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Results 

Contribution of photochemical pathways in DOM-sensitized matrices. The overall 

domoic acid photodegradation in the synthetic matrices was attributed to corresponding 

photochemical pathways using a series of experiments designed to isolate, promote or 

quench specific reaction pathways. The experimental data (presented in Table S1) was 

used to develop the results presented in Figure 1c. 

Direct photolysis. To quantify the contribution of direct photolysis to domoic acid 

degradation in the synthetic matrices, domoic acid loss was measured in DI water 

containing 20 mM phosphate buffer (pH 8.1) alone (freshwater), with 540 mM NaClO4 

(ionic strength control), and 540 mM NaCl, 0.8 mM NaBr (seawater halides). The 

observed rate constants are reported in Table S1. To calculate the contribution of direct 

photolysis to total domoic acid photodegradation in the presence of sensitizers, the rate 

constants were corrected for shading (1) occurring due the presence of 5 mg/L DOM as 

Suwannee River DOM (SRDOM).  

 Overall, direct photolysis accounted for 23% (freshwater), 21% (ionic strength 

control), and 14% (seawater halides) of the photodegradation observed in the presence of 

5 mg/L SRDOM. Some matrix effect was observed, suggesting that self-sensitization 

may be occurring. However, because domoic acid concentrations were the same in the 

direct and SRDOM-containing experiments, the same extent of self-sensitization is 

expected to occur in both sets of matrices.  

Indirect photolysis. The indirect photodegradation rate constant in the SRNOM-

containing synthetic solutions was calculated by subtracting the shading-corrected direct 

rate constant from the total observed rate constant in the presence of 5 mg-C/L SRNOM. 

In this way, the indirect photolysis rate constants were determined to be 5.5 (±0.3)× 10-6 

s-1 in freshwater, 8.7 (±0.4)× 10-6 s-1 in the ionic strength control and 21.8 (±1.1)× 10-6 s-1 

in the presence of seawater halides. Therefore, the presence of seawater-level ionic 

strength increased the indirect photodegradation rate constant of domoic acid by 3.2 

(±0.5)× 10-6 s-1, and the presence of seawater halides specifically increased the indirect 

photodegradation rate constant of domoic acid by 13.1 (±1.2)× 10-6 s-1. 
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Singlet oxygen. One reactive oxygen species (ROS) that could contribute to domoic acid 

indirect photolysis is singlet oxygen (1O2). Loss of 1O2 is dominated by deactivation by 

water. To extend 1O2 lifetimes, 90% of the water in the synthetic matrices was replaced 

with deuterium oxide (D2O), resulting in [1O2] that was expected to be ~6.4 times higher 

than in the 100% H2O matrix (2). In the seawater matrix, the observed domoic acid 

photodegradation rate constant increased from 25.4 (±1.0) × 10-6 s-1 in the 100% H2O 

solution to 30.0 (±2.0) × 10-6 s-1 in the 90% D2O/10% H2O solution. This slight increase 

suggests that 1O2 accounts for only 2.9% of indirect domoic acid photodegradation in 

seawater. Similarly low contributions of 1O2 to domoic acid indirect photodegradation 

were determined for the freshwater matrix (4.1%) and the ionic strength matrix (9.5%), 

suggesting that 1O2-mediated pathways are not dominant contributors to domoic acid 

photodegradation in any matrix.  

Energy transfer (isomerization). As with other conjugated dienes (3, 4), energy transfer 

from 3DOM* to domoic acid, a cis-trans isomer, formed three isomer products (5), 

confirmed by HPLC-MS analysis. Although the conformations of the isomer products 

were not determined, their concentrations were quantified by HPLC-UV at 242 nm 

because of similar molar extinction coefficients to domoic acid at this wavelength (5). 

Energy transfer reactions from triplet excited-state DOM (3DOM*) were determined 

using the observed linear isomer formation for one of the product isomers (retention time, 

RT=17.8 min) in the first 6 hours in the presence of seawater halides or the first 10 hours 

in the freshwater and ionic strength control (Figure S1e). The total isomer formation rate 

was calculated by determining the ratios of the three isomer products to be 0.53:0.26:0.21 

(with RT 17.8 min, 18.2 min, and 28.8 min respectively). The total isomerization rate was 

divided by the average domoic acid concentration over the timeframe to obtain the rate 

constant of isomerization (Figure S1f and Table S1). 

 The isomerization rate constant observed in the ionic strength control and the 

seawater halides solution were double the observed rate in the freshwater case, consistent 

with previously observed doubling of isomerization rates the presence of high ionic 

strength regardless of the identity of the salt (6). Furthermore, the observed increase in 

the isomerization rate constant could account for the observed increase in the indirect 
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photodegradation rate constant in the presence of ionic strength, but not the increase in 

the presence of seawater halides. 

Electron transfer. Unlike 1O2 and energy transfer reactions, which were estimated using 

pathway-specific techniques, electron transfer with 3DOM* was evaluated by quenching 

the reaction using 25 mM phenol (7), which can also react with radicals (8). Phenol may 

also quench 1O2; however, the contribution of 1O2 to domoic acid photodegradation was 

found to be minor in earlier experiments using deuterium oxide. In order to test for 

additional scavenging of radical reactions, 25 mM methanol and, in the presence of 

halides, 250 mM isopropanol, were separately added to the synthetic solutions to quench 

radicals, as discussed below. The concentration of quenching agents (e.g. 25 mM phenol, 

25 mM methanol, 250 mM isopropanol) was selected to maximize the quenching of the 

reactive intermediates under consideration. The effect of the addition of quencher Q on 

domoic acid (DA) degradation by intermediate I (where I is 3DOM*, �OH, or RHS) was 

estimated using the ratio kI,DA[DA]/kI,Q[Q], as reported in Table S5.  The second-order 

rate constants (kI,DA for the reaction of the intermediate with domoic acid, kQ,DA for the 

reaction of the intermediate with the quenching agent) used in this calculation are 

presented in Table S4. When the value of this ratio is small (e.g. ≤0.05), the reaction of 

the intermediate I with domoic acid is expected to be quenched nearly completely. This 

criteria was met for all quenching conditions except for quenching some RHS (Br�, Cl2
�-, 

Br2
�-, ClBr�-) by 25 mM methanol (Table S5), discussed further in the next section.  

The pseudo-first order rate constants of electron transfer reactions were calculated 

as the difference of the rate constant observed in the alcohol- and phenol-quenched 

matrixes under nearly complete quenching conditions. These electron transfer rate 

constants were determined to be 1.2 (±0.1)× 10-6 s-1 in freshwater (25 mM phenol and 25 

mM methanol), 3.0 (±0.2)× 10-6 s-1 in the ionic strength control (25 mM phenol and 25 

mM methanol) and 3.3 (±0.3)× 10-6 s-1 in the presence of seawater halides (25 mM 

phenol and 250 mM isopropanol). 

Radicals. Radical-mediated reactions can be selectively scavenged using alcohols. Upon 

addition of 25 mM methanol, the observed first-order rate constant of domoic acid 

photodegradation decreased by 8% in freshwater and 1% in the ionic strength control. In 

the presence of seawater halides, the addition of 25 mM methanol resulted in a 27% 
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decrease, suggesting that radical-mediated reactions may have a greater contribution to 

domoic acid photodegradation in the presence of seawater halides. As indicated above, 25 

mM methanol is expected to nearly completely quench �OH reactions with domoic acid. 

Because radicals anticipated to be prevalent in the presence of seawater halides (i.e. 

reactive halogen species, RHS) are less reactive with methanol than �OH, 250 mM 

isopropanol was added in separate experiments to quench these less reactive radical 

species (Table S5). In the presence of 250 mM isopropanol, which is expected to nearly 

completely quench RHS (Table S5), the observed first-order rate constant of domoic acid 

photodegradation in the presence of halides decreased by 55% from 25.4(±1.0) × 10-6 s-1 

to 11.5 (±0.6) × 10-6 s-1. This final value is similar to the observed first-order rate 

constant of domoic acid photodegradation in the ionic strength control (11.0 (±0.3) × 10-6 

s-1), suggesting that the increase in domoic acid photodegradation could be accounted for 

by radical reactions that can be scavenged by 250 mM isopropanol. As such, quenching 

experiments in natural water samples (Figure 1d) used identical quenching conditions to 

identify the contribution of this halide-driven radical-mediated pathway to domoic acid 

photodegradation in natural waters. 

Reactions included in kinetic model. Kinetic modeling was performed as described 

previously (8, 9) using the computer program Kintecus 4.55 (10) (Section 1.5). Reactions 

modeled between organic chemicals and radical species were added to the model with 

rate constants described in Table S4 (7, 11-23). 

Modeled initiation step for BrAP-sensitized reactions: The computational model (Fig. 2a) 

was performed using 2-bromoacetophenone (BrAP) as a sensitizer. The input of reactive 

species into the model was assumed to be completely attributable to the photolysis of 

BrAP to produce bromine radical (Br�). The rate constant of this reaction was calculated 

using the equation S1:  

kBr-AP = 2.303 Φλ Iλ ελ l       [S1] 

BrAP is known to produce Br� with a quantum yield, Φλ = 0.4, upon irradiation with 300-

350 nm light (24), and this quantum yield was assumed to be constant over all 

wavelengths. The photolysis rate of BrAP was calculated using wavelength-dependent 

photon flux, Iλ, from PNA/pyr actinometry. The molar extinction coefficient, ελ, was 
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determined using UV-Vis. Finally, the pathlength, l, in the quartz test tubes is 1.43 cm. 

Therefore, Br� production from 100 µM BrAP was modeled to occur at 5.6 × 10-4 s-1. 

Oxidation of halides by synthetic aromatic ketone triplets. For synthetic aromatic 

ketone triplet sensitizers, the reduction potential of the triplet can be calculated from the 

sum of the standard reduction potential of the ground state sensitizer (SEN), 

E°(SEN/SEN-), and its triplet energy, ET(SEN) (20). These calculations yielded 1.95 

VNHE for 3-benzoylpyridine, 1.83 VNHE for benzophenone-4-carboxylate, 1.79 VNHE for 

benzophenone, 1.63 VNHE for acetophenone, and 1.34 VNHE for 2-acetonaphthone. This 

triplet reduction potential, along with the reduction potential of the halide, X-, (E°(X/X-)) 

(25), can be used to calculate the standard free energy of the charge transfer process 

(equations S2, S3).  

3SEN* + X- → SEN�- + X�      [S2] 

ΔGCT = E°(X/X-) - [E°(SEN/ SEN -) + ET(SEN)]   [S3] 

The calculated ΔGCT values can be used to determine the free energy of activation 

(ΔG‡) for the formation of the charge-transfer exciplex (equation S4) using a derivation 

of the Marcus equation (equation S5), including the reorganization energy relating to the 

halides (RCl- = 1.98 eV, RBr- = 1.75 eV) (25). 

3SEN* + X- → 3(SEN--X)      [S4]  

ΔG‡
 =(R/4)(1+ ΔG°CT /R)2      [S5] 

Using equation S7, the free energy of activation for the forward electron transfer 

was modeled as a function of triplet reduction potentials (Figure 3a). The change in the 

quantum yield of domoic acid photodegradation relative to the ionic strength control (540 

mM NaClO4) under different halide conditions was calculated from the observed first 

order rate constants of domoic acid photolysis (Table S1). The absorbance of the 

synthetic triplets (or SRDOM) was not affected by the presence of halides.  

Estimation of radical concentrations. To obtain an estimate of total radical 

concentrations, �OH steady-state concentrations ([�OH]SS) were measured in synthetic 

freshwater and seawater halide samples using the method of Zhou and Mopper (26). In 
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freshwater, [�OH]SS was determined to be 8.3(±0.5) ×10-17 M. In seawater, [�OH]SS was 

found to be 1.1(±0.0) ×10-17 M. 

Based on the measured [�OH]SS in seawater, estimates of RHS concentrations 

were made using the computational model described above. The model was developed to 

predict the concentrations of RHS in equilibrium with a constant steady-state 

concentration of �OH. To account for scavenging of radical oxidants by DOM, DOM was 

modeled by partitioning the total mass concentration of DOM (5 mg-C/L) into a more 

reactive component (i.e. hydroquinone, HQ) and a less reactive component (i.e. 

methanol), as previously validated (27). Because the exact ratio of these two components 

in DOM is unknown, the percent of DOM modeled as HQ was varied from 25-100%. In 

all cases, the concentration of radicals in solution was ~10-14 M, and most of these 

radicals (>99.9%) were RHS (Table S3). The concentration of RHS was three orders of 

magnitude higher than [�OH]SS. 

Modeled RHS concentrations are lower than those modeled in previous studies 

(28, 29) using anthroquinone-2-sulfonate (AQ2S) as a model triplet sensitizer (i.e., 10-13-

10-12 M Br2
�- and 10-14-10-12 M Cl2

�-). The higher concentrations measured in previous 

studies likely are due to the high reduction potential of AQ2S promoting direct oxidation 

of Cl-; the AQ2S reduction potential is considered to be higher than that of natural 

organic matter (23). 
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Figures 

  
Figure S1: Photodegradation of target compounds in synthetic water matrices. 
Semi-log plots of sorbic acid (a), domoic acid (b), dimethyl sulfide (DMS) (c) and N-
acetylmethionine (d) photodegradation in synthetic matrices containing contain 5 mg/L 
Suwannee River DOM at pH 8.1 with 20 mM phosphate buffer alone (freshwater), with 
540 mM NaClO4 (ionic strength control), or 540 mM NaCl and 0.8 mM NaBr (seawater 
halides). Initial concentration of all analytes was 2 µM. The slope of the lines represents 
the pseudo-first order rate constants presented in figure 1b. (e) Concentration of one 
domoic acid product isomer as a function of time. (f) Rate constant of isomerization 
during the first 10 hours of irradiation in the freshwater (FW) and ionic strength control 
(IS) matrices and 6 hours of irradiation in the seawater (SW) matrix. Error bars in (a-e) 
represent the standard error between duplicate experiments. Error bars in (f) represent the 
standard error of the slope obtained by linear regression of duplicate sets of semi-log 
transformed kinetic data. 
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Figure S2: Effect of seawater constituents on domoic acid photodegradation in 
synthetic matrices. Samples without amendments are duplicated from Fig. 1b and 
contain 5 mg/L Suwannee River DOM at pH 8.1 with 20 mM phosphate buffer alone 
(freshwater), with 540 mM NaClO4 (ionic strength control), or 540 mM NaCl and 0.8 
mM NaBr (seawater halides). Common seawater ions contain 420 mM NaCl, 0.8 mM 
NaBr, 29 mM sodium sulfate (Na2SO4), 54 mM magnesium chloride (MgCl2•6H2O), 11 
mM calcium chloride (CaCl2•2H2O), 10 mM potassium chloride (KCl), 0.35 mM boric 
acid (H3BO3), 1.8 mM sodium bicarbonate (NaHCO3) and 0.26 mM sodium carbonate 
(Na2CO3). Nitrate or iron-amended samples contain the nitrate and iron concentrations 
indicated. Error bars represent the standard error of the slope obtained by linear 
regression of duplicate sets of semi-log transformed kinetic data. 

 

 
Figure S3: Absorbance spectra of natural water samples. 
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Figure S4: Ions detected in positive scan mode using LC-MS. The percentage of the 
initial area counts for ions with [M+H]+ = 312 (domoic acids and its isomers) during 
photodegradation sensitized by 12.5 mg/L SRNOM (A) and 250 µM BrAP (B) in a 
freshwater matrix or in the presence of seawater halides. Area counts for ion [M+H]+ = 
344 sensitized by 12.5 mg/L SRNOM (C) and 250 µM BrAP (D) in the presence of 
seawater halides. The ion ([M+H]+ = 344) was not identified in the synthetic freshwater 
matrix containing SRNOM as a sensitizer. Area counts for ion [M+H]+ = 268 sensitized 
by 12.5 mg/L SRNOM (E) in a synthetic freshwater matrix or in the presence of seawater 
halides. The ion ([M+H]+ = 268) was not identified in the seawater halide matrix 
containing 250 µM BrAP as a sensitizer. 
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Figure S5: Domoic acid degradation initiated by gamma radiolysis. Solutions 
contained 2 µM domoic acid, 5 mg/L Suwannee River NOM and 20 mM phosphate 
buffer (pH 8.1). In addition, the ionic strength control contained 540 mM NaClO4, and 
seawater halides contained 540 mM NaCl and 0.8 mM NaBr. 
 

 
Figure S6: Lamp spectrum for photochemical experiments.  
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Tables 
Table S1: Observed rate constants used to evaluate the contribution of pathways to 
domoic acid photodegradation in synthetic solutions. 

Condition Freshwater Ionic strength control Seawater halides 

Direct photolysis    

2 µM 1.8 (±0.2)× 10-6 2.6 (±0.2)× 10-6 4.0 (±0.5)× 10-6 

2 µM  w/SRDOM shadinga 1.6 (±0.2)× 10-6 2.3 (±0.2)× 10-6 3.6 (±0.5)× 10-6 

Indirect photodegradation    

5 mg/L SRNOM 7.0 (±0.2)× 10-6 11.0 (±0.3)× 10-6 25.4 (±1.0)× 10-6 

90% D2O/10%H2O 8.8 (±0.6)× 10-6 17.6 (±1.0)× 10-6 30.0 (±2.0)× 10-6 

Isomerization rate 2.8 (±0.3)× 10-6 6.0 (±0.7)× 10-6 6.8 (±0.7)× 10-6 

25 mM phenol 5.2 (±0.4)× 10-6 7.9 (±0.4)× 10-6 8.2 (±0.7)× 10-6 

25 mM methanol 6.4 (±0.1)× 10-6 10.9 (±0.5)× 10-6 18.5 (±2.0)× 10-6 

250 mM isopropanol N.Mb N.Mb 11.5 (±0.6)× 10-6 
a Values calculated using solution absorbance. 
b N.M. = Not measured. 

  
Table S2: Measured water quality parameters of natural water samples.  

 [Cl-], mM [Br-], mM [NO3
-], µM [Fe], nMa pH TOC (mg-C/L) 

Natural sample 1 
San Francisco Bay 400 0.6 175 ND 7.9 6.0 

Natural sample 2 
San Francisco Bay 495 0.7 5 ND 7.9 2.6 

Natural sample 3 
Monterey Bay 546 0.9 3 ND 8.2 1.3 

a Detection limit was 20 nM.  
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Table S3: Modeled RHS concentrations in equilibrium with measured [�OH]SS = 1.1 
×10-17 M in synthetic seawater. DOM mass concentration (5 mg-C/L) is modeled as 
hydroquinone (HQ; percent indicated), and methanol (the remaining percentage). 

% HQ [Cl�]SS, M [Br�]SS, M [Cl2
�-]SS, M [ClBr�-]SS, M [Br2

�-]SS, M Total RHS, M 
Ratio of  

Total RHS  
to [�OH]SS 

25 5.1×10-21 2.1×10-17 7.2×10-18 1.2×10-14 3.2×10-14 4.4×10-14 3998 

40 3.2×10-21 1.3×10-17 4.5×10-18 7.4×10-15 2.0×10-14 2.8×10-14 2509 

50 2.6×10-21 1.1×10-17 3.6×10-18 5.9×10-15 1.6×10-14 2.2×10-14 2010 

60 2.2×10-21 8.8×10-18 3.0×10-18 4.9×10-15 1.4×10-14 1.8×10-14 1677 

75 1.7×10-21 7.1×10-18 2.4×10-18 4.0×10-15 1.1×10-14 1.5×10-14 1343 

95 1.4×10-21 5.6×10-18 1.9×10-18 3.1×10-15 8.5×10-15 1.2×10-14 1061 

100 1.3×10-21 5.3×10-18 1.8×10-18 3.0×10-15 8.1×10-15 1.1×10-14 1008 

60a 7.9×10-21 1.7×10-17 1.1×10-17 1.8×10-14 7.1×10-17 1.8×10-14 1650 
a Modeling was performed excluding the pathway (ClBr�- + Br- → Br2

�-  + Cl-) to 
demonstrate the significance of this pathway to form Br2

�- from ClBr�- , which is expected 
to be the primary RHS formed initially via halide oxidation by 3DOM* (equation 3 in 
manuscript).  
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Table S4: Second order rate constants (M-1 s-1) for reactions of photoproduced 
reactive intermediates with organic compounds. 

 Reactive  
Intermediate: 

�OH Cl� Br� Cl2
�− Br2

�− ClBr�− 3DOM* 

Organic  
Substrate: 

Domoic acid 9.2×109 (a) 1.5×109 (d) 3.3×109 (i) 6.8×108 (l) 6.8×108 (n) 6.8×108 (n) 5.6×109 (r) 

tert-Butanol 5.2×108 (b) 1.5×109 (e) 1.4×104 (j) 7.0×102 (m) 7.0×102 (n) 7.0×102 (n) N.A. (s) 

Methanol 9.0×108 (b) 5.7×109 (f) 3.0×105 (j) 3.5×103 (m) 4.4×103 (o) 4.4×103 (q) N.A. (s) 

Isopropanol 2.2×109 (b) 3.7×109 (g) 6.6×106 (j) 1.2×105 (m) 1.2×105 (n) 1.2×105 (n) N.A. (s) 

Phenol 1.4×1010 (c) 2.5×1010 (h) 6.2×109 (k) 2.5×108 (m) 6.1×106 (p) 6.1×106 (q) 1.8×109 (t) 
(a) Value from Jones et al. (12).  
(b) Value from Willson et al. (13). 
(c) Value from Land and Ebert (14). 
(d) Value from Gilbert et al. (15) for reaction with fumaric acid.  
(e) Value from Gilbert et al. (15). 
(f) Value from Chateauneuf (16). 
(g) Value from Sumiyoshi et al. (17). 
(h) Value from Alfassi et al. (18). 
(i) Value from Guha et al. (19) for reaction with linolenic acid.  
(j) Value from Merényi and Lind (20). 
(k) Value from Merényi and Lind for reaction with 4-iodophenol (20). 
(l) Value from Hasegawa and Neta (11) for reaction with sorbic acid.  
(m) Value from Hasegawa and Neta (11). 
(n) Value estimated from rate constant with Cl2

�-. 
(o) Value from Fel'dman et al. (21). 
(p) Value from Alfassi et al. (22). 
(q) Value estimated from rate constant with Br2

�-. 
(r) Value selected is the upper bound of rate constants for oxidation by triplets reported in 
Canonica et al. (23). 
(s) N.A. = Not applicable. Aliphatic alcohols are not expected to significantly quench 
3DOM*. 
(t) Value from Halladja et al. (7) for reaction with 2,4,6-trimethylphenol. 
 

  



16 
	

Table S5: Calculated effect of quencher (Q) addition on domoic acid 
photodegradation (DA) by individual photoproduced reactive intermediates (I). 
Values significantly lower than 1 (e.g. ≤0.05) suggest nearly complete quenching. Values 
in bold do not meet this criteria.  

kI,DA[DA]/kI,Q[Q] �OH Cl� Br� Cl2
�− Br2

�− ClBr�− 3DOM* 

25 mM phenol 5×10-5 5×10-6 4×10-5 2×10-4 9×10-3 9×10-3 2×10-4 

25 mM methanol 8×10-4 2×10-5 9×10-1 2×101 1×101 1×101 N.A.(a) 

250 mM isopropanol 3×10-5 3×10-6 4×10-3 5×10-2 5×10-2 5×10-2 N.A.(a) 
(a) N.A. = Not applicable. Aliphatic alcohols are not expected to significantly quench 
3DOM*. 
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