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Abstract 

 

Singlet oxygen (1O2), a widely used reactive oxygen species (ROS) in industry and 

biomedical applications, plays a fundamental role throughout nature. We report a novel 

method to generate 1O2 selectively and efficiently through copper-based Fenton 

chemistry under circumneutral conditions enhanced by chloride as co-catalyst, with 

reactivity completely different than that observed in classical iron-based Fenton 



chemistry. The mechanism of its formation was elucidated through the kinetic studies of 

orthogonally reactive reporter molecules, i.e., singlet oxygen sensor green, 4-hydroxy-

2,2,6,6-tetramethylpiperidine, and phenol, and selective ROS quenchers. This method 

selectively generates 1O2 in situ neither relying on photosensitization nor resulting in 

side reactions, and together with the mechanistic understanding of the Cu-Fenton 

reaction, not only opens new possibilities in many industries, such as organic synthesis 

and antimicrobial treatments, but also provides insight into Cu and H2O2 containing 

chemical, environmental, and biological systems. 

 

Singlet oxygen (1O2), the first excited state of molecular oxygen, has been widely 

applied in various industries, e.g., serving as a synthetic reagent in chemical 

engineering,1 an efficient disinfectant for combating microbial infection,2 and an effective 

therapeutic for anticancer photodynamic therapy (PDT).3 In addition, 1O2 is involved in 

various biochemical processes, such as photosynthesis,4 gene mutation,5 

phagocytosis,6 cellular signalling,7 and environmental degradation of natural organic 

matter.8,9  As an important reactive oxygen species (ROS),10,11 the high reactivity of 1O2 

results from its increased energy, i.e., with excitation energy of 94 kJ mol-1 relative to the 

ground state, and its extended lifetime, persisting >1 h in the gas phase, ~3.5 µs in 

water, ~3.0 µs in living cells, and ~31 ms in CCl4,12 a commonly used solvent in 1O2-

based organic synthesis. Efficient and facile generation of 1O2 would greatly facilitate 

the application of its unique and selective reactivity in chemical and biological systems, 

which is currently not easily obtainable. 



Although 1O2 is ubiquitous in nature, chemical approaches to produce 1O2 are limited. 

Currently, the most established method is through photosensitization of ground state 

oxygen via energy transfer from excited photosensitizer molecules,1,13,14 

semiconductors,3,15 or noble metal nanoparticles.16,17 However, this technique relies on 

the availability of both dissolved oxygen and light penetration, which are also limiting 

factors in PDT.3 Thermal decomposition of endoperoxides,18 dioxetanes and 

dioxiranes,19 or perchromate,20 and catalytic decomposition of peroxomonosulfate by 

LaMnO3 perovskites21 have been employed to generate 1O2, but the starting materials 

are not commonly available or are toxic and are thus unsuitable for industrial use. Khan 

and Kasha discovered that the simple chemical reaction between hypochlorite ions and 

hydrogen peroxide (H2O2),22,23 or acidification of hypochlorite,24 was capable of 

producing 1O2 in aqueous solutions, which offered the possibility of generating 1O2 for 

both fundamental and applied research. However, the presence of hypochlorite in 

reaction media can result in unwanted chlorination of substrates, and this reaction is 

fairly rapid and not easily controlled. Herein we describe an alternate catalytic 

decomposition of H2O2 to form 1O2 with high selectivity through the application of Cu-

based Fenton chemistry at circumneutral pH. In this reaction the presence of Cl- acts as 

a co-catalyst, greatly increasing the 1O2 generation rate, but avoids the production of 

chlorinating species, resulting in selective reactivity. This greatly facilitates the use of 

chemically generated 1O2 for chemical and biological applications and uncovers 

previously unknown details of Cu-based Fenton chemistry. 



   Fenton chemistry, the decomposition of H2O2 catalyzed by Fe2+ or Fe3+ ions under 

acidic conditions, has been widely studied since it was first discovered in 1894,25 and is 

a reliable way of generating ROS that has major applications in advanced oxidation 

process-based water treatment26 and has also been implicated in various physiological 

processes in biological systems.27 Despite the controversy on the mechanisms of 

Fenton chemistry over the decades, it has been established with evidence that •OH 

radicals and/or high valent Fe (Fe4+=O) are the main ROS in the Fe-Fenton reaction. 

Similarly, •OH and Cu3+ have been assumed to be the main ROS in Cu-Fenton 

chemistry. 

  In contrast, we found 1O2 is the main ROS generated in the Cu-Fenton reaction, which 

is completely different than the classical Fe-based Fenton reaction, as demonstrated 

using orthogonally reactive reporter molecules and selective ROS quenchers. First, 1O2 

presence was monitored using singlet oxygen sensor green (SOSG), which is oxidized 

by 1O2 in a highly selective manner to form an endoperoxide, which is a fluorescent 

product suitable for quantification (Fig. 1a and Supplementary Fig. 1a).28,29 Furthermore, 

strong signals of TEMPO-OH, which is the oxidized product of TEMP-OH by 1O2, was 

detected by an electron paramagnetic resonance (EPR) spectrometer (Supplementary 

Fig. 2);30 however, this signal was quenched in the presence of azide, a known 

quencher of 1O2, supporting the production of 1O2 in the system. 

 



 

 

Figure 1. Oxidation rate of a) singlet oxygen sensor green (SOSG) and b) coumarin as 

a function of Cu2+ concentration, and c) quenching of 3,3’,5,5’-tetramethylbenzidine 

(TMB) oxidation by various concentrations of NaN3, a 1O2 quencher. [SOSG] and 

[coumarin] = 100 µM, and [H2O2] = 500 mM; for c) [TMB] = 500 µM, [CuCl2] = 1 µM, 

[NaCl] and [H2O2] = 500 mM. 

 

 

  A small amount of hydroxyl radical (•OH) production was observed by using the 

selective probe, coumarin, which forms a fluorescent product, umbelliferone, after 

reacting with •OH (Fig. 1b and Supplementary Fig. 1b).31 However, •OH was ruled out 

as the main ROS in the Cu-Fenton reaction based on the following experiments. A 

chromogenic substrate, 3,3',5,5'-tetramethylbenzidine (TMB), was implemented as a 

nonselective indicator for the total ROS production because of its facile oxidation by 

many ROS except H2O2 (E°(ox-TMB/TMB) = 0.27 V). To demonstrate that 1O2 is the 

main ROS, we tested the TMB oxidation in the presence of established selective ROS 

scavengers, including t-butyl alcohol (TBA) and coumarin, which quench •OH, and 

azide, which quenches 1O2. The results (Supplementary Figs. 2–4) show that TMB 



oxidation was unaffected by either •OH scavenger, which is consistent with previous 

results, indicating that oxidation by •OH did not contribute significantly to TMB oxidation, 

and thus •OH was not generated in significant quantities.32–36 However, TMB oxidation 

was quenched by excess azide in a dosage-dependent manner (Fig. 1c and 

Supplementary Fig. 1c), while it resumes after ~5 min when the azide is completely 

consumed. The recovery of TMB oxidation after the azide is consumed eliminates the 

possibility that azide is a simple catalyst poison but is rather competing with TMB for 1O2 

generated in the system. Altogether, this suggests that 1O2, rather than •OH, is the main 

ROS responsible for TMB oxidation. To further corroborate the conclusion, the TMB 

oxidation experiments were performed in deuterated water (80% D2O). The lifetime of 

1O2 in D2O is longer than that in H2O, so oxidation of TMB and SOSG (75% D2O) would 

be enhanced if 1O2 was the main oxidant, because extending the excited state lifetime 

of 1O2 increases the probability of it successfully reacting with an indicator molecule 

before relaxing to the ground state. This hypothesis was validated (Fig. 2a and 

Supplementary Figs. 5a and 6b), because both reactions were similarly enhanced. 

Taken together, the results reinforce 1O2 as the major ROS in Cu-Fenton reaction. 

 

 



 

 

Figure 2. Normalized reaction rates of 3,3’,5,5’-tetramethylbenzidine (TMB), singlet 

oxygen sensor green (SOSG), and coumarin oxidation and p-benzoquinone (BQ) 

formation as a function of a) solvent composition and b) pH. [buffer] = 1 mM, pH 4–6 

MES and pH 7–8 MOPS. For TMB, SOSG, coumarin, and XTT: [TMB] = 500 µM, 

[SOSG] and [coumarin] = 100 µM, [XTT] = 1 mM, [CuCl2] = 1 µM, and [NaCl] and [H2O2] 

= 500 mM. For phenol (PhOH): [PhOH] = 1 mM, [CuCl2] = 50 µM, [NaCl] = 100 mM, and 

[H2O2] = 10 mM (Absolute rates in Supplementary Fig. 5). Error bars correspond to the 

standard error of the linear regression. 

  

   Furthermore, Cl- dramatically accelerated the generation of 1O2 production by the Cu-

Fenton reaction, making it more efficient, as evidenced by acceleration of the oxidation 

of SOSG and TMB in the presence of Cl- (Fig. 3). 1O2 was found to be the only major 

ROS according to similar experimental evidence, including oxidation of TMB and SOSG 

being accelerated in 80% D2O (Fig. 2a), and quenched by azide (Fig. 1c), but not by 

•OH scavengers, such as TBA or coumarin (Supplementary Fig. 3). 



 

 

 

Figure 3. Oxidation rate enhancement of a) singlet oxygen sensor green (SOSG), b) 

3,3’,5,5’-tetramethylbenzidine (TMB) and c) coumarin by NaCl. [SOSG] and [coumarin] 

= 100 µM, [TMB] = 500 µM, and [H2O2] = 500 mM. 

 

  Previously chlorine radicals (Cl• and Cl2-•) were assumed the main reactive species 

based on observed chlorination of organic molecules under forcing conditions, i.e., in 

high [Cu2+] and [Cl-] systems under pH 4; however, under circumneutral pH conditions 

and low [Cu2+], chlorinated products were not detected in the present experiments. 

Even if a small number of chlorine radicals are generated, they are not the main 

reactive species in the system and are unlikely to chlorinate substrates because they 

will react with the excess amount of H2O2 to form •OH and 1O2.22–24 In addition to small 

amounts of •OH, a small amount of superoxide radicals (O2•-) were detected in the 

system through reaction with the chromogenic XTT dye (Supplementary Fig. 7),37 which 

is reduced by O2•-, but is present at concentrations far less than the 1O2 generated.  



  The selective generation of 1O2 is highly useful. As demonstrated in our previous work, 

1O2 was used either for ultrasensitive colorimetric detection of Cu ions in water 

samples33 or for antibacterial or anti-biofilm applications.38 Importantly, as a selective 

oxidant and electrophile, it has been widely employed for organic synthesis, such as 

Diels-Alder 2+2 and 2+4 cycloadditions and ene-like reactions.1,13,39–42 Herein, we 

demonstrate its application for selective synthesis of 1,4-benzoquinone (BQ) directly 

from phenol (PhOH), serving as a simple model of the selective oxidation of phenolic 

compounds, important intermediates for the pharmaceutical industry. Under 

synthetically relevant conditions ([H2O2] ≥100 mM) the reaction is complete within 

several seconds. The product can be extracted for GC-MS analysis, whereas the 

catalyst species (Cu and Cl-) remain in the aqueous phase and can be used for 

subsequent reactions. The selectivity is up to 99% (45% yield, Supplementary Table 1) 

and no additional purification steps were needed. In addition, the yield of BQ was 

affected by pH, the concentrations of the reagents including H2O2, Cu, Cl-, and the use 

of D2O as solvent, in the same way as the oxidation of TMB and SOSG (Fig. 2 and 

Supplementary Figs. 8 and 9), which in combination with its remarkable selectivity 

(Supplementary Fig. 10),14 further substantiates the role of 1O2 as the main oxidant. 

Thus, Cu-Fenton chemistry, especially Cl--accelerated Cu-Fenton chemistry, is a 

promising synthetic tool for the exploitation of the unique reactivity of 1O2 in a cost-

effective and simple manner with reduced unwanted reactivity and simple product 

purification. 

 



Mechanistic understanding 

 

   In the Cu-Fenton system either in the presence or absence of chloride, our work 

established that 1O2 is the main ROS, although a small amount of •OH and O2•- are 

always detected. The response of all three ROS to changes in pH or [Cl-] follows the 

same pattern (Figs. 2b and 3 and Supplementary Figs. 5 and 7), indicating that they 

may be generated sequentially rather than simultaneously. Herein, •OH and O2•- serve 

as intermediates in the catalytic cycle, being continuously consumed whenever 

generated. Consequently, •OH and O2•- are detectable only at low static concentrations 

in the system (they occasionally escape the catalytic cycle, as detectable through 

reaction with coumarin or XTT, respectively), while 1O2 leaves the cycle as an end 

product. Chlorination was occasionally detected in the system,33,38 but only at lower pH 

values with high concentrations of Cu and Cl- in a manner different from the other three 

ROS; thus, Cl• is not considered an intermediate. A mechanism governing 1O2 

generation within the catalytic cycle is proposed in Fig. 4, which not only aligns with all 

established knowledge,43 but also rationalizes all experimental observations.  

 

 



 

Figure 4.  Mechanism of the generation of singlet oxygen in the copper-based Fenton 

reaction   

 

  First, 1O2 is generated via two single electron oxidation steps from HO2- (deprotonation 

of H2O2 is very fast) by Cu2+, where O2•- is an intermediate (equations (1) and (2)).  

 

Cu2+ + HO2- ⇄ Cu+ + O2-· + H+ (1) 

 

Cu2+ + O2-· ⇄ Cu+ + 1O2 (2) 

 

  Because 1O2 production is first-order with respect to [Cu] and [H2O2] (Supplementary 

Fig. 9), it suggests that the rate determining step is oxidation of either H2O2 (equation 

(1)) or O2•- (equation (2)). Based on literature, equation (1) is a slower process than 

equation (2),43 thus being the rate-determining step in the overall cycling. In the Cl--Cu-

Fenton reaction, the H2O2 oxidation reaction is also first-order in respect to [Cl-] 



(Supplementary Fig. 9), where it presumably serves as a co-catalyst that facilitates the 

reduction of Cu2+ in the first two steps (equations (1) and (2)) by forming a CuCl+ 

complex, as demonstrated previously (importantly the rate is not zero when [Cl-] = 0, 

Supplementary Fig. 9a, indicating that the regular Cu-Fenton reaction without chloride 

also generates the same ROS).32,43,44 The effects of other halides and cations on TMB 

oxidation were previously explored.33 Similar to chloride, the hydroxide ion 

concentration (pOH) affects the oxidation of H2O2, presumably by facilitating the 

deprotonation of H2O2 to form HO2-, a better electron donor for Cu2+ (Fig. 2b). In 

addition, together with Cl-, OH- affects the speciation of Cu2+ by forming more strongly 

oxidative complexes, such as CuClOH.32,43,44 

  To complete the redox cycling of Cu+/Cu2+, Cu+ is re-oxidized by successive single 

electron transfers to H2O2 and the intermediate oxidant, •OH (equations (3) and (4)). 

 

Cu+ + H2O2 ⇄ Cu2+ + HO• + HO- (3) 

 

Cu+ + HO• ⇄ Cu2+ + HO- (4) 

 

  The overall reaction described by equations (1)–(4) is the conversion of two H2O2 

molecules to two H2O molecules and one 1O2. Based on previous work,43,44 oxidation of 

Cu+ is not rate limiting, although Cl- may inhibit the Cu+ oxidation by ~60%. However, 

the degree of acceleration of Cu2+ reduction increases dramatically, i.e., ~108 times;43 

therefore, the overall turnover frequency of the Cu-Fenton reaction is increased, which 



results in highly efficient 1O2 generation. In addition, because the H2O2 concentrations in 

our system is much higher (mM level) than dissolved oxygen (µM level), the effect of the 

latter is negligible. 

  In our system, either with or without chloride, the level of the intermediate radicals, HO• 

and O2•-, remains low throughout the reaction period. When HO• and O2•- escape the 

catalytic cycle by reacting with scavengers, such as coumarin and XTT, there might be 

a mechanism by which [HO•] and [O2•-] maintain balance to prevent buildup of these 

radicals in the system, which would otherwise be significant. As the reaction medium 

contains [H2O2] ≫	[HO•] and [O2•-], these radicals can react with H2O2 to form the 

opposite radical and H+ and H2O or 1O2 and -OH, respectively (equations (5) and (6)).	

 

O2-· + H2O2 ⇄ 1O2 + ·OH + -OH (5) 

 

·OH + H2O2 ⇄ H2O + O2-· + H+ (6) 

 

  These reactions are slow compared to the Cu-catalyzed reactions but serve to prevent 

accumulation of one radical over the other during reaction initiation, or as radicals are 

scavenged outside of the catalytic cycle. 

 

  In brief, the chloride accelerated Cu-Fenton reaction not only offers a simple and cost-

effective approach for selective generation of 1O2, greatly facilitating its application in 

chemical synthesis, antimicrobial treatments, and spectroscopic applications, but also 



reveals important new insight into the ubiquitous Cu-containing systems when H2O2 is 

present or generated, e.g., by environmental photochemistry, chemical industry, or 

biological metabolism, and thus has potential for applications and implications in many 

areas, such as immunology, aging, and oxidative-stress related degenerative diseases.    
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Experimental Details 

 

Materials 

 

Copper (II) chloride, sodium chloride, lithium chloride, sodium azide, t-butanol, phenol 

(PhOH), p-benzoquinone (BQ), 3,3’,5,5’-tetramethylbenzidine (TMB), coumarin, 



umbelliferone, 4-hydroxy-2,2,6,6-tetramethylpiperidine (TEMP-OH), 2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPO), MOPS, MES, deuterium oxide, and 

dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich (Oakville, ON, Canada). 

Hydrogen peroxide (30 wt%, 9.77 M), methylene chloride, and methanol were purchased 

from Fisher Scientific (Ottawa, ON, Canada). Singlet oxygen sensor green (SOSG) was 

purchased from Thermo-Fisher (Waltham, MA, USA). XTT sodium salt was purchased 

from Alfa Aesar (Ward Hill, MA, USA). Nanopure water (18.2 MΩ cm) was obtained daily 

from a Barnstead Nanopure system (Thermo Scientific, Waltham, MA, USA). All reagents 

were used as received. 

 

Equipment 

 

UV-Vis absorbance and fluorescence data were obtained using a Tecan Infinite M1000 

Pro microplate reader (Thermo-Fisher, Waltham, MA, USA). UV transparent Greiner 96-

well flat bottom polystyrol microplates (Greiner, Kremsmünster, Austria) were used to 

measure oxidation of phenol, Costar 96-well flat bottom transparent polystyrol microplates 

(Corning, NY, USA) were used for TMB oxidation experiments, and Nunclon 96-well flat 

bottom black polystyrol plates (Thermo Fisher, Waltham, MA, USA) were used for 

fluorescence experiments. All reaction kinetics were measured at 25 ºC. Electron 

paramagnetic resonance (EPR) spectra were obtained using a Bruker microESR (Bruker, 

Billerica, MA, USA). Gas chromatography-mass spectrometry was performed 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 260 ºC and holding 

for 7 min. 

 

Phenol oxidation 

 

All experiments were performed in microplates with final reaction volumes of 200 µL. The 

initial [PhOH] = 1 mM and [H2O2] = 10 mM to minimize the contribution to UV absorbance. 

CuCl2, NaCl, and 1 mM of MES or MOPS buffer were added as appropriate to the 

experiment. The reactions were initiated by addition of H2O2. [PhOH] and [BQ] were 

monitored at their respective λmax of 270 and 288 nm, with signal deconvolution based on 

calibration curves for both species at each wavelength as the solution of a system of two 

equations with two unknowns. PhOH and BQ are the only significant volatile small 

molecule species as determined by GC-MS, although there is formation of melanin-like 

polymerized BQ under these oxidation conditions. 

 

TMB oxidation 

 

All experiments were performed in microplates with final reaction volumes of 200 µL. 

Stock TMB solution was prepared in DMSO. The initial [TMB] = 500 µM, with [CuCl2], 



[NaCl], [H2O2], buffer, and D2O being used as necessary. The reactive oxidant species 

quenchers t-BuOH, coumarin, and azide were added as necessary in separate 

experiments. The reaction was monitored at 652 nm, the λmax of the oxidized TMB dimer 

charge transfer complex. 

 

Coumarin oxidation  

 

All experiments were performed in microplates with final reaction volumes of 200 µL. 

Stock coumarin solution was prepared in water. The initial [coumarin] = 100 µM, with 

[CuCl2], [NaCl], [H2O2], and buffer being used as necessary. The reaction was monitored 

via fluorescence of the expected product of hydroxyl radical oxidation, umbelliferone, at 

excitation and emission wavelengths of 325 and 452 nm, respectively. In experiments 

using varying pH the relative fluorescence intensity of umbelliferone was corrected to that 

of pH 7 using fluorescence data obtained from commercially supplied umbelliferone at 

varying pH. 

 

SOSG oxidation 

 

All experiments were performed in microplates with final reaction volumes of 200 µL. 

Stock coumarin solution was prepared in methanol. The initial [SOSG] = 100 µM, with 

[CuCl2], [NaCl], [H2O2], and buffer being used as necessary. The reaction was monitored 



via fluorescence of the expected product of singlet oxygen oxidation, SOSG 

endoperoxide, at excitation and emission wavelengths of 504 and 525 nm, respectively. 

 

TEMP-OH oxidation 

 

TEMP-OH (100 µM) was prepared in water to which final concentrations of [CuCl2], 

[NaCl], and [H2O2] of 1 µM, 500 mM, and 100 mM, respectively were added. The resultant 

solution was drawn into a capillary tube that was sealed at both ends. The capillary tube 

was then inserted into the EPR spectrometer to measure the EPR spectrum. This was 

comparable to the spectrum obtained from TEMPO. 

 

XTT reduction 

 

All experiments were performed in microplates with final reaction volumes of 200 µL. 

Stock XTT sodium salt solution was prepared in DMSO (10 mM). The initial [XTT] = 1 

mM, with [CuCl2], [NaCl], [H2O2], and buffer being used as necessary (with concentrations 

of 1 µM, 500 mM, and 500 mM, respectively unless otherwise stated). The reaction was 

monitored via absorbance of the expected product of superoxide radical anion reduction 

at 470 nm.   



Supplemental Data 

 

 

Figure S1. Oxidation rate of a) singlet oxygen sensor green (SOSG) and b) coumarin as 

a function of Cu2+ concentration, and c) quenching of 3,3’,5,5’-tetramethylbenzidine 

(TMB) oxidation by various concentrations of NaN3, a 1O2 quencher. [SOSG] and 

[coumarin] = 100 µM, [H2O2] and [NaCl] = 500 mM; for b) [TMB] = 500 µM, [CuCl2] = 1 µM, 

[NaCl] = 0 mM and [H2O2] = 500 mM. 

  



 

Figure S2. a) TEMPO-OH electron paramagnetic resonance (EPR) spectra formed in the 

presence and absence of added NaN3. EPR signal intensity as a function of time formed 

from 50 mM of TEMP-OH with b) varying [CuCl2] and 500 mM of NaCl and H2O2, c) and 

varying [H2O2] and 500 mM of NaCl and 1 µM CuCl2; d) and e) are initial rate vs. varied 

quantity for b) and c), respectively; e) shows signal quenching by 500 mM NaN3 ([CuCl2] 

= 1 µM, and [NaCl] and [H2O2] = 500 mM) as a function of time. 

  



 

Figure S3. 3,3’,5,5’-Tetramethylbenzidine (TMB) oxidation in the presence of increasing 

amounts of the •OH scavengers a) t-butyl alcohol and b) coumarin. [TMB] = 500 µM, 

[CuCl2] = 1 µM, [H2O2] and [NaCl] = 500 mM. 

  



 

 

Figure S4. 3,3’,5,5’-Tetramethylbenzidine (TMB) oxidation in the presence of increasing 

amounts of the •OH scavengers a) t-butyl alcohol and b) coumarin. [TMB] = 500 µM, 

[CuCl2] = 1 µM, [H2O2] = 500 mM and [NaCl] = 0 mM. 
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Figure S5. Reaction rates of 3,3’,5,5’-tetramethylbenzidine (TMB), singlet oxygen sensor 

green (SOSG), and coumarin oxidation and p-benzoquinone (BQ) formation as a function 

of a) solvent composition and b) pH. [buffer] = 1 mM, pH 4–6 MES and pH 7–8 MOPS. 

For TMB, SOSG, coumarin, and XTT: [TMB] = 500 µM, [SOSG] and [coumarin] = 100 

µM, [XTT] = 1 mM, [CuCl2] = 1 µM, and [NaCl] and [H2O2] = 500 mM. For phenol (PhOH): 

[PhOH] = 1 mM, [CuCl2] = 50 µM, [NaCl] = 100 mM, and [H2O2] = 10 mM. 
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Figure S6. Singlet oxygen sensor green (SOSG) oxidation as a function of a) •OH 

scavenging by t-butyl alcohol and b) solvent (H2O vs 80% D2O) in the absence of added 

NaCl. 
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Figure S7. 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide 

(XTT) reduction as a function of a) varying NaCl, b) varying H2O2, c) varying pH, and d) 

varying CuCl2. [XTT] and [MES buffer] = 1 mM; [NaCl] and [H2O2] = 500 mM and [CuCl2] 

= 1 µM unless otherwise stated. Maximum rate observed when [CuCl2] is 1–2 µM is 

reproducible and may be related to the rate of O2-· formation and its binding affinity to 

Cu2+. 

  



 

Figure S8. Phenol (PhOH) oxidation to form p-benzoquinone (BQ) with a) no CuCl2 and 

varied NaCl, b) 50 µM CuCl2 and varied NaCl, c) 100 mM NaCl and varied CuCl2, and d) 

no NaCl and varied CuCl2. [PhOH] = 1 mM and [H2O2] = 10 mM. 

  



 

Figure S9. Initial reactions rates with varying initial CuCl2, H2O2, and NaCl concentrations 

for a) singlet oxygen sensor green, b) coumarin, c) 3,3’,5,5’-tetramethylbenzidine, and d) 

phenol. 

  



 

 

Figure S10. Gas chromatogram of the product mixture of PhOH oxidation. Left, BQ (7.77 

min); right, PhOH (8.81 min). 

  



 

Table S1. Benzoquinone (BQ) yield and selectivity as a function of CuCl2 and NaCl 

concentrations after 12 h. 

 

[CuCl2] (µM) [NaCl] (mM) Yield (%) Selectivity (%) 

0 0 2.7 9 

0 50 2.7 9 

0 100 2.2 8 

0 150 2.2 8 

0 200 2.2 8 

10 0 6.2 19 

20 0 10.6 29 

50 0 14.2 34 

100 0 22.4 42 

10 100 16 38 

10 200 32 71 

10 500 32 70 

10 1000 32 68 

10 1500 32 69 

10 2000 36 83 

10 2500 34 69 

50 100 36 76 



50 250 36 71 

50 500 41 80 

50 1000 38 85 

50 1500 41 97 

50 2000 45 99 

100 100 46 83 

100 200 45 93 

100 400 45 87 

100 1000 40 94 

 

Reactions performed using [PhOH] = 1 mM and [H2O2] = 10 mM. [PhOH] and [BQ] were 

determined by deconvolution of UV absorbance at their respective λmax, 270 and 288 nm, 

respectively. 
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