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Abstract   

Freshwater sustainability is increasingly challenged by population growth, climate change, 

and rising economic demands—prompting greater reliance on alternative water sources such as 

recycled wastewater. Water disinfection is used to inactivate pathogens but can also 

unintentionally generate disinfection byproducts (DBPs), which pose significant health risks with 

long-term exposure. Wastewater contains elevated levels of ammonia and organic nitrogen 

sources—such as nucleobases––promoting the formation of toxic unregulated nitrogen-

containing DBPs (N-DBPs). Chlorine (HOCl) and in situ disinfectants like bromine (HOBr) can react 

with nitrogenous compounds to produce N-halamines which may serve as precursors to N-DBPs. 

The present work investigated the formation and stability of N-halamines from reactions between 

chlorine or bromine and two nitrogen-rich model compounds (cytosine and adenine) under 

varying pH and stoichiometric ratios. Using Ultraviolet-Visible (UV-Vis) spectrophotometry and 

tandem mass spectrometry, it was elucidated that the reaction between chlorine with both 



adenine or cytosine produced mono- and possibly di-substituted N-chloramines, whereas 

reactions with bromine produced carbon-substituted brominated final products. DBP formation 

potential experiments showed that chlorinated and brominated nucleobases continued to react 

with organic matter (humic acid) to produce both C- and N-DBPs at moderate concentrations 

similar to monochloramine. This work provides insight into the role of N-halamines and 

brominated nitrogenous compounds in the production of N-DBPs and should inform future policy 

working towards further regulating N-DBPs in our potable water.  
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The halogenation of adenine and cytosine at pH 7.0 result in the formation of N-chloramines and 

brominated nucleobases that continue to react with organic matter to produce toxic N- and C-

DBPs. 

 

Water Impact  



Recycled wastewater is increasingly contributing to drinking water supplies through both 

planned and unintentional reuse, but chemical disinfectants may react with organic nitrogen 

sources—like nucleobases—and promote unregulated nitrogen-containing DBPs (N-DBPs). N-

chloramines and C-brominated nucleobases were formed from the reaction of chlorine or 

bromine with nucleobases; however, when reacted with organic matter, only moderate DBP 

concentrations resulted––contributing to N-DBP regulation efforts.  

 

1. Introduction   

The sustainability of freshwater supplies is of growing concern due to population growth, 

uncertain climate patterns, and increasing economic demands. As a result, there is increased 

reliance on alternative water sources, including the reuse of wastewater effluents, which contain 

various contaminants such as pathogens,1 halide ions,2 pesticides,3 pharmaceuticals,4 and 

personal care products.5 Thus, the reuse of wastewater requires disinfection practices to mitigate 

outbreaks of waterborne diseases. Chlorine-based disinfectants are commonly used in water 

disinfection; however, they may unintentionally form disinfection by products (DBPs) which can 

cause unfavourable health effects through chronic exposure, such as bladder cancer and adverse 

birth outcomes.6-14 Moreover, wastewater effluents contain high levels of ammonia and organic 

nitrogen (primarily in the form of amino acids, peptides, and nucleic acids) that may lead to the 

formation of unregulated nitrogenous-DBPs (N-DBPs). This is of concern because N-DBPs have 

been observed to be more cytotoxic than currently regulated carbonaceous DBPs (C-DBPs) 

despite lower reported concentrations.15-18 Some of the most toxic DBPs are those containing 



halogens being, in decreasing order of reported toxicity: iodinated, brominated, and chlorinated 

DBPs.19-21 

Chlorine (HOCl) reacts with bromide (Br-) in these waters to form hypobromous acid 

(HOBr), a potent secondary chemical disinfectant.21-23 Both hypohalous acids rapidly react with 

nitrogen-containing compounds in wastewater effluents to produce N-halamines, possible key 

precursors to N-DBPs.24-27 Given the persistence of eukaryotic, prokaryotic, and viral genetic 

material in wastewaters,28, 29 adenine and cytosine––a purine and pyrimidine, respectively, which 

are building blocks of both DNA and RNA––were selected to investigate N-halamine and N- and 

C-DBP formation potential. These two nucleobases were selected over the other three (guanine, 

thymine, and uracil) because they provide complimentary functionalities of the two types of 

bases such that the influence of base structure on N-halamine formation and DBP pathways could 

be assessed and compared. Moreover, while cytosine is suggested to produce the most DBPs of 

all the nucleobases30 (making it an appropriate ‘model’ pyrimidine), adenine’s stability confers a 

higher likelihood of stable N-halamine formation from halogenation than guanine (which is 

slightly more reactive due to its C6 carbonyl). Purines and pyrimidines have been identified in 

occurrence studies at concentrations in the range of µg/L –– with adenine being reported at 

concentrations of 3.7µg/L in drinking water supplies.31-33  

The chlorination of these nucleobases has been examined previously. By employing 

electrospray ionization (ESI)-tandem mass spectrometry (MS/MS),31 Xiang et al. demonstrated 

that chlorination can occur at both the heterocyclic ring and the exocyclic aliphatic amine groups 

of adenine and cytosine; their study observed distinct pH-dependent transformations, such as 

the formation of an 8-chloro derivative of adenine at pH  4, but not at pH  7, and the identification 



of 5-chlorocytosine and 4-N-chlorocytosine as cytosine transformation products.30 

Complementary work by Zhang et al.22, 34 showed that chlorination of adenine and cytosine 

generates a variety of N-DBPs arising primarily from 3-monochlorocytosine, 5-

monochlorocytosine, and 3,5-dichlorocytosine––emphasizing the involvement of N-halamine 

intermediates in DBP formation through UV/chlorine treatment processes. In a more recent study, 

Sun et al. (2023)35 identified several halogenated nucleobases, including 2-chloroadenine, 6-

chloroguanine, and 5-bromouracil, as emerging DBPs in drinking water––with concentrations up 

to 65.3 ng/L. Notably, 2-chloroadenine exhibited significant cytotoxicity, re-iterating the health 

risks associated with nucleobase-derived byproducts.35  

Despite these findings, the specific conditions favoring the formation of stable N-

halamines from adenine and cytosine, and their subsequent potential to produce DBPs relative 

to known disinfectants, remains unclear. Furthermore, previous studies have not identified N-

halamines particularly because they used quenchers that would destroy N-halamines.22, 31, 34, 35 

Additionally, a knowledge gap exists in understanding the specific conditions under which 

halogenation of environmental free nucleobases occurs; although, some studies discuss 

nucleoside bromination with bromine addition primarily occurring on the C5 position of 

cytosine.36, 37 As such, the stability and occurrence of resulting N-bromamines, as well as their 

potential to form DBPs in the presence of organic matter appears to not be well understood. 

Addressing these gaps is crucial for assessing the safety of water treatment processes and 

mitigating the formation of harmful byproducts. The work described herein aims to (1) determine 

under which conditions the chlorination and bromination of cytosine and adenine generate stable 

N-halamines using UV-Visible (UV-Vis) spectrophotometry and MS/MS, and (2) evaluate the DBP 



formation potential of the produced N-halamines with Humic Acid. This study should contribute 

to policy or efforts to mitigate N-DBP formation during wastewater defacto and potable re-use 

for drinking water purposes.   

 

2. Materials and Methods  

2.1 Chemicals and reagents  

Cytosine (≥99%), adenine (99%), sodium phosphate monobasic (≥98%), sodium 

bicarbonate (99.7%), sodium acetate(98%), sodium bromide (≥99%), sodium sulfite (≥98.0%), 

sodium hydroxide (98.0%), potassium iodide (≥99%), reagent-grade NaOCl, N-N-diethyl-p-phenyl-

enediamine sulfate salt (DPD, ≥98.0%), ammonium chloride (≥99.5%), 1,3,5-trimethoxybenzene 

(TMB, ≥99%), nitrobenzene (≥99.0%), 2-bromo-1,3,5-trimethoxybenzene (Br-TMB, C9H11BrO3; 

≥99.9%) toluene (≥99.9%), and 37% hydrochloric acid were sourced from Sigma-Aldrich (St. Louis, 

MO, USA). 5-bromocytosine (>98.0%) was sourced from TCI America (Portland, OR, USA). LC-

MS/MS grade methanol, anhydrous acetonitrile (ACN), and water as well as methyl tert-butyl 

ether (MTBE, 99.9%) were acquired from Fisher Scientific (New Hampshire, USA).  

Purity and vendor information for reference standards for 25 DBPs representing six DBP 

families: trihalomethanes, haloacetonitriles, haloketones, halonitromethanes, 

haloacetaldehydes, and iodo-trihalomethanes are shown in Table S1 in the Supporting 

Information (SI).38 Suwanee River humic acid (SRHA) was purchased from the International Humic 

Substances Society (St. Paul, MN, USA).  

Ultrapure water used in this study was distilled, deionized, and subjected to ultra-

purification through a Barnstead B-Pure system, followed by a Barnstead MicroPure UV/UF 



system. Produced water (resistivity ≥18.2 MΩ cm-1, organic carbon content <5 ppb) was used to 

prepare chlorine demand free water following Standard Method 4500-Cl C39 as well as chlorine 

demand free glassware, based on external established methods.40 DBP reference standard 

solutions were prepared as described by Ortega et al. (2021) (Text S1 in the SI).41  

HOBr was prepared according to previously published methods from sodium hypochlorite 

and sodium bromide over three days and standardized before use via UV-Vis spectrophotometry 

(model UV-2700, Shimadzu Corp., Japan) at a wavelength of 329 nm (molar absorptivity = 332 

M⁻¹ cm⁻¹).42, 43 NH2Cl was prepared as described elsewhere by mixing NaOCl and NH4Cl in a 1 to 

1.1 molar ratio at a controlled pH of 8.0 to minimize dichloramine formation.44, 45 NH2Cl was 

standardized at a wavelength 243 nm (molar absorptivity = 461 M⁻¹ cm⁻¹).46 

2.2 Chlorination/bromination of cytosine and adenine  

All reaction samples were prepared with  chlorine demand free water. The reagent-grade 

NaOCl stock solution was standardized before use with UV-Vis spectrophotometry at a 

wavelength of 292 nm (molar absorptivity = 350 M⁻¹ cm⁻¹).43,45 Cytosine and adenine 

chlorination/bromination reactions were conducted at pH 4.0 with a 5 mM acetate buffer, 7.0 

with a 5 mM phosphate buffer, and 10.0 with a 5 mM carbonate buffer. Three Cl/P (chlorine-to-

pyrimidine/purine) molar ratios (10:1, 1:1, and 0.1:1) were assessed at each pH condition. 

Experiments were conducted at pH 4.0, 7.0, and 10.0 to capture the effect of pH on free chlorine 

and bromine speciation (HOCl/ HOBr vs OCl⁻/ OBr⁻) and reactivity to include both 

environmentally relevant (pH 7.0) and mechanistic (pH 4.0 and 10.0) extremes. Oxidant-to-

pyrimidine/purine molar ratios (10:1, 1:1, 0.1:1) were selected to represent oxidant-excess, near-

stoichiometric, and pyrimidine/ purine-excess conditions to assess how N-halamine formation is 



affected by oxidant availability. All 36 reactions were maintained at 430 rpm in 125 mL Erlenmeyer 

flasks covered with aluminum foil to prevent light exposure, with a final reaction volume of 100 

mL. For reaction monitoring by UV-Vis, 3 mL aliquots were collected at 2, 5, 10, 20, and 30 mins 

as well as at 1, 2, 3, 18, 24, 48, and 72 hours after chlorine/ bromine addition, and immediately 

analyzed using a UV-Vis spectrophotometer from 200-400 nm in 1 nm increments. Control 

experiments were also performed being either cytosine/ adenine, or HOCl/ HOBr in buffered 

water at specific pH conditions. Potential interference between the acetate buffer (at pH 4.0) and 

free chlorine was evaluated by monitoring the HOCl controls for pH 4.0 reactions at 0 and 20 

hours later (Figure S1A in the SI), which showed no measurable change in the absorbance over 

time as reported from other studies.47 The free and combined chlorine residual throughout 

reactions was determined with the DPD colorimetric method.39 Reaction aliquots (in triplicate) 

were collected at varying time points (0, 2, 5, 20, 30 mins and 2, 18, 24, 48, 72 h) after 

chlorine/bromine addition.        

Bromine and combined bromine (+1 oxidation state) were determined using TMB as a 

derivatization agent to produce Br-TMB as per published protocols.48, 49 Briefly, a 1 mL aliquot of 

each solution were transferred to glass centrifuge tubes (in triplicate) and reacted with 80 µM 

TMB at the same time-points as employed in the DPD method (0, 2, 5, 20, 30 mins and 2, 18, 24, 

48, 72 h). Then the sample was extracted using liquid-liquid extraction with 0.5 mL toluene, 

shaken using a Burrel wrist-action shaker (Pittsburgh, PA, USA) for 2 mins, followed by a 5 min 

rest period. Following this, 250 µL of the top layer (toluene) was transferred to a GC-MS/MS vial 

and spiked with 6 µM nitrobenzene (internal standard). The extracts were immediately analyzed 

with GC-MS/MS to determine Br-TMB concentrations.  



2.3 Intermediate and product confirmation with tandem mass spectrometry 

A liquid-liquid extraction method based on published protocols50-52 was used to extract 

both halogenated cytosine and adenine products at 2 and 24 h for chlorine reactions (timing 

based on DPD results) and immediately as well as after 2 h after mixing for bromine reactions 

(depending on Br-TMB and DPD results). Briefly, to 100 mL of the reaction mixture covered in 

aluminum foil, 10 mL of MTBE and 10 g of sodium sulfate were added, shaken for 10 mins, 

followed by a 5 min resting period. The MTBE layer was passed through a sodium sulfate column 

to remove remaining water and concentrated to 1 mL using a TurboVap® II (Biotage, Uppsala, 

Sweden) under a gentle nitrogen gas flow of 1.0 L/min in a water bath at 32 ºC. Subsequently, 10 

mL of acetonitrile (ACN) was added to solvent exchange and then the extract was concentrated 

again to 1 mL. Finally, the 1 mL ACN extract was diluted with 1 mL of LC-optima grade water and 

transferred to 2 mL amber vials for MS analysis.  

An ACQUITY H-class system equipped with a liquid chromatograph coupled to a Xevo TQ-

S micro triple quadrupole mass spectrometer fitted with a Z-spray (dual orthogonal sampling) 

interface (Waters Corp., Milford, MA, USA) was used for analysis. Both positive and negative 

electrospray ionization modes were tested to maximize the ionization efficiency of molecular ions 

of pure cytosine and adenine prepared in a 1:1 ACN/water solution at concentrations of 5 ppm. 

The MS operation parameters used based on peak intensity versus background noise were ES+ 

mode, capillary voltage of 2.90 kV, a cone voltage of 15 V, an infusion flow rate of 5.0 µL/min, ion 

source temperature of 110 ºC, desolvation temperature of 350 ºC, desolvation gas flow rate of 

600 L/h, and a cone gas flow rate of 50 L/h. To identify brominated products in reactions, reaction 

extract and standard (5-bromocytosine) were directly infused into a Thermoscientific (Waltham, 



MA USA) TSQ Fortis triple quadrupole mass spectrometer with an ESI probe (parameters: ES+ 

mode, ion spray voltage of 2.9 kV, an infusion flow rate of 5.0 µL/min, sheath gas at 4 L/min, 

sweep gas at 1.0 L/min, and ion transfer tube temperature at 350 ºC) to monitor fragmentation 

with increasing collision energy. Fragmentation patterns were used to help identify brominated 

products.38  

2.4 DBP formation potential experiments 

Solutions in chlorine demand free water, covered in aluminum foil, were prepared 

consisting of 50 µM cytosine or adenine that were reacted first with 50 µM bromine or chlorine 

to form N-halamines (Br or Cl/P=1). Then, 2 mg/L as C SRHA were added to solutions after 2 h (for 

chlorination experiments) or immediately after the reaction started (for bromination 

experiments). Control samples consisted of cytosine or adenine with SRHA in buffered water. 

Combined chlorine formed from the reaction of chlorine with cytosine or adenine was quantified 

using the DPD method and reached a stable concentration after 2 h. This measured concentration 

was then used to set the doses of other oxidants (HOCl, HOBr, and NH₂Cl) added to SRHA. By 

matching oxidant concentrations, DBP formation potentials could be directly compared across 

the reaction mixture and the individual oxidants. Control, comparison, and reaction samples were 

made in headspace-free, 40 mL amber glass bottles. Samples were incubated at 25 °C for 1-, 2-, 

and 5-days and immediately extracted by liquid-liquid extraction in triplicate and analyzed with 

gas chromatography tandem mass spectrometry (GC-MS/MS), according to a method described 

elsewhere.41 Standard deviations for individual DBP concentrations, as well as standard deviations 

calculated from variances within DBP families, were determined and included in the DBP figures 



(raw data provided in the SI). Residual free and combined chlorine as well as free bromine were 

determined by the DPD colorimetric method39 throughout these experiments.   

DBPs were quantified with an Agilent 7890B with a multi-mode inlet coupled to a 7000C 

Agilent triple quadrupole (Agilent Technologies, Santa Clara, CA) with an electron ionization 

source. A previously developed multiple reaction monitoring method was used to quantify 6 DBP 

families (25 DBPs in total) including haloacetonitirles, halonitromethanes, haloacetaldehydes, 

iodo-trihalomethanes, trihalomethanes, and haloketones.38, 41 Optimized MS/MS conditions for 

all quantified DBPs are given in Table S1 in the SI. Further, calibration curves and solutions used 

for DBP quantification are detailed in Text 1 in the SI. 

 

3. Results and Discussion  

3.1 Chlorination of cytosine and adenine – N-chloramine formation assessment and 

confirmation   

This study investigated reaction conditions which promote N-chloramine formation at 

three pH conditions (4.0, 7.0, 10.0) and three chlorine-to-pyrimidine/purine molar ratios 

(Cl/P=0.1, 1, 10). Initial analyses were conducted at pH 7.0, as this condition is the most relevant 

in practice.53 Reaction progress for the reaction of chlorine and cytosine with a molar ratio of 1:1 

(Cl/Cyt=1) at pH 7.0 was monitored by UV-Vis spectrophotometry which revealed an isosbestic 

point around 295 nm, a transient peak appearing between 2-20 mins at ~238 nm (P1), a transient 

peak between 2-3 hours at ~226 nm (P2), and a final peak (P3) with a blue shift between ~275-

280 nm (Figure 1A; Figure S2A-B and Table S2 in SI). The isosbestic point is well established 

evidence of a single-step interconversion of reactants to product(s),54 while the transient peaks 



point to short-lived intermediates or evolving reaction products. Previous studies have identified 

that nucleobase chlorination is associated with UV absorbance in the ~240-280 nm range––

attributed to N-Cl bond formation.55 Given that P3 had major maxima observed between ~275-

280 nm which were both not observed in controls with cytosine or chlorine alone and were 

maintained over time (Figure 1A), this provides possible evidence that a N-chloramine was 

formed and were maintained over time (Figure 1A), this provides possible evidence that a N-

chloramine was formed.  

To further confirm whether the extra peaks or isosbestic point were due to N-chloramine 

formation, free and combined chlorine were quantified over time with the DPD method as shown 

in Figure 1B (Table S3 in SI). Results suggest that combined chlorine (interpreted as N-

chloramines) formation stabilized at ~2 h and persisted up to 72 h at an average concentration of 

20.9 µM ± 0.5 µM (1.48 ± 0.04 mg/L as Cl2)––a ~25% conversion from the initial free chlorine 

concentration  (Figure 1B), and consistent with reports that organic chloramines can be relatively 

persistent under water-treatment conditions.56, 57  

A reaction mixture sample was extracted at 2 h and directly infused into a mass 

spectrometer to confirm the formation of chlorinated species. The mass spectra (Figure 2A) had 

two isotopic finger prints: one ion pair at ~146/148 m/z with a ~3:1 intensity ratio that indicates 

the presence of a monochlorinated species (and matches the m/z of cytosine plus one chlorine 

atom), and a second cluster at ~180/182/184 m/z with the expected ~9:6:1 intensity pattern that 

indicates the presence of a dichlorinated species (and matches the m/z of cytosine and two 

chlorine atoms). Although, after 24 h, only the mono-chlorinated cytosine was observed at ~48% 

of the intensity compared to the 2 h sample (Figure 2B). Together, the quantified combined 



chlorine concentration and the chlorinated cytosine isotope patterns at the m/z ratios expected 

support the assignment of mono- and di-chlorinated cytosine products in the 2 h extract under 

these reaction conditions, as well as the persistence of the mono-chlorinated nucleobase product 

in the 24 h extract––confirming the formation of stable N-chlorocytosine under these reaction 

conditions. However, due to the lack of analytical standards, confirmation of the exact structures 

of the mono- and di-chlorinated species was not possible.  

There are three major sites in which halogenation of cytosine occurs: either i) on the 

exocyclic amine or ring nitrogens via generalized electrophilic attack or ii) on the ring carbons via 

electrophilic aromatic substitution (Figure 3A-C). Electrophilic halogenation in water seems to be 

kinetically favored at exocyclic aliphatic and aromatic ring nitrogens (leading to N-halamine 

formation), whereas substitution at aromatic carbon sites seems to be thermodynamically 

favoured, proceeding through electrophilic aromatic substitution or rearrangement following 

intermediate N-halamine formation.22, 31, 34 These general mechanisms could be applied to 

adenine chlorination as well as the bromination of both cytosine and adenine as discussed below. 

The reaction of chlorine and adenine with a molar ratio of 1:1 at pH 7.0 (Cl/Aden=1) revealed a 

steady decrease in absorbance over time at ~210 and ~260 compared to controls (Figure 4A; 

Figure S2C-D and Table S4 in SI). Between 225-230 nm, fluctuations in intensity were observed in 

three clusters––with the 2-10 mins absorbance increasing in intensity, the 20 mins to 3 hours 

absorbance decreasing in intensity, followed by a decrease in absorbance over time from 18-72 

hours (Figure 4A). Combined chlorine formation appeared to stabilize around 2 h at a 

concentration of 5.29 µM ± 1.55 µM (0.38 ± 0.11 mg/L as Cl2), a ~11% conversion from the initial 

free chlorine concentration and slowly declined to 4.72 µM ± 2.18 µM up to 72 h (Figure 4B; Table 



S5 in SI).  The observed lower reactivity is consistent with previous studies, as some observed 

only modest chlorine substitution for adenine (1-2 chlorines) compared to cytosine (1-4 

chlorines), and noted that highly chlorinated adenine derivatives do not form at neutral pH under 

moderate Cl/P ratios.31  Furthermore, MS experiments were carried out after 2 and 24 hours of 

reaction time; however, no chlorinated adenine clusters were observed at either time point, 

possibly due to  low concentrations formed (data not shown). Results agree with Zhang et al. who 

showed faster degradation (and subsequent reactivity) for cytosine (first order rate constant k= 

6.49 ×10⁻² min⁻¹) than for adenine (first order rate constant 4.13 × 10⁻² min⁻¹) due to structural 

and electron availability differences between the two.34  Adenine exhibits lower reactivity toward 

electrophilic halogenation than cytosine due to its larger, more extensively delocalized purine π-

system (i.e., due to its imidazole and purine rings systems), which distributes electron density and 

reduces the localization of reactive sites. In contrast, cytosine contains more defined regions of 

high electron density within its pyrimidine ring, particularly at C5 and N3, and a more localized 

electronic structure, making it more susceptible to electrophilic attack. Consequently, cytosine 

undergoes faster halogenation and degradation compared to adenine, consistent with previous 

observations that the reactive sites in cytosine (the C5–C6 double bond, ring nitrogens, and 

primary amine) are more susceptible to electrophilic attack than those in adenine’s aromatic 

imidazole ring.34 This also explains why there is a 5-fold higher concentration of N-chlorocytosine 

relative to N-chloroadenine  (Figures 1B and 4B). Moreover, no evidence of N-chloramine 

formation was observed in other Cl/P=1 ratios at other pH conditions (pHs 4.0 and 10.0) for 

neither cytosine nor adenine (data not shown). The tested pH conditions influence both i) free 

halogen speciation (HOCl vs OCl⁻, pKa ≈ 7.5; HOBr vs OBr⁻, pka ≈ 8.8) and ii) nucleobase 



protonation states, which together govern halogenation reactivity and product distribution. For 

example, in the case of chlorination  at lower pH (pH 4.0), HOCl is the dominant species and is a 

strong electrophile; however, protonation of nucleobase functional groups can reduce 

nucleophilicity. At neutral pH (pH 7.0), a balance between reactive HOCl and unprotonated 

nucleophilic sites promotes efficient halogenation. At higher pH (pH 10.0), OCl⁻ predominates and 

exhibits lower electrophilicity, resulting in decreased reactivity. 

Additionally, given that water disinfection practices often involve excess oxidant relative 

to nitrogenous precursors, reactions were also investigated at a ten-fold chlorine excess 

(Cl/P=10). Under these conditions, the 10:1 reaction of chlorine and adenine (Cl/Aden=10) at pH 

4.0  displayed two transient peaks of two unknown compounds at ~220 and ~306 nm at the 5 min 

time-point (Figure 5A; P1 and P2) that disappear by 1 h and 30 mins, respectively (Figure S2E-F 

and Table S6 in SI).  Furthermore, the reaction reached an average combined chlorine 

concentration of 42.6 µM ± 3.2 µM ((3.02 ± 0.02) mg/L as Cl2) between 2 to 72 h––a ~10% 

conversion from the initial free chlorine concentration (Figure 5B; Table S7 in SI)––comparable in 

magnitude to that observed for the Cl/Aden=1, pH 7.0 reaction. However, other excess-chlorine 

systems (Figure S1B-F and Tables S8-S12 in SI) had negligible to no measurable N-chloramine 

formation. This outcome aligns with known behaviour of organic chloramines in that high oxidant 

doses often drive further oxidation or decomposition rather than stable N-chloramine 

accumulation.58 The chlorine and cytosine reaction with a molar ratio of 10:1 (Cl/Cyt=10) at pH 

7.0 system depicts this concept well (Figure S1B in SI), where the signal decreases gradually to 

almost 0 A.U. by the end of the experiment. Similarly, the low-oxidant dose reactions for both 

cytosine and adenine (Cl/P=0.1) at all pH conditions tested (4.0, 7.0, 10.0) showed no measurable 



N-chloramine formation (data not shown); this is consistent with prior findings that sub-

stoichiometric chlorine levels limit the formation of chlorinated-nucleobases and, instead, amine-

chlorine complexes formed may revert to parent amines.31, 59 

3.2 N-chloramine DBP formation potential 

N-chloramine DBP formation potential was assessed for Cl/Cyt=1 and Cl/Aden=1 at pH 7.0 

(Figure 6 A and B) by adding organic matter (SRHA) to the reaction mixtures after 2 h (time needed 

to form N-chlorocytosine and N-chloroadenine) and extracted after 1, 2, and 5 days. SRHA, the 

hydrophobic fraction of Suwanee River Natural Organic Matter (SRNOM), was chosen because 

while both SRHA and SRNOM were identified as major DBP precursors,60 SRHA was reported to 

be more reactive than SRNOM.  N-chlorocytosine reaction with SRHA (Figure 6A; Table S13 in SI) 

produced a total DBP concentration of 6.63-9.07 µg/L across 5 d, primarily driven by 

trichloromethane  with a maximum of 6.04 µg/L, followed by trichloroacetaldehyde (1.21-1.39 

µg/L), dichloroacetonitrile  (0.60-0.83 µg/L) and 1,1-dichloropropanone (0.31-0.38 µg/L), 

bromodichloromethane (0.24-0.26 µg/L), 1,1,1-trichloropropanone (0.037-0.15 µg/L), and 

tribromomethane (0.02-0.04 µg/L).  Trichloromethane, trichloroacetaldehyde, 

bromodichloromethane, and tribromomethane were also observed in controls (cytosine and 

SRHA extracts; Figure 6A and Figure S3A in SI) but at lower concentrations (2.6, 0.58, 0.15, and 

0.084 µg/L, respectively). Free chlorine in the N-chlorocytosine reaction mixture predominated 

after 1 d, while combined chlorine decreased from ~0.8 mg/L as Cl2 after 1 d to between 0.0-0.2 

mg/L as Cl2 (Figure S3B and Table S14 in SI).  

These results are consistent with literature findings that the chlorination of organic 

nitrogen precursors (e.g., amino acids and amines) can promote the formation of both carbon- 



and nitrogen-based DBPs. While trihalomethanes are predominantly formed via the haloform 

reaction of activated carbonyl precursors, haloketones and haloacetaldehydes form from 

halogenation/oxidation of β-dicarbonyls and alcohol/aldehyde moieties, and haloacetonitriles 

form from halogenation and oxidation of nitrogen-containing precursors such as amino acids and 

proteins.61, 62 N-chlorocytosine DBP formation potential was compared with that of NH2Cl and 

HOCl (Figure 6A and S3C-D in SI, respectively). Trichloromethane was quantified in the largest 

amounts (1.6-2.0 µg/L) by NH2Cl over 5 d; however, the control contained slightly higher 

trichloromethane levels (2.60 µg/L).  NH2Cl also produced other DBPs not found in the control, 

including, 1,1-dichloropropanone (0.99-1.0 µg/L), dichloroacetonitrile (0.11-0.27µg/L), and 1,3-

dichloropropanone (13DCP; 0.035-0.13 µg/L). Bromodichloromethane (0-0.039 µg/L) and 

trichloroacetaldehyde (0-0.025 µg/L) were also produced by NH2Cl at lower concentrations 

compared to the control. Overall, NH2Cl and N-chlorocytosine produced DBPs at comparable 

levels and within the same order of magnitude. While N-chlorocytosine yielded slightly higher 

concentrations of select C-DBPs (trihalomethanes and trichloracetaldehyde) and N-DBPs 

(dichloroacetonitrile), and lower haloketones relative to NH₂Cl, the overall distribution between 

C-DBPs and N-DBPs remained broadly similar. This suggests that the nucleobase-derived halamine 

does not fundamentally alter the suite of DBPs formed compared to inorganic chloramine. As 

expected, free chlorine was depleted by day 1 while combined chlorine increased to ~1.2-1.4 

mg/L as Cl2 after 1 d and remained constant (Figure S3C and Table S15 in SI). In contrast, HOCl 

produced the highest total DBP levels of 32.7 µg/L at day 1, that increased up to 49.83 µg/L at 

day 5,  primarily driven by  trichloromethane (25.7-43.7  µg/L), followed by trichloroacetaldehyde 

(2.23-2.92 µg/L), bromodichloromethane (1.06-1.57 µg/L), 1,1,1-trichloropropanone (0.51-1.0 



µg/L), dichloroacetonitrile (0.66-0.79 µg/L), tribromomethane (0.55-0.61 µg/L), 1,1-

dichloropropanone (0.44-0.47 µg/L), and 1,1,3,3-tetrachloropropanone (0.05-0.20 µg/L). The 

free and combined chlorine concentrations in HOCl remained low after 1 d (Figure S3D Table S16 

in SI). Results from this study align with the well-established notion that HOCl reactions with NOM 

favor trihalomethanes as dominant DBPs, whereas NH2Cl generally produces lower DBP 

concentrations overall.63-66 

In contrast to N-chlorocytosine, N-chloroadenine generated lower total DBP 

concentrations (2.68-3.03 µg/L) (Figure 6B; Table S17 in SI), possibly due to the lower adenine 

reactivity as discussed above. At 1 d, trichloromethane was the highest DBP quantified for N-

chloroadenine (1.43 µg/L) which then increased up to 1.99 µg/L by 5 d. However, adenine controls 

(Figure 6B and Figure S4A in SI) produced a similar trichloromethane concentration (1.04 µg/L) 

indicating that trichloromethane was not significantly formed by the N-chloroadenine. 

Haloketones were the second most predominant DBP family driven by 1,3-dichloropropanone, 

quantified up to 0.82 µg/L and decreased to 0.71 µg/L after 5 d. Other DBPs formed by N-

chloroadenine that were negligible in controls include dichloroacetontrile and 

trichloroacetaldehyde (0.11-0.14 µg/L), bromodichloromethane (0.067-0.086 µg/L), 1,3-

dichloroprpanone (0.189-0.082 µg/L), and 1,1,1-trichloropropanone (0-0.025 µg/L). Free chlorine 

was depleted by 1 d while the combined chlorine concentration plateaued around a low 

concentration of ~0.25 mg/L as Cl2 (Figure S4B and Table S18 in SI) throughout the 5 d. Overall, 

N-chloroadenine produced DBP quantities similar to NH2Cl (Figure S4C and Table S19 in SI)––

although N-chlorocytosine produced higher amounts of DBPs overall. This is consistent with the 

behaviour of a weaker oxidant and aligns with studies that reported lower reactivities of purine 



precursors compared to pyrimidines as previously discussed.22 Additionally, Zhang et al. have 

reported that pyrimidines (specifically uracil and cytosine) produce more C- and N-DBPs than 

purines.22 Thus, the results suggest that the N-chlorocytosine and N-chloroadenine act as mild 

oxidants, producing both C- and N-DBPs in quantities comparable to monochloramine. 

It is important to note that the nucleobase concentrations used in this study (50 µM) are 

substantially higher than those typically observed in recycled water (ng/L to µg/L range) and the 

simple buffered system does not account for the presence of ammonium and NOM. While these 

concentrations were required to study reactions using spectroscopic and mass spectrometric 

methods, they may not reflect environmentally relevant conditions. Furthermore, in practice, 

ammonium rapidly reacts with free chlorine to form inorganic chloramines, which are less 

reactive and can alter DBP formation. As a result, the reaction behavior and relative importance 

of nucleosides may differ under environmentally relevant conditions. 

3.3 Bromination of cytosine and adenine – N-bromamine formation assessment  

This study also evaluated N-bromamine formation from the reaction of HOBr with 

cytosine and adenine at three pH conditions (4.0, 7.0, 10.0) and three bromine-to-

pyrimidine/purine molar ratios (Br/P=0.1, 1, 10).  Reaction progress for the reaction of bromine 

and cytosine with a 1:1 molar ratio (Br/Cyt=1) at pH  7.0  revealed a transient peak appearing 

between 0-10 mins at ~229 nm (P1 in Figure 7A; Figure S5A-B and Table S20 in SI) and the overall 

spectra seemingly depicts two different ‘phases’ of the reaction (i.e., the blue traces appear 

distinct from the orange) suggesting short-lived product/intermediate formation. Lei et al. 

reported inorganic di- and mono-bromamines exhibit absorption maxima around 232 and 278 

nm, respectively42 which coincide with those observed in Figure 7A. To further investigate 



whether bromine species were present, a derivatization method using GC-MS/MS (Br-TMB) was 

employed (Figure 7B; Table S21 in SI). TMB was added to the HOBr and cytosine reaction mixture 

(green trace), where the bromine concentration rapidly declined and decreased to ~0 µM after 

~2 h, suggesting  that HOBr quickly reacted with cytosine and consumed all bromine oxidants in 

the +1-oxidation state (e.g. HOBr and N-bromamines) which was not observed in the HOBr control 

(Figure 7B in orange). Previous studies have shown that under similar reaction conditions, carbon-

substituted 5-bromocytosine forms by electrophilic aromatic substitution as a final product with 

an almost 90% predominance over other products.36, 37, 67, 68 Thus, although a transient peak P1 

may indicate a short-lived N-bromamine, results seem to align with a carbon-substituted 

bromocytosine as the final reaction product––prompting further experimentation by MS.  

Direct ES+ MS analysis of two sample extracts—one extracted just after the start of the 

reaction (~ 0 min) and another after 2 h—revealed evidence of a mono-brominated cytosine 

product with ion pairs at ~190/192 m/z with a 1:1 intensity ratio (Figure 8) in both samples 

corresponding to the m/z of cytosine with one bromine atom. Results suggest that a stable 

bromocytosine is present after 2 h—most likely a carbon-substituted bromocytosine since N-

bromamines are known to be unstable products.69 To further corroborate this assignment, the 

fragmentation ions of precursor ion 190 m/z were analyzed in a commercial 5-bromocytosine 

standard (Figure S6A in SI) and compared to that of the reaction mixture extracted after 2 h of 

reaction progress (Figure S6B in SI), showing that same fragmentation ions had similar abundance 

with the exception of 172/173 and 145/147 ions. In both cases, fragmentation was minimal below 

15 eV, indicating that the precursor ion remains largely intact under low-energy conditions. Above 

15-20 eV, the same product ions increase in relative abundance with increasing collision energy 



corresponding to expected loss of water and/or NH3 (172/173 m/z, 1:1 intensity), secondary 

fragmentation while retaining bromine (145/147 m/z, 1:1 intensity), bromine loss (111 m/z), and 

possible cytosine ring fragments (possible other neutral losses; 84 m/z).  As shown in previous 

studies, compounds exhibiting similar fragment ions but subtle differences in relative abundances 

over increasing collision energies are more consistent with structural isomers or mixtures of 

which rather than definitive confirmation of a single compound.38 Thus, the differences observed 

on the relative abundances could indicate the presence of structural isomers (e.g., 6-

bromocytosine) or a mixture of both 5- and 6-bromocytosine. 

For the reaction of bromine and adenine at pH 7.0, an isosbestic point at ~320 nm as well 

as a transient peak appearing between 0 min and 1 h at ~365 nm (P1 in Figure 9A; Figure S5C-D 

and Table S22 in SI) were observed. The transient peak suggests a short-lived 

product/intermediate that was formed and depleted within 1 h, and the isosbestic point suggests 

single-step product formation. MS experiments did not detect brominated species which 

contradicts with literature where N-bromamines and C-substituted bromoadenines were 

reported as products from the reaction of adenine analogs and bromine (e.g, 8-bromoadenine) 

and absorb at less than 300 nm.42, 70-72 One possible explanation is that the transient peak at ~360 

nm arises from short-lived intermediates, such as adeninyl radicals, aminyl species, or charge-

transfer complexes, that absorb in this region, however this hypothesis requires further 

confirmation.73, 74 Furthermore, the total bromine concentration in the reaction mixture in Figure 

9B (green) (Table S23 in SI) was depleted by 20 mins –– which corroborates the fact that the 

formation of an active bromine species is unlikely. 



Moreover, experiments conducted at other conditions (Br/P=0.1 at pHs 4.0, 7.0, and 10.0; 

Br/P=1 at pHs 4.0 and 10.0; and Br/P=10 at pHs 4.0, 7.0, and 10.0) did not reveal the presence of 

N-bromamines. Previous studies have reported that in high-bromine concentration systems, 

direct oxidative halogenation dominates rather than stable halamine formation which might 

explain our results in reactions with Br/P=10.63 

3.4 Brominated nucleobase DBP formation potential  

The bromocytosine and bromoadenine tentatively observed from the reaction of bromine 

and cytosine/adenine at pH 7.0 were assessed for DBP formation potential (Figure 10A and B). 

With respect to the Br/Cyt=1, pH 7.0 reaction (Figure 10A (Table S24 in SI); Figure S7 in SI),  

bromocytosine produced a total DBP concentration of 7.51-10.07 µg/L primarily driven by 

tribromomethane (8.05-9.09 µg/L) and followed by dibromochloromethane (0.55-0.69 µg/L), 

bromodichloromethane (0.15-0.17 µg/L), dibromoacetonitrile (0.08-0.1 µg/L), and 

trichloromethane (0-0.041 µg/L)  between 1 and 5 d. Also, the cytosine controls produced lower 

levels of total DBPs (~3.51 µg/L) including trichloromethane, trichloroacetaldehyde, 

bromodichloromethane, tribromomethane, and 1,1,1-trichloropropanone concentrations of 2.6, 

0.58, 0.15, 0.11, 0.026 µg/L, respectively –– with trihalomethanes being the predominant DBP 

family (Figure S7A in SI). In contrast, the HOBr reaction with SRHA produced a total DBP 

concentration of 470-580 µg/L over 5 d––about 50x more DBPs compared to bromocytosine. 

Primarily, tribromomethane was formed up to ~571 µg/L after 5 d, followed by 

dibromoacetonitrile (4.42-4.96 µg/L), dibromochloromethane (2.18-2.93 µg/L), 

tribromoacetaldehyde (0-2.73 µg/L), bromoacetontrile (0.90-0.94 µg/L), bromodichlormethane 

(0.19-0.23 µg/L), and trichloromethane (0-0.048 µg/L). DPD measurements show that the free 



bromine concentration plummeted by 24 h for both reactions (Figure S7B-C and Table S25-26 in 

SI) which aligns with minimal DBP formation after this time point. Results suggest that after 

cytosine addition to HOBr, reactive halogen species (N-bromocytosine and possibly a small HOBr 

residual) reacted with SHRA to form the low DBP yields. DBP formation potential for the reaction 

mixture of bromine and cytosine with a molar ratio of 1:1 (Br/Cyt=1) at pH 4.0 was also assessed 

due to the presence of isosbestic points observed during reaction progress monitoring and 

dibrominated cytosine observed in MS analysis (data not shown); however, N-bromamines were 

not observed and DBP formation was similar to that of the reaction at pH 7.0 only with reduced 

quantities––as is supported by the literature (Table S27 in SI).38                            

The reaction mixture of bromine and adenine with a 1:1 molar ratio (Br/Aden=1) at pH 7.0 

(Figure 10B; Table S28 in SI) and Figure S8 and Table S29-30 in SI at 1 d produced a total DBP 

concentration of 3.16-3.52 µg/L primarily driven by tribromomethane (1.55-1.94 µg/L), with trace 

level concentrations of dibromochlormethane (0.8 µg/L), bromodichlormethane (0.49-0.50 

µg/L), and trichloromethane (0.18-0.32 µg/L. In contrast, the HOBr reaction with SRHA generated 

up to ~500 µg/L TMB after 1 d followed by lower concentrations 0.38-4.56 µg/L of 

dibromoacetonitrile, dibromochloromethane, tribromoacetaldehyde,  trichloromethane, 

bromodichlormethane, and bromoacetontrile. This showed that species from the bromine and 

adenine reaction produce significantly less DBPs compared to free bromine. Similar to the 

cytosine reaction, it is also possible that a small residual of free bromine could have reacted with 

SRHA to produce the observed DBPs instead. The main difference observed between the 

bromination of cytosine (Figure 10A) and adenine (Figure 10B) is that dibromoacetontrile (an N-

DBP) was formed in the reaction of the brominated cytosine with SRHA.  



4. Conclusions and future directions 

In summary, the Cl/P=1 and Br/P=1 reactions at pH 7.0 showed spectral changes in 

reaction progress monitoring experiments which indicated product and/or intermediate 

formation. Further analysis suggested that N-chloramines may have been formed in chlorination 

reactions and C-brominated nucleobases being the primary final product(s) of the bromination 

reactions. Finally, DBP formation potential experiments showed that for Cl/P=1, pH 7.0 reactions, 

N-chloramines produced both C- and N-DBPs at concentrations similar to monochloramine; for 

the Br/P=1, pH 7.0 reactions, the cytosine reaction (Br/Cyt=1, pH 7.0) produced both C- and N-

DBPs while the adenine reaction (Br/Aden=1, pH 7.0) only produced C-DBPs. Moreover, both the 

N-chloramines’ and brominated nucleobases’ DBP formation was primarily driven by 

trihalomethanes. Similarly, both bromination reaction conditions generally yielded DBPs at lower 

concentrations than free bromine; however, some DBPs (like bromodichloromethane) were 

produced at almost equal concentrations.  

To the best of the authors’ knowledge, previous studies have not investigated the 

bromination of cytosine and adenine within this context, and there exists a lack of identification 

of the conditions under which N-halamines form and remain stable enough to form DBPs. For 

example, studies that investigate the reaction of HOCl/ HOBr with nucleosides and nucleobases 

under similar conditions use quenchers (e.g., ascorbic acid or sodium sulfite)22, 31, 34, 35 which, due 

to their strong reducing agent nature, can destroy any formed N-halamines. For that reason, in 

this study, the identification of stable N-halamines, the assessment of the bromination of 

nucleobases in general, and the investigation subsequent DBP formation from chlorinated and 

brominated intermediates establishes the current study as unique. 



 Due to the lack of commercially available standards for N-halamines, neither structure 

elucidation (halogenation occurring on exocyclic aliphatic nitrogens versus ring nitrogens) nor 

concrete mechanistic interpretation could be confidently proposed given the MS data. Future 

work should  investigate nucleobase N-halamine formation in real world matrices, where 

increased chemical complexity and more realistic reactant concentrations can be considered. 

Additional work should also investigate the mechanisms by which DBPs were formed from the 

reaction products discussed herein to better inform regulatory and industry decision-making. 

Lastly, while SRHA was found to be more reactive, it may be useful to investigate DBP formation 

from other sources of organic matter and determine if other forms display higher reactivity 

toward N- or C-halonucleobases. Overall, this work contributes to the knowledge gap surrounding 

bromination (and chlorination, to an extent) of nucleobases, and their roles in C- and N-DBP 

formation––contributing to￼ efforts to make wastewater disinfection practices safer. 
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Figures 

 

Figure 1. (A) UV-Vis spectra of the reaction between 0.1 mM cytosine and 0.1 mM free chlorine 

at pH 7.0 with 5 mM total phosphate buffer; (B) free and combined chlorine concentrations 

(n=3) over time measured by the DPD method (0.1 mM cytosine, 0.1 mM NaOCl, 5 mM 

phosphate buffer). Error bars represent the standard deviation of the measured chlorine 

concentrations (n=3). In (A), controls (HOCl control and Cytosine control) were measured at t = 0 

h and t = 20 h to ensure that there were no spectral changes over time. The sum of controls 

curve (pink) represents the spectra if no reaction occurred between reactants (determined from 

the sum of absorbance values of the individual controls). P1 = Peak 1 at ~238nm; P2 = Peak 2 at 

~226nm, and P3 = Peak 3 between ~275-280nm. 



Figure 2. MS1 spectra of direct injection (ESI+) of (A) a Cl/Cyt=1, pH 7.0 reaction (50 mM 

cytosine, 50 mM NaOCl, 5 mM phosphate buffer) extracted after 2 hours of reaction initiation, 

and (B) Cl/Cyt=1, pH 7.0 reaction extracted after 24 hours of reaction initiation. Peaks at ~112 

m/z correspond to protonated cytosine; ~146 and 148 m/z at 3:1 intensity ratio correspond to 

mono-chlorinated cytosine; and ~180, 182, 184 m/z at 9:6:1 ratio correspond to di-chlorinated 

cytosine. Base peak intensity is 2.30 x108 (A) and 2.05 x108 (B). Collision energy = 0 eV. 

 



 

Figure 3. Predominant mechanisms for halogenation of nucleobases at neutral pH––using 

cytosine halogenation (X = Cl or Br) as an example––with chlorination occurring at (A) aliphatic 

amines, (B) ring nitrogens, and (C) ring carbons on cytosine. Figure excludes resonance 

structures (only relevant resonance structure for reaction shown where applicable). Formation 

mechanisms supported by the literature.22, 30, 33 

  



 

Figure 4. (A) UV-Vis spectra of reaction between 0.05 mM adenine and 0.05 mM free chlorine at 

pH 7.0 with 5 mM total phosphate buffer); (B) free and combined chlorine concentrations (n=3) 

over time are shown (0.05 mM adenine, 0.05 mM NaOCl, 5 mM phosphate buffer).  



 

Figure 5. For the reaction conditions Cl/Aden=10, pH 4.0: (A) UV-Vis spectra of reaction 

between 0.05 mM adenine and 0.5 mM free chlorine at pH 4.0 with 5 mM total acetate buffer; 

(B) free and combined chlorine concentrations (n=3) over-time are shown (0.05 mM adenine, 

0.5 mM NaOCl, 5 mM acetate buffer).  P1 = Peak 1 at ~220 nm. P2 = ~306 nm 

 

 

 

 

 



 

Figure 6. Total DBPs shown by chemical family produced by (A) N-chlorocytosine formed under 

the reaction conditions: Cl/Cyt=1, pH 7.0 (50 µM cytosine, 50 µM NaOCl, 5 mM phosphate 

buffer) and the (B) N-chloroadenine formed under the reaction conditions: Cl/Aden=1, pH 7.0 

(50 µM adenine, 50 µM NaOCl, 5 mM phosphate buffer). ‘CN’ refers to the control solution 

consisting of 50 µM cytosine or adenine + SRHA 2 mg/L as C; ‘RM’ corresponds to the reaction 

mixture consisting of 50 µM cytosine or adenine + 50 µM NaOCl + 2 mg/L as C SRHA; ‘NH2Cl’ 

corresponds to the monochloramine comparison reaction solution consisting of 0.019 mM (A) 

or 0.0067 mM (B) NH2Cl + 2 mg/L as C SRHA; ‘HOCl’ corresponds to the chlorine comparison 

reaction solution consisting of 0.019 mM (A) HOCl + 2 mg/L as C SRHA. 

 

 



 

Figure 7. (A) UV-Vis spectra of reaction between 0.1 mM cytosine and 0.1 mM HOBr at pH 7.0 

with 5 mM total phosphate buffer; (B) free and combined bromine measured in triplicate by Br-

TMB signal in reaction mixture (RM) and control solutions. ‘RM + TMB’ is the brominated 

cytosine reacting with TMB over time (0.1 mM cytosine, 0.1 mM HOBr, 5 mM phosphate 

buffer). ‘HOBr + TMB Control’ is a solution of bromine reacting with TMB over time (0.1 mM 

HOBr, 5 mM phosphate buffer). ‘Cytosine + TMB Control’ is cytosine reacting with TMB over 

time (0.1 mM cytosine, 5 mM phosphate buffer). Error bars represent the standard deviation of 

the sample. 

 



 

Figure 8.  MS1 spectra of the direct injection (ESI+) of a Br/Cyt=1, pH 7.0 reaction (50 mM 

cytosine, 50 mM HOBr, 5 mM phosphate buffer) extracted (A) immediately after reaction 

initiation, and (B) Br/Cyt=1, pH 7.0 reaction extracted after 2 hours of reaction initiation. Peaks 

at ~112 m/z correspond to protonated cytosine; ~190 and 192 m/z at a 1:1 intensity ratio 

correspond to mono-brominated cytosine. Base peak intensity is 1.22x108 (A), and 7.61x107 (B) 

Collision energy = 0 eV. 

 

 



 

Figure 9.  (A) UV-Vis spectra of reaction between 0.05 mM adenine and 0.05 mM HOBr at pH 

7.0 with 5 mM total phosphate buffer; (B)  free and combined bromine measured in triplicate by 

Br-TMB signal in reaction mixture (RM) and control solutions. ‘RM + TMB’ is the brominated 

adenine reacting with TMB over time (0.05 mM adenine, 0.05 mM HOBr, 5 mM phosphate 

buffer). ‘HOBr + TMB Control’ is a solution of bromine reacting with TMB over time (0.05 mM 

HOBr, 5 mM phosphate buffer). ‘Adenine + TMB Control’ is adenine reacting with TMB over time 

(0.05 mM adenine, 5 mM phosphate buffer).  

 



 

Figure 10. Total DBPs shown by chemical family produced by the (A) bromocytosine formed 

under the reaction conditions: Br/Cyt=1, pH 7.0 (50 µM cytosine, 50 µM HOBr, 5 mM phosphate 

buffer) and the (B) bromoadenine formed under the reaction conditions: Br/Aden=1, pH 7.0 (50 

µM adenine, 50 µM HOBr, 5 mM phosphate buffer). ‘CN’ refers to the control solution consisting 

of 50 µM cytosine or adenine + SRHA 2 mg/L as C; ‘RM’ corresponds to the reaction mixture 

consisting of 50 µM cytosine or adenine + 50 µM HOBr + 2 mg/L as C SRHA; ‘HOBr’ corresponds 

to the bromine comparison reaction solution consisting of 50 µM HOBr + 2 mg/L as C SRHA. 
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