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Abstract 

Photolysis of dissolved organic matter (DOM) is a critical pathway in the carbon cycle of 

inland lakes. Complete photooxidation releases carbon dioxide (CO2), while partial photooxidation 

results in the incorporation of oxygen (O2) into DOM and subsequent transformation of DOM. 

Both complete and partial photooxidation can be highly influenced by indirect photolysis, which 

occurs when photochemically produced reactive intermediates (PPRI) transform DOM. However, 

which PPRI and reaction mechanisms are most important to DOM photooxidation remains unclear. 

In this study, DOM was collected from 11 inland lakes of differing trophic status to investigate the 

role of PPRI in complete and partial photooxidation of DOM. Quencher studies of singlet oxygen 

(1O2), hydroxyl radical (•OH), and triplet DOM (3DOM), along with Fourier transform-ion 

cyclotron resonance mass spectrometry (FT-ICR MS) analysis, were used to identify the roles of 

these PPRI in the partial and complete photooxidation of DOM. Consequently, all PPRI 

investigated were found to play a role in complete and partial photooxidation in a diverse set of 

DOM. For example, 1O2 contributed to the oxidation of DOM, •OH participated in oxidation and 

complete photooxidation in some samples, and 3DOM played a role in complete photooxidation. 

Overall, these results give insight into how DOM reactivity influences CO2 production in inland 

lakes.   
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Chapter 1. Identifying the reactivity of photochemically produced reactive 

intermediates with dissolved organic matter 

Prologue: Chapter 1 was a collaboration between Edward Kostelnik and Christy Remucal. This 

is a draft manuscript that will be submitted for publication. EK analyzed samples and wrote the 

manuscript while CR was the principal investigator.   

Introduction 

Understanding global carbon cycling is increasingly important in the face of increasing 

effects of climate change. Within the global carbon cycle, inland surface waters, like lakes, play 

an important role in the storage, transport, and processing of organic carbon.1,2 One example of 

the processing of organic carbon in lakes is through the mineralization of dissolved organic matter 

(DOM). This process can result in the release of carbon dioxide (CO2) into the atmosphere. Inland 

surface waters are responsible for carbon emissions around 2 Pg-C/yr, which is around 5.7% of 

the carbon emissions from anthropogenic sources in 2021 (34.9 Pg-C/yr).3,4 Consequently, DOM 

processing in inland surface waters is important to consider in terms of global carbon cycling and 

emissions.5  

Dissolved organic matter (DOM) is a complex mixture of organic molecules that are 

derived from microbial or terrestrial sources. DOM can undergo both biological and 

photochemical transformations in aquatic systems. Biological transformation through microbial 

processing of DOM has large impacts on DOM composition and reactivity and is widely 

considered to be the major driver of DOM transformation in lakes.6–8 For example, studies have 

shown up to 60% of DOM degradation results from microbial processing.9,10 However, both 

biological and photochemical processes can result in large impacts on DOM transformation or 
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mineralization (i.e., release of CO2) depending on environmental conditions and initial DOM 

composition. Recent studies suggest photochemical transformations may play a more important 

role in both DOM transformations and mineralization than previously thought. For example, up to 

33% of CO2 production in Artic rivers has been attributed to photochemical transformation.11 

Changes in DOM composition from photochemical transformations has consequences for its 

subsequent reactivity. Previous studies have indicated that DOM becomes less aromatic and 

decreases in molecular weight after photochemical transformation.7,12–18 Additionally, studies 

using high-resolution mass spectrometry demonstrated that oxidation in DOM samples can 

increase or decrease even if generally they are showing a trend toward more saturated 

photoproducts.6,15,19–24 Overall, these results indicate that photochemical transformation pathways 

are not negligible and should be considered in the global carbon cycle. 

DOM is known to undergo either direct photochemical transformation or indirect 

photochemical transformations. In direct photochemical transformation, sunlight interacts with 

DOM directly and results in its transformation. Indirect photochemical transformation is 

characterized by sunlight interacting with DOM and producing photochemically produced reactive 

intermediates (PPRI), such as singlet oxygen (1O2), hydroxyl radical (•OH), and triplet DOM 

(3DOM), which then interact with DOM to result in its transformation.25–29 The resulting DOM 

transformations are labelled as partial or complete photooxidation. Complete photooxidation 

signifies the production of CO2 (i.e., complete mineralization) and partial photooxidation signifies 

the incorporation of oxygen into DOM. In some studies, the presence of PPRI have been shown to 

affect the partial and complete photooxidation of DOM. For example, 1O2 has been shown to react 

with DOM quickly and be involved in partial photooxidation.6,27,30,31 Additionally, •OH has been 

shown it can be responsible for around 4% of complete photooxidation, although partial 



3 
 

photooxidation was not investigated.32,33 3DOM has not been investigated in this manner at all. In 

general, the roles of specific PPRI in DOM transformation and how DOM composition effects its 

susceptibility to these transformations has not been well studied.   

Overall, it is not well known how PPRI influence DOM transformation and how these 

transformations contribute to the global carbon cycle.  To address this knowledge gap, this study 

set out to investigate the responsibilities of each PPRI in the transformation of DOM. To do this, 

photolysis experiments were conducted with DOM that ranged widely in composition in the 

presence and absence of quenchers. These quenchers were able to help suppress specific PPRI 

from the sample and allow for in depth analysis of DOM transformational changes before and after 

photolysis using high-resolution mass spectrometry. We hypothesized that singlet oxygen was the 

main driver in partial photooxidation of DOM throughout the study, with hydroxyl radicals and 

triplet DOM being more minorly involved in both complete and partial photooxidation.  

 

Methods 

Materials. All materials were used as received (Supporting Information Section S1). 

Ultrapure water (18.2 MΩ cm) was obtained from a Milli-Q water purification system. 

Sample collection. Samples were collected from the North Temperate Lakes-Long Term 

Ecological Research (NTL-LTER) network encompassing inland lakes in northern and south-

central Wisconsin shown in Table S1. Northern lakes included Trout Lake, Trout Bog, Crystal 

Lake, Crystal Bog, Allequash Lake, Sparkling Lake, and Big Muskellunge Lake. Southern lakes 

included Lake Mendota, Lake Monona, Fish Lake, and Lake Wingra. Near surface samples were 

collected in 4 L amber glass bottles near buoys located in the middle of the lakes in November 
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2022 (Table S1). Each sample was filtered using a 0.45 μm glass fiber filter within a week of 

sample collection. Samples were stored in clean 4 L amber jugs in the dark at 4 oC (Section S2).   

Bulk water chemistry. Dissolved organic carbon (DOC) and dissolved inorganic carbon 

(DIC) were measured using a Shimadzu Total Organic Carbon analyzer. Anions including sulfate, 

nitrate, and chloride were measured by ion chromatography. Cation concentrations were taken 

from the NTL-LTER data release around the sampling time.34 pH was measured using a Mettler 

Toledo EL20 pH meter. Additional details regarding these measurements can be found in Section 

S3.  

General bulk DOM composition was measured using UV-visible (UV-vis) and 

fluorescence spectroscopy. UV-vis spectra were collected using a Shimadzu 2401PC Recording 

Spectrophotometer. The analysis was done in triplicate using 1 nm increments in the range of 200-

800 nm. Specific UV absorbance (SUVA254) was calculated as the absorbance at 254 nm divided 

by the DOC concentration in each sample.35 E2:E3 was calculated using a ratio of absorbance at 

250 nm to 365 nm.36 Fluorescence excitation-emission matrices were collected using a Horiba 

Aqualog Fluorimeter in 4 nm increments in the range of 250-800 nm. Indices including the 

fluorescence index (FI) and biological index (BIX) were calculated as described in (Table S4).37–

39 Further details can be found in Section S3.  

General photochemical reactivity. Steady-state concentrations and quantum yields or 

quantum yield coefficients for 3DOM were quantified for PPRI including 1O2, 
•OH, and 3DOM 

throughout sampled lakes. Samples were amended with probe compounds and irradiated in a 

Rayonet photoreactor equipped with 365 nm bulbs (full width half max = ±10), which is within 

the solar spectrum.40 Previous studies have investigated nitrate photolysis and found it to be 

negligible under these irradiation conditions.23 Probe compounds consisted of furfuryl alcohol 
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(FFA), terephthalic acid (TPA), and 2,4,6-triemthylphenol (TMP) all at 10 µM. Irradiations were 

performed in triplicate for each water and run alongside a triplicate of an actinometer (p-

nitroanisole and pyridine) to quantify light intensity.41,42 Degradation of TMP and FFA and 

formation of hydroxyterephthalic acid (hTPA) were measured by high-performance liquid 

chromatography (HPLC).23,43 More information on these methods can be found in Section S4.  

Quenching experiments. Quenching experiments were conducted on a subset of lakes 

including two dystrophic lakes, one mesotrophic lake, two eutrophic lakes, and one oligotrophic 

lake (Section S5). Each of these lakes had varying PPRI concentrations and were chosen to include 

diverse sets of DOM composition and PPRI concentrations. Experiments using quenching 

molecules were done to eliminate specific PPRI and analyze the change in DOM composition 

when the specific PPRI was eliminated compared against unquenched controls. Thus, diverse 

DOM composition and PPRI concentrations in each of these lakes provided a wide variety of 

changes that could be linked to specific PPRI.  

To accomplish these quenching experiments, 24-hour irradiations using a Rayonet 

photoreactor was done in 250 mL borosilicate glass bottles.24 This volume was used to 

accommodate solid phase extraction (SPE) before FT-ICR MS analysis. Quenchers consisted of 

furfuryl alcohol (FFA), isopropyl alcohol (IPA), and sorbic acid (SA). Quencher concentrations 

ranged from 100 µM for SA (due to solubility issues) to 10 mM in FFA and IPA. Quenchers were 

used to suppress the activity of specific PPRI: FFA suppressed 1O2, IPA suppressed •OH, and SA 

suppressed 3DOM. 2,4,6-Trimethylphenol (TMP) was tested as an alternate 3DOM quencher and 

issues with an increase in nitrogen formula matching suggested another quencher like sorbic acid 

(SA) may better suited for the analysis (Section S6). Experimental set up consisted of each lake 

being split into a total of 8 samples: 4 samples that went through photolysis and 4 samples that 
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were dark controls. Of the irradiated samples, one was quenched with FFA, one was quenched 

with IPA, one was quenched with SA, and one was unquenched. The nonirradiated samples 

followed the same setup. When compared to the irradiated sample, the nonirradiated dark controls 

helped track changes due to the quencher itself. The irradiated samples, after accounting for dark 

control changes, were then compared to the unquenched irradiated sample to analyze PPRI 

responsibility.  

After the 24-hr experimental period, DOM was extracted from the samples using solid 

phase extraction (SPE).44–46 Samples (250 mL) were acidified using 1M HCl to pH ~2.0 and loaded 

onto BondElut PPL cartridges. Samples were run through the cartridges and extracted using 5 mL 

of methanol. The sample extracts were then stored at 4oC until high-resolution mass spectrometry 

was performed. Further details on these methods are found in Section S6.  

High-resolution mass spectrometry. Molecular composition of DOM was analyzed using 

a Bruker SolariX XR 12T Fourier transform-ion cyclotron mass spectrometer (FT-ICR MS). SPE 

sample extracts were diluted 20x in 60:40 acetonitrile: water and directly injected into the FT-ICR 

MS using negative mode electrospray ionization (voltage = -1.4 kV; gas pressure = 0.3 psi; 350 

readings per sample). Accumulation times were kept constant at 0.1 s and the total ion 

chromatograph intensity was constant in each scan. Ions were only exported if they contained a 

signal-to-noise ratio >3. The exported m/z ions were linearly calibrated using known DOM 

formulas described previously.42,47,48 After calibration the DOM formulas were compared to 

potential formulas with combinations of C0-80
13C0-1H0-140N0-2S0-1. Formulas were then matched if 

they were part of a homologous series (+CH2 or CH4 vs. O) with three members and had a formula 

mass error <0.5 ppm.49 After matching, weighted averages of hydrogen to carbon (H:Cw), oxygen 

to carbon (O:Cw), and double bond equivalents (DBEw) were calculated.47 Further analysis 
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between the controls with no quenchers and the 24 hour irradiated samples was done including 

changes in relative formula intensity (≥ 10% change) and loss of CO2 formulas and addition of O 

formulas which are further detailed in Section S6.   

 

Results and Discussion 

Bulk DOM characteristics. Bulk DOM characteristics show a wide range of initial DOM 

composition. Eutrophic (E1 and E2) and oligotrophic (O1) lakes in the study are characterized by 

DOM that is more aliphatic (low SUVA254), lower in apparent molecular weight (high E2:E3), and 

reduced (low O:Cw; Table S5). The samples taken in these lakes correspond to more processed 

and/or microbially-derived DOM (high FI; high BIX).38,50 In contrast, dystrophic (D1 and D2) and 

mesotrophic (M1) lakes sampled in the study are characterized by more aromatic (high SUVA254), 

higher apparent molecular weight (lower E2:E3), and oxidized (high O:Cw) DOM (Table S5). The 

samples taken in these lakes correspond to more terrestrially-derived DOM (low FI; low BIX).50–

55 

DOM compositional changes post-photolysis. DOM in select sample waters 

demonstrated a shift towards less aromaticity (decrease in SUVA254) after photolysis (Table S11; 

Figure S2). While the changes in metrics derived from UV-vis spectra are consistent with a shift 

towards more processed DOM, variability was observed in indices derived from fluorescence 

spectra. BIX increased in all samples after photolysis, which is consistent with more processed 

DOM. In contrast, the consistent decreases in FI indicated DOM was becoming more terrestrial 

(i.e., less processed). The contradictory FI results agreed with a previous study stating 

photooxidation could result in complexities that make fluorescence indices hard to use to assign 

DOM origins.24  
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Molecular levels changes in DOM composition were also analyzed to investigate more 

specific changes in DOM composition after photolysis. DOM transformation was variable when 

comparing H:Cw and O:Cw ratios (Figure 1). For example, decreased H:Cw and increased O:Cw 

was seen in samples D1, E1, and O1 (Table S14), indicating that the DOM was becoming more 

aromatic and more oxidized. Additionally, smaller changes in H:Cw or O:Cw were seen in sample 

waters D2, M1, or E2 (Table S14). This variability agrees with a previous study that also found 

variability in DOM compositional changes post-photolysis.24 However, other studies have shown 

DOM composition changes towards more oxidized and aliphatic post-photolysis.6,7,13,15,19–22,56 

Overall, the samples included in this study showed high levels of variation.  

Further analysis was done comparing relative intensity changes of assigned formulas 

before and after photolysis (Figures S3-S8). In this analysis, sample waters D1, E1, and O1 

showed relative intensity increases in the more oxidized and aromatic formulas post-photolysis. 

Sample waters D2, E2, and M1 generally showed relative intensity decreases in the more oxidized 

and aromatic formulas. This further demonstrated the variability between samples, despite 

similarities in initial DOM composition origin. For example, in sample waters D1 and D2, both 

dystrophic lakes, the samples are showing opposite trends between each other post-photolysis.  

Lastly, analysis was done on the partial and complete photooxidation of DOM in the sample 

waters. Partial photooxidation was analyzed by matching formulas attributed to the addition of 

oxygen atoms found in sample waters. This analysis included the addition of a single oxygen atom, 

two oxygen atoms, and either one or two oxygen atoms. Overall, the lakes ranged from 182 unique 

oxygen addition formulas in lake O1 to 422 unique oxygen addition formulas in lake D2 (Figures 

3 and S9). This suggests that with all PPRI present, the samples showed a wide range of oxygen 

addition that could be attributed to differences in initial DOM composition. For example, more 
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terrestrial and aromatic DOM in D2 showed the highest oxygen addition formulas, while the more 

microbial and aliphatic DOM in O1 showed the lowest oxygen addition formulas (Figures S10-

S15). Some studies have shown more aromatic DOM is most susceptible to photooxidation, while 

aliphatic DOM transitions to more reduced DOM.24,57 

Complete photooxidation was analyzed by matching formulas attributed to the loss of 

carbon dioxide in sample waters. The lakes ranged from 130 unique carbon dioxide loss formulas 

in D1 to 480 carbon dioxide loss formulas in E1. This shows that the sample waters analyzed 

exhibit a wide range of carbon dioxide loss that could be dependent on initial DOM composition 

like partial photooxidation. For example, more terrestrial and aromatic DOM results in less carbon 

dioxide loss while more processed and microbial DOM results in more carbon dioxide loss 

(Figures 3 and S9-S15). More saturated and aliphatic DOM has been connected to decarboxylation 

processes and could signify a role for decarboxylation in these samples.24,58 

The role of hydroxyl radical in DOM compositional changes. Hydroxyl radicals 

contributed to changes in DOM composition, especially in sample waters D1 and E1. Post-

photolysis, a transition to more reduced and aliphatic DOM (increase in H:Cw; decrease in O:Cw) 

was observed in sample waters D1, D2, M1, and E1 when hydroxyl radicals were quenched with 

TPA (Figure 1). Opposite trends between the unquenched sample with all PPRI and sample waters 

D1, D2, M1, and E1 without hydroxyl radicals were observed. The opposite trend observed in 

these sample waters demonstrates that hydroxy radicals were involved in the DOM transformation 

when analyzing weighted averages derived from FT-ICR MS data. The formation of aliphatic and 

reduced formulas in the absence of hydroxyl radicals agreed with a previous study that found 

hydroxyl radicals reacted with more aliphatic and saturated formulas.58  
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Formula intensity changes were determined as either increasing or decreasing from the 

dark control sample to the irradiated sample. Aliphatic and reduced formulas decreased to the same 

extent as the unquenched sample in sample waters D2, M1, E2, and O1 (Figures S3-S8). This 

suggests that hydroxyl radicals may not play an important role in these lakes. Additionally, these 

trends were different then what was suggested with the H:Cw and O:Cw ratios above showing bulk 

DOM data needs to be interpreted carefully. 

However, more reduced and aliphatic formulas were observed in sample water D1 and E1 

without hydroxyl radicals when compared to the unquenched sample (Figures 2, S3, and S6). The 

presence of these opposite trends demonstrates hydroxyl radicals play an important an important 

role in DOM transformation in these sample waters. These results suggest that hydroxyl radicals 

may play a role in the formation of more oxidized and aromatic formulas when present in these 

sample waters. Some studies showed the importance of hydroxyl radicals to processes like 

hydroxylation and decarboxylation.59,60 These studies show a possible avenue hydroxyl contribute 

to an increase in oxidized and aromatic formulas in the sample waters observed here.  

The extent of partial photooxidation, as measured by the formation of photoproducts 

attributable to oxygen addition, was lower in sample waters D1, D2, and E1 compared to the 

unquenched samples (Figures 3 and S9-15). In the absence of hydroxyl radicals, sample waters 

showed a range of 180 unique oxygen addition formulas in O1 to 289 unique oxygen addition 

formulas in E2. Large decreases in oxygen addition formulas were seen in sample waters D1, D2, 

and E1 when hydroxyl radicals were quenched. These changes showed larger trends when 

compared to the unquenched sample. This signifies hydroxyl radical has an impact on partial 

photooxidation in these sample waters. These results also align with the studies discussed above 

stating hydroxyl radicals have a role in hydroxylation of DOM.59,60 
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Complete photooxidation was different in sample waters D1, O1, and E1 when compared 

to the unquenched samples (Figures 3 and S9-S15). Sample waters showed a range of 105 unique 

carbon dioxide loss formulas in E2 to 299 unique carbon dioxide formulas in D1. Decreases in 

carbon dioxide loss formulas were seen in sample waters E1 and O1, while increases in carbon 

dioxide loss was seen in sample water D1 when hydroxyl radicals were absent. This shows 

variation in how hydroxyl radicals are utilized depending on DOM composition. This observation 

of D1 seems to disagree with previous studies that report decarboxylation as a major pathway for 

hydroxyl radical DOM transformation.59,60 However, observations of E1 and O1 agree with this 

major pathway since carbon dioxide loss decreases when hydroxyl radicals were absent. Overall, 

the differences between samples waters with hydroxyl radicals absent versus ones with all PPRI 

present show that hydroxyl radicals can be important depending on initial DOM composition.  

The role of singlet oxygen in DOM compositional changes. Singlet oxygen contributed 

to changes in DOM composition throughout most sample waters analyzed. However, the extent of 

the changes attributed to singlet oxygen should be carefully considered since this quencher can 

also react with other PPRI such as hydroxyl radicals.  

Post-photolysis, a transition to more oxidized and aromatic DOM (decrease in H:Cw; 

increase in O:Cw) in the absence of singlet oxygen when compared to the unquenched sample was 

seen in all sample waters except D1 (Figure 1). In all waters except D1, this transition could 

signify that singlet oxygen has a role in the transformation of DOM towards more aliphatic and 

reduced formulas, which seems contradictory given the role of 1O2 as an oxidant. This data does 

not agree with bulk DOM data from other studies that show a transition to more oxidized and 

aromatic DOM in the presence of singlet oxygen.30,61   
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Relative intensity changes showed most samples waters transitioning to more oxidized and 

aromatic formulas in the absence of singlet oxygen except sample waters D1 and D2 (Figure S3-

S8). This means, when singlet oxygen is present it would be transitioning into more aliphatic and 

reduced DOM. Decreases in aliphatic and reduced formulas when compared to the unquenched 

samples were seen in sample waters E1, E2, M1 (Figure S3-S8) in the absence of singlet oxygen. 

In E2, for example, these decreases were moderately different from unquenched samples and are 

shown in Figures 2c and 2d.  In sample waters D1 and D2 general decreases were seen throughout 

different types of DOM that were relatively similar to the accompanying unquenched sample with 

all PPRI present. These waters do not follow the trend towards decreases in aliphatic and reduced 

formulas when singlet oxygen was absent like the other sample waters analyzed. This could signify 

that singlet oxygen may play a general role in the production of diverse photoproduced formulas 

in these sample waters.  

Analysis was done on the partial and complete photooxidation of samples waters in the 

absence of singlet oxygen and how that compared to the sample waters with all PPRI present 

(Figure S9-S15). In the absence of singlet oxygen, sample waters ranged from 296 unique oxygen 

addition formulas in M1 and 539 unique oxygen addition formulas in D1 as seen in Figure 3b. In 

terms of partial photooxidation, sample waters D1, E1, E2, and O1 all showed increases in oxygen 

addition formulas when singlet oxygen was absent when compared to accompanying unquenched 

sample with all PPRI present (Figure 3b). This could suggest that singlet oxygen may not play a 

role in partial photooxidation in a diverse set of DOM. This is contradictory to what some studies 

state, where singlet oxygen is an important oxidant for DOM.61,62 

Further, in the absence of singlet oxygen, sample waters ranged from 36 unique carbon 

dioxide loss formulas in M1 to 662 unique carbon dioxide loss formulas in E1 (Figure 3e). Sample 
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waters D1 and E1 showed increases in carbon dioxide loss formulas when singlet oxygen was 

absent (Figure 3e). The other sample waters all showed large scale decreases in carbon dioxide 

loss formulas when singlet oxygen was absent (Figure 3e). This could signify the role of singlet 

oxygen in complete photooxidation of DOM which does not completely agree with a previous 

study that shows singlet oxygen as an important component of DOM partial photooxidation.61 

However, there is variation depending on DOM composition, where some sample waters show 

increases in carbon dioxide loss formulas when singlet oxygen is absent.  

The role of triplet DOM in DOM compositional changes. Triplet DOM contributed to a 

variety of changes in DOM composition throughout sample waters analyzed. However, triplet 

DOM is known to have a role in the production of other PPRI such as singlet oxygen and hydroxyl 

radicals and quenching triplet DOM may also decrease the concentrations of other PPRI.63  

Sample waters M1, E1, and O1 generally develop more oxidized and aromatic DOM in the 

absence of triplet DOM with some contradiction seen in the H:Cw and O:Cw parameters (Figure 

1). Sample waters D1 and D2 generally saw more reduced and aliphatic formulas in the absence 

of triplet DOM. These results generally demonstrate that more terrestrial DOM transitions to more 

oxidized and aromatic formulas in the presence of triplet DOM, while more microbial DOM does 

the opposite.  

Relative intensity changes showed more terrestrial DOM transition to more reduced and 

aliphatic in the absence of triplet DOM. In this analysis, sample waters D1 and D2 showed 

increases in more reduced and aliphatic DOM in absence of triplet DOM compared to the sample 

containing all PPRI (Figure S3-S8). The other lakes generally showed an increase in more 

aromatic and oxidized DOM, for example, sample water M1 seen in Figures 2e and 2f. In this 

example, more aromatic and oxidized DOM increased in intensity and more reduced and aliphatic 
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DOM decreased in intensity when triplet DOM was absent. Overall, depending on DOM 

composition, triplet DOM could be involved in the oxidation or reduction of DOM. The results of 

the more microbial lakes tend to agree with studies stating the importance of triplet DOM as a 

reductant.64,65 However, more terrestrial based lakes like D1 and D2 demonstrated oxidation which 

lined up with other studies demonstrating triplet DOM oxidation.66–69 This variability is 

characteristic of triplet DOM which is relatively complex. The quencher used in this study, sorbic 

acid, primarily quenches high energy triplet DOM and leaves other types of triplet DOM available 

to react.63 This could contribute to some of the variability seen in these results.   

To get into this further, analysis was done on the complete and partial photooxidation of 

sample waters in the absence of triplet DOM and how that compared to sample waters with all 

PPRI present (Figure S9-S15). In the absence of triplet DOM sample waters ranged from 241 

unique oxygen addition formulas in D1 to 389 unique oxygen addition formulas in M1. In terms 

of partial photooxidation, sample waters D1 and D2 showed a decrease in oxygen addition in the 

absence of triplet DOM compared to the accompanying sample with all PPRI present (Figure 3c). 

Other sample waters, M1, E1, E2, and O1, all showed increases in oxygen addition in the absence 

of triplet DOM (Figure 3c). These results suggest more terrestrial DOM tends to be more likely 

to undergo partial photooxidation with triplet DOM present than more microbial sources. One 

explanation for the differences seen in D1 and D2 so far could be due to the highly aromatic nature 

of the DOM and its susceptibility of this DOM to direct photolysis.7,61 Since quenching triplet 

DOM could potentially slow formation of singlet oxygen and hydroxyl radicals and effectively 

turn off indirect photolysis, the samples more susceptible to direct photolysis would be 

hypothesized to show the most change. 63 
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Further, in the absence of triplet DOM, sample water ranged from 139 unique carbon 

dioxide loss formulas in D1 to 197 unique carbon dioxide loss formulas in E1. In terms of complete 

photooxidation, sample waters D1, D2, E2, and M1 all showed similar carbon dioxide loss 

formulas when compared to accompanying sample containing all PPRI. This signifies that triplet 

DOM may not have had a significant effect on complete photooxidation in these waters. However, 

in sample waters E1 and O1, the absence of triplet DOM significantly reduced the number of 

carbon dioxide loss formulas compared to the sample with all PPRI present. This could signify 

triplet DOM responsibility in the complete photooxidation of these lakes.  

 

Environmental Implications 

 Overall, this study was able to find evidence for roles of all three investigated PPRI in the 

transformation of DOM throughout diverse sample waters. First, hydroxyl radicals played an 

important role in the partial and complete photooxidation of some dystrophic and eutrophic lakes 

in this study (Figures 2, 3, and S9-S15). They also contributed to the transition of DOM towards 

more aromatic and oxidized in these lakes (Figures 1 and S3-S8). However, most lakes did not 

show a large change when hydroxyl radicals were quenched.  

 Second, singlet oxygen played a small part in DOM oxidation. However, it was seen to 

have an important role in complete photooxidation. This result should be interpreted carefully 

because the quencher chosen for singlet oxygen can also quench hydroxyl radicals unselectively. 

However, singlet oxygen generally contributed to more aliphatic and reduced DOM in most lakes 

analyzed (Figures 1 and S3-S8). It also contributed to increases in complete photooxidation and 

the release of carbon dioxide in most lakes analyzed (Figures 2, 3, and S9-S15). 

 Lastly, triplet DOM played an important role in the partial photooxidation of these lakes 

and a less role in the complete photooxidation in these lakes. However, these results should also 
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be considered carefully because quenching triplet DOM effectively also quenches hydroxyl radical 

and singlet oxygen production. Regardless, the quenching of triplet DOM demonstrated increased 

oxidation/partial photooxidation in more terrestrial sourced DOM in comparison to reduction of 

more microbial DOM (Figures 2,3; S9-S15). This could be caused by the increased likelihood for 

terrestrial DOM to undergo direct photolysis, which is effectively produced here since the 

quenching of triplet DOM also inhibit some of the singlet oxygen and hydroxyl radical production.  

Future work 

Two important future ideas to consider involve furthering the knowledge of how PPRI 

influences specific reaction mechanisms and using this data regarding reaction mechanisms to 

inform predication-based carbon budget models. In this study, we broadly discuss reaction 

mechanisms, however, there are some limitations in quencher selectivity. This could potentially 

result in multiple PPRI being present at the same time and could make it more difficult to draw 

conclusions regarding quencher responsibility. In the future, experiments using multiple quenchers 

to quench multiple PPRI at the same time would inform reaction mechanisms attributed to specific 

PPRI more accurately. For example, reaction mechanisms such as hydroxylation or 

decarboxylation would be important to further analyze.   

Additionally, it would be useful to construct a carbon budget model of indirect photolysis 

in diverse DOM pool. The construction of a carbon emissions model can be informed through 

dissolved gas measurements before and after photolysis along with FT-ICR MS measurements 

from quencher studies. Insights into carbon dioxide emissions from indirect photolysis can be 

found by using previous carbon budgets models and constructing part of a model relevant to inland 

lakes. Further, this can also give insights to reaction mechanisms that result in the most carbon 
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dioxide emissions. This would inform worldwide carbon budgets with important information to 

further understand greenhouse gas emissions and climate change.  
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Figure 1:  Percent difference in H:Cw after irradiation for six DOM samples in the absence of 

quenchers (all PPRI) and in the presence of (a) TPA (-•OH), (b) FFA (-1O2), and (c) sorbic acid (-
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3DOM). Percent difference in O:Cw after sample irradiation in the absence of quenchers (all PPRI) 

and in the presence of (d) TPA (-•OH), (e) FFA (-1O2), and (f) sorbic acid (-3DOM). All percent 

differences are calculated relative to an unirradiated control with the same quencher.  

 

Figure 2: Relative intensity increases or decreases in the absence of specific PPRI compared to 

sample irradiated with no quenchers present. Red represents the sample treatment (a-b: -•OH, c-d: 

-1O2, e-f: -3DOM) and blue represents the control (All PPRI) sample. The samples are organized 

by lake and the intensity change being measured (a) D1: Increasing, (b) D1: Decreasing, (c) E2: 

Increasing, (d) E2: Decreasing, (e) M1: Increasing, and (f) M1: Decreasing.   
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Figure 3: The number of (a-c) unique oxygen addition and (d-f) carbon dioxide loss formulas in 

the absence of specific PPRI compared to sample irradiated with no quenchers present.  
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Appendix A. Supplemental Information for Chapter 1 

Section S1: Chemicals 

Methanol (MeOH; ACS Reagent Grade, ≥99.8%), sodium hydroxide (reagent grade), 

sorbic acid (SA) (>99%), and 2-hydroxyterephthalic acid (>97%) were purchased from Sigma 

Aldrich. Acetonitrile (HPLC grade), hydrochloric acid (concentrated, ACS grade), formic acid 

(ACS, 88%), sodium bicarbonate (Certified ACS Grade), 2-propanol (IPA), sulfuric acid (Trace 

Metal Grade), potassium hydrogen phthalate (ACS grade), and ortho-phosphoric acid (ACS, 98%) 

were purchased from Fisher Chemical. para-Nitroanisole (>99%) was purchased from Acros 

Organics. 2,4,6-Trimethylphenol (>98%) and Pyridine (>99%) were purchased from Alfa Aesar. 

Sodium terephthalate was purchased from MP biomedicals LLC. Furfuryl alcohol (>97%) was 

purchased from Tokyo Chemical Industry (TCI). Ultrapure water (18.2 MΩ cm) was obtained from 

a Milli-Q water purification system.  

 

Section S2: Sample Locations 

 Samples were collected from core lakes from the North Temperate Lakes Long Term 

Ecological Research (NTL-LTER) sites (Table S1).34 These sites included lakes of diverse trophic 

levels and DOM composition. Water samples were taken from the middle of the lake in the top 

one meter of the water column. After collection, the samples were filtered with a 0.45 μm glass 

fiber filters within 72 hours and stored in the dark at 4˚C.  

 

 



28 
 

 

Table S1: Information regarding the sample waters collected in November of 2022.  

Sample Coordinates Description Sample label 

Trout Bog 46.041, -89.686 Dystrophic Lake D1 

Crystal Bog 46.008, -89.606 Dystrophic Lake D2 

Allequash Lake 46.038, -89.621 Mesotrophic 

Lake 

M1 

Lake Monona 43.063, -89.361 Eutrophic Lake E1 

Fish Lake 43.287, -89.652 Eutrophic Lake E2 

Lake Mendota 43.099, -89.405 Eutrophic Lake E3 

Lake Wingra 43.053, -89.425 Eutrophic Lake E4 

Big Muskellunge 

Lake 

46.021, -89.612 Oligotrophic 

Lake 

O1 

Crystal Lake 46.003, -89.612 Oligotrophic 

Lake 

O2 

Sparkling Lake 46.008, -89.701 Oligotrophic 

Lake 

O3 

Trout Lake 46.029, -89.665 Oligotrophic 

Lake 

O4 

 

 

Section S3: Water chemistry and bulk characteristics 

pH measurements were done using a Mettler Toledo EL20 pH meter (Table S2). Dissolved 

organic carbon concentrations ([DOC]) were taken using a Shimadzu Total Organic Carbon 

Analyzer (Table S2). The TOC analyzer was calibrated externally with a potassium hydrogen 

phthalate standard.  

Table S2: Basic water chemistry parameters 

Sample [DOC] (mg-C L-1) pH 

Trout Bog (D1) 25.6 ± 0.05 5.50 ± 0.10 

Crystal Bog (D2) 9.19 ± 0.03 6.07 ± 0.10 

Allequash Lake (M1) 4.70 ± 0.01 7.84 ± 0.10 

Lake Monona (E1) 4.63 ± 0.05 8.15 ± 0.10 

Fish Lake (E2) 6.10 ± 0.08 8.06 ± 0.10 
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Lake Mendota (E3) 4.67 ± 0.21 8.03 ± 0.10 

Lake Wingra (E4) 6.53 ± 0.05 8.06 ± 0.10 

Big Muskellunge Lake (O1) 5.33 ± 0.04 8.02 ± 0.10 

Crystal Lake (O2) 3.04 ± 0.01 7.75 ± 0.10 

Sparkling Lake (O3) 4.51 ± 0.04 7.61 ± 0.10 

Trout Lake (O4) 3.33 ± 0.02 7.63 ± 0.10 

 

Concentrations of anions including nitrate, sulfate, and chloride, were measured using 

anion exchange chromatography (Table S3.1) using a Dionex ICS-2100 instrument and a Dionex 

IonPac AS11-HC RFICTM column (4 x 250mm) with a guard column (4 x 50 mm). The limits of 

detection were 0.5 ppm for nitrate, 0.8 ppm for chloride and 0.6 ppm for sulfate. The 

concentrations of cations including calcium, magnesium, and iron were measured as part of the 

North Temperature Lakes-Long Term Ecological Research program.34 Cation concentrations from 

August of 2022 were listed here to give general overview of cation concentrations closest to the 

sampling date (Table S3.2).  

Table S3.1: Measured anion concentration in sample waters. 

Sample [NO3
-] 

(ppm) 

[Cl-] (ppm) [SO4
3-] 

(ppm) 

Trout Bog <0.5 <0.8 <0.6 

Crystal Bog <0.5 <0.8 <0.6 

Allequash Lake <0.5 <0.8 1.4 

Lake Monona <0.5 63.6 10.8 

Fish Lake 0.6 7.3 <0.6 

Lake Mendota <0.5 48.3 11.1 

Lake Wingra <0.5 114.1 14.0 

Big Muskellunge 

Lake 

<0.5 <0.8 1.2 

Crystal Lake <0.5 <0.8 1 

Sparkling Lake <0.5 10.6 1.1 

Trout Lake <0.5 0.94 1.3 
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Table S3.2: Selected cation concentrations in sample waters from the NTL-LTER public dataset 

during August of 2022. *Fish Lake most recent data was from March 2022. **The most recent 

data from Lake Mendota, Lake Monona, and Lake Wingra were from February 2022. 

Sample [Ca2+] 

(ppm) 

[Mg2+] (ppm) [Dissolved Fe] 

(ppm) 

Trout Bog 1.1 0.3 0.23 

Crystal Bog 0.7 0.2 0.36 

Allequash Lake 12.1 3.4 <0.02 

Lake Monona** 36.8 36.5 <0.02 

Fish Lake* 32.9 22.5 <0.02 

Lake Mendota** 37.0 37.4 <0.02 

Lake Wingra** 79.1 52.1 <0.02 

Big Muskellunge 

Lake 

6.7 2.1 <0.02 

Crystal Lake 1.0 0.27 <0.02 

Sparkling Lake 11.7 3.5 <0.02 

Trout Lake 13.0 3.4 <0.02 

 

General bulk DOM characteristics were collected using UV-vis spectrometry and 

fluorescence spectroscopy. UV-vis spectra were collected on Shimadzu UV-visible spectrometer 

and was analyzed from 200-800 nm and 1 cm pathlength. Fluorescence spectroscopy was analyzed 

on a Horiba Aqualog and an excitation emission matrix was produced from 250-800 nm. The data 

was corrected for inner filter effects and Rayleigh scattering. From UV-Vis spectroscopy results, 

SUVA254 and E2:E3 were calculated as seen in Table S4. From fluorescence spectroscopy results, 

fluorescence indices (FI) and biological indices (BIX) were calculated as seen in Table S4.55,70–72 

SUVA254, E2:E3, FI, and BIX results for all sample waters were included in Table S5.  

Table S4: Calculations for various bulk water chemistry parameters 

Parameter Calculation 

SUVA254 
𝐴𝑏𝑠.  254 𝑛𝑚

[𝐷𝑂𝐶]
 x 1000 

E2:E3 𝐴𝑏𝑠. 250 𝑛𝑚

𝐴𝑏𝑠. 365 𝑛𝑚
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Fluorescence Index (FI) = em. 
470 𝑛𝑚

520 𝑛𝑚
 at ex. 370 nm 

Biological Index (BIX) = em. 
380 𝑛𝑚

430 𝑛𝑚
 at ex. 310 nm 

 

Table S5: Bulk water chemistry parameters from sample waters. 

Sample SUVA254 (L mg-C-

1 m-1) 

E2:E3 FI BIX 

Trout Bog (D1) 5.87 4.47 1.38  0.46 

Crystal Bog (D2) 2.94 5 1.43 0.50 

Allequash Lake (M1) 2.01 6.46 1.52 0.75 

Lake Monona (E1) 1.82 10.6 1.70 0.98 

Fish Lake (E2) 1.5 10.8 1.63 1.03 

Lake Mendota (E3) 1.69 10.8 1.63 0.97 

Lake Wingra (E4) 1.99 7.71 1.61 0.89 

Big Muskellunge Lake 

(O1) 

0.75 9.75 1.61 0.88 

Crystal Lake (O2) 0.61 10 1.67 0.95 

Sparkling Lake (O3) 1.11 10.6 1.58 0.86 

Trout Lake (O4) 1.35 9.9 1.63 0.85 

 

 

 

Section S4: Photochemistry experiments 

Photochemistry experiments were performed to quantify the concentration of 

photochemically produced reactive intermediates (PPRI) in the sample waters. Probe molecules 

(10 µM) were used to quantify specific PPRI including 2,4,6-trimethylphenol (TMP) to quantify 

3DOM, furfuryl alcohol (FFA) to quantify 1O2, and sodium terephthalate (TPA) to quantify •OH. 

These photochemical probe experiments were done in a Rayonet photoreactor with 365 nm bulbs 

at room temperature. The irradiation times ranged from 2-4 hours allowing 6-8 time points 
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throughout the experiment. Probe molecules TMP and FFA followed first order degradation 

kinetics while TPA was used to measure the formation of 2-hydroxyterephalic acid (hTPA).43,73  

The degradation and formation of these probe molecules as well as a p-

nitroanisole/pyridine actinometer were measured with high performance liquid chromatography 

(HPLC) using an Agilent 1260 with a 1260 diode array detector and a 1260 fluorescence detector.41 

The analyte, column, eluent, and detector used are listed in Table S6.  

 

Table S6: HPLC methods for probe compounds and PNA. Type of analyte, column, eluent, and 

detectors (DAD: diode array detector and FLD: fluorescence detector) are listed for each analyte 

and PNA.  

Analyte Column Eluent Detection 

p-Nitroanisole 

(PNA) 

Agilent 

Poroshell 120 

EC-C18 (3.0 x 

50 mm) 

65:35 0.1% Formic acid 

with 10% acetonitrile: 

acetonitrile 

DAD at 314 nm 

Furfuryl alcohol 

(FFA) 

Agilent 

Poroshell 120 

EC-C18 (3.0 x 

50 mm) 

90:10 0.1% Formic acid 

with 10% acetonitrile: 

acetonitrile 

DAD at 217 nm 

2, 4, 6- 

Trimethylphenol 

(TMP) 

Agilent 

Poroshell 120 

EC-C18 (3.0 x 

50 mm) 

50:50 0.1% Formic acid 

with 10% acetonitrile: 

acetonitrile 

FLD: excitation at 

230 nm, emission at 

325 nm 

Sodium 

Terephthalate (TPA) 

Agilent 

Poroshell 120 

Bonus RP (3.0 x 

100 mm) 

60:40 0.1% Phosphoric 

acid: acetonitrile 

FLD: excitation at 

250 nm, emission at 

410 nm 

 

Steady-state concentrations. For the steady-state concentration of 3DOM, the measured 

pseudo-first-order rate constant (kobs,TMP) was divided by kTMP,3DOM (second-order rate constant for 

the reaction between 3DOM and TMP; 2.6 x 10-9 M-1 s-1) as seen in Table S7.43 These experiments 

were conducted at a normalized [DOC] of 3 mg-C L-1 as seen previously.43  
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The steady-state concentration of 1O2 was measured by dividing the pseudo-first-order rate 

constant (kobs,FFA) by the rate constant kFFA,1O2 between 1O2 and FFA (1.00 x 108 M-1 s-1) as seen in 

Table S7.42,74  

Finally, the steady-state concentration of •OH was calculated using the formation rate of 

hTPA (kobs,TPA) and kTPA,OH as the rate constant for the reaction between hydroxyl radical and TPA 

(4.4 x 109 M-1 s-1) as seen in Table S7.73 

Quantum yields. Quantum yields were calculated for 1O2 and 
•OH, while a quantum yield 

coefficient was calculated for 3DOM. The quantum yield of singlet oxygen formation (Φ1O2) was 

calculated as described previously using the equation in Table S7.42 The equation used variables 

including ΦPNA, [PNA]t=0, kobs PNA, the rate constant for quenching of 1O2 by water (kd, 2.4 x 105 s-

1), kFFA, the rate of light absorption of both PNA (Ra,PNA) and FFA (Ra,FFA), and the observed rate 

constant of degradation of FFA (kobs,FFA).43,74 

The quantum yield coefficient of triplet DOM was also calculated like previous studies 

using the equation presented in Table S7. Quantum yield coeffecients were calculated here because 

The variables used were like singlet oxygen and include ΦPNA, [PNA]t=0, kobs, PNA, Ra, PNA, and the 

rate of light absorption of TMP (Ra, TMP).51,69 

Finally, the quantum yield of hydroxyl radical was calculated like previous studies using 

the equation presented in Table S7. The equation used [•OH] ss, Ra, TPA, [HCO3
-], [CO3

2-], and 

[DOC] found experimentally and constants including k•OH,HCO3 = 8.5 x 106 M-1 s-1, k•OH,CO3 = 3.9 

x 108 M-1 s-1, and k•OH,DOM = 1.9 x 104 mg-C-1 L s-1.23,75,76 

 

 

 



34 
 

Table S7: Summary of equations needed for steady-state and quantum yield calculations.  

PPRI Steady-state 

concentration 

Quantum yield 

3DOM 
[ 𝐷𝑂𝑀⬚

3 ]𝑠𝑠 =
𝑘𝑜𝑏𝑠,𝑇𝑀𝑃

𝑘𝑇𝑀𝑃
 𝑓𝑇𝑀𝑃 =

𝛷𝑃𝑁𝐴

[𝑃𝑁𝐴]𝑡=0
×

𝑅𝑎,𝑃𝑁𝐴

𝑅𝑎,𝑇𝑀𝑃
×

𝑘𝑜𝑏𝑠,𝑇𝑀𝑃

𝑘𝑜𝑏𝑠,𝑃𝑁𝐴
 

1O2 
[ 𝑂1

1
2]𝑠𝑠 =

𝑘𝑜𝑏𝑠,𝐹𝐹𝐴

𝑘𝐹𝐹𝐴 
 𝛷1𝑂2 =

𝛷𝑃𝑁𝐴

[𝑃𝑁𝐴]𝑡=0
×

𝑅𝑎,𝑃𝑁𝐴

𝑅𝑎,𝐹𝐹𝐴
×

(𝑘𝑜𝑏𝑠,𝐹𝐹𝐴 × 𝑘𝑑)

(𝑘𝑜𝑏𝑠,𝑃𝑁𝐴 × 𝑘𝐹𝐹𝐴)
 

˙OH 
[ 𝑂𝐻1

• ]𝑠𝑠 =
𝑘𝑜𝑏𝑠,𝑇𝑃𝐴

𝑘𝑇𝑃𝐴
 𝛷•OH =

𝑘•OH,HCO3[𝐻𝐶𝑂3
−] + 𝑘•OH,CO3[𝐶𝑂3

2−] + 𝑘•OH,[DOC][𝐷𝑂𝐶][• OH]𝑠𝑠

𝑅𝑎
 

 

Table S8: Steady-state concentrations for the sample waters. Error represents standard deviation 

in triplicate measurements.  

Sample [3DOM]ss (M) [1O2]ss (M) [•OH]ss (M) 

Trout Bog (3.9 ± 0.18) x 10-14 (9.3 ± 0.20) x 10-13 (1.8 ± 0.01) x 10-15 

Crystal Bog (3.0 ± 0.20) x 10-14 (3.6 ± 0.04) x 10-13 (9.5 ± 2.0) x 10-17 

Allequash Lake (3.1 ± 0.05) x 10-14 (2.3 ± 0.20) x 10-13 (1.7 ± 0.30) x 10-16 

Lake Monona (4.6 ± 0.08) x 10-14 (2.9 ± 0.20) x 10-13 (7.3 ± 0.60) x10-17 

Fish Lake (4.2 ± 0.09) x 10-14 (2.9 ± 0.06) x 10-13 (3.2 ± 0.05) x10-16 

Lake Mendota (3.7 ± 0.10) x 10-14 (2.3 ± 0.02) x 10-13 (4.7 ± 0.06) x10-17 

Lake Wingra (4.0 ± 0.01) x 10-14 (3.2 ± 0.05) x 10-13 (6 ± 0.1) x10-17 

Big Muskellunge Lake (1.5 ± 0.05) x 10-14 (9 ± 1) x 10-14 (6.8 ± 0.50) x 10-17 

Crystal Lake (9.0 ± 0.10) x 10-15 (2.6 ± 0.30) x 10-14 (3.5 ± 0.60) x 10-17 

Sparkling Lake (2.6 ± 0.13) x 10-14 (7.9 ± 0.30) x 10-14 (6.7 ± 0.70) x 10-17 

Trout Lake (2.2 ± 0.03) x 10-14 (7.7 ± 0.10) x 10-14 (1.2 ± 0.10) x 10-16 

 

Table S9: Quantum yields (or quantum yield coefficients) for the sample waters. Error represents 

standard deviation in triplicate measurements. 

Sample fTMP (M-1 ) Φ1O2 Φ•OH 

Trout Bog (D1) 16.3 ± 0.90 (4.6 ± 0.08) x 10-3 (1.4± 0.006) x 10-4 

Crystal Bog (D2) 21.8 ± 2.2 (7.2± 0.08) x 10-3 (1.1 ± 0.2) x 10-5 

Allequash Lake (M1) 42.6 ± 0.87 (1.8 ± 0.2) x 10-2 (4.0 ± 0.6) x 10-5 

Lake Monona 130 ± 3.4 (3.83 ± 0.2) x 10-2 (2.0 ± 0.2) x 10-5 

Fish Lake 103 ± 2.6 (3.7± 0.07) x 10-2 (1.3 ± 0.02) x 10-4 

Lake Mendota 133 ± 4.5 (3.32 ± 0.04) x 10-2 (2.2 ± 0.3) x 10-5 
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Lake Wingra 79 ± 0.37 (2.21± 0.04) x 10-2 (1.7 ± 0.03) x 10-5 

Big Muskellunge Lake 103 ± 4.4 (2.67 ± 0.4) x 10-2 (7.3 ± 0.5) x 10-5 

Crystal Lake 91.4 ± 1.2 (2.76 ± 0.4) x 10-2 (2.8 ± 0.5) x 10-5 

Sparkling Lake 92.8 ± 5.8 (1.70 ± 0.06) x 10-2 (2.8 ± 0.3) x 10-5 

Trout Lake 55.5 ± 1.0 (1.97± 0.03) x 10-2 (5.83 ± 0.5) x10-5 

 

Section S5: Quencher experiments  

The sample waters were subset into a diverse DOM pool consisting of differing 

concentrations of PPRI (Table S10; Figure S1). This pool of DOM consists of dystrophic (D1-

D2), mesotrophic (M1), eutrophic (E1-E2), and oligotrophic lakes (O1). D1 is characterized by 

relatively high concentrations of all three PPRI compared to the other sample waters. D2 is 

characterized by high concentrations of singlet oxygen with moderate to low concentrations of the 

other PPRI. M1 is characterized by moderate concentrations of all three PPRI. E1 is characterized 

by high triplet DOM and singlet oxygen and lower hydroxyl radicals. E2 is characterized by higher 

concentrations of all three PPRI. O1 is characterized by low concentrations of all three PPRI.  

Table S10: Subset of waters used in the quenching experiments and the corresponding steady-state 

concentrations of PPRI in each sample water.  

Sample Sample 

label 

[3DOM]ss (M) [1O2]ss (M) [•OH]ss (M) 

Trout Bog D1 (3.89 ± 0.18) x 

10-14 

(9.3 ± 0.2) x 

10-13 

(1.8 ± 0.009) x 

10-15 

Crystal Bog D2 (3.04 ± 0.22) x 

10-14 

(3.6 ± 0.04) x 

10-13 

(9.5 ± 2) x 10-17 

Allequash Lake M1 (3.14 ± 0.05) x 

10-14 

(2.3 ± 0.2) x 

10-13 

(1.7 ± 0.3) x 

10-16 

Lake Monona E1 (4.56 ± 0.08) x 

10-14 

(2.9 ± 0.2) x 

10-13 

(7.3 ± 0.6) x10-

17 

Fish Lake E2 (4.23 ± 0.09) x 

10-14 

(2.9 ± 0.06) x 

10-13 

(3.2 ± 0.05) 

x10-16 

Big Muskellunge Lake O1 (1.49 ± 0.05) x 

10-14 

(9.0 ± 1) x 10-

14 

(6.8 ± 0.5) x 

10-17 
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Figure S1: Comparison of PPRI steady-state concentrations between samples selected for 

quencher experiments and FT-ICR MS analysis. Steady-state concentrations of (a) 3DOM (b) 1O2, 

and (c) •OH. Error bars represent standard deviations between triplicate samples.  

 

Optical properties pre- and post-photolysis. Samples containing no quenchers were used 

to investigate the general changes pre- and post-photolysis of each sample water. They were also 

used to compare the samples with no quenchers present to the samples with quenchers present to 

assess the responsibility of individual PPRI. Table S11 as well as Figures S2 (a-c) provide 

summaries and visualizations of pre- and post-photolysis optical changes when no quenchers are 

present in a sample. E2:E3 was not added to this this table due to outliers present in multiple 

samples.  

The changes in optical properties in samples with quenchers present was presented in Table 

S12. This table contains the fluorescence index and biological index. However, it does not contain 

SUVA254 or E2:E3 because the absorbance was unable to be measured in the presence of the 

quenchers, which acted as an interferant in the measurements. The data was presented in terms of 

which PPRI is absent in the presence of the quencher the sample is treated with.  
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Table S11: Optical properties of sample waters without quenchers pre- and post-photolysis. 
 

FI BIX SUVA254 

Sample Pre Post Pre Post Pre Post 

Trout Bog (D1) 1.39 1.15 0.44 0.52 3.76 3.07 

Crystal Bog (D2) 1.40 1.18 0.48 0.60 2.87 2.25 

Allequash Lake (M1) 1.54 1.23 0.72 0.97 2.58 2.39 

Lake Monona (E1) 1.65 1.27 0.96 1.26 1.67 1.53 

Fish Lake (E2) 1.67 1.24 0.97 1.27 1.56 1.4 

Big Muskellunge Lake 

(O1) 

1.64 1.21 0.88 1.20 0.72 0.68 

 

 

Figure S2: Changes in (a) fluorescence index, (b) biological index, and (c) SUVA254 pre- and post-

photolysis with no quenchers present (All PPRI present) in the sample waters.  

 

Table S12: Optical properties of sample waters with quenchers pre- and post-photolysis. 
  

FI BIX 

Sample Treatment Pre Post Pre Post 

Trout Bog (D1) - •OH (IPA) 1.38 1.13 0.45 0.56 

- 1O2 (FFA) 1.36 1.03 0.46 0.67 

- 3DOM (SA) 1.39 1.07 0.47 0.58 

Crystal Bog (D2) - •OH (IPA) 1.42 1.15 0.46 0.61 

- 1O2 (FFA) 1.38 1.06 0.54 0.79 

- 3DOM (SA) 1.42 1.14 0.49 0.67 

Allequash Lake (M1) - •OH (IPA) 1.57 1.23 0.74 1.02 

- 1O2 (FFA) 1.45 1.30 0.86 1.15 
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- 3DOM (SA) 1.56 1.12 0.73 1.00 

Lake Monona (E1) - •OH (IPA) 1.63 1.22 0.99 1.33 

- 1O2 (FFA) 1.51 1.10 1.10 1.55 

- 3DOM (SA) 1.69 0.99 0.95 1.35 

Fish Lake (E2) - •OH (IPA) 1.68 1.27 0.98 1.25 

- 1O2 (FFA) 1.57 1.20 1.06 1.45 

- 3DOM (SA) 1.67 0.95 0.95 1.37 

Big Muskellunge Lake (O1) - •OH (IPA) 1.80 1.42 0.87 1.26 

- 1O2 (FFA) 1.53 1.12 1.29 1.23 

- 3DOM (SA) 1.48 1.02 0.85 1.12 

 

 

 

Section S6: High-resolution mass spectrometry 

Sample preparation methods. DOM was extracted from samples pre- and post-photolysis 

using solid phase extraction (SPE). Samples (250 mL) were acidified with hydrochloric acid (pH 

<2.0) and loaded onto BondElut PPL cartridges, which were activated using methanol (5 mL). The 

cartridges were rinsed with 0.1% HCl (1 mL), dried with air (5 minutes), and extracted with 

methanol (5 mL).  

General molecular characteristics. Fourier transform-ion cyclotron mass spectrometry 

(FT-ICR MS) was performed on all the quenched and unquenched samples from the subset of 

sample waters. General characteristics such as weighted averages of H:C (H:Cw), O:C (O:Cw), and 

double bond equivalents per carbon (DBE/C), as well as number of formulas were calculated to 

investigate differences between quenched and unquenched samples to shed light on how certain 

PPRI are changing molecular DOM composition. These molecular characteristics are shown in 

Table S13 and Table S14.  
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Table S13: General molecular characteristics including number of formulas and the number of 

CHO, CHON1, CHON2, and CHOS formulas. This included all sample treatments as well as 

analysis before and after 24-hour photolysis experiments.  
  

# total 

formulas 

# CHO 

formulas 

CHON1 

formulas 

CHON2 

formulas 

CHOS 

formulas 

Sample Treatment Pre Post Pre Post Pre Post Pre Post Pre Post 

Trout Bog 

(D1) 

All PPRI 4407 4287 3353 3211 769 805 162 138 123 133 

- •OH (IPA) 3874 3808 3125 3038 579 608 68 96 102 66 

- 1O2 (FFA) 4204 3975 3305 3056 712 725 65 54 122 140 

- 3DOM (SA) 4514 4617 3514 3414 701 847 131 132 168 224 

Crystal Bog 

(D2) 

All PPRI 5047 5359 3176 3328 1439 1581 166 181 266 269 

- •OH (IPA) 5063 5225 3440 3292 1327 1498 140 150 156 285 

- 1O2 (FFA) 4509 3797 3103 2741 1194 920 79 24 133 112 

- 3DOM (SA) 5035 5249 3441 3409 1232 1431 178 197 184 212 

Allequash 

Lake (M1) 

All PPRI 4860 4937 3110 3094 1274 1342 213 221 263 280 

- •OH (IPA) 4778 4877 3063 3045 1285 1379 186 196 244 257 

- 1O2 (FFA) 4188 3418 2785 2496 1174 792 73 36 156 94 

- 3DOM (SA) 4548 4858 3013 3115 1055 1223 247 258 233 262 

Lake Monona 

(E1) 

All PPRI 5432 5301 2594 2470 1478 1499 589 569 771 763 

- •OH (IPA) 5458 5218 2583 2515 1536 1418 516 508 823 777 

- 1O2 (FFA) 4708 4113 2578 2615 1432 1031 167 99 531 368 

- 3DOM (SA) 5192 5622 2485 2616 1377 1514 573 650 757 842 

Fish Lake 

(E2) 

All PPRI 5490 5469 2639 2548 1669 1708 740 752 442 461 

- •OH (IPA) 5720 5387 2763 2626 1722 1663 801 687 434 411 

- 1O2 (FFA) 4779 3978 2705 2592 1618 1156 211 118 245 112 

- 3DOM (SA) 5479 5482 2647 2650 1593 1592 798 790 441 450 

Big 

Muskellunge 

Lake (O1) 

All PPRI 5658 5196 2837 2611 1907 1598 406 472 508 515 

- •OH (IPA) 5375 5084 2736 2628 1611 1528 484 426 544 502 

- 1O2 (FFA) 4202 3643 2389 2414 1400 902 124 59 289 268 

- 3DOM (SA) 4831 4872 2531 2569 1363 1354 440 471 497 478 

 

Table S14: General molecular characteristics including H:Cw, O:Cw, and DBE/Cw for all sample 

treatments as well as analysis before and after 24-hr photolysis experiments.  
  

H:Cw O:Cw DBE/C 

Sample Treatment Pre Post Pre Post Pre Post 

Trout Bog (D1) All PPRI 1.09 1.05 0.53 0.55 0.51 0.53 

- •OH (IPA) 1.20 1.21 0.47 0.45 0.46 0.45 
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- 1O2 (FFA) 1.10 1.07 0.51 0.52 0.51 0.52 

- 3DOM (SA) 1.12 1.09 0.51 0.52 0.49 0.51 

Crystal Bog (D2) All PPRI 1.14 1.14 0.51 0.52 0.49 0.49 

- •OH (IPA) 1.14 1.16 0.51 0.50 0.48 0.48 

- 1O2 (FFA) 1.14 1.11 0.49 0.52 0.48 0.50 

- 3DOM (SA) 1.11 1.11 0.52 0.52 0.50 0.50 

Allequash Lake 

(M1) 

All PPRI 1.19 1.20 0.50 0.51 0.46 0.46 

- •OH (IPA) 1.19 1.20 0.50 0.50 0.47 0.46 

- 1O2 (FFA) 1.16 1.11 0.49 0.53 0.48 0.50 

- 3DOM (SA) 1.20 1.18 0.50 0.51 0.46 0.47 

Lake Monona 

(E1) 

All PPRI 1.32 1.30 0.46 0.48 0.41 0.42 

- •OH (IPA) 1.30 1.33 0.47 0.45 0.42 0.40 

- 1O2 (FFA) 1.25 1.16 0.47 0.52 0.44 0.48 

- 3DOM (SA) 1.29 1.28 0.47 0.47 0.42 0.43 

Fish Lake (E2) All PPRI 1.27 1.27 0.51 0.51 0.43 0.44 

- •OH (IPA) 1.26 1.26 0.51 0.52 0.44 0.44 

- 1O2 (FFA) 1.23 1.16 0.49 0.53 0.45 0.48 

- 3DOM (SA) 1.26 1.25 0.51 0.52 0.44 0.45 

Big Muskellunge 

Lake (O1) 

All PPRI 1.33 1.30 0.50 0.50 0.40 0.42 

- •OH (IPA) 1.30 1.29 0.49 0.49 0.41 0.42 

- 1O2 (FFA) 1.25 1.13 0.49 0.53 0.44 0.49 

- 3DOM (SA) 1.29 1.28 0.49 0.49 0.42 0.42 

 

Formula intensity change. Relative formula intensity before and after photolysis was 

analyzed to investigate how DOM molecular composition changed throughout photolysis with 

different quenchers present.  This analysis was done on formulas that changed in intensity but were 

present before and after photolysis. The intensity changes of a sample water with a quencher that 

went through photolysis was compared to a dark control with the same quencher present. Relative 

intensity changes of formulas present before (t0) and after photolysis (t24) were separated into two 

groups: formulas that increased in relative intensity by ≥10% and formulas that decreased in 

relative intensity by ≥10% after photolysis. The H:C and O:C ratios of each of formulas in these 

groups were calculated and plotted with each other. Figure S3 shows the increasing and decreasing 
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relative formula intensity van Krevelen diagrams for all treatments and sample waters used in the 

quencher experiments.  

 

Figure S3: Relative formula intensity increase/decrease van Krevelen diagrams, with blue 

representing formula intensity decreases ≥10% and red representing formula intensity increases 

≥10%. Each individual graph represents a treatment from Trout Bog (D1) including (a) -•OH (IPA), 

(b) -1O2 (FFA), (c) -3DOM (SA), and (d) All PPRI. 
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Figure S4: Relative formula intensity increase/decrease van Krevelen diagrams, with blue 

representing formula intensity decreases ≥10% and red representing formula intensity increases 

≥10%. Each individual graph represents a treatment from Crystal Bog (D2) including (a) -•OH 

(IPA), (b) -1O2 (FFA), (c) -3DOM (SA), and (d) All PPRI. 
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Figure S5: Relative formula intensity increase/decrease van Krevelen diagrams, with blue 

representing formula intensity decreases ≥10% and red representing formula intensity increases 

≥10%. Each individual graph represents a treatment from Allequash Lake (M1) including (a) -•OH 

(IPA), (b) -1O2 (FFA), (c) -3DOM (SA), and (d) All PPRI. 
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Figure S6: Relative formula intensity increase/decrease van Krevelen diagrams, with blue 

representing formula intensity decreases ≥10% and red representing formula intensity increases 

≥10%. Each individual graph represents a treatment from Lake Monona (E1) including (a) -•OH 

(IPA), (b) -1O2 (FFA), (c) -3DOM (SA), and (d) All PPRI. 
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Figure S7: Relative formula intensity increase/decrease van Krevelen diagrams, with blue 

representing formula intensity decreases ≥10% and red representing formula intensity increases 

≥10%. Each individual graph represents a treatment from Fish Lake (E2) including (a) -•OH (IPA), 

(b) -1O2 (FFA), (c) -3DOM (SA), and (d) All PPRI. 
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Figure S8: Relative formula intensity increase/decrease van Krevelen diagrams, with blue 

representing formula intensity decreases ≥10% and red representing formula intensity increases 

≥10%. Each individual graph represents a treatment from Big Muskellunge Lake (O1) including 

(a) -•OH (IPA), (b) -1O2 (FFA), (c) -3DOM (SA), and (d) All PPRI. 
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O addition and CO2 loss formulas. DOM molecular composition changes were analyzed 

for partial and complete photooxidation. To do this, formulas showing evidence of oxygen addition 

and carbon dioxide loss were analyzed. Oxygen addition pathways (+1O, +2O, +1O/+2O) were 

analyzed by constructing mass lists based on the formulas in each dark control for each treatment 

in each sample water. Then, each mass list was searched for predicted unique photoproducts in the 

irradiated samples that corresponded to their respective dark controls. This allows the addition of 

one, two, or one/two oxygen atoms to be quantified in the formula matching of the irradiated 

sample. One/two oxygen addition was quantified if the formation of the product can be attributed 

to either the addition of one oxygen or two oxygen pathways. This can be used to give insight into 

the partial photooxidation of the DOM in the presence of different PPRI/quenchers.  

Carbon dioxide loss was quantified through the generation of a mass list based on formulas 

in the dark controls for each treatment in each sample water. Then this mass list was used to search 

for predicted carbon dioxide loss products in the irradiated samples. This can be used to give 

insight into complete photooxidation of the DOM in the presence of different PPRI/quenchers. The 

number of oxygen addition and carbon dioxide loss formulas were presented in Table S15 and 

Figure S9. van Krevelen diagrams showcasing how DOM composition effects oxygen addition 

and carbon dioxide loss were presented in Figure S10-S15.  

 

Table S15: Number of oxygen addition and carbon dioxide loss formulas in each sample water 

and treatment.  

Sample Treatmen

t 

# 1O 

addition 

# 2O 

addition 

# 1O/2O 

addition 

# of total O 

addition 

# CO2 

loss 
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Trout Bog (D1) - •OH 66 51 92 209 299 

- 1O2 93 101 345 539 207 

- 3DOM 52 75 114 241 139 

All PPRI 63 59 177 299 130 

Crystal Bog 

(D2) 

- •OH 57 44 127 228 136 

- 1O2 29 93 186 308 37 

- 3DOM 63 55 111 259 181 

All PPRI 83 105 234 422 151 

Allequash Lake 

(M1) 

- •OH 85 66 129 280 154 

- 1O2 34 81 181 296 36 

- 3DOM 105 115 169 389 161 

All PPRI 91 76 157 324 150 

Lake Monona 

(E1) 

- •OH 57 48 69 174 235 

- 1O2 39 108 226 373 662 

- 3DOM 98 95 194 387 197 

All PPRI 64 83 196 343 480 

Fish Lake (E2) - •OH 67 63 159 289 105 

- 1O2 41 108 203 352 41 

- 3DOM 96 83 142 321 161 

All PPRI 75 75 145 295 143 

Big 

Muskellunge 

Lake (O1) 

- •OH 41 52 87 180 106 

- 1O2 36 88 180 304 51 

- 3DOM 81 72 158 311 158 
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All PPRI 46 48 88 182 216 

 

 

Figure S9: Bar graphs demonstrating the number of oxygen additions and carbon dioxide loss in 

each sample water and treatment. Red represents one oxygen addition, blue represents two oxygen 

additions, green represents either one or two oxygen additions, and purple represents carbon 

dioxide loss. Each individual graph represents a sample water including (a) D1, (b) D2, (c) M1, 

(d) E1, (e) E2, and (f) O1.  
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Figure S10: van Krevelen diagrams demonstrating the DOM compositional differences in oxygen 

addition and carbon dioxide loss in each sample water and treatment. Red represents carbon 

dioxide loss formulas and blue represents total oxygen addition formulas. Each individual graph 

represents a treatment from Trout Bog (D1) including (a) -•OH (IPA), (b) -1O2 (FFA), (c) -3DOM 

(SA), and (d) All PPRI. 
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Figure S11: van Krevelen diagrams demonstrating the DOM compositional differences in oxygen 

addition and carbon dioxide loss in each sample water and treatment. Red represents carbon 

dioxide loss formulas and blue represents total oxygen addition formulas. Each individual graph 

represents a treatment from Crystal Bog (D2) including (a) -•OH (IPA), (b) -1O2 (FFA), (c) -3DOM 

(SA), and (d) All PPRI.  
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Figure S12: van Krevelen diagrams demonstrating the DOM compositional differences in oxygen 

addition and carbon dioxide loss in each sample water and treatment. Red represents carbon 

dioxide loss formulas and blue represents total oxygen addition formulas. Each individual graph 

represents a treatment from Allequash Lake (M1) including (a) -•OH (IPA), (b) -1O2 (FFA), (c) -
3DOM (SA), and (d) All PPRI. 
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Figure S13: van Krevelen diagrams demonstrating the DOM compositional differences in oxygen 

addition and carbon dioxide loss in each sample water and treatment. Red represents carbon 

dioxide loss formulas and blue represents total oxygen addition formulas. Each individual graph 

represents a treatment from Lake Monona (E1) including (a) -•OH (IPA), (b) -1O2 (FFA), (c) -
3DOM (SA), and (d) All PPRI. 
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Figure S14: van Krevelen diagrams demonstrating the DOM compositional differences in oxygen 

addition and carbon dioxide loss in each sample water and treatment. Red represents carbon 

dioxide loss formulas and blue represents total oxygen addition formulas. Each individual graph 

represents a treatment from Fish Lake (E2) including (a) -•OH (IPA), (b) -1O2 (FFA), (c) -3DOM 

(SA), and (d) All PPRI. 
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Figure S15: van Krevelen diagrams demonstrating the DOM compositional differences in oxygen 

addition and carbon dioxide loss in each sample water and treatment. Red represents carbon 

dioxide loss formulas and blue represents total oxygen addition formulas. Each individual graph 

represents a treatment from Big Muskellunge Lake (O1) including (a) -•OH (IPA), (b) -1O2 (FFA), 

(c) -3DOM (SA), and (d) All PPRI. 
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