ± 0.2)  108 M-1 s-1

(a)

(1) kq
CNPhO·;TMP = (2.6 ± 0.3)  108 M-1 s-1

(2) kq
CNPhO·;TMP = (5.3 ± 0.1)  108 M-1 s-1

kd C
N

P
h

O
·
 / 

s-1
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radical cations could be observed (Figs. S9c-f, SI). However, the determination of second-order 

rate constant for the reaction of 4-CN-PhO• with these anilines was not successful due to strong 

spectral overlap caused by these radicals. 

Additional experiments were performed to determine second-order rate constants for the 

quenching of 32-AN* by the 4-cyanophenol (Fig. 3.7 (a)), aniline and 4-methylaniline (4-MA) 

(Table 3.2). The transient absorption decay traces of 32-AN*, measured at 440450 nm, were 

fitted to single-exponential functions to obtain the corresponding first-order quenching rate 

constants (Figs. S1214, SI). The latter were then plotted against quencher concentration to 

determine second-order rate constants as the slope of the corresponding linear regression lines. 

The rate constants for the quenching of triplet state 2-acetonaphtone are summarized in Table 

3.2 (Fig. 3.18, SI). The values determined for 4-cyanophenol with the two different laser flash 

photolysis instruments are identical within experimental error and lead to an average value of 

𝑘
2-AN*3 ,4-CN-PhOH

q
 = (3.3 ± 0.3) × 108 M−1 s−1 , measured at pH 8.0 (Fig. 3.7 (a)). Assuming that 

quenching is due exclusively to the 4-cyanophenoxide ion and considering the speciation of 4-

cyanophenol, the quenching rate constant for the 4-cyanophenoxide ion can be estimated as 

 𝑘
2-AN*3 ,4-CN-PhO-
q

  = (6.6 ± 0.6) × 108 M−1 s−1. This value is about half of the value that can be 

extrapolated from a previous, less precise rate constant determined at pH 6.0 (Canonica et al. 

2000). For the anilines, second-order quenching rate constants are not far from the diffusion 

controlled limit, but about 30% lower compared to corresponding values previously measured 

for DMOP and trolox (Canonica et al. 2000), and within the range of values determined for the 

quenching of the excited triplet state of methylene blue by various anilines at pH 8.4 (Erickson 

et al. 2015). 

 

Table 3.2 Quenching rate constants for the 4-cyanophenoxyl radical and triplet state 2-

acetonaphthone. 

Quencher (Q) 𝒌𝟒−𝐂𝐍−𝐏𝐡𝐎•,𝐐
q

 / M-1s-1  

TMP (4 ± 1) × 108  (this study) 

Ascorbate ion  2 × 109 (Schuler 1977) 

 𝒌
2-AN*3 ,Q

𝐪
 / M-1s-1  

4-CN-PhOH (3.3 ± 0.3) × 108 (pH 8) 

(1.3 ± 1.3) × 107 (pH 6)  

(this study) 

(Canonica et al. 2000) 

Aniline (1.9 ± 0.3) × 109  (this study) 

4-methylaniline (1.9 ± 0.1) × 109  (this study) 

3,4-dimethoxyphenol (3.1 ± 0.1) × 109 (Canonica et al. 2000) 

trolox (2.7 ± 0.2) × 109 (Canonica et al. 2000) 

 



78 

 

3.4 Environmental Implications 

The motivation of this study was to characterize the still elusive DOM-derived long-lived 

photooxidants (LLPO), and to test the hypothesis that they may consist of electron-poor 

phenoxyl radicals. The applied model systems to mimic LLPO were solutions containing a 

model photosensitizer and an electron-poor phenol. Irradiation experiments were performed 

under the same conditions as many previous experiments using CDOM as a source of 

photooxidants. Thereby, electron-poor phenoxyl radicals were produced, which were observed 

to induce the transformation of typical target compounds subject to LLPO effect. 

All investigated electron-poor phenoxyl radicals, having reduction potentials in the range of 

0.851.12 V vs. SHE, lead to a significant enhancement in the photosensitized transformation 

of the LLPO probe compounds DMOP and TMP. This fact suggests that the lower limit of 

𝐸red,1
0  of DOM-derived LLPO might be lower than the previously estimated value of 1.0 V 

(Remke et al. 2021). Moreover, the determined second-order rate constant for the reaction of 

TMP with 4-CN-PhO• ((4 ± 1) × 108 M−1 s−1) was well below the diffusion-controlled limit. For 

the other studied phenoxyl radicals, having lower 𝐸red,1
0  values compared to the 4-CN-PhO•, 

lower rate constants for their reaction with TMP are expected. Therefore, having second-order 

rate constants near the diffusion-controlled limit does not appear to be required for an 

enhancement of the phototransformation of LLPO probe compounds under steady-state 

irradiation due to the presence of phenoxyl radicals. In conclusion, the estimation of 𝐸red,1
0  of 

LLPO based on the oxidation potentials of probe compounds (Remke et al. 2021) and on 𝐸red,1
0  

values of model oxidants (in the present study, electron-poor phenoxyl radicals) is not 

straightforward and needs further investigation. 

The formation pathways of LLPO during irradiation of CDOM are still unknown. One possible 

pathway, which was modelled in the present study, assumes LLPO to be formed by reaction of 

3Sens* (as a surrogate for 3CDOM*) with electron-poor phenols. Using 3CBBP* and 32-AN* 

as 3CDOM* surrogates with high and low 𝐸red,1
0 , respectively, two different behaviors in the 

effect of electron-poor phenoxyl radicals on phenolic TCs transformation were observed: (1) 

with 3CBBP*, an increase in phototransformation that was related to an increase in 𝐸red,1
0  of the 

electron-poor phenoxyl radicals, with an assumed uniform production rate of all these radicals, 

and (2) with 32-AN*, an increase in phototransformation that was mainly related to an increase 

of the degree of deprotonation of the electron-poor phenols. Since 𝐸red,1
0  of 3CDOM* spans a 

wide range covering the values for 3CBBP* and 32-AN*, both of the above behaviors are 
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expected to occur concomitantly in irradiated CDOM solution. The contribution of a 32-AN*-

like behavior agrees with the observed increase of the LLPO effect with increasing pH 

(Canonica and Freiburghaus 2001). Such a pH effect would also be compatible with direct 

photoionization of phenoxides as electron-poor phenoxyl radical source (see Eq. 3.4), since 

phenoxides have increased light absorption (Fig. 3.11, SI) and photoionization quantum yields 

compared to the corresponding undissociated phenols (Grabner et al. 1977). Both effects lead 

to increased rates of phenoxyl radical production from phenoxides compared to phenols. 

Transformation rates of aniline and 4-methylaniline due to reaction with 4-CN-PhO• were 

observed to be much lower than the corresponding rates for TMP and DMOP. This would 

suggest a reduced importance of LLPO in the phototransformation of anilines compared to 

electron-rich phenols. Also, for model systems with 32-AN* and 4-CN-PhO• as model 

photooxidants, the enhancement of aniline transformation by reducing the initial concentration 

of aniline from 5.0 to 0.1 M was much smaller than for the phenolic TCs. This effect, attributed 

to a complex behavior in the photosensitized transformation of the anilines (which appears to 

be influenced by autocatalysis in the studied initial concentration range), is able to explain the 

low enhancement factors observed using Suwannee River fulvic acid as source of 3CDOM* 

and LLPO (Remke et al. 2021). Moreover, these observations suggest that indirect 

phototransformation kinetics of anilines should be measured at very low concentrations (≤ 0.1 

M) to make accurate predictions on the fate of anilines in sunlit surface waters. 

3.5 Conclusions 

In this study target compound transformation mediated by various photochemically produced 

electron-poor phenoxyl radicals was investigated. The transformation of the electron-rich 

compounds, 3,4-dimethoxyphenol and 2,4,6-trimethylphenol, aniline and 4-methylaniline was 

monitored in aqueous solutions of DOM model systems, each consisting of an aromatic ketone 

as photosensitizer and an electron-poor phenol as LLPO precursor. 

· For a low initial concentration (0.1 M) of the target compounds, higher transformation 

rate constants were observed compared to a higher initial concentration (5.0 M), 

confirming the involvement of long-lived reactive species assumed to be 

photochemically produced electron-poor phenoxyl radicals. 

· With increasing 𝐸red,1
0  of the employed phenoxyl radicals, faster transformations of 

phenolic target compounds were observed, while the selectivity of the phenoxyl radicals 

decreased.  
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· The formation rate of phenoxyl radicals from electron-poor phenols was shown to be 

controlled by both the one-electron reduction potential of the excited triplet state of the 

photosensitizer and the fraction of the electron-poor phenoxide. 

· The rates of aniline and 4-methylaniline transformation induced by photochemically 

produced 4-cyanophenoxyl radical were significantly lower than for the transformation 

of phenolic target compounds. This is interpreted as an indication that transformation 

of anilines is probably hampered by back-reduction of their radical oxidation 

intermediates through reductants, primarily the superoxide radical ion. 

· The second-order rate constant for the quenching of 4-cyanophenoxyl radical by 2,4,6-

trimethylphenol in aqueous solution was determined as (4 ± 1) × 108 M-1s-1. The 

moderate but significant deuterium isotope effect for this rate constant (1.5) indicates 

a proton coupled electron transfer in the rate-determining step of the reaction. 

The results of this study are crucial to understand the nature of LLPO generated by irradiation 

of CDOM solutions. For instance, they enabled an estimation of reduction potentials of LLPO, 

and provided possible explanations for the previously observed pH dependence of the LLPO 

effect and low enhancement factors for anilines in irradiated CDOM solutions.  
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3.6 Supplementary Information  

Text S3.1 Materials and solutions 

Irradiation experiments 

The following chemicals were obtained from common commercial sources and used as 

received: 2,4,6-trimethylphenol (TMP, Ega Chemie, 99 %); 3,4-dimethoxyphenol (DMOP; 

Alfa Aesar, 98%); aniline (Sigma Aldrich, ≥99.5%); methylaniline (Sigma Aldrich, 99.6 %); 

3,5-dichlorophenol (Riedel de Haën, pestanal); 2,6-dichlorophenol (Sigma Aldrich, 99%); 4-

hydroxybenzoic acid (Sigma Aldrich, ≥99%); 4-hydroxyacetophenone (Sigma Aldrich, 99%); 

4-cyanophenol (4-CN-PhOH, Fluka, >97%);2-acetonaphthone (2-AN, Sigma Aldrich, 99 %), 

and 4-carboxybenzophenone (Sigma Aldrich, 99%). 

Stock solutions of all target compounds (100 or 500 M) and the model electron-poor phenols 

(500 M) were prepared in ultrapure water. Phosphate buffer stock solutions (50 mM, pH 7.76) 

were prepared in ultrapure water using Na2HPO4 × 2H2O (Sigma Aldrich/Merck, >= 98.5 %) 

and NaH2PO4 × H2O (Merck, for analysis). 

 

Laser flash photolysis (1) 

The following chemicals were obtained from common commercial sources and used as 

received: 2,4,6-trimethylphenol (TMP, Acros organics, 99%); aniline (Sigma Aldrich, 

≥99.5%); methylaniline (Alfa Aesar > 99%); 3,5-dichlorophenol (Sigma Aldrich, analytical 

standard); 4-hydroxyacetophenone (Acros organics, 98%); 4-cyanophenol (Acros organics, 

99%), 2-acetonaphthone (Fluka, > 98%), Na2HPO4 × 2H2O (Sigma Aldrich/Merck, >= 98.5 %), 

NaH2PO4 × H2O (Merck, for analysis) and boric acid (Fisher Scientific, electrophoresis grade). 

Water was obtaines from a Merck Millipore Milli-Q Direct purification system with a Merck 

Quantum ® TEX polishing cartridge. 

 

Laser flash photolysis (2) 

The following chemicals were obtained from common commercial sources and used as 

received: 2,4,6-trimethylphenol (Merck, 97%); 4-cyanophenol (TCI, 98%), 2-acetonaphthone 

(Sigma Aldrich, 99%), Na2HPO4 × 2H2O (Sigma Aldrich/Merck, >= 98.5 %) and NaH2PO4 × 

H2O (Sigma Aldrich, >99%). Water was obtained from an Aqua Osmotic 02A purification 

system.  
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Text S3.2 Calculation of light fluence rates 

The photon fluence rate is calculated based on equation (S1) (Canonica et al. 2008), the photon 

irradiance spectra ((Leresche et al. 2016), Table 3.3) taking in consideration the effect of the 

filter solution, and by including the quantum yield calculations of the p-nitroanisole/pyridin 

actinometer (S2) by (Laszakovits et al. 2017) : 

𝐸p
° (334- 436 nm) = 

𝑘P,PNA

2.303∗ΦPNA∗Σλ=334 nm
436 nm (𝑓p,𝜆

f ∗𝜀PNA,λ)
              (S3.1) 

𝐸p
°  is the photon fluence rate (in einstein m-2 s-1) in the wavelength range of 290-400 nm, 

relevant in the current study, 𝑘P,PNA (in s-1) is the observed transformation rate constant of p-

nitroanisole, ΦPNA is the quantum yield of the p-nitroanisole/pyridine system (in mol einstein-

1), 𝑓p,𝜆 is the emission spectrum of the lamp based on the photon flux and normalized to the 

wavelength interval (i.e. Σ𝜆=334 nm
436 nm  𝑓p,𝜆= 1), 𝑓p,𝜆

f  is adjusted for the filter solution, and 𝜀PNA,𝜆 

is the molar absorption coefficient of p-nitroanisole at the wavelength 𝜆 (in m2 mol-1). 

 

ΦPNA  = 0.29[pyr] + 0.00029                  (S3.2) 

 

Here: 

[pyr] = 10 mM   

ΦPNA = 0.00319 mol einstein-1 

𝑘P,PNA
max  = 3.7 × 10-3 s-1  

 𝑘P,PNA
min = 2.9 × 10-3 s-1 

 

Calculation 

Σ𝜆=334 nm
436 nm (𝑓p,λ

f ∗ 𝜀PNA,λ) = (𝑓p,334.2
f ∗ 𝜀PNA,334.2) + (𝑓p,365.4

f ∗ 𝜀PNA,365.4) +  

(𝑓p,404.7−407.8
f ∗ 𝜀PNA,404.7−407.8) + (𝑓p,435.8

f ∗ 𝜀PNA,435.8) 

Σ𝜆=334 nm
436 nm (𝑓p,𝜆

f ∗ 𝜀PNA,λ) = 90.7 m2 mol-1 

 

Results 

𝑬𝐩
°𝐦𝐚𝐱(334- 436 nm)  = 5.6 × 10-3 einstein m-2 s-1   

𝑬𝐩
°𝐦𝐢𝐧(334- 436 nm) = 4.4 × 10-3 einstein m-2 s-1 
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Table 3.3 Normalized emission of the lamp, 𝑓𝑝,𝜆, and corrected for the transmittance of the 

filter solution, Tfilter,λ, resulting in 𝑓𝑝,𝜆
𝑓

 and p-nitroanisol molar extinction coefficient, 𝜀𝑃𝑁𝐴,𝜆, 

employed to calculate the photon fluence rate  for the medium-pressure Hg lamp system, data 

from (Leresche et al. 2016). 

 

*Transmittance of the filter solution (0.15 M NaNO3) with a path length of 2.5 cm  

𝜆 / nm 𝑓p,𝜆 Tfilter,λ* 𝑓p,𝜆
f  𝜀PNA,𝜆 /  

m2 mol-

1 

334.2 0.011 0.568 0.006 854 

365.4 0.365 0.992 0.374 221 

404.7-407.8 0.204 0.994 0.209 6 

435.8 0.396 0.996 0.408 4 
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Text S3.3 Details of HPLC analysis and pH measurements 

An Agilent 1100 HPLC system, equipped with a quaternary low-pressure mixing gradient 

pump, a photodiode array detector, and a fluorescence detector (Agilent 1200 series) was used. 

Compound concentrations > 0.5 M were analyzed with a photodiode array detector, compound 

concentrations < 0.5 M were analyzed with a fluorescence detector, as typically higher 

sensitivity could be achieved with the fluorescence detector. Mostly, duplicate injections of 100 

μL samples were performed, in some cases of a second duplicate injection, the injection volume 

was 50 μL. All compounds were analyzed on a reverse-phase C18 column (COSMOSIL 5C18-

MS-II packed column, pore size 120 Å, particle size 5 µm, internal diameter 3.0 mm, length 

100 mm) with a column oven temperature of 25 °C, a flow rate of 0.5 mL min-1. Mean 

deviations of measured concentrations were typically < 5 %.  

Mixtures of acetonitrile (Fisher Scientific, LC/MS grade), water and buffer (10 mM H3PO4 in 

ultrapure water, pH 2.1) were employed as eluents. 
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Table 3.4 HPLC methods for the analysis of individual compounds  

Compound Eluent composition (%) Retention 

time (min) 

Absorption 

wavelength / nm 

(Photodiode array 

detector) 

Excitation/Emission 

wavelength / nm 

(Fluorescence 

detector) 
 water acetonitrile buffer 

2-acetonaphthone - 70 30 2.4 242 - 

aniline 70 30 - 3.2 242 232/343 

4-benzoylbenzoic acid - 50 50 2.8 242 - 

3,5-dichlorophenol - 60 40 2.9 220 - 

3,4-dimethoxyphenol - 25 75 2.6 220 230/325 

4-methylaniline 60 40 - 3.0 242 232/343 
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Table 3.5 HPLC methods for the analysis of multiple compounds in mixture, isocratic methods. 

Compound Eluent composition (%) Retention 

time (min) 

Absorption 

wavelength / nm 

(Photodiode array 

detector) 

Excitation/Emission 

wavelength / nm 

(Fluorescence 

detector) 
 water acetonitrile buffer b 

3,4-dimethoxyphenol  25 75 2.7 220 230/325 

4-cyanophenol  25 75 4.0 220 - 

3,4-dimethoxyphenol  10 90 8.0 220 230/325 

4-hydroxyacetophenone  10 90 10.5 220 - 

3,4-dimethoxyphenol  22 78 3.0 220 230/325 

4-hydroxybenzoic acid  22 78 2.2 220 - 

2,4,6-trimethylphenol  40 60 7.7 220 230/325 

4-cyanophenol  40 60 2.3 220 - 

2-acetonaphthone  40 60 9.2 242 - 

2,6-dichlorophenol  40 60 5.8 220 - 

3,5-dichlorophenol  60 40 9.3 220  

4-hydroxyacetophenone  60 40 2.0 220 - 

 

Table 3.6 Retention times for the analysis of multiple compounds in mixture with the gradient method. Time course of the gradient method 

(acetonitrile (ACN)/buffer): 0.0 min (start), 25% ACN; 3.8 min, 25% ACN; 6.8 min, 70% ACN; 8.8 min, 70% ACN; 10.2 min, 25% ACN; 12 min 

(stop), 15% ACN. 

Compound  Retention time 

(min) 

3,4-dimethoxyphenol 2.6 

2,6-dichlorophenol 8.8 

4-cyanophenol 3.8 

2-acetonaphthone 9.5 
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Text S3.4 Compound characterization 

Calculation of fraction of deprotonated phenol, at a given pH: 

fPhO- (%) = 
PhO−

PhOH
 ×100 =  

100

1+10p𝐾a−pH
                  (S3.3) 

 

Calculation of the reduction potential of protonated phenol form (𝐸red,1
0 (PhOH⦁+/ PhOH )) 

𝐸red,1
0 (PhOH⦁+/ PhOH ) = 𝐸red,1

0 (PhO⦁ /PhO− ) + 2.303RT ((pKa(PhOH ) -  

    pKa(PhOH⦁+))/F                 (S3.4) 

 

Table 3.7 Selected chemical properties of target compounds. (1) 

Compound Structure 𝐸red,1
0  

(PhO⦁ / 

PhO− ) 

/V vs. SHE 

𝐸red,1
0  

(PhOH⦁+/ 

PhOH ) 

/V vs. SHE 

pKa 

(PhOH) 

pKa 

(PhOH⦁+) 

fPhO- 

 (%)a 

2,4,6-trimethylphenol (TMP) 

 

0.49b 

 

1.22c 10.9d -1.5c 0 

3,4-dimethoxyphenol (DMOP) 

 

0.50e 1.17c 9.9c -1.5c 1 

a(calculations based on equation (S3.3)) b(Jonsson et al. 1993b) c(Canonica et al. 2000) d(Dean 

1999) e(Jovanovic et al. 1991)  

 

Table 3.8 Selected chemical properties of target compounds. (2) 

Compound Structure 𝐸red,1
0  

(PhNH●/ 

PhNH− ) 

/V vs. SHE 

𝐸red,1
0  

(PhNH2
●+/

PhNH2) 

/V vs. SHE 

pKa 

(PhNH2) 

Aniline (A) 

 

n. a.  1.02a 4.6b 

4-methylaniline (MA) 

 

n. a. 0.92a 5.1b 

a(Jonsson et al. 1994) b(Dean 1999)  
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Table 3.9 Selected chemical properties of electron-poor phenols. 

Compound Structure 𝐸red,1
0  

(PhO⦁ / PhO− ) 

/V vs SHE 

𝐸red,1
0 a 

(PhOH⦁+/ 

PhOH ) 

/V vs SHE 

pKa 

(PhOH)b 

pKa 

(PhOH⦁+) 

fPhO- 
a 

 

 

(%) 

2,6-dichlorophenol 

 

0.85c 1.37 6.8 −2.0d 94 

4-hydroxybenzoic acid 

 

0.90e 1.56 4.6 (1) 

9.2 (2) 

−2.0d 6 

4-hydroxyacetophenone 

 

1.00e 1.59 8.1 −1.86f 44 

3,5-dichlorophenol 

 

1.06c 1.66 8.2 −2.0d 39 

4-cyanophenol (4-CN-

PhOH/CNP) 

 

1.12e 1.71 8.0 −2.0d 50 

a(calculations based on eq. S3.3, S3.4) b(Dean 1999) c(calculated based on (Jonsson et al. 1993a) 

with m
+(Cl)=0.40,o

+(Cl)=0.07,p
+(Cl)=0.11 (Dean 1999) d(estimations based on 

structurally similar phenols in (Holton and Murphy 1979)) e(Lind et al. 1990) f(Holton and 

Murphy 1979) 
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Table 3.10 Selected chemical properties of photosensitizers. 

Compound Structure 𝐸red,1
0  

/V vs SHE 

Triplet State Energy, 

𝐸0,0 

/eV  

Triplet state reduction 

potential, 𝐸red
∗  

/V vs SHE 

2-acetonaphthone (2-

AN) 

 

-1.48a 2.58b 1.1c/1.34d  

4-carboxybenzophenone 

(CBBP) 

 

-1.13e 286 kJ mol-1 e 1.84f 

a(Barwise et al. 1978) b(Murov et al. 1993) c(Canonica et al. 2000) d(Loeff et al. 1993) 

e(Hurley et al. 1988) f(McNeill and Canonica 2016) 
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Table 3.11 Rate constants, kobs, for the transformation of target compounds, TC (initial 

concentration 0.1 or 5.0 M) in a model system with 2-acetonaphthone (1.5 M) and electron 

poor phenol (R-PhOHep, 5 M) at pH 8. 

TC R-PhOHep
a 𝑘0.1

obs b 

 / s-1 

([TC]0 = 0.1 M) 

𝑘0.1,control
obs c 

 / s-1 

[TC]0 = 0.1 M) 

𝑘
R−PhOep

·
obs,c

 

/ s-1 

([TC]0 = 0.1 M) 

𝑘5.0
obs 

/ s-1 

([TC]0 = 5 M) 

𝑘5.0,control
obs c 

/ s-1 

[TC]0 = 5 M) 

TMP - (1.5 ± 0.2) × 10-4 No TC transformed  𝑘5.0,Sens
obs = (2.107 ± 

0.001) × 10-4 

(3.9 ± 0.1) × 10-6 

 2.6Cl2P (1.40 ± 0.02) × 

10-3 

No TC transformed (1.19 ± 0.02) × 

10-3 

(3.1 ± 0.5) × 10-4 No TC transformed 

 Hba (9 ± 1) × 10-4 (7.6 ± 0.8) × 10-5 (6 ± 1) × 10-4 (2.7 ± 0.5) × 10-4 No TC transformed 

 AcP (5.2 ± 0.2) × 10-3 (9 ± 1) × 10-5 (4.9 ± 0.2) × 10-3 (4.2 ± 0.1) × 10-4 (2.571 ± 0.005) × 

10-5 

 3.5Cl2P (6.9 ± 0.4) × 10-3 (9.2 ± 0.2) × 10-5 (6.6 ± 0.4) × 10-3 (4.16 ± 0.09) × 10-4 No TC transformed 

 CNP (9.5 ± 0.2) × 10-3 (9 ± 2) × 10-5 (9.2 ± 0.2) × 10-3 (4.4 ± 0.1) × 10-4 (6.0 ± 0.5) × 10-6 

 Average    (3.4 ± 0.9) × 10-4  

DMOP - (3 ± 1) × 10-3 (2 ± 1) × 10-4  𝑘5.0,Sens
obs = (9.0 ± 0.2) 

× 10-4 

No TC transformed 

 2.6Cl2P (1.6 ± 0.6) × 10-2 No TC transformed (1.6 ± 0.6) × 10-2 (1.06 ± 0.02) × 10-3 No TC transformed 

 Hba (2.7 ± 0.7) × 10-3 (5.9 ± 0.5) × 10-4 (1.2 ± 0.7) × 10-3 (8.7 ± 0.6) × 10-4 No TC tranformed 

 AcP (2.8 ± 0.4) × 10-2 (1.8 ± 0.1) × 10-3 (2.5 ± 0.4) × 10-2 (8.69 ± 0.02) × 10-4 (2.7 ± 0.4) × 10-5 

 3.5Cl2P (2.4 ± 0.2) × 10-2 (2.1 ± 0.2) × 10-4 (2.3 ± 0.2) × 10-2 (8.8 ± 0.2) × 10-4 No TC transformed 

 CNP (2.3 ± 0.4) × 10-2 (6 ± 1) × 10-4 (2.2 ± 0.4) × 10-2 (9.71 ± 0.02) × 10-4 No TC transformed 

 Average    (9.3 ± 0.7) × 10-4  

Aniline - (1.0 ± 0.2) × 10-4 (6 ± 2) × 10-6  𝑘5.0,Sens
obs =(7.0 ± 0.7) 

× 10-4 

5.3 ± 0.4 × 10-4 

 CNP (1.6 ± 0.2) × 10-3 No TC transformed  (8.3 ± 0.3) × 10-4 (5.4 ± 0.4) × 10-4 

 Average    (6.7 ± 0.1) × 10-4  

a In the Tables: Table 3.11, Table 3.12, Table 3.13, Table 3.14, Table 3.15, the following 

abbreviations are employed: 2,6Cl2P is 2,6-dichlorophenol, Hba is 4-hydroxybenzoic acid, AcP 

is 4-hydroxyacetophenone, 3,5Cl2P is 3,5-dichlorophenol, CNP is 4-cyanophenol. 

bIn the Tables: Table 3.11, Table 3.12, Table 3.13, Table 3.14, Table 3.15 the following 

descriptors for rate constants are employed: 𝑘0.1
obs and 𝑘5.0

obs are the pseudo-first-order 

transformation rate constants of DMOP, in aqueous solution with 2-acetonaphthone (1.5 M) 

and electron poor phenol (R-PhOHep, 5 M), with [DMOP]0=0.1 M and [DMOP]0=5.0 M, 

respectively; 𝑘0.1,control
obs * and 𝑘5.0,control

obs  are the pseudo-first-order transformation rate constant 

of DMOP in aqueous solution of electron poor phenol (R-PhOHep, 5 M); 𝑘5.0,Sens
obs  is 𝑘5.0

obs 

without added phenol; 𝑘
R−PhOep

·
obs,c

 = 𝑘0.1
obs - 𝑘0.1,control

obs  + 𝑘5.0,Sens
obs  

cwithout Sensitizer 
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Table 3.12 Rate constants, kobs, for the transformation of DMOP (initial concentration 0.1 or 

5.0 M) in a model system with CBBP (0.5 M) and electron poor phenol (R-PhOHep, 5 M) 

at pH 8. Abbreviations and descriptors for rate constants are as in Table 3.11. 

TC R-PhOHep 𝑘0.1
obs 

/ s-1 

([TC]0 = 0.1 M) 

𝑘0.1,control
obs * 

/ s-1 

[TC]0 = 0.1 M) 

𝑘
R−PhOep

·
obs,c

 

/ s-1 

([TC]0 = 0.1 M) 

𝑘5.0
obs 

/ s-1 

([TC]0 = 5 M) 

𝑘5.0,control
obs * 

/ s-1 

[TC]0 = 5 M) 

DMOP - (1.2 ± 0.4) × 10-4 (2 ± 1) × 10-4  (6 ± 1) × 10-5 No TC transformed 

 2.6Cl2P (1.1 ± 0.2) × 10-3 No TC transformed (1.1 ± 0.2) × 10-3 (1 ± 0.2) × 10-4 No TC transformed 

 Hba (1.67 ± 0.05) × 10-3 (5.9 ± 0.5) × 10-4 (1.0 ± 0.1) × 10-3 (6.6 ± 0.8) × 10-5 No TC tranformed 

 AcP (6.0 ± 0.3) × 10-3 (1.8 ± 0.1) × 10-3 (4.1 ± 0.4) × 10-3 (8.1 ± 0.8) × 10-5 (2.7 ± 0.4) × 10-5 

 3.5Cl2P (4.3 ± 0.5) × 10-3 (2.1 ± 0.2) × 10-4 (4.0 ± 0.6) × 10-3 (9.9 ± 0.7) × 10-5 No TC transformed 

 CNP (6.5 ± 0.6) × 10-3 (6 ± 1) × 10-4 (5.9 ± 0.7) × 10-3 (3 ± 2) × 10-5 No TC transformed 

 Average    (1.2 ± 0.5) × 10-5  

*without Sensitizer, values are the same as in Table 3.11. 

 

Table 3.13 Ratios of rate constants, 𝑘R−PhOep•
obs,c

, for the transformation of DMOP and TMP 

(initial concentration 0.1 M) in a model system with CBBP (0.5 M) or 2-AN (1.5 M) and 

electron-poor phenol (R-PhOHep, 5 M) at pH 8. Abbreviations and descriptors for rate 

constants are as in Table 3.11. 

R-PhOHep (𝑘R−PhOep·
obs,c

 (Sens = 2-AN) 

/𝑘R−PhOep·
obs,c

 (Sens = CBBP)) 

(𝑘R−PhOep·
obs,c

 (TC = DMOP) 

/𝑘R−PhOep·
obs,c

 (TC = TMP)) 

2.6Cl2P 15 ± 8 13 ± 5 

Hba 1 ± 1 2 ± 2 

AcP 6 ± 2 5 ± 1 

3.5Cl2P 6 ± 1 3.5 ± 0.6 

CNP 4 ± 1 2.4 ± 0.5 
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Table 3.14 Rate constants, kobs, for the transformation of target compounds, TC (initial 

concentration range from 0.1 to 5.0 M) in a model system with 2-acetonaphthone (1.5 M) 

and electron poor phenol (4-cyanophenol, 5 M) at pH 8. Abbreviations and descriptors for rate 

constants are as in Table 3.11. 

TC kobs(2-AN, CNP)  

/ s-1  

([TC]0 = 0.1 M) 

kobs(2-AN, CNP)   

/ s-1 

([TC]0 = 0.25 M) 

kobs(2-AN, CNP)  

/ s-1 

([TC]0 = 0.5 M) 

kobs(2-AN, CNP)  

/ s-1 

([TC]0 = 1 M) 

kobs(2-AN,CNP) 

/ s-1 

([TC]0 = 2.5 M) 

kobs(2-AN,CNP 

/ s-1 

([TC]0 = 5 M) 

TMP (9.5 ± 0.2) × 10-3 (4.932 ± 0.008) × 

10-3 

(2.53 ± 0.06) × 

10-3 

(1.02 ± 0.07) × 

10-3 

(4.9 ± 0.5) × 10-4 (4.4 ± 0.1) × 10-4 

DMOP* (2.3 ± 0.4) × 10-2 (4.4 ± 0.3) × 10-3 (3.2 ± 0.2) × 10-3 (1.4 ± 0.2) × 10-3 (1.0 ± 0.3) × 10-3 (9.71 ± 0.02) × 

10-4 

Aniline (1.6 ± 0.2) × 10-3 (1.3 ± 0.3) × 10-3 (1.04 ± 0.09) × 

10-3 

(8.4 ± 0.2) × 10-4 (7.6 ± 0.3) × 10-4 (6.75 ± 0.03) × 

10-4 

*already published in (Remke et al. 2021) 

 

Table 3.15 Rate constants, kobs, for the transformation of target compounds, TC (initial 

concentration range 0.1 or 5.0 M) in a model system with 2-acetonaphthone (0.5 M) and 

electron poor phenol (4-cyanophenol, concentrations ranging from 1 to 10 M) at pH 8. 

Abbreviations and descriptors for rate constants are as in Table 3.9. 

TC [TC]0 

/ M 

kobs(2-AN, CNP 

/ s-1 

([CNP] = 0 M) 

kobs(2-AN, CNP)   

/ s-1 

([CNP] = 2.5 M) 

kobs(2-AN, CNP)   

/ s-1 

([CNP] = 5 M) 

kobs(2-AN, CNP) 

/ s-1 

([CNP] = 10 M) 

kobs(2-AN, CNP)   

/ s-1 

Average ([CNP] = 

0-10 M) 

DMOP 5 (3.125 ± 0.004) × 10-4 (3.1 ± 0.2 × 10-4 (3.10 ± 0.02) × 10-4 (2.98 ± 0.03) × 10-4 (3.06 ± 0.05) × 10-4 

 0.1 (5.6 ± 0.4) × 10-4 (1.37 ± 0.03) × 10-3 (3.45 ± 0.06) × 10-3 (8 ± 1) × 10-3  

MA 5 (3.285 ± 0.006) × 10-4 (3.0 ± 0.1) × 10-4 (3.2 ± 0.2) × 10-4 (3.57 ± 0.06) × 10-4 (3.3 ± 0.2) × 10-4 

 0.1 (7.4 ± 0.9) × 10-5 (3.6 ± 0.2) × 10-4 (6.2 ± 0.2) × 10-4 (1.0 ± 0.1) × 10-4  
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Table 3.16 Fitting results for the linear correlations shown in the main paper in Fig. 3.4: (a) for 

𝑘
R−PhOep

·
obs,c

 (TC = DMOP, Sens= 2-AN) and 𝐸red,1
0 ; (b) for 𝑘

R−PhOep
·

obs,c
 (Sens = 2-AN)/𝑘

R−PhOep
·

obs,c
 

(Sens = CBBP) and fPhO- and 𝐸red,1
0  and (c) 𝑘

R−PhOep
·

obs,c
 (TC = DMOP)/𝑘

R−PhOep
·

obs,c
 (TC = TMP)) 

and 𝐸red,1
0 . Descriptors for rate constants are as in Table 3.11. 

Linear Regression, details (a) (b) (c)* 

Equation y = a + bx y = a + bx y = a + bx 

Intercept -0.0149 ± 0.003 -1 ± 2 47 ± 6 

Slope 0.0184 ± 0.003 0.15 ± 0.03 -41 ± 6 

Residual sum of squares 1.24 × 10-6 12.64 2.89 

Pearson's r 0.97 0.94 -0.98 

R-Square (COD) 0.93 0.88 0.96 

Adj. R-Square 0.91 0.84 0.94 

* without the data of 4-hydroxybenzoic acid 
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Table 3.17 Pseudo-first-order rate constants, kobs, determined for the phototransformation of target compounds, TC (initial concentration: 0.1 or 5.0 

M) in aqueous solutions (pH 8.0) containing 2-acetonaphthone (1.5 M) and 4-cyanophenol (CNP, concentrations ranging from 0 to 10 M). 

TC [TC]0 / 

M 

kobs / s-1 

blank (without 

2-acetonaphthone) 

kobs / s-1 

([CNP] = 0 M) 

kobs / s-1 

([CNP] = 1 M) 

kobs / s-1 

([CNP] = 2.5 M) 

kobs / s-1 

([CNP] = 5 M) 

kobs / s-1 

([CNP] = 10 M) 

kobs / s-1 

Average  

([CNP] = 0-10 M) 

TMP 5  (3.9 ± 0.1) × 10-6 (2.107 ± 0.001) × 10-4 (1.839 ± 0.008) × 10-4 (2.36 ± 0.09) × 10-4 (4.4 ± 0.1) × 10-4 (7.5 ± 0.08) × 10-4 (4 ± 2) × 10-4 

 0.1  < 1 × 10-5 (1.5 ± 0.2) × 10-4 (1.7 ± 0.1) × 10-3 (4.0 ± 0.4) × 10-3 (9.5 ± 0.2) × 10-3 (2.4 ± 0.4) × 10-2  

DMOP 5  < 1 × 10-5 (9.1 ± 0.2) × 10-4 / (8.7 ± 0.1) × 10-4 (9.71 ± 0.02) × 10-4 (1.04 ± 0.03) × 10-3 (9.5 ± 0.6) × 10-4 

 0.1  (2 ± 1) × 10-4 (1.8 ± 0.1) × 10-3 / (6.4 ± 0.7) × 10-3 (2.3 ± 0.4) × 10-2 (4.13 ± 0.05) × 10-2  

Aniline 5  (9 ± 2) × 10-5 (7.0 ± 0.7) × 10-4 (6.6 ± 0.5) × 10-4 (6.92 ± 0.08) × 10-4 (8.3 ± 0.3) × 10-4 (6.75 ± 0.04) × 10-4 (7.1 ± 0.6) × 10-4 

 0.1  (6 ± 2) × 10-6 (1.0 ± 0.2) × 10-4 (4.7 ± 0.1) × 10-4 (1.10 ± 0.04) × 10-3 (1.6 ± 0.2) × 10-3 (2.60 ± 0.01) × 10-3  
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Fig. 3.8 (a) Solar spectrum, 0 latitude, june 21st, data provided by (Apell and McNeill 2019), 

(b) spectrum of the medium-pressure mercury lamp, data from F. Leresche. 

 

Fig. 3.9 UV-visible absorption spectra of the selected photosensitizers, represented by molar 

absorption coefficients  for (a) 2-acetonaphthone and (b) 4-carboxybenzophenone.  
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Fig. 3.10 UV-visible absorption spectra of the selected probe compounds, represented by molar 

absorption coefficients. (a) 3,4-dimethoxyphenol, (b) 2,4,6-trimethylphenol, (c) aniline, (d) 4-

methylaniline. 
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Fig. 3.11 UV-visible absorption spectra of the selected electron-poor phenols at various pH 

values, represented by molar absorption coefficients. (a) 4-hydroxybenzoic acid, (b) 3,5-

dichlorophenol, (c) 4-cyanophenol, (d) 4-hydroxyacetophenone, (e)2,6-dichlorophenol. The 

wavelengths of isosbestic points are indicated as iso. 
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Fig. 3.12 Phototransformation kinetics of (a) 2,4,6-trimethylphenol (TMP, [TMP]0=0.1 M) 

and (b) aniline ([aniline]0=0.1 M) in aqueous solutions of 2-acetonaphthone (1.5 M) buffered 

at pH 8 and containing various concentrations of 4-cyanophenol (0-10 M). Results of duplicate 

measurements and linear fits of the logarithmic concentration data versus irradiation time are 

shown. Secondary x-axis is an additional time indicator provided as the decay of p-nitroanisol 

in the p-nitroanisol/pyridine actinometer within the given irradiation time. 

 

Fig. 3.13 Phototransformation kinetics of (a) 2,4,6-trimethylphenol (TMP, [TMP]0=0.1 M) and 

(b) aniline ([aniline]0=0.1 M)) in aqueous solutions of 2-acetonaphthone (1.5 M) and 4-

cyanophenol (5 M), buffered at pH 8. Results of duplicate measurements and linear fits of the 

logarithmic concentration data versus irradiation time are shown. Secondary x-axis is an 

additional time indicator provided as the decay of p-nitroanisol in the p-nitroanisol/pyridine 

actinometer within the given irradiation time. 
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Fig. 3.14 Phototransformation kinetics of probe compounds employed at various initial 

concentrations (between 0.1 and 5 M): (a) 2,4,6-trimethylphenol (TMP) and (b) aniline 

concentrations with irradiation time in aqueous solutions of 2-acetonaphthone (1.5 M) and 4-

cyanophenol (5 M), buffered at pH 8. Results of duplicate measurements and linear fits of the 

concentration changes as a function of the irradiation time are shown. The secondary x-axis is 

an additional time indicator provided as the decay of p-nitroanisol in the p-nitroanisol/pyridine 

actinometer for the given irradiation time.  
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Fig. 3.15 Pseudo-first-order rate constants, kobs, determined for the transformation of 4-

methylaniline in irradiated aqueous solution buffered at pH 8 containing 2-acetonaphthone (0.5 

M) and for varying concentrations of 4-cyanophenol (0-10 M). Error bars indicate mean 

deviations of duplicate measurements. 
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Fig. 3.16 Transient absorption spectra of various aqueous solutions obtained using LFP-1 

(composition of samples and time delays after the laser pulse indicated in the graphs). 

Excitation wavelength was 355 nm. All solutions were buffered at pH 8.0 with 20 mM 

phosphate buffer.  
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Table 3.18 Compilation of the wavelength of absorption maxima and of measurement of the 

observed transients in the laser flash photolysis experiments with combinations of 2-

acetonaphthone (2-AN), 4-cyanophenol (4-CN-PhOH), 2,4,6-trimethylphenol (TMP), aniline 

(A), 4-methylaniline (4-MA). 

Transient 𝜆max
Lit.   / nm 𝜆max

obs  

/ nm 

𝜆meas 

/ nm 

32-AN* 

 

440 (Bryce and Wells 1963, 

Canonica et al. 2000) 

440 

380 

440/ 

450 

AN•- 440, <400 (Bryce and Wells 1963) 380 / 

4-CN-PhO• 436 (Bronner and Wenger 2012, 

Lind et al. 1990) 

436 436 

TMP• 395 (Wenk et al. 2013) 395 / 

MA•/ 

MA•+ 

410 (Jonsson et al. 1994) 

440 (Jonsson et al. 1994) 

410 / 

/ 

A•/ 

A•+ 

420 (Qin et al. 1985) 

400 (Qin et al. 1985) 

420 / 

/ 

e- (hyd.) 600-700 (Hart and Boag 1962) 650 / 

O2
•− 240 / / 
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Text S3.5 Kintecus Simulations 

The software Kintecus© (Ianni 2017) was employed to simulate the kinetic traces obtained by 

laser flash photolysis with the aim to verify the set of assumed reactions. To determine the 

second-order quenching rate constant of the 4-cyanophenoxyl radical by TMP, samples 

consisting of aqueous solutions of 2-acetonaphthone, 4-cyanophenol and 2,4,6-trimethylphenol 

were analyzed. A system of equations was used to build a kinetic model (Table 3.19). The 

descriptor deact indicates the deactivated form of transient species, e.g. the ground state or the 

transformation products of the respective transient. The reaction of oxygen with 2-AN⦁− leading 

to O2⦁
− was neglected, as O2⦁

− is of minor importance for the transient species of interest. 

 

Table 3.19 Overview of reactions and rate constants in the kinetic model. Initial concentrations 

used in the model were: [32-AN*]0 = 1.5 × 10-4 M, [4-CN-PhO-]0 = 5 × 10-4 M, [TMP]0 = 1 × 

10-4 M. 

Reaction Rate constant Notes and 

references 
32-AN*  2-AN 𝑘

2−AN∗3
d,0

 = 6.4 × 105 s-1 (Canonica et al. 

2000) 
32-AN* + 4-CN-PhO−  2-AN⦁− + 4-CN-PhO⦁ 𝑘

2−AN∗,4−CN−PhO−3
q

= 6.6 × 108 M-1s-1 (extrapolated based 

on measurements 

in this study) 
32-AN* + TMP  2-AN⦁− + TMP⦁ + H+ 𝑘

2−AN∗,TMP3
q

= 7.2 × 108 M-1s-1 (Canonica et al. 

2000) 

4-CN-PhO⦁ + TMP  4-CN-PhO + TMP⦁ + H+ 𝑘
4−CN−PhO•,TMP3
q

= 4 × 108 M-1s-1 (measured in this 

study, average 

value) 

4-CN-PhO⦁  4-CN-PhO⦁
deact 𝑘4−CN−PhO•

d,0
= 2.2 × 104 s-1 (estimated based on 

measurements in 

this study) 

TMP⦁  TMP⦁deact 𝑘TMP•
d,0

= 2.1 × 104 s-1 (estimated based on 

measurements in 

this study) 
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Fig. 3.17 Simulated concentration regime of transients in LFP measurements obtained by 

applying kinetic modeling using the Kintecus© software.
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Fig. 3.18 Plots of determined first-order decay rate constants as functions of the quencher 

concentrations used to determine second-order quenching rate constants for the following 

reactive speciesquencher pairs: (a) 4-CN-PhO⦁ with 4-cyanophenol, (b) 4-CN-PhO⦁ with  

2,4,6-trimethylphenol in D2O, (c) 32-AN* with 4-methylaniline, (d) 4-methylaniline radical 

cation with 4-methylaniline, and (e) 32-AN* with aniline.  
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Fig. 3.19 Kinetic absorption traces at 450 nm of samples containing 2-acetonaphthone and 

varying amounts of 4-cyanophenol (0-2 mM, as indicated in the plots) with first-order fits, 

defining 𝑘
2−AN∗3
d . Measurements performed with LFP-1
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Fig. 3.20 Kinetic absorption traces at 450 nm of aqueous samples containing 2-acetonaphthone 

(150 M) and varying amounts of 4-methylaniline (MA) with first-order fits, defining 𝑘
2−AN∗3
d . 

Measurements performed with LFP-1. 
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Fig. 3.21 Kinetic absorption traces at 440 nm of aqueous samples containing 2-acetonaphthone 

(150 mM) and varying amounts of aniline (A) with first-order fits used to determine 𝑘
2−AN∗3
d . 

Measurements performed with LFP-1. 
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Fig. 3.22 Kinetic absorption traces at 436 nm of samples containing 2-acetonaphthone (150 

M), 4-cyanophenol (1 mM) and varying amounts of 2,4,6-trimethylphenol (TMP), with first-

order fits used to determine 𝑘4−CN−PhO•
d . Measurements performed with LFP-1. 
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Fig. 3.23 Kinetic absorption traces at 436 nm of samples containing 2-acetonaphthone (150 

M), 4-cyanophenol (1 mM) and varying amounts of 2,4,6-trimethylphenol (TMP), with first-

order fits used to determine 𝑘4−CN−PhO•
d . Measurements performed with LFP-2. 
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Fig. 3.24 Kinetic absorption traces at 436 nm of samples containing 2-acetonaphthone (150 

M), 4-cyanophenol (1 mM) and varying amounts of 2,4,6-trimethylphenol (TMP) in 

deuterated water, with first-order fits used to determine 𝑘4−CN−PhO•
d . Measurements performed 

with LFP-1.  
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Abstract 

As photooxidants derived from dissolved organic matter (DOM), long-lived photooxidants 

(LLPO) were observed to contribute to the indirect photochemical transformation of electron-

rich compounds, besides the well-defined pool of triplet chromophoric DOM, 3CDOM*. These 

LLPO were hypothesized to be formed concomitantly with 3CDOM* and to have phenolic 

DOM moieties as precursors. To test this precursor hypothesis Suwannee River fulvic acid, 

SRFA, a model DOM was pre-oxidized, by means of chlorination and ozonation (with/ without 

t-BuOH), characterized and subsequently the photoreactivity was tested with the recommended 

LLPO probe compound, DMOP with two initial concentrations, 0.1 and 5.0 M. SRFA 

characterization was based on specific UV absorbance at 254 nm, SUVA254, the ratio of 

absorbance at λ = 254 nm to λ = 365 nm, E2:E3, and electron donating capacity, EDC. Linear 

correlations were observed for the changes in SUVA254, E2:E3, and EDC with oxidant dose. 

Trends in pseudo-first-order transformation rate constant (kobs) normalized for changes in SRFA 

absorption differed for the two tested DMOP initial concentrations. For the low initial 

concentration, 0.1 M, normalized kobs decreased with increasing oxidant dose, decreasing 

SUVA254 and decreasing EDC, whereas no overarching trend for the three pre-oxidations 

methods was found with E2:E3. For the high initial concentration, 5.0 M, normalized kobs 

correlated with E2:E3, whereas trends with oxidant dose, SUVA254 and EDC differed between 

the three pre-oxidations. It was concluded that the two pools of photooxidants generated by 

DOM irradiation and responsible for DMOP transformation, namely 3CDOM* and LLPO, are 

modified in different ways by pre-oxidation of DOM, and that the pool of LLPO is likely 

formed from phenolic DOM precursors. 

 

Keywords 

Dissolved organic matter, ozonation, chlorination, long-lived photooxidants, 3CDOM*, 

electron donating capacity 
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4.1 Introduction 

Dissolved organic matter (DOM) is ubiquitous in surface waters and describes a complex 

mixture of cross-linked organic compounds produced by biogeochemical processes (Leenheer 

and Croué 2003). DOM varies in molecular weight, typically between ~100-100.000 Da, and 

is composed of aliphatic and hydrocarbon structures with various functional moieties, including 

amides, carbonyls and phenols (Derrien et al. 2019). The chromophoric part of DOM, CDOM, 

is able to absorb light and to form concomitantly photochemically produced reactive 

intermediates (PPRI), which may induce the transformation of aquatic organic compounds. 

CDOM-produced PPRI include short-lived photooxidants, such as the pool of triplet state, 

3CDOM* (McNeill and Canonica 2016). Furthermore long-lived photooxidants (LLPO) form 

upon DOM light absorption and have been observed to enhance 3CDOM*-induced 

transformations for certain organic compounds (Canonica and Freiburghaus 2001, Canonica 

and Hoigné 1995, Kawaguchi 1993, Remke et al. 2021). These LLPO have estimated lifetimes 

of ~ 100 s and were found to be relevant for the transformation of electron-rich phenols, 

phenylureas and anilines (Canonica and Hoigné 1995, Remke et al. 2021). It has been 

hypothesized that LLPO precursors are phenolic DOM moieties and photochemically produced 

phenoxyl radicals could mimic the enhancement effect ascribed to LLPO. 

For the assessment of DOM induced photochemistry, probe compounds are commonly 

employed to identify and/or quantify PPRI (Rosario-Ortiz and Canonica 2016). To measure 

3CDOM* induced oxidations, mostly 2,4,6-trimethylphenol (TMP) was used as probe 

compound (Berg et al. 2019, Bodhipaksha et al. 2015, McNeill and Canonica 2016). A further 

parameter used to describe the efficiency of TMP-reactive 3CDOM* formation for a given 

DOM is the quantum yield coefficient, 𝑓TMP, which was defined as the pseudo-first-order 

transformation rate constant of TMP, 𝑘TMP
obs , divided by the rate of CDOM light absorption, 

𝑟CDOM
abs : 

𝑓TMP =
𝑘TMP
obs

𝑟CDOM
abs             (4.1) 

For the detection of LLPO, 3,4-dimethoxyphenol has been used as probe compound and 

pseudo-first-order transformation rate constants, 𝑘0.1
obs and 𝑘5.0

obs were determined for two initial 

concentrations, 0.1 and 5.0 M, respectively (Canonica and Freiburghaus 2001, Remke et al. 

2021). Two methods have been used for the assessment of the impact of LLPO induced 
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transformations: On the one hand a difference method, defining the minimum LLPO 

contribution as the difference of 𝑘0.1
obs and 𝑘5.0

obs (Canonica and Freiburghaus 2001). On the other 

hand the introduction of an enhancement factor was proposed, defined as the ratio of 𝑘0.1
obs and 

𝑘5.0
obs (Remke et al. 2021). 

Previous studies found structural evidence for 3CDOM* precursors by chemical DOM 

reduction with sodium borohydride, and subsequent testing of DOM photoreactivity (Golanoski 

et al. 2012, Sharpless 2012). The DOM structures most susceptive to the reductant were 

assumed to be aromatic ketones and aldehydes. Thus, the decrease in DOM photosensitized 

transformation of the 3CDOM* probe compound 2,4,6-trimethylphenol confirmed that aromatic 

ketones and aldehydes are significant 3CDOM* precursors.  

Furthermore, DOM photoreactivity with varying bulk characteristics have been compared for 

instance with environmental DOM collected from different sources (Berg et al. 2019, 

Bodhipaksha et al. 2015, Guerard et al. 2009b, Haag and Hoigne 1986) and also with chemically 

oxidized DOM, treated with sequentially increasing chlorine or ozone doses (Leresche et al. 

2019b, Leresche et al. 2021, Wan et al. 2021, Wenk et al. 2015). In these studies, DOM 

characteristics were considered, which reveal structural information such as the specific UV 

absorption at λ = 254 nm, SUVA254, the ratio of the absorption at λ = 254 nm to the absorption 

at λ = 365 nm, E2:E3 and the electron donating capacity, EDC. SUVA254, is an indicator for 

DOM aromaticity (Weishaar et al. 2003), E2:E3, was demonstrated to be inversely proportional 

to DOM molecular weight (Helms et al. 2008) which means as molecular weight decreases, 

E2:E3 increases, and the EDC was shown to correlate with the phenolic content of DOM 

(Aeschbacher et al. 2012, Houska et al. 2021 , Önnby et al. 2018, Walpen et al. 2016).  

Chemical oxidation of DOM e.g. by chlorination and ozonation, leads to distinct changes in 

DOM absorption and EDC (Leresche et al. 2021, Önnby et al. 2018, Remucal et al. 2020, Wan 

et al. 2021, Wenk et al. 2013a). These changes are associated to transformations of oxidant-

reactive moieties, as outlined in Table 4.1. Namely chlorination leads to a stronger decrease in 

EDC than SUVA254, when compared to the relative changes upon ozonation. Phenolic moieties 

and hydroquinones have been proposed as major reactants for oxidants (Gallard and von Gunten 

2002a, Önnby et al. 2018, Wenk et al. 2013a). Moreover, chlorination was suggested to lead to 

the formation of e.g. chlorophenols (Gallard and von Gunten 2002b), while ozonation also leads 

to the formation of aliphatic products (Mvula and von Sonntag 2003, Ramseier and von Gunten 
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2009). For ozonation without t-BuOH the presence of the •OH can lead to a smaller ozone 

exposure and to unselective oxidation of DOM sites by the •OH (Remucal et al. 2020). 

This study aims to test the hypothesis that LLPO precursors are DOM phenolic moieties and to 

evaluate the relationship between the changes in DOM characteristics, namely SUVA254, E2:E3 

and EDC, and photoreactivity. Here, Suwannee River fulvic acid, SRFA, is employed as model 

DOM and changes in SRFA bulk parameters upon oxidation with chlorine and ozone (with/ 

without t-BuOH) were evaluated at pH 7 in buffered aqueous solutions. Subsequently, the 

oxidized SRFA were inspected for changes in pseudo-first-order phototransformation rate 

constants of DMOP employed at initial concentrations of 0.1 and 5.0 M. Changes in SRFA 

SUVA254, E2:E3 and EDC were correlated to the changes in SRFA induced transformation 

kinetics.
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Table 4.1 Overview of observed bulk parameter changes upon DOM oxidation with chlorine and ozone (with/ without t-BuOH) and suggested effects 

on DOM. 

DOM oxidant Observed 

parameters 

Observation Suggested reactive sites and mechanism Suggested effect on DOM Literature 

Chlorination EDC, SUVA254 Stronger EDC than absorbance 

abatement (pH 7) 

Oxidation of electron-rich phenolic and 

hydroquinone moieties 

Chlorination of phenolic moieties 

Increase in chlorophenolic 

moieties and benzoquinones 

(Önnby et al. 

2018, Wenk et al. 

2013a) 

TOC, FT-ICR 

MS, 13C CP/MAS 

NMR, CV, EDC, 

E2:E3 

Decrease in EDC, aromaticity and 

average molecular weight 

 

Electrophilic substitution of electron-rich 

phenolic and aromatic moieties, mainly of 

large conjugated aromatic systems 

 

Decrease in aromaticity, 

decrease in molecular weight, 

formation of quinone moieties 

and chlorinated sites 

(Wan et al. 2021) 

 UV-Vis 

spectroscopy 

FT-ICR MS 

Chlorine reactivity varies with 

DOM composition 

Electron-rich compounds Decrease in aromaticity, 

fragmentation of DOM 

(Milstead and 

Remucal 2021) 

 UPLC/ESI-tqMS Detection of formed nonhalogenated 

aromatic inter-mediates which may 

transform to chlorinated compounds 

β-diketones, α-diol and ester-type 

moieties are reacting with chlorine and 

bond cleavage leads to smaller molecules 

Fragmentation of DOM  (Jiang et al. 2020)  

Ozonation 

(oxidants: O3 

and •OH) 

EDC, SUVA254 Strong EDC and moderate SUVA254 

decrease (pH 7) 

Main reactive sites are phenolic moieties  Decrease in phenolic moieties, 

formation of benzoquinones 

(Wenk et al. 

2013b) 

EDC, SUVA254
, 

pH variation 

EDC and absorbance vary with pH 

of solution during oxidation 

Main reactive sites are phenolic moieties pH dependent transformation of 

phenolic moieties (high pH more 

benzoquinone, low pH more 

ring-opening) 

(Önnby et al. 

2018) 

EDC, absorbance, 

high-resolution 

mass spectrometry 

Decrease in aromaticity, apparent 

molecular weight and EDC  

Oxidants react with highly aromatic and 

reduced formulas and more saturated 

formulas e.g. by addition of oxygen atoms 

(by O3) and e.g. addition of one oxygen 

atom and decarboxylation (by •OH) 

Highly oxidized DOM is formed 

(O:C > 1) 

Due to the presence of •OH also 

transformation of saturated 

formulas 

(Remucal et al. 

2020) 

Ozonation 

with t-BuOH 

(oxidant: O3) 

EDC, SUVA254 Strong EDC and moderate SUVA254 

decrease (similar to experiments 

without t-BuOH) (pH 7) 

Electrophilic addition to aromatic 

moieties, followed by ring-cleavage 

Decrease in phenolic moieties 

and activated aromatic sites 

(Önnby et al. 

2018) Wenk et al. 

2013a) 

EDC, UV-Vis 

spectroscopy, 

high-resolution 

mass spectrometry 

Decrease in aromaticity, apparent 

molecular weight and EDC (larger 

changes than without t-BuOH) 

Reaction with highly aromatic and 

reduced formulas, e.g. by addition of 1-2 

oxygen atoms 

Highly oxidized DOM is formed (Remucal et al. 

2020) 
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EDC: electron donating capacity; SUVA254: specific UV absorbance at λ = 254 nm; TOC: total organic carbon; FT-ICR MS: Fourier transform ion 

cyclotron mass spectrometry; 13C CP/MAS NMR : 13C cross polarization/magic-angle spinning nuclear magnetic resonance; CV: cyclic voltammetry; 

E2:E3: ratio of SUVA λ = 254 nm to λ = 365 nm; UPLC/ESI-tqMS: ultra performance liquid chromatography/electrospray ionization-triple quadrupole 

mass spectrometry  
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4.2 Experimental Section 

4.3.1 Chemicals and solutions 

The following chemicals were obtained from commercial sources and used as received: 3,4-

dimethoxyphenol (DMOP; Alfa Aesar, 98%), Na2HPO4×2H2O (Sigma Aldrich/Merck, 

98.5%) and NaH2PO4×H2O (Merck, for analysis) and the DOM isolate Suwannee River fulvic 

acid (SRFA, type “standard III”, 3S101F).  

Ultrapure water with a resistivity of >18.2 MΩ∙cm was obtained from an Arium® pro ultrapure 

water system (Sartorius AG, Goettingen, Germany). Stock solutions of 3,4-dimethoxyphenol 

(10 or 500 M) and the model electron-poor phenols (500 M) were prepared in ultrapure 

water. The stock solutions of the photosensitizer (500 M) were prepared in acetonitrile and 

further diluted to 50 M using ultrapure water. Phosphate buffer stock solutions (50 mM, pH 

7.76 and 100 mM, pH 6.7) were prepared in ultrapure water by dissolving appropriate amounts 

of Na2HPO4⋅2H2O and NaH2PO4⋅H2O. SRFA stock solutions ( 60 mgC L-1) were prepared in 

ultrapure water by dissolving an estimated target amount of the hygroscopic isolates. The 

concentrations of these SRFA stock solutions were defined by comparison of the measured 

absorbance at λ = 254 nm and λ = 365 nm to aqueous SRFA solution with defined DOC (LOQ 

= 0.5 mgCL-1, measurement error: 0.2 mgCL-1), measured with a total organic carbon analyzer 

(TOC-L CSH, Shimadzu, Japan). All solutions were stored in the dark at 4°C. 

4.3.2 Oxidation of SRFA by chlorine and ozone  

SRFA oxidation was performed by mixing certain volumes of the oxidant solutions with 

buffered (phosphate buffer, 10 mM, pH 7) SRFA-containing solutions (10 mgC L-1), similar 

conditions as in a previous study were chosen (Wenk et al. 2013a). Specific oxidant doses of 0 

- 0.25 moloxidant × molC
-1 were applied. Ozone experiments were performed in absence and 

presence of 5 mM t-BuOH (scavenger for •OH).  

After addition of oxidant, the reaction vessels were mixed. For chlorination the vessels were 

left at room temperature for 12 h, for ozonation they were left for 2 h at room temperature and 

afterwards stored at 4°C for  a week. UV absorbance and EDC measurements as well as 

irradiation experiments were performed within 24 h for every batch of oxidized SRFA. The 

complete work flow is illustrated in Fig. 4.1.  
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Fig. 4.1 Photochemical experiments with pre-oxidized SRFA: Workflow including (i) SRFA 

oxidation, (ii) SRFA characterization by UV and EDC, (iii) irradiation of sample and (iv) 

determination DMOP abatement kinetics.  

4.3.3 Characterization of oxidized SRFA 

Before starting the bulk parameter measurements and irradiation experiments, the DPD 

(Federation and Association 2005) and indigo method (Hoigné and Bader 1980) were employed 

to detect residual oxidants. By applied experimental procedure no residual oxidant was detected 

in any of the samples. 

Electron donating capacity (EDC) 

The electron donating capacity (EDC) is an operationally defined parameter, which quantifies 

the moles of electron transferred from electron donating DOM moieties to a chemical oxidant 

(Aeschbacher et al. 2012, Walpen et al. 2020). Here, EDC measurements were performed 

according to the EDC assay presented by (Walpen et al. 2020). In brief, this assay uses the 

radical cation 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS•+) as chemical DOM 

oxidant and the electron-transfer of DOM is measured by a reduction in absorbance at 728 nm 

(ε = 14’000 M-1 cm-1, pH 7.0). As for these measurements DOM solutions are recommended to 

contain DOC concentrations between 0.5 and 3.0 mgDOCL-1(Walpen et al. 2020), solutions were 

diluted accordingly before measuring.  

Absorbance measurements 

The absorbance measurements were performed on an Agilent Cary 100 UV-vis 

spectrophotometer in the double beam mode. Spectra in the wavelength range of 250-500 nm 

were taken, as well as the specific UV absorbance at 254 nm, SUVA254. The E2:E3 was 

calculated as the ratio of the DOM absorbance at λ = 254 nm to the absorbance at λ = 365 nm.  

4.3.4 Steady-state irradiation experiments 

Steady-state irradiations were performed in a merry-go-round photoreactor, with the established 

conditions for the observation of DMOP phototransformation induced by PPRI with differing 
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lifetimes, according to previous publications (Canonica and Freiburghaus 2001, Canonica and 

Hoigné 1995, Remke et al. 2021). In brief, 16 mL of the irradiation solution, containing 2.5 

mgCL-1 SRFA (untreated or oxidized) with 0.1 or 5.0 M DMOP in phosphate buffer (5 mM, 

pH 8) were irradiated and 7 samples were taken in equidistant time intervals (for 0.1 µM every 

30 s for 5.0 µM every 2 min). A medium-pressure mercury lamp (Heraeus Noble-light model 

TQ718, operated at 500 W) served as a light source positioned in a borosilicate cooling jacket 

with a filter solution (0.15 M sodium nitrate solution, recirculated at 25 °C), resulting in a cut-

off filter removing light with λ < 320 nm. Dark experiments were performed for every SRFA 

batch with initial DMOP concentration of 0.1 and 5.0 M. 

The photon fluence rate in the relevant wavelength range of 334436 nm, 𝐸p
° (334436 nm), 

was measured weekly using the para-nitroanisol/pyridine actinometer and determined to be 

(5.0 ± 0.3) × 10-3 einstein m-2 s-1 (Details of the calculations are in the SI, Text S4.1). 

4.3.5 Analytical Instrumentation 

Compound concentrations were determined using high-performance liquid chromatography, 

utilizing an Agilent 1100 HPLC system, equipped with a quaternary low-pressure mixing 

gradient pump, a photodiode array detector, and a fluorescence detector (Agilent 1200 series). 

The photodiode array detector was used to analyze samples from solutions with an initial 

DMOP concentration of 5.0 M (detection wavelength of 220 nm), whereas for samples for 

initial DMOP concentration of 0.1 M, the fluorescence detector was preferred as it reaches 

higher sensitivity (excitation/emission wavelength: 230/325 nm). Typically, duplicate 

injections of 50 μL samples were performed. A reverse-phase C18 column (COSMOSIL 5C18-

MS-II packed column, pore size 120 Å, particle size 5 µm, internal diameter 3.0 mm, length 

100 mm) with a column oven temperature of 25 °C was used. For the determination of DMOP 

concentration, an isocratic eluent was employed, with 75 % 10 mM aqueous phosphoric acid 

(pH 2.1) and 25 % acetonitrile, with a flow rate of 0.5 mL min-1 and DMOP retention time was 

2.6 min. Standard deviations of duplicate measurements were typically < 5%.  

The pH of the oxidized DOM solutions and of the sample solution prior and after the irradiation 

experiments were measured using a pH meter (a Metrohm Model 605 equipped with a Metrohm 

pH electrode Model 6.02341.110). Generally during the irradiation experiment, a small pH 

decrease ( < 0.1 pH units) was observed. 
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4.3.6 Kinetics of DOM-induced phototransformations 

The pseudo-first-order rate constants for the DMOP transformation, were determined by linear 

regression of the concentration changes with irradiation time. 𝑘0.1
obs and 𝑘5.0

obs are the pseudo-

first-order rate constants for the DMOP transformation with 0.1 and 5.0 M initial 

concentration, respectively. No correction of the DOM light filter effect was applied.  

The normalized 𝑘0.1
obs and 𝑘5.0

obs were introduced to correct for the changes in CDOM light 

absorption upon oxidation, as 
𝑘0.1
obs

𝑟CDOM
abs

 and 
𝑘5.0
obs

𝑟CDOM
abs . Thereby, 𝑟CDOM

abs  is the rate of CDOM light 

absorption, which is calculated based on the photon fluence rate determined by chemical 

actinometry and the decadic absorption coefficient of the solution, which is entirely due 

absorption by CDOM (details of the calculation are in the SI, Text S4.2). 
𝑘5.0
obs

𝑟CDOM
abs

 can be 

considered as fDMOP, the quantum yield coefficient for DMOP transforming 3CDOM*, in 

analogy to fTMP, the quantum yield coefficient for TMP transforming 3CDOM* (equation (4.1)). 

𝑘0.1
obs

𝑟CDOM
abs

 is interpreted as an indicator for the formation rate of LLPO, 𝑟LLPO
f . This is based on 

observations in Chapter 3, in which 𝑘0.1
obs for the transformation of DMOP, mainly induced by 

the 4-cyanophenoxyl radical as an LLPO surrogate, appeared to be proportional to the formation 

rate of this radical (see Fig. 3.5 and equations (3.6)-(3.9)). 

As a measure to represent the DMOP transformation kinetics at the low compared to the high 

initial concentration, the enhancement factor (EF) was calculated, as the ratio of 𝑘0.1
obs to 𝑘5.0

obs, 

in analogy to a previous study (Remke et al. 2021). 

4.3 Results and Discussion  

Trends in PPRI production with SRFA bulk parameters were studied by combining stepwise 

SRFA pre-oxidation and investigations in photochemical reactivity (according to the workflow 

in Fig. 4.1).  

4.4.1 Changes in SRFA bulk parameters 

Results of changes in absorbance and EDC as a function of increasing specific oxidant doses 

are shown in Fig. 4.2. 
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Fig. 4.2 Relative changes in bulk parameters for Suwannee River fulvic acid as a function of 

the specific molar oxidant dose with chlorine (in red), ozone without t-BuOH (in blue) and with 

t-BuOH (in brown): (a) Specific UV absorbance at λ =  254 nm (SUVA254), (b) Ratio of specific 

UV absorbance at λ =  254 nm to λ = 365 nm, E2:E3 and (c) Electron donating capacity (EDC). 

Dotted lines show the linear fit and transparent areas mark the area between the 95% confident 

bands as a guide for the eye. Oxidations were performed with aqueous SRFA solutions, 10 mgC 

L-1, pH 7 at room temperature (23 ± 1 °C). 

Linear correlations were obtained for the changes in SRFA SUVA254, E2:E3 and EDC as 

function of the specific oxidant doses, in accordance with previous measurements, as indicated 

in Table 4.1 (Leresche et al. 2021, Remucal et al. 2020, Wan et al. 2021, Wenk et al. 2013a). 

The parameters of the linear regressions are provided in the Table 4.4 (SI). SUVA254 decreases 

with increasing specific oxidant dose, with a more pronounced decrease for ozonated samples 

(with/ without t-BuOH) than for chlorinated samples (Fig. 4.2 (a)). E2:E3 increases with 

increasing specific chlorine and ozone (with t-BuOH) doses (decrease in molecular weight, 

(Fig. 4.2 (b))). This is a result of reactions of chlorine or ozone with e.g., aromatic compounds 

leading to ring opening and fragmentation yielding lower molecular weight compounds 

(Gallard and von Gunten 2002b, Ramseier and von Gunten 2009). For ozonation in absence of 

t-BuOH E2:E3 remains fairly stable, indicating small changes in molecular weight. This is 

expected from a higher contribution of •OH, which leads to smaller changes in the structure of 

DOM (Remucal et al. 2020). The strongest EDC decrease was observed for chlorination, 

followed by the ozonation with t-BuOH and ozonation without t-BuOH ((Fig. 4.2 (c)). The 

slopes of the linear regressions were: -6.7 ± 0.8 for chlorination, -3.3 ± 0.5 for ozonation with 

t-BuOH and -2.3 ± 0.3 for ozonation without t-BuOH. This is in agreement with previous 

studies, in which it has been shown that chlorination leads to e.g., chlorinated phenols, which 

exert a smaller electron donating capacity than phenols (Önnby et al. 2018, Wenk et al. 2013a). 
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For direct ozone reactions, an oxidation of phenolic moieties also leads to abatement of EDC, 

whereas, in absence of t-BuOH, a smaller ozone exposure and involvement of •OH renders this 

process less efficient (Wenk et al. 2013b). These SRFA oxidation experiments were the basis 

to relate PPRI activities to SRFA properties.  

4.4.2 DMOP phototransformation in aqueous solutions of oxidized SRFA 

DMOP phototransformation was observed with two initial concentrations, 0.1 and 5.0 M, for 

SRFA treated with increasing specific molar oxidant doses. The corresponding pseudo-first-

order transformation rate constants, 𝑘0.1
obs (for [DMOP]0 = 0.1 M)  and 𝑘5.0

obs (for [DMOP]0 = 

5.0 M) were determined and taken as indicators for PPRI activities. In untreated SRFA, 𝑘0.1
obs 

was more than tenfold 𝑘5.0
obs and this enhancement was ascribed to the contribution of long-lived 

photooxidants (LLPO) in 𝑘0.1
obs, whereas 3CDOM* activity is assumed to mainly define 𝑘5.0

obs 

(Remke et al. 2021). Fig. 4.3 shows the trends in 𝑘0.1
obs and 𝑘5.0

obs, with increasing doses of applied 

chlorine or ozone (without and with t-BuOH).  

 

Fig. 4.3 Pseudo-first-order rate constants, 𝑘0.1
obs and 𝑘5.0

obs, for 3,4-dimethoxyphenol 

phototransformation, with two initial concentrations: 0.1 and 5.0 M, respectively, in aqueous 

solution of oxidized SRFA. SRFA was oxidized by (a) chlorine, (b) ozone with t-BuOH, (c) 

ozone without t-BuOH) with varying specific molar oxidant doses. Note the different scales in 

applied oxidant dose (x-axis). Oxidations were performed with aqueous SRFA solutions, 10 

mgC L-1, pH 7 at room temperature (23 ± 1 °C), irradiations were performed with diluted 

solutions, 2.5 mgC L-1, pH 8, at 25 °C. Error bars (when not visible smaller than the symbols) 

indicate standard deviations of duplicate irradiation experiments. 

Trends in 𝑘0.1
obs with increasing specific molar oxidant dose differ from the corresponding trends 

in 𝑘5.0
obs for all of the applied oxidants. For chlorinated SRFA, 𝑘0.1

obs decreases moderately, 

whereas 𝑘5.0
obs stays constant over the range of applied HOCl doses (Fig. 4.3 (a)). For SRFA 

ozonated in the presence of t-BuOH, 𝑘0.1
obs decreases strongly, whereas 𝑘5.0

obs initially plateaus 
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up to a specific ozone dose of 0.1 mol O3 × molC
-1 and decreases for higher specific ozone doses, 

namely to 50% of the initial 𝑘5.0
obs (Fig. 4.3 (b)). For SRFA ozonated without t-BuOH, a non-

steady trend was observed for 𝑘0.1
obs, with an initial decrease, followed by an increase with a 

local maximum at a specific ozone dose of 0.1 molO3 × molC
-1and a further decrease (Fig. 4.3 

(c)). In contrast, 𝑘5.0
obs decreases continuously. The particular non-linear trend in 𝑘0.1

obs was 

verified carefully as to exclude an artefact and its implications will be discussed in more detail 

in the section discussing the enhancement factor for oxidized SRFA.  

These differences in trends between 𝑘0.1
obs and 𝑘5.0

obs corroborate the hypothesis of the 

involvement of different pools of SRFA moieties in DMOP phototransformation. In general the 

photoactive functional groups contributing to 𝑘0.1
obs seem to be more affected by oxidation than 

for 𝑘5.0
obs. Trends in 𝑘5.0

obs are in the expected range of changes for 3CDOM*-induced compound 

phototransformation based on previous studies, e.g. by (Leresche et al. 2019b). The following 

section will contextualize the changes in DMOP transformation kinetics with the changes in 

SRFA EDC and UV absorbance. 

DMOP phototransformation and changes in SRFA properties 

To compare 3CDOM* production amongst different samples, often the quantum yield 

coefficient for TMP transforming 3CDOM*, fTMP (equation (4.1)) is employed in literature, as 

the ratio of the TMP pseudo-first-order transformation rate constant to the rate of CDOM light 

absorption (Berg et al. 2019, Bodhipaksha et al. 2015, Canonica et al. 1995, Leresche et al. 

2021, Wan et al. 2021). Here, in analogy, 𝑘0.1
obs and 𝑘5.0

obs are normalized for the changes in 

SRFA absorption and are represented with oxidant dose, relative changes in SRFA SUVA254, 

E2:E3 and EDC (Fig. 4.4). The normalized 𝑘5.0
obs reflects fDMOP, the quantum yield coefficient 

for DMOP transforming triplets and the normalized 𝑘0.1
obs is an indicator for trends in LLPO 

formation rates.  

As observed for the pseudo-first-order rate constants, trends in normalized 𝑘0.1
obs differ from 

trends in 𝑘5.0
obs as function of increasing oxidant doses, for all oxidation conditions. To test for 

links in trends between photooxidant formation and changes in SRFA properties, these 

normalized values were also correlated to DOM bulk parameters (Fig. 4.4 (b-d,f-h)). 
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Fig. 4.4 3,4-dimethoxyphenol (DMOP) phototransformation kinetics represented as the 

pseudo-first-order transformation rate constants, 𝑘0.1
obs and 𝑘5.0

obs for [DMOP]0 = 0.1, 5.0 M, 

respectively, divided by the rate of CDOM light absorption, 𝑟CDOM
abs , with 

 (a-d) 𝑘0.1
obs divided by 

rabs
 and (e-h) 𝑘5.0

obs
 divided by 𝑟CDOM

abs  versus (a,e) specific molar oxidant dose, (b,f) SUVA254 × 

SUVA254,0
-1, (c,g) E2:E3 × E2:E30

-1, note the change in direction of x-axis, (d,h) EDC ×  

EDC0
-1. Oxidations (chlorination in red, ozonation with t-BuOH in brown and ozonation 

without t-BuOH in blue) were performed with aqueous SRFA solutions, 10 mgC L-1, pH 7 at 

room temperature (23 ± 1 °C), irradiations were performed with diluted (pre-oxidized) SRFA 

solutions, 2.5 mgC L-1, pH 8, at 25 °C. Error bars (when not visible smaller than the symbols) 

indicate error propagations of standard deviations of duplicate irradiation experiments. The 

solid lines represent local polynomical regressions and are a guide for the eye. 

With increase in oxidant dose and analogous decrease in SUVA254, normalized 𝑘0.1
obs as a 

function of the SUVA254 decreases moderately for chlorinated SRFA ( factor 2), and more 

strongly for ozonated (with/ without t-BuOH) SRFA (factor 3) for a 20% reduction in 

SUVA254 compared to untreated SRFA (Fig. 4.4 (a,b)). These decreasing trends indicate a 

decrease in LLPO formation related to SRFA moieties, which give rise to SUVA254. SUVA254 

is an indicator for DOM aromaticity, thus these results support the assumption that LLPO are 

formed by aromatic moieties. 

Normalized 𝑘0.1
obs decreases strongly with an increase in E2:E3 for ozonated (with t-BuOH) 

SRFA and moderately for chlorinated SRFA. These results are in line with a stronger change 

in molecular weight for chlorination than for ozonation. Seemingly, breaking up DOM 

structures leads to a loss in LLPO. Normalized 𝑘0.1
obs decreases with decreasing E2:E3 for 
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samples with ozonated SRFA (without t-BuOH) (Fig. 4.4 (c)). With decreasing EDC, 

normalized 𝑘0.1
obs decreases for treated SRFA with all three oxidation applications (Fig. 4.4 (d)). 

Even though EDC is less efficiently abated by ozone, its effect on normalized 𝑘0.1
obs is larger. 

Phenolic DOM moieties which are mostly responsible for the EDC and are supposed to be 

LLPO precursors (Remke et al. 2021) are more drastically abated by ozone than by chlorine are 

abated by oxidative treatment. Whereas ozone leads to e.g., benzoquinones, chlorination leads 

to chlorophenols, which might still serve as LLPO precursors (Acero et al. 2005, Gallard and 

von Gunten 2002a, b, Tentscher et al. 2018). As trends for the normalized 𝑘0.1
obs in function of 

E2:E3 values differ between the oxidation methods, it can be concluded the LLPO formation is 

mostly independent of DOM molecular weight.  

The corresponding data for normalized 𝑘5.0
obs , 𝑓DMOP is shown in Fig. 4.4 (e-h). 𝑓DMOP increases 

with the specific molar oxidant dose applied for the SRFA treated by chlorination and ozonation 

with t-BuOH, whereas 𝑓DMOP decreases for the ozonated (without t-BuOH) SRFA, as shown in 

Fig. 4.4 (e). These trends in 𝑓DMOP for the chlorination and ozonation with t-BuOH reflect the 

trends in 3CDOM* quantum yields which were observed in previous studies (Leresche et al. 

2019b, Leresche et al. 2021, Wan et al. 2021). In these studies, the increase in quantum yields 

with increasing oxidant dose was explained by the increase in 3CDOM* precursors, such as 

quinones, formed during DOM oxidation (Önnby et al. 2018). For the case of SRFA ozonation 

without t-BuOH, the presence of •OH lead to a consummation of 3CDOM* precursors with less 

formation of quinone-type moieties. 

𝑓DMOP increases with increasing E2:E3 for all oxidation scenarios with an overall good linear 

fit (determination coefficient: 0.75) for 𝑓DMOP with E2:E3×E2:E30
-1 (Fig. 4.4 (g), linear fit in 

SI, Fig. 4.8). Also, fTMP, is often positively correlated with E2:E3, and this correlation is 

rationalized by higher 3CDOM* formation efficiencies by low molecular weight DOM moieties 

compared to high molecular weight DOM sites (Berg et al. 2019, Maizel and Remucal 2017b, 

O'Connor et al. 2019). 

Upon oxidation of SRFA, photochemistry changes, whereby the trend in normalized 𝑘0.1
obs differ 

from the trend in normalized 𝑘5.0
obs with increasing oxidant dose, and with the previously 

described changes in DOM properties. Thus these results underline that the DOM precursors 

relevant for 𝑘0.1
obs differ from the precursors relevant for 𝑘5.0

obs.  
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4.4.3 Enhancement factor for oxidized SRFA 

The EF was introduced in a previous study to assess the relative importance of LLPO on target 

compound transformation by factoring out the impact of 3CDOM* (Remke et al. 2021). Here, 

the objective is to examine the suggested link between LLPO formation and phenol content of 

SRFA, therefore EF is assessed with oxidant dose and changes in SUVA254 and EDC (see Fig. 

4.5). 

The general tendency is that EF decreases with oxidant dose, with the strongest decrease 

observed for ozonations (with/ without t-BuOH) followed by chlorination (Fig. 4.5 (a)). Thus 

𝑘0.1
obs and the LLPO precursor are more affected by oxidation than 𝑘5.0

obs and the 3CDOM* 

precursors. LLPO precursors are suggested to be phenolic moieties, which are more reactive 

with these oxidants, than the 3CDOM* precursors, the quinones. E.g. at pH 7 the second-order 

rate constants for the reaction of ozone with unsubsitued phenol is ~ 1.5 × 106 M-1s-1 (Tentscher 

et al. 2018) and with 1,4-benzoquinones is 2.5 × 103 M-1s-1(Mvula and von Sonntag 2003). 

Also, EF decreases with decreasing SUVA254 and EDC or all the oxidants (Fig. 4.5 (b,c)) 

whereby different declines can be distinguished: a linear decrease for chlorinated samples, a 

negative exponential trend for ozonated samples in presence of t-BuOH and a non-continuous 

decrease in absence of t-BuOH. This non-continuous decrease is characterized by a local 

minimum and a local maximum followed by a decrease, which joins the curve of the ozonated 

samples in presence of t-BuOH for higher relative SUVA254 and EDC abatements. Decreasing 

EF with decreasing phenol content have been observed in a previous study, where EF was 

observed to be higher for a DOM with high phenol content (Suwannee River fulvic and humic 

acid) compared to a DOM with low phenol content (Pony Lake fulvic acid, PLFA) (Remke et 

al. 2021). Here, the EF values measured for oxidized SRFA converge towards the EF values 

measured for PLFA (under similar conditions, for PLFA EF = 2.1). Therefore, it can be 

hypothesized that the negative exponential shape of the curve for ozonation in presence of t-

BuOH is caused by the abatement of the LLPO precursors, since ozone reacts selectively with 

phenolic moieties (Houska et al. 2021 , Önnby et al. 2018, von Sonntag and von Gunten 2012). 

The non-continuous trend for the samples ozonated without t-BuOH is likely due to an interplay 

of LLPO and LLPO quenchers, which might consist of DOM antioxidant sites. Possibly, for 

low ozone doses LLPO precursors and LLPO quenchers are oxidized, until a threshold dose, 

which induces complete removal of quenchers, whereas still some LLPO precursors remain. 
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This could lead to the observed increasing trend in EF between the ozone doses 0.05-0.1 molO3 

molC
-1, as the LLPO-induced reactions are not inhibited by the quenchers. For ozone doses > 

0.1 molO3 molC
-1 LLPO precursors are increasingly removed and EF decreases. 

  

Fig. 4.5 Enhancement factor (the ratio of 𝑘0.1
obs to 𝑘5.0

obs) for DMOP transformation 

photosensitized by pre-oxidized SRFA, characterized by the changes in relative SUVA254.Red 

circles are for chlorination, brown triangles for ozonation with t-BuOH and blue crossed 

triangles for ozonation in the presence of t-BuOH. Error bars (when not visible smaller than the 

symbols) indicate error propagations of standard deviations of duplicate irradiation 

experiments. The solid lines represent local polynomical regression models as a guide for the 

eye. 

4.4 Environmental Implications 

The aim of this study was to test the photoreactivity of pre-oxidized SRFA with different initial 

concentrations of 3,4-dimethoxyphenol employed as a probe compound and to evaluate the 

hypothesis that long-lived photooxidants are formed by DOM phenolic moieties. Therefore 

SRFA was oxidized by chlorination and ozonation (with/ without t-BuOH) and DMOP 

transformation was observed in aqueous solution of the pre-oxidized SRFA with two initial 

concentrations, namely 0.1 and 5.0 M. Table 4.2 summarizes the observed trends in DOM 

absorbance, EDC and DOM-induced phototransformation kinetics with increasing applied 

oxidant dose. SUVA254, EDC and normalized 𝑘0.1
obs decreased with increase in chlorine and 

ozone dose. E2:E3 and normalized 𝑘5.0
obs increased with increase in chlorine and ozone (with t-

BuOH) dose and stagnated or slightly decreased with increase in ozone (without t-BuOH) dose. 

These opposite trends in normalized 𝑘0.1
obs and 𝑘5.0

obs support the concept of two different pools 

of photooxidants formed upon light absorption of DOM. Thereby, the precursors of the pool of 

long-lived photooxidants are affected by changes in DOM aromaticity and phenol content, 
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whereas precursors of the short-lived 3CDOM* are affected by changes in DOM molecular 

weight. 

Table 4.2 Indications for the changes in SUVA254, EDC, E2:E3 and photoreactivity in pre-

oxidized SRFA. 

 SUVA254 EDC E2:E3 𝑘0.1
obs

𝑟CDOM
abs

 
𝑘5.0
obs

𝑟CDOM
abs

 

Indicating Aromaticity Phenol content Molecular 

weight 

(inversely) 

LLPO 

formation rate 

3CDOM* 

quantum yield 

Chlorination 

 

↓↓ ↓↓↓ ↑↑ ↓↓ ↑ 

Ozonation 

(with t-BuOH) 

↓↓↓ ↓↓ ↑↑ ↓↓↓ ↑ 

Ozonation 

(without t-BuOH) 

↓↓ ↓ → ↓↓↓ ↓ 

 

4.5 Conclusions 

In this study the hypothesis of long-lived photooxidant formation by oxidative treatment of 

phenolic DOM moieties was tested. The photochemical reactivity of gradually oxidized SRFA 

was evaluated and compared to changes in SUVA254, E2:E3 ratios and EDC. DMOP was 

employed as probe compound at initial concentrations of 0.1 and 5.0 M. The transformation 

kinetics for the initial concentration of 0.1 M was used as an indicator for LLPO formation 

rate. Transformations at 5.0 M initial concentrations were taken as an indicator for 3CDOM* 

quantum yields. 

The main outcomes of this study are: 

· For the pre-oxidations, linear correlations were observed for the changes in SRFA 

SUVA254, E2:E3 and EDC with oxidant dose, in line with previous studies. This is due to 

the reaction of chlorine and ozone with the oxidant susceptive sites in DOM, leading to 

structural changes of DOM. 

· For low initial DMOP concentrations, the abatement in pseudo-first-order transformation 

rate constant normalized for the changes in SRFA absorbance, decreased significantly for 

chlorinated and ozonated (with/ without t-BuOH) SRFA, whereas for high initial DMOP 

concentrations, transformations were slightly enhanced for chlorinated and ozonated (with 
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t-BuOH) SRFA and constant for ozonated SRFA (without t-BuOH). This observation 

corroborates the hypothesis of the formation of two distinct pools of photooxidants, 

differing in their lifetime and precursor moieties.  

· For low initial DMOP concentrations, decreasing SUVA254 and EDC correlate with a 

decrease in pseudo-first-order transformation rate constants, which hints to the involvement 

of phenolic moieties as photooxidant precursors. Also, this abatement was observed to have 

no overarching trend with E2:E3, when the three pre-oxidations are considered, which lead 

to the interpretation that LLPO are formed from DOM, independent of the molecular 

weight. 

· For high initial DMOP concentrations, the quantum yield coefficient, fDMOP, correlates with 

E2:E3, which is consistent with previous studies and interpreted as an increased 3CDOM* 

formation from low molecular weight DOM. 

· The enhancement factor, reflecting the impact of LLPO compared to 3CDOM* on 

contaminant transformation, decreases with oxidant application, SUVA254 and EDC. Thus, 

LLPO precursors are more susceptible to oxidation than 3CDOM* precursors and likely 

include phenolic DOM moieties. 

 



 

 

134 

 

4.6 Supplementary Information 

Text S4.1 Calculation of photon fluence rate 

Calculation of the photon fluence rate was based on: 

· Equation (S4.1) (Canonica et al. 2008) to determine 𝐸p
° , the photon fluence rate (in einstein 

m-2 s-1) in the wavelength range of 290-400 nm, relevant in the current study: 

𝐸p
° (334- 436 nm) = 

𝑘P,PNA

2.303∗ΦPNA∗Σ𝜆=334 nm
436 nm (𝑓p,𝜆

f ∗𝜀PNA,𝜆)
              (S4.1) 

Whereby, 𝑘P,PNA (in s-1) is the observed transformation rate constant of p-nitroanisole, ΦPNA is 

the quantum yield of the p-nitroanisole/pyridine system (in mol einstein-1), 𝑓p,𝜆 is the emission 

spectrum of the lamp based on the photon flux and normalized to the wavelength interval (i.e. 

Σ𝜆=334 nm
436 nm  𝑓p,𝜆 = 1), 𝑓p,𝜆

f  is adjusted for the filter solution, and 𝜀PNA,𝜆 is the molar absorption 

coefficient of p-nitroanisole at the wavelength 𝜆 (in m2 mol-1). 

· The photon irradiance spectra ((Leresche et al. 2016) Table 4.3), considering also the effect 

of the filter solution 

· The quantum yield calculations of the p-nitroanisole/pyridin actinometer, by (Laszakovits 

et al. 2017): 

ΦPNA = 0.29[pyr] + 0.00029                  (S4.2) 

 

Values employed for the calculations were: 

· 𝑘P,PNA  = (3.3 ± 0.2) × 10-3 s-1 

· Here, with [pyr]=10 mM : ΦPNA = 0.00319  

· Σ𝜆=334 nm
436 nm (𝑓p,𝜆

f ∗ 𝜀PNA,𝜆) = (𝑓p,334.2
f ∗ 𝜀PNA,334.2) + (𝑓p,365.4

f ∗ 𝜀PNA,365.4) + 

(𝑓p,404.7−407.8
f ∗ 𝜀PNA,404.7−407.8) + (𝑓p,435.8

f ∗ 𝜀PNA,435.8) 

Σ𝜆=334 nm
436 nm (𝑓p,𝜆

f ∗ 𝜀PNA,𝜆) = 90.7 m2 mol-1 

· 𝑬𝐩
° (334- 436 nm) = (5.0 ± 0.3) × 10-3 einstein m-2 s-1   
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Table 4.3 Normalized emission of the lamp, 𝑓p,𝜆, and corrected for the transmittance of the 

filter solution, Tfilter,λ, resulting in 𝑓p,𝜆
f  and p-nitroanisol molar extinction coefficient, 𝜀PNA,𝜆, 

employed to calculate the photon fluence rate for the medium-pressure Hg lamp system, data 

from (Leresche et al. 2016). 

·  

*Transmittance of the filter solution (0.15 M NaNO3) with a path length of 2.5 cm 

  

𝜆 /  

nm 

𝑓p,𝜆 Tfilter,λ* 𝑓p,𝜆
f  𝜀PNA,𝜆 /  

m2 mol-1 

334.2 0.011 0.568 0.006 854 

365.4 0.365 0.992 0.374 221 

404.7-407.8 0.204 0.994 0.209 6 

435.8 0.396 0.996 0.408 4 
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Text S4.2 Calculation of CDOM rate of light absorption  

The following equation (S4.3), valid for the case of optically thin solutions, was employed for 

the calculation of the rate of CDOM light absorption, 𝑟CDOM
abs  (einstein L-1 s-1), (Rosario-Ortiz 

and Canonica 2016): 

· 𝑟CDOM
abs = 

2.303

1000
 ×  ∫ 𝑎CDOM(𝜆) ×𝜆

Ep
°′(𝜆) × d𝜆               (S4.3) 

Where, 𝑎CDOM is the decadic absorption coefficient (m-1) of the CDOM solution and Ep
°′ is the 

spectral fluence rate (einstein m-2 s-1 nm-1). The unit einstein is equal to mol photon. Under the 

employed experimental conditions the dominant proportion of photon absorption occurs at λ = 

365 nm, and as E°=E°’×d, here, equation (S4.3) can be simplified: 

𝑟CDOM
abs =

2.303

1000
× 𝐸p

°(365nm) × 𝑎CDOM(365nm)                (S4.4) 

Where 𝐸p
°(365nm) in (mol m-2 s-1) is the spectral fluence rate at = 365 nm. 

The following values were used for the above parameters: 

𝜆 = 365 nm; 𝐸p
° (334-365 nm) = 5.0 × 10-3 einstein m-2 s-1   

And as the normalized irradiance at 365.4 nm is 0.374 (Table 4.3): 

𝐸p
° (365 nm) ~ 1.87 × 10-3 einstein m-2 s-1 

E.g. for 𝑎CDOM(365 nm)= 0.083 cm-1 

 𝑟CDOM
abs = 9 × 10-6 mol L-1  s-1 
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 Table 4.4 Results of the linear regression of SRFA changes in SUVA254, E2:E3 and EDC with 

oxidant dose, including 95% confidence bands.Applied oxidants: chlorine, ozone without and 

with t-BuOH with specific molar oxidant doses ranging from 0-0.1 molHOCl × molC
−1, 0-0.2 

molO3 × molC
−1 in the presence of t-BuOH and 0-0.25 molO3 × molC

−1 in the absence of t-BuOH. 

Oxidations were performed with aqueous DOM solutions, 10 mgC L-1, pH 7 at room 

temperature (23 ± 1 °C).

Parameter  Chlorination Ozonation 

without t-BuOH 

Ozonation with 

t-BuOH 

SUVA254 × SUVA254,0
-1

 Intercept 0.99 ± 0.01 0.98 ± 0.02 0.94 ± 0.03 

 Slope -1.9 ± 0.2 -2.3 ± 0.2 -2.3 ± 0.3 
 R2 0.95 0.96 0.92 

E2:E3 × E2:E30
-1 Intercept 0.97 ± 0.02 1.01 ± 0.03 1.02 ± 0.07 

 Slope 2.4 ± 0.3 -0.3 ± 0.3 2.2 ± 0.5 
 R2 0.91 0.01 0.72 

EDC × EDC0
-1 Intercept 0.88 ± 0.05 0.94 ± 0.03 0.84 ± 0.07 

 Slope -6.7 ± 0.8 -2.3 ± 0.3 -3.3 ± 0.5 
 R2 0.9 0.92 0.85 
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Fig. 4.6 Spectra of SRFA as function of increasing oxidant doses. for:(a, b) chlorination; (c, d) 

ozonation with t-BuOH and (e) ozonation without t-BuOH. Oxidations were performed with 

aqueous DOM solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C).   
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Table 4.5 Oxidation of SRFA with chlorine: Relative changes in SUVA254, EDC and E2:E3 as 

a function of the specific oxidant dose. Oxidations were performed with aqueous DOM 

solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C). 

Chlorine dose 

/ molHOCl × molC
-1 

SUVA254/ 

SUVA254,0 

EDC/ 

EDC0 

E2:E3/ 

(E2:E3)0 

0 1 1 1 

0.01 0.96 0.78 1.00 

0.03 0.95 0.55 1.01 

0.05 0.89 0.6 1.11 

0.06 0.85 0.49 1.12 

0.07 0.84 0.35 1.16 

0.08 0.82 0.33 1.16 

0.09 0.83 0.32 1.16 

0.1 0.81 0.24 1.26 

 

Table 4.6 Oxidation of SRFA with ozone in presence of t-BuOH: Relative changes in SUVA254, 

EDC and E2:E3 as a function of the specific oxidant dose. Oxidations were performed with 

aqueous DOM solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C). 

Ozone dose 

(with t-BuOH) 

/ mol O3 × molC
-1 

SUVA254/ 

SUVA254,0 

EDC/ 

EDC0 

E2:E3/ 

(E2:E3)0 

0 1 1 1 

0.02 0.94 0.84 1.04 

0.05 0.81 0.61 1.14 

0.08 0.71 0.48 1.25 

0.1 0.65 0.39 1.26 

0.15 0.58 0.23 1.28 

0.2 0.45 0.27 1.69 

0.25 0.46 0.10 1.43 

If ozone dose is indicated twice, the ozonation experiment was performed on two different days 

  



 

 

140 

 

Table 4.7 Oxidation of SRFA with ozone in absence of t-BuOH: Relative changes in SUVA254, 

EDC and E2:E3 as a function of the specific oxidant dose. Oxidations were performed with 

aqueous DOM solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C). 

Ozone dose 

(without t-BuOH) 

/ mol O3 × molC
-1 

SUVA254/ 

SUVA254,0 

EDC/ 

EDC0 

E2:E3/ 

(E2:E3)0 

0 1 1 1 

0.02 0.96 0.92 0.98 

0.05 0.87 0.83 1.02 

0.05 0.86 0.93 1.01 

0.08 0.78 0.77 1.02 

0.1 0.78 0.72 0.89 

0.1 0.71 0.78 1.02 

0.2 0.54 0.63 0.96 

If ozone dose is indicated twice, the ozonation experiment was performed on two different days  
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Table 4.8 Phototransformation rate constants for DMOP in aqueous solutions of SRFA, 

oxidized with varying chlorine doses. Oxidations were performed with aqueous DOM 

solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C), irradiations were performed with 

diluted solutions, 2.5 mgC L-1, pH 8, at 25 °C. Indicated errors are standard deviations of 

duplicate irradiation experiments. 

Chlorine dose  

(molHOCl × molC
−1) 

𝑘0.1
obs / 

s-1 

𝑘5.0
obs / 

s-1 

EF 

0.0 (1.4 ± 0.1) × 10-2  (1.25 ± 0.04) × 10-3  11 ± 1 

0.01 (9.90 ± 0.03) × 10-3 (1.06 ± 0.01) × 10-3 9.4 ± 0.1 

0.03 (9.1 ± 0.2) × 10-3 (1.21 ± 0.04) × 10-3 7.5 ± 0.4 

0.05 (1.04 ± 0.03) × 10-2  (1.5 ± 0.1) × 10-3  7.0 ± 0.8 

0.06 (5.9 ± 0.5) × 10-3 (1.07 ± 0.01) × 10-3 5.5 ± 0.5 

0.07 (6.9 ± 0.5) × 10-3  (6.7) × 10-4  5.2 ± 0.4 

0.08 (7.1 ± 0.8) × 10-3  (1.35 ± 0.04) × 10-3  5.3 ± 0.8 

0.09 (6.3 ± 0.8) × 10-3  (7.9 ± 0.1) × 10-4  8 ± 1 

0.1 (5 ± 1) × 10-3 (1.34 ± 0.08) × 10-4 4.0 ± 0.9 

 

Table 4.9 Phototransformation rate constants for DMOP in aqueous solutions of DOM, 

oxidized with varying ozone doses in presence of t-BuOH. Oxidations were performed with 

aqueous DOM solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C), irradiations were 

performed with diluted solutions, 2.5 mgC L-1, pH 8, at 25 °C. Indicated errors are standard 

deviations of duplicate irradiation experiments. 

Ozone dose  

(molO3 × molC
−1) 

𝑘0.1
obs / 

s-1 

𝑘5.0
obs / 

s-1 

EF 

0.0 (1.17 ± 0.09) × 10-2  (1.0 ± 0.1) × 10-3  11 ± 2 

0.02 (5.3 ± 0.03) × 10-3 (1.09 ± 0.01) × 10-3 4.9 ± 0.2 

0.05 (2.69 ± 0.01) × 10-3 (1.10 ± 0.01) × 10-3 2.43 ± 0.01 

0.08 (1.8 ± 0.2) × 10-3  (1.05 ± 0.02) × 10-3  1.7 ± 0.2 

0.1 (1.3 ± 0.1) × 10-3 (1.18 ± 0.04) × 10-3 1.1 ± 0.1 

0.1.5 (1.37 ± 0.04) × 10-3  (7.53 ± 0.02) × 10-4  1.8 ± 0.1 

0.2 (1.7 ± 0.2) × 10-3  (8.80 ± 0.08) × 10-4  1.9 ± 0.2 

0.25 (8.6 ± 0.3) × 10-4  (5.7 ± 0.1) × 10-4  1.5 ± 0.1 
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Table 4.10 Phototransformation rate constants for DMOP in aqueous solutions of SRFA, 

oxidized with varying ozone doses in absence of t-BuOH. Oxidations were performed with 

aqueous DOM solutions, 10 mgC L-1, pH 7 at room temperature (23 ± 1 °C), irradiations were 

performed with diluted solutions, 2.5 mgC L-1, pH 8, at 25 °C. Indicated errors are standard 

deviations of duplicate irradiation experiments. 

Ozone dose  

(molO3 × molC
−1) 

𝑘0.1
obs / 

s-1 

𝑘5.0
obs / 

s-1 

EF 

0.0 (1.32 ± 0.01) × 10-2  (1.26 ± 0.02) × 10-3  10.5 ± 0.2 

0.02 (7.5 ± 0.2) × 10-3 (1.16 ± 0.03) × 10-3 6.5 ± 0.3 

0.05 (1.6 ± 0.2) × 10-3 (9.68 ± 0.09) × 10-4 1.6 ± 0.2 

0.05 (2.18 ± 0.08) × 10-3  (6.8 ± 0.4) × 10-4  3.2 ± 0.3 

0.08 (3.5 ± 0.6) × 10-3 (5.6 ± 0.2) × 10-4 6 ± 1 

0.1 (4.2 ± 0.5) × 10-3  (6.12 ± 0.02) × 10-4  7 ± 1 

0.1 (1.6 ± 0.3) × 10-3  (5.5 ± 0.1) × 10-4  2.8 ± 0.6 

0.2 (6.3 ± 0.6) × 10-4  (7.03 ± 0.01) × 10-4  2.1 ± 0.2 
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Fig. 4.7 Pseudo-first-order transformation rate constants, (a,b,c) 𝑘0.1
obs and (d,e,f) 𝑘5.0

obs, for the 

phototransformation of 3,4-dimethoxyphenol in aqueous solution of oxidized SRFA (applied 

oxidants: chlorine, ozone without and with t-BuOH with specific molar oxidant doses ranging 

from 0-0.1 molHOCl × molC
−1, 0-0.2 molO3 × molC

−1 in the presence of t-BuOH and 0-0.25 molO3 

× molC
−1 in the absence of t-BuOH) with relative changes in: (a, d) SUVA254, (b, e) ratio of the 

specific UV absorbance at λ = 254 nm to λ = 365 nm, E2:E3, and (c, f) electron donating 

capacity (EDC). Oxidations were performed with aqueous SRFA solutions, 10 mgC L-1, pH 7 

at room temperature (23 ± 1 °C), irradiations were performed with diluted solutions, 2.5 mgC 

L-1, pH 8, at 25 °C. Error bars (when not visible, smaller than the symbols) represent standard 

deviations of duplicate experiments, raw data is in, Table 4.5 - Table 4.10.  
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Fig. 4.8 fDMOP, calculated as the ratio of the pseudo-first-order transformation rate constant, 

𝑘5.0
obs, and the rate of SRFA light absorption as a function of the relative changes in ratio of the 

specific UV absorbance at λ = 254 nm to λ = 365 nm, E2:E3, for all of the treated SRFA. Red 

line indicates the linear fit. Results of this fit are: Intercept = -200 ± 40, Slope = 320 ± 40 and 

Adj. R-Square = 0.75. 
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5.1 Characterization of LLPO 

Dissolved organic matter is a complex mixture of organic compounds, which upon light 

absorption can contribute to the phototransformation of organic contaminants through 

photochemically produced reactive intermediates (PPRI). In the past decades PPRI, such as 

3CDOM*, 1O2, CO3
•-, and •OH, have been identified and their relevance has been outlined based 

on their role in the phototransformation of organic compounds (see Table 5.1). In this study we 

corroborated the hypothesis, that long-lived photooxidants are relevant PPRI, which can be 

formed, concomitantly with 3CDOM*, upon light absorption of chromophoric dissolved 

organic matter from phenolic DOM moieties.  

This hypothesis was successfully tested by focusing on three main goals, as described in 

Chapter 1: (1) Evaluating the relevance of LLPO-induced phototransformations for aquatic 

organic contaminants, (2) mimicking LLPO-induced contaminant transformation by means of 

photochemically produced phenoxyl radical, (3) characterizing chemical moieties involved in 

LLPO formation.  

The main characteristics of LLPO are outlined in Table 5.1: Compounds prone to react with 

LLPO were identified, namely electron-rich phenols, anilines and phenylureas, the one-electron 

reduction potential and lifetime of LLPO were estimated as ~1.0 – 1.3 V vs. SHE and ~70 s, 

respectively (Chapter 2). Photochemically produced phenoxyl radicals were succesfully tested 

as to mimic the LLPO effect. Interestingly, the reactivity of electron-poor phenoxyl radicals 

increased with their reduction potential (Chapter 3). Finally, the DOM moieties involved in 

LLPO formation were studied by chemical oxidation of DOM and its consequence on the 

photochemical activity of DOM. The results support the assumption that two pools of DMOP-

transforming photooxidants are derived from DOM and the pool of long-lived photooxidants 

likely has phenolic DOM precursors (Chapter 4). 
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Table 5.1 Comparison of 3CDOM* and LLPO characteristics 

Characteristics 3CDOM* LLPO 

Reactive compounds 

 

anilines, phenols, phenylureas, sulfa drugs, beta blockers 

(McNeill and Canonica 2016)  

various pesticides (Remucal 2014) 

few pharmaceuticals (Yan and Song 2014) 

electron-rich anilines, phenols and phenylureas (Canonica 

and Hoigné 1995), see Chapter 2 

Probe compounds 2,4,6-trimethylphenol (for 3CDOM* as oxidant) (Rosario-

Ortiz and Canonica 2016) 

2,4-hexadienoic acid (for 3CDOM* energy transfer) (Moor 

et al. 2019) 

3,4-dimethoxyphenol (with 0.1 and 5.0 M initial 

concentration) (Rosario-Ortiz and Canonica 2016) 

Lifetime (τ) 2 s (McNeill and Canonica 2016) > 70 s, see Chapter 2 

𝐸red
0,1

 

 

1.6 – 1.8 V (Parker and Mitch 2016) 

~ 1.64 (Canonica et al. 1995) 

1.0 – 1.3 V, see Chapter 2 

Model substances 

 

Triplet states of aromatic ketones (Canonica et al. 1995, 

Carena et al. 2019) 

Photochemically produced phenoxyl radicals, see Chapter 

3 

Proposed precursors  Aromatic ketones (Canonica et al. 2000) Electron-poor phenolic DOM moieties, see Chapter 3 

Evidence supporting this 

precursor proposition 

Reduction of DOM with NaBH4 (Golanoski et al. 2012, 

Sharpless 2012) 

Oxidation of DOM with ozone and chlorine, see Chapter 4 

. 
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5.2 Summary of Initial Objectives and Research Gaps 

In this section, the outcomes for the thesis will be summarized in regard of the initially 

formulated objectives. Open questions associated with the objectives will be described as 

research gaps. 

5.2.1 Evaluating the relevance of LLPO-induced phototransformations for aquatic 

organic contaminants 

Initially, the goal was to test for organic compounds susceptible to the reaction with LLPO as 

to evaluate the relevance of LLPO. A screening study confirmed the relevance of the 

enhancement effect, electron-rich phenols, anilines and phenylureas showed an enhanced 

transformation when two initial concentrations were compared, 0.1 M and 5.0 M. Also the 

one-electron reduction potential of LLPO was suggested to lie between 1.0 and 1.3 V, as for 

aniline and phenols the enhanced transformation only occurred for compounds within this range 

of potential. Furthermore, phenoxyl radicals were hypothesized to be relevant components of 

LLPO. This is supported by the observation of DMOP transformation in aqueous solution of 

DOM surrogates, consisting of a model photosensitizer (2-acetonaphthone) and a model 

electron-poor phenol (4-cyanophenol), which simulated the enhancement effect. 

Mainly three areas for further research can be pointed out: (1) Transformation kinetics for target 

compounds in below 0.1 M initial concentration, (2) interplay of antioxidant moieties and 

LLPO and (3) the enhancement effect in mixtures of organic compounds. 

Research gap (1): Transformation kinetics of aquatic organic compounds with <0.1 M initial 

concentration  

In this thesis, the kinetics of target compound transformation in aqueous solutions of DOM was 

tested down to an initial concentration of TC of 0.1 M, but it is unknown what happens at 

lower concentrations of TC. TC transformation kinetics for initial concentrations < 0.1 M 

could contribute to a further evaluation of the relevance of LLPO. In this thesis, the choice for 

initial concentration of 0.1 M as lower limit was based on analytical limitations. Preliminary 

data obtained using the LLPO probe compound 3,4-dimethoxyphenol suggest that LLPO 

impact on TC transformation increases upon lowering TC initial concentration down to at least 

0.01 M. Additional studies with other LLPO susceptible compounds from various compound 

classes, such as anilines, would be needed to draw general conclusions on the impact of LLPO 

on organic compounds present in very low (< 0.1 M) concentrations.   
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So far, 0.1 M was chosen as the lower limit of initial TC concentrations, as quantitative 

analysis of TC concentrations is convenient to be performed with an HPLC system. It is 

expected that concentration analysis for compounds with < 0.1 M initial concentration is also 

possible for selected phenols (e.g. 2,4,6-trimethylphenol), by the use of a fluorescence detector 

in HPLC analysis. For further studies with other compound classes, also other analytical 

methods could be considered, such as mass spectrometrical methods, which improved 

significantly over the last two decades (Krauss et al. 2010). Additionally preconcentrations 

could be performed prior to analysis. 

Connected to this research gap is also the requirement to define LLPO lifetimes in the absence 

of quenchers. In Chapter 2 a lifetime estimation > 70 s was given based on an assumed 

quenching of 50 % of LLPO for an initial concentration of TC of 5.0 M and a maximum 

second-order rate constant of ~ 3 × 109 M-1s-1. Conceivably the study of the structure of LLPO 

(Research gap (7)) could help to find a more precise definition of LLPO lifetimes.  

Research gap (2): Interplay of antioxidant moieties and LLPO  

Antioxidant moieties within DOM were observed to inhibit the 3CDOM*-induced 

transformation of certain compounds (Canonica and Laubscher 2008, Wenk et al. 2011). 

Possibly antioxidant moieties also have an impact on LLPO and LLPO-induced transformation. 

Two options should be considered in the evaluation: Firstly, it is to be tested whether LLPO-

induced compound transformation can be affected by the antioxidant effect, as could be 

expected e.g. for some anilines. Secondly it would be necessary to analyze whether LLPO 

themselves could be reduced by the antioxidant moieties. Both antioxidant moieties, and LLPO 

precursors are suggested to originate in DOM phenolic moieties, it remains an open question 

whether these sites interact with each other. Antioxidant moieties represent one potential group 

of LLPO scavenger and it would be an additional step to identify further LLPO quenchers.  

Research gap (3): Enhancement effect in mixtures of TC 

The relevance of LLPO could be further tested in laboratory scale experiments by analyzing 

the transformation of mixtures of TC. This test could provide further hints onto the relevance 

of LLPO in the aquatic environment, where mostly mixtures of organic contaminants are 

expected to be present (Moschet et al. 2014). For compound mixtures, competition kinetics 

would be expected, for those compounds susceptible to the reaction with LLPO. Analysing this 

competition could provide further indications to which compounds are particularly susceptible 

to LLPO-induced transformation, when interactions between the TC or TC transformation 

products can be excluded. Recent studies underlined the relevance to study contaminant 
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mixtures in photochemical experiments, as products of phototransformations were observed to 

induce further reactions (Kouras-Hadef et al. 2018, Palma et al. 2020).  

Preliminary data was collected for the analysis of the competition effect in aqueous solution of 

2-acetonaphthone and 4-cyanophenol for 3,4-dimethoxyphenol and 2,4,6-trimethylphenol. This 

preliminary data suggested that DMOP and TMP are in competiton for the photochemically 

produced 4-cyanophenoxyl radicals. In order to verify this observation, the next step would be 

to test for reactions between transformation intermediates of TMP and DMOP, such as TMP• 

and DMOP, which could influence the overall transformation. 

5.2.2 Mimicking LLPO-induced contaminant transformation by means of 

photochemically produced phenoxyl radical  

The second goal was formulated as to identify phenoxyl radicals able to mimic the LLPO effect. 

For this purpose, target compound phototransformation with two initial concentrations, 0.1 and 

5.0 M, was investigated in aqueous solution of various phenols and photosensitizers. Increased 

pseudo-first-order transformation rate constants were observed in the presence of all the 

photochemically produced phenoxyl radicals for an initial concentrations 0.1 compared to 5.0 

M. For the low initial concentration, formation rates increased with the one-electron reduction 

potential of the phenoxyl radical. It was suggested that aniline transformation is limited, 

compared to electron-rich phenols, because of a potential reduction of its oxidation 

intermediates. A representative rate constant for the quenching of an phenoxyl radical, 4-

cyanophenoxyl radical by a target compound, 2,4,6-trimethylphenol, was determined: (4 ± 1) 

× 108 M-1s-1. This rate constant is well below the diffusion limit indicating that rate constants 

close to the diffusion limit are not required for LLPO probe compounds to show the 

enhancement effect with photochemically produced phenoxyl radicals. 

Research gap (4): Evaluating the efficiencies of target compound transformation 

In Chapter 2 and Chapter 3 a stronger enhancement effect was observed for phenols compared 

to anilines in aqueous solutions of DOM and DOM model systems, consisting of a 

photosensitizer and an electron-poor phenol, respectively. In Chapter 3 it was proposed that this 

lower enhancement of anilines is due to a reduction of the oxidized aniline intermediate by 

reductants present in the solution, such as the superoxide radical. In order to evaluate the 

differences in transformation kinetics of various compounds, the efficiencies of the single steps 

have to be considered.  
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Fig. 5.1 gives a schematic overview of the steps leading to TC oxidation due to the reaction 

with LLPO. Two efficiency parameters are introduced TC,TC•+  for the efficiency of the electron 

transfer and TC•+,sec for the efficiency of the secondary steps transforming the target compound 

radical cation. These efficiency parameters can be employed to link the second-order rate 

constant for the reaction of a TC with LLPO, 𝑘LLPO,TC
r , and the quenching rate constant of LLPO 

by a TC, 𝑘LLPO,TC
q

, in analogy as in (Canonica et al. 2000): 

𝑘LLPO,TC
r  = 𝑘LLPO,TC

q
× TC,TC•+ × TC•+,sec        (5.1) 

TC,TC•+  can be assumed to be 1, if LLPO are radicals (and not excited states), TC•+,sec is 

describing the efficiency of the competition between the reaction of TC•+ to TCox compared to 

the back reactions to the parent compound, as illustrated in Fig. 5.1 as pathways (i) and (ii). 

TC•+,sec may be decreased due to reactions of the TC•+ with antioxidants present in the aquatic 

environment or DOM antioxidant moieties. Previous studies pointed out the relevance of 

considering TC•+,sec e.g. as an unexpexted abatement of 3CDOM* reactivity was observed for 

some phenols (except the electron-rich ones) (Canonica et al. 2000), anilide compounds (Ossola 

et al. 2019) and was found useful in describing the reactions of N,N,N’,N’-tetramethyl-p-

phenylenediamine with photosensitizers (Schmitt 2019). 

 

 

Fig. 5.1 Conceptual scheme describing the steps in target compound (TC) oxidative 

transformation induced by the reaction with LLPO. 

Possibly, LFP experiments could be used to determine TC•+ lifetimes and/or TC•+ reaction 

pathways. 

Research gap (5): Mechanism of one-electron oxidations induced by phenoxyl radicals 

For the quenching of the 4-cyanophenoxyl radical by TMP at pH 8 a deuterium isotope effect 

of 1.5 was obtained, indicating the involvement of a proton in the rate-determining step and 
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therefore a proton-coupled electron transfer. The proton may originate either from the solvent 

(water), a component of the buffer, or the phenolic group of TMP. Systematic measurement of 

this electron transfer at different pH conditions could elucidate which proton is involved. This 

information could help to rationalize the mechanism of electron-transfer in this model system 

and hint to the mechanism for the reaction in place between LLPO and phenolic target 

compounds. 

5.2.3 Characterizing chemical moieties involved in LLPO formation 

This goal was formulated to identify DOM moieties which are involved in the LLPO formation. 

DOM was chemically oxidized, by chlorination and ozonation (with or without  

t-BuOH as hydroxyl radical scavenger) and subsequently tested for its photoreactivity with 

DMOP (0.1 and 5.0 M initial concentrations). SUVA254 and EDC decreased upon oxidation, 

in line with previous studies, suggesting structural changes, due to e.g. fragmentation and ring 

opening reactions. It could be shown, that likely two distinct pools of photooxidants are 

involved in DMOP transformation at the two initial concentrations. For the pool of long-lived 

photooxidants it seems likely that DOM phenolic moieties are involved in the formation. 

Research gap (6): Elucidating LLPO formation mechanism 

LLPO were suggested to be formed concomitantly with 3CDOM* upon CDOM light 

absorption. Three possible formation pathways are illustrated in Fig. 5.2. The first pathway is 

the direct formation of LLPO upon light absorption of CDOM. E.g. in Chapter 3 (Fig. 3.11) 

one electron-poor phenol, 4-hydroxyacetophenone, was identified to absorb significant light at 

λ = 365 nm and direct photoionization is possible. The other pathways describe the formation 

of LLPO due to the reaction of 3CDOM* with DOM phenolic moieties either in an intra- or 

intermolecular mechanism. In the following two experimental procedures are described, which 

could confirm or reject possible LLPO formation mechanisms. 
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Fig. 5.2 Scheme of three proposed LLPO formation pathways: direct excitation upon CDOM 

light absorption and intramolecular/ intermolecular formation upon 3CDOM* reaction with 

DOM moieties. 

Proposed set of experiments (i): Varying oxygen content in irradiated solution 

The main quencher of 3CDOM* in the experimental setup used in this thesis is oxygen. Thus 

an increase in oxygen concentration leads to a decrease in 3CDOM* steady-state concentration, 

and vice-versa (McNeill and Canonica 2016). If LLPO are formed by 3CDOM* in a bimolecular 

reaction, the steady-state concentration of both LLPO and 3CDOM* would increase with 

decreasing oxygen concentration. As a consequence, pseudo-first-order rate constants for the 

transformation of an electron-rich probe compound would increase for high and low initial 

probe compound concentration as the oxygen concentration decreases. For this experiment, the 

sample solution would be presaturated with a well-defined gas mixture, the setup for this could 

be similar to the one used in a previous study (Young et al. 2018). The experiments would be 

performed in analogy to the other ones performed to define the EF for selected target 

compounds and 3,4-dimethoxyphenol could be used as the LLPO probe compound. In the other 

two cases (i.e., direct formation or 3CDOM*-induced unimolecular formation of LLPO) a 

marginal dependence of the rate constants at the low initial probe compound concentration are 

expected, while at the high initial concentration, changes in rate constants would be as described 

above. 

Proposed set of experiments (ii): pH change with aniline as TC 

Increase in sample pH leads to deprotonation of DOM-phenolic moieties and this is expected 

to increase LLPO formation rates. In the model system study, Chapter 3, increased phenoxyl 

radical formation rates were observed for increasing fractions of deprotonated phenols. Thus 

an increase in EF is expected with increase in sample pH, while a decrease is expected with 
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lowering the pH. Previously, an increase in pH from 4 to 10 was observed to result in a strong 

increase in kobs for DMOP and TMP with an initial concentration of 0.1 M, while a moderate 

increase in kobs was observed for an initial concentration of 5.0 M (Canonica and Freiburghaus 

2001). In this study it was a challenge to separate the expected effect of pH on DOM, meaning 

the potential increase in LLPO formation rates, from effect of pH on DMOP/TMP, which would 

be expected to show higher transformation rates upon deprotonation. To avoid this challenge 

another target compound, which is more stable in this pH range could be employed, such as 

aniline. 

Research gap (7): Structure of LLPO 

This thesis underlined three structural characteristics of LLPO and LLPO precursors: 

(i) LLPO precursors are likely electron-poor phenolic DOM moieties (Chapter 

4)  

(ii) The one-electron reduction potential of LLPO is likely between (0.85)/1.0-

1.3 V (Chapter 2, Chapter 3) 

(iii) LLPO are likely to be (stable) radicals, as lifetimes > ~70 s are suggested, 

in the absence of quenchers (Chapter 2) 

Structures fulfilling these characteristic requirements and known to occur within DOM include 

e.g. hydroxyl aromatic ketones.  

Further structural information about LLPO could likely be obtained as structural elucidation of 

DOM and analytical methods advance. In the future, one possibility could be to use electron 

paramagnetic resonance to detect LLPO. So far, in preliminary EPR measurements the detected 

signal obtained from irradiated DOM was too weak to identify radical structures, also as the 

signal of the superoxide radical is disturbing the analysis. More detailed information of LLPO 

structure could help to define reaction mechanism, lifetimes and identify compounds 

susceptible to the reaction with LLPO. 

5.3 Implications of LLPO-Induced Phototransformations in the Aquatic 

Environment 

This thesis represents a further development for the assessment of LLPO-induced 

phototransformations in the aquatic environment. Here, the impact of LLPO on organic 

compounds was tested in controlled laboratory scale experiments and it was concluded that 
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LLPO may play a role in the phototransformations of aquatic contaminants, e.g. electron-rich 

phenols, anilines and phenylureas, when present in low concentrations (< 1 M).  

Predictions about the role of LLPO in the aquatic environment could be formulated after 

bridging the gap between laboratory and field conditions. In the environment, the expected 

overall photochemical contaminant half-life can be calculated by considering direct and indirect 

photochemical processes. Parameters to consider include the quantum yield coefficient of the 

contaminant, the second-order transformation rate constants of the contaminant with each well-

defined PPRI (such as 3CDOM*, 1O2, CO3
•- and •OH), as well as the PPRI steady-state 

concentrations. To this end, computational methods can be employed. One of such methods is 

APEX (aqueous photochemistry of environmentally occurring xenobiotics), which provides 

photochemical half-lifes and transformation rate constants based on environmental and 

substrate-dependent parameters (Bodrato and Vione 2014, Vione 2020). To also include LLPO-

induced transformations in contaminant half-life calculation, LLPO concentrations and second-

order transformation rate constants of contaminants are needed. This thesis points out the 

challenge to assess LLPO concentrations, as LLPO concentrations are suggested to change 

significantly with contaminant concentrations. Also, quenchers and other decay pathways 

remain unknown. Furthermore, the formation quantum yields of LLPO from irradiated CDOM 

need to be assessed, possibly by the use of appropriate LLPO probe compounds, such as TMP 

at very low concentration. The second-order rate constants for LLPO-induced transformations 

remain unknown. In this thesis (Chapter 3) the second-order transformation rate constant for 

the quenching of 4-cyanophenoxyl by 2,4,6-trimethylphenol was determined to be well below 

the diffusion-controlled limit. This suggests that the enhancement effect may be operative even 

if the second-order rate constants for the reaction between LLPO and target compounds are 

below the diffusion-controlled limit. 

For the inclusion of LLPO reactivity in contaminant fate studies, we recommend re-examining 

the way we evaluate contaminants phototransformation by including concentrations 1  10˗6 

M in laboratory studies (Chapter 2). Increasing pseudo-first-order transformation rate constants 

with decreasing contaminant concentrations would reveal the presence of LLPO-induced 

transformations. So far, most experiments that test for contaminant phototransformations have 

been performed with initial compound concentrations in the range of 5 – 10 M (e.g. (Canonica 

et al. 1995)). Therefore, such experiments are not able to detect LLPO-induced transformations. 

In surface waters, e.g. in Switzerland (Chapter 1) organic contaminants are typically detected 

in submicromolar concentrations. As a consequence, the use of high compound concentration 
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(> 0.1 M) may have artificially increased environmental half-lives, especially for 

contaminants containing electron-rich moieties. Future studies need to confirm whether this 

interconnection between contaminant concentration and transformation rate constant occurs in 

the environment or is limited to laboratory scale experiments. Furthermore, laboratory scale 

experiments are required to test transformation kinetics of a range of target compounds with 

initial concentrations < 0.1 M to evaluate whether there is a lower concentration limit beneath 

which pseudo-first-order transformation rate constants remain stable. 
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