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The Fenton reaction, the Fe-catalyzed conversion of hydrogen peroxide to reactive oxygen 
species (ROS) was discovered more than a century ago.1 It occurs widely in nature because of the 
ubiquity of Fenton reagents, i.e., Fe and H2O2, and ROS in environmental and biological systems;2 
however, its mechanisms and the identity of the ROS generated under varying conditions have 
remained controversial. The widely accepted mechanism is that of successive oxidation and 
reduction of Fe2+ and Fe3+ by hydrogen peroxide to form ·OH and O2

-·, respectively, where ·OH is 
implicated as the primary oxidant.3,4 The reaction is commonly performed at low pH where Fe is 
more reactive, ROS generation rate is high, and the ·OH generated have higher oxidizing 
potential, i.e., higher Eº.5–7 However, the formation of high-valent Fe4+=O species has also been 
implicated.8 The controversy persists because of the short lifetimes of these ROS, which renders 
their direct detection difficult or impossible. 
Herein, by systematically dissecting the contributions of various ROS species generated in the 
classical Fenton reaction by using specific ROS traps and scavengers, we identified that singlet 
oxygen (1O2) is the main ROS from pH 4–7. In contrast, although ·OH is produced in measurable 
quantities, it was not a major contributor to the oxidation of organic molecules.  
1O2 formation is supported by the following lines of evidence. First, Singlet Oxygen Sensor Green 
(SOSG), which selectively forms a fluorescent endoperoxide upon reaction with 1O2,9 generates 
a positive signal when exposed to classical Fenton conditions (Fig. 1). Second, under classical 
Fenton conditions, 1,3-diphenylisobenzofuran (DPIBF) is selectively converted to o-
dibenzoylbenzene, which is the product formed after fragmentation of an initial 1O2-
endoperoxide adduct (Fig. 2, confirmed via GC-MS).10,11 Third, the oxidation of a non-selective 
redox indicator, o-phenylenediamine (OPD), is inhibited in a dose-dependent manner by sodium 
azide, an established 1O2 scavenger,12,13 but not by the established ·OH scavengers, tert-butyl 
alcohol14 and coumarin15,16 (Fig. 3). Notably, even though we do not see direct evidence for the 
formation of Fe4+=O, our results do not exclude the formation of an Fe4+ intermediate. However, 
prior work by Pestovsky et al. unambiguously produced Fe4+=O from Fe3+ and O3, confirmed with 
Mössbauer spectroscopy and X-ray absorption spectroscopy; using such spectroscopy 
characteristics, formation of Fe4+=O was ruled out in acidic and neutral aqueous solution with 
Fenton reagents.17 Wiegand et al. also used kinetic studies to eliminate Fe4+ as a significant 
oxidant species at pH 1–4.18  
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Figure 1. Increasing fluoresence intensity of Singlet Oxygen Sensor Green (SOSG) as a function of 
time at a) pH 4 and b) pH 7. Note the quenching of fluorescence at low pH. [SOSG]0 = 100 µM; 
[FeCl3]0 = 50 µM; [H2O2] = 500 mM; [MES] = 1 mM; and T = 25 ºC. 
 

   
 
Figure 2. a) Conversion of 1,3-diphenylisobenzofuran (DPIBF) to 1,2-dibenzoylbenzene as a 
function of time. b) GC-MS chromatogram of the 1,2-dibenzoylbenzene product. [DPIBF]0 = 
500 µM; [FeCl3]0 = 50 µM; [H2O2]0 = 200 mM; [MES] = 1 mM; and T = 25 ºC. 
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Figure 3. Oxidation of o-phenylenediamine (OPD) in the presence of increasing concentrations of 
a) and b) sodium azide, c) and d) t-BuOH, and e) and f) coumarin. Panels a), c), and e) were pH 4, 
while panels b), d), and f) were conducted at pH 7. Sodium azide is a singlet oxygen scavenger 
and t-BuOH and coumarin are hydroxyl radical scavengers. [OPD]0 = 200 µM, [FeCl3]0 = 200 µM, 
[H2O2]0 = 200 mM, [MES] = 1 mM, T = 25 ºC. 
 
The conversion of coumarin to umbelliferone supports the formation of ·OH over the course of 
the Fenton reaction (Fig. 4);15,16 however, as above, quenching the ·OH radicals with either 
coumarin or TBA does not significantly reduce the OPD oxidation (Fig. 3c–f), which is indicative 
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of the total amount of oxidant generation in the system. This result confirms the minor role of 
·OH as the oxidant; nevertheless, ·OH can be either a side product or an intermediate in the 
formation of the primary oxidant, 1O2. 
 

  
 
Figure 4. Umbelliferone formation through the hydroxylation of coumarin by hydroxy radicals as 
a function of [FeCl3]0 at a) pH 4 and b) pH 7.  [coumarin]0 = 100 µM; [H2O2]0 = 200 mM; [MES] = 1 
mM. 
 
Because the direct precursor for 1O2 formation is likely through the oxidation of O2

-· by Fe3+,19,20 
we performed experiments to detect free O2

-· over the course of the Fenton reaction under 
varying conditions. To achieve this, we used XTT dye (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide, disodium salt) as a colorimetric indicator, which can be reduced 
by O2

-· to quantitatively generate a colorimetric signal.21 Notably, significant amounts of O2
-· were 

detected at neutral and basic pH, where O2
-· is both a stronger reducing agent and may be more 

readily displaced from the Fe centers by –OH anions, thus facilitating detection (Fig. 5).22 Under 
acidic conditions HOO· is a poorer reductant and there are fewer -OH in solution to displace it 
from the iron ions, and it is thus not easily detectable.22  
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Figure 5. XTT reduction as a function of time with varying pH, indicating the generation of 
superoxide anions, i.e., O2

-·. [XTT]0 = 1 mM; [FeCl3]0 = 50 µM; [H2O2] = 200 mM; [MES] = 1 mM; T 
= 25 ºC. 
 
We further tested the presence of an Fe4+=O species through electrochemical measurements, 
without direct evidence for their presence. This is in agreement with prior work that Fe4+=O 
produced from Fe3+ and O3 rather than in Fenton reaction systems.17 
 
Mechanistic interpretation 
 
At each tested pH, the rate of ROS generation (as measured through OPD colorimetric oxidation 
reaction) is first order in terms of Fe3+ and H2O2 and independent of Cl- (Figs. 6–8). Interestingly, 
the slope of initial rate as a function of [Fe3+] abruptly changes slope at [Fe3+] ~ 214 µM (Fig. 6), 
which may indicate a change in rate determining step. This is consistent with the mechanism 
proposed by Moffett and Zika that identifies O2 (but not 1O2) as the final reaction product 
(Scheme 1, Equations 1–4).4 
 
Fe2+ + H2O2 → Fe3+ + ·OH + -OH        (1) 
Fe3+ + H2O2 → Fe2+ + O2

-· + 2H+        (2) 
Fe2+ + ·OH → Fe3+ + -OH         (3) 
Fe3+ + O2

-· → Fe2+ + 1O2         (4) 
 
Notably, even though 1O2, rather than ·OH radicals, is the main ROS (Fig. 3), the amount of ·OH 
(indicated by coumarin oxidation) and the total amount of ROS (indicated by the OPD oxidation 
and dominated by 1O2) generated follow the same trends as a function of solution pH, which is 
dependent on the ligand environment around the iron ions and supports the hypothesis that ·OH 
is an intermediate on 1O2 formation pathway (Fig. 9).4 However, the detectable superoxide ions 
O2

-· do not follow this trend, which is understandable, because it can rapidly undergo inner 
electron transfer to Fe3+ without leaving the complex, which appears to be strongly influenced 
by the -OH anion concentration. The presence of -OH anions can reduce the solubility of Fe 
(although these ions remain soluble under our reaction conditions, because our Fe 
concentrations were low) and changes the redox potential difference of the complex, e.g., the 
couples Fe(OH)2

+/Fe(OH)2, Fe(OH)2+/Fe(OH)+, and Fe3+/Fe2+ have standard reduction potentials 
of -0.04, +0.304, and +0.771 V, respectively (additionally FeCl2+/FeCl+ has a standard reduction 
potential of +0.773 V, explaining the nil effect of added NaCl).4 Each of these reactions was 
accelerated as the pH of the solution decreased from 7 to 4 (although there was strong 
fluorescence quenching of SOSG at low pH values). The reaction is fastest at low pH where Fe3+ 
remains fully soluble with no -OH ligands (Figs. 1–5). Changing the solvent from water to D2O 
reduced the reaction rate at both pH 4 and 7, indicating proton transfer is occurring during the 
rate determining step (RDS) of the reaction (either Eq. 1 or 2, with the pH effect supporting Eq. 
2); in contrast, the oxidation of OPD by 1O2 was not the RDS, because otherwise the OPD 
oxidation would be enhanced, as the lifetime of 1O2 in D2O is ~20 times longer than in H2O (Fig. 
10).23 
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Figure 6. Oxidation of o-phenylenediamine (OPD) as a function of varying [FeCl3]0 at a) pH 4 and 
b) pH 7. [OPD]0 = 200 µM; [H2O2]0 = 200 mM; [MES] = 1 mM; and T = 25 ºC. 
 

     
 
Figure 7. Oxidation of o-phenylenediamine (OPD) as a function of [H2O2]0 at a) pH 4 and b) pH 7. 
[OPD]0 = 200 µM; [FeCl3]0 = 200 µM; [MES] = 1 mM; and T = 25 ºC. 
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Figure 8. Initial rate of o-phenylenediamine (OPD) oxidation as a function of [NaCl]. [FeCl3]0 = 500 
µM, [OPD]0 = 500 µM, [H2O2]0 = 500 mM, [MES] = 1 mM, pH = 7, T = 25 ºC. 
 

 
 
Figure 9. Relative rates of hydroxyl radical (coumarin oxidation) and singlet oxygen generation 
(OPD oxidation) as a function of pH. [OPD]0 = 200 µM or [coumarin]0 = 100 µM, [FeCl3]0 = 50 µM, 
[H2O2]0 = 200 mM, [MES] = 1 mM, T = 25 ºC. 

Scheme 1. Postulated singlet oxygen formation mechanism. The overall reaction converts 2H2O2 
to 2H2O + 1O2. 
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Figure 10. Oxidation of o-phenylenediamine (OPD) in H2O and D2O at a) pH 4 and b) pH 7. [OPD]0 
= 200 µM; [FeCl3]0 = 200 µM; [H2O2] = 200 mM; [MES] = 1 mM; and T = 25 ºC. 
 
Conclusion 
 
Herein we present evidence supporting the formation of 1O2 during the Fe-catalyzed 
decomposition of H2O2. The reaction rate is unaffected by the presence of Cl- and is accelerated 
at low pH values; however, 1O2, rather than ·OH radicals, is the main ROS in Fenton reaction at 
pH 4–7.  
 
Experimental 
 
o-Phenylenediamine, coumarin, XTT sodium salt, sodium chloride, sodium azide, t-butyl alcohol, 
iron (III) chloride (99.9+%), and 1,3-diphenylisobenzofuran were obtained from Sigma Aldrich 
(Oakville, ON, Canada). Hydrogen peroxide (30%) and Singlet Oxygen Sensor Green were 
obtained from Thermo Fisher Scientific (Waltham, MA, USA). Absorbance and fluorescence 
measurements were performed using a Tecan infinite M1000 Pro plate reader (Zürich, 
Switzerland). Gas chromatography-mass spectrometry was used to confirm the formation of 1,2-
dibenzoylbenzene from 1,3-diphenylisobenzofuran using an Aglient Technologies 6890N gas 
chromatograph coupled with a 5973 Inert mass spectrum detector (Santa Clara, CA, USA). An 
NSP-5 Inert capillary column (15 m x 0.25 mm x 0.30 µm, J&K Scientific, Edwardsville, NS, Canada) 
was used for the separation. The temperature program was initially 55 ºC for 4 min, then ramping 
at 15 ºC min-1 until reaching 130 ºC, then ramping at 20 ºC min-1 until reaching 290 ºC and holding 
for 3 min. Solutions of FeCl3, OPD, and SOSG were prepared fresh immediately before each 
experiment to prevent sample degradation and all kinetic traces were corrected using suitable 
blanks. OPD oxidation and XTT reduction were monitored through absorbance at 452 and 470 
nm, respectively. Coumarin hydroxylation was monitored via umbelliferone fluorescence 
(excitation at 325 nm, emission at 452 nm). DPIBF conversion to 1,2-dibenzoylbenzene was 
monitored by the decrease in DPIBF fluorescence (excitation at 405 nm, emission at 458 nm). 
SOSG peroxidation was measured through the formation of SOSG-endoperoxide fluorescence 
(excitation at 504 nm, emission at 525 nm). Notably, SOSG-endoperoxide fluorescence is 
sensitive to pH and [Fe3+], and suitable blank experiments are required. 
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