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Speciation of Salicylic Acid as a Function of pH

Values corresponding to the first acid dissociation (pKa1) of salicylic acid (SA) in water have been

reported is several previous studies and typically fall within the range of 2.9 £ 0.1 (Table S1).

Values corresponding to the second acid dissociation (pKa2) of SA have not been reported as

extensively in the literature compared to pKa1. Reported values of pKa2 range from 12.81 to 13.89

(Table S1). Dudeney and Irving® attributed the inconsistencies in measured pKa values to

systematic errors such as the small extent of dissociation to give SAZ?™ in the examined aqueous

solutions and the potential for SA?" to undergo chemical decomposition.

Table S1. Literature Reports for Salicylic Acid pKa Values

Reference pKa1 pKaz Comments
T =19 °C (pKaz)
T =18 °C (pKa2)
2 2.91 134 Calculations herein are based on these pKa
values.
3 2.93 not reported T=25°C
4 3.0 13.4 not reported
5 2.937 not reported not reported
6 2.79 not reported T=25°C
7 2.96 not reported T=25°C
8 2.96 not reported T=25°C
9 3.08 not reported T=25°C
1 not reported 13.89 T=20°C
13.74 T=25°C
10 not reported 13.59 T=25°C
T=25°C
1 2.81 134 ionic strength = 0.1 M
12 2.827 12.81 T=25°C
T=25°C
13 not reported | 13.62 + 0.03 ionic strength = 0
T=25°C
14 2.97 13.7 pKa2 was described in this reference as
“less reliable”
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Fig. S1. The fractional composition (&) of salicylic acid as a function of pH. Species shown
include the fully protonated acid (H2SA), hydrogen salicylate (HSA"), and salicylate (SAZ). The
pKar and pKa2 values of 2.97 and 13.4 and ionic strength of 0.1 M were assumed.
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Reagents

All reagents were used as received.

Table S2. Reagents, Purity, and Vendor Information

Purity or Concentration

Reagent (Wit%) Vendor
salicylic acid >99 MP Biomedicals, LLC
3-chlorosalicyclic acid 95+ Ark Pharm, Inc
5-chlorosalicyclic acid 98 Ark Pharm, Inc
3,5-dichlorosalicylic acid 99 Alfa Aesar
3-bromosalicyclic acid 95+ Ark Pharm, Inc
5-bromosalicyclic acid 98 Ark Pharm, Inc
3,5-dibromosalicylic acid 97 Acros Organics
methanol 99.9 Fisher Scientific
formic acid 99.5+ Fisher Scientific
acetonitrile 99.9 Fisher Scientific
nitric acid 70 Fisher Scientific
sodium hydroxide 50 Ricca Chemical Company
(aqueous)
sodium chloride 99.999 Sigma-Aldrich
sodium bromide 99.5 Acros Organics
sodium nitrate 99 Acros Organics
sodium phosphate dibasic 99 Acros Organics
anhydrous
SOdéléTa;e;giggate 99.5 Acros Organics
sodium bicarbonate 99.7+ Acros Organics
sodium hypochlorite 5.65 — 6.00 Fisher Scientific
(aqueous)
sodium thiosulfate >98 Fisher Scientific
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Reactor Compositions and Measured Rate Constants: Chlorination

Solution conditions and pseudo-first-order rate constants for chlorination of SA as a function of
pH (Table S3), added sodium chloride (Table S4), and free chlorine (Table S5).

Table S3. Pseudo-First-Order Rate Constants for Formation of 3-CISA (ks-cisa.obs) and 5-
CISA (Ks-cisa,obs) From Chlorination of SA as a Function of pH at 20 °C*

pH ka-cisaobs (S) | Ks-cisaobs (S71)
11.14 1.56E-04 1.30E-04
10.87 1.48E-04 1.37E-04
10.66 1.54E-04 1.27E-04
10.50 1.46E-04 1.28E-04
10.41 1.36E-04 1.23E-04
10.17 1.24E-04 1.33E-04
9.86 9.46E-05 1.17E-04
9.53 8.77E-05 1.13E-04
9.23 7.44E-05 1.01E-04
8.93 6.58E-05 8.22E-05
8.60 5.75E-05 7.95E-05
8.26 6.57E-05 9.46E-05
7.92 1.00E-04 1.66E-04
7.59 2.17E-04 4,03E-04
7.37 3.07E-04 5.20E-04
7.06 5.71E-04 1.07E-03
6.78 9.93E-04 1.92E-03
6.51 1.37E-03 2.68E-03
6.22 2.11E-03 4,30E-03

2 All reactors contained: [HOCl]wto = 5 mM, borate
(19 mM) and carbonate (19 mM) as a mixed pH
buffer, [SA]wto = 20 uM, [NaCl] = 4.9 mM,
[NaNOs] = 92 mM. All rate constants reported
herein of the form 1.14E-04 denote 1.14 x 10
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Table S4. Pseudo-First-Order Rate Constants for Formation of
3-CISA (Ks-cisaobs) and 5-CISA (ks-cisa.obs) From Chlorination
of SA as a Function of Chloride Concentration at 20 °C?

[NacCl] K3-cisa obs Ks-cisa obs

(mM) (s (s
9.87 3.76E-05 | 4.49E-05
19.8 4.89E-05 | 6.08E-05
29.6 6.58E-05 | 7.96E-05
39.5 7.95E-05 | 9.86E-05

& All reactors contained: [HOCl]ito = 0.46
mM, phosphate (20 mM) as a pH buffer,
pH = 6.98, [SA]twoto = 15 uM, [NaCl] +
[NaNOs] = 100 mM.

Table S5. Pseudo-First-Order Rate Constants for Formation of
3-CISA (ks-cisa,obs) and 5-CISA (ks-cisaobs) From Chlorination
of SA as a Function of Excess Free Chlorine at 20 °C?

[HOCIwto | ks-cisaobs | Ks-cisaobs
(rM) (s (s
297 1.02E-05 9.73E-06
397 1.54E-05 1.66E-05
497 1.92E-05 1.76E-05
597 2.42E-05 2.52E-05
697 3.45E-05 3.50E-05
797 4,95E-05 5.55E-05

@ All reactors contained: phosphate (20 mM)
as a pH buffer, pH = 7.50, [SA]tto = 15
uM, [NaCl] = 9.9 mM, [NaNOs] = 89 mM.
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Example Time Course: Chlorination of SA
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Fig. S2. Example time course of SA reacting with free chlorine to produce 5-CISA and
3-CISA, and 3,5-diCISA. Solution Conditions: [HOCl]tot,0 = 500 uM, phosphate (20 mM)
as a pH buffer, pH = 6.98, [SA]toto = 15 uM, [NaCl] = 30 mM, [NaNO3] =69 mM, T =
20.0 °C.
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Reactor Compositions and Measured Rate Constants: Bromination

Solution conditions and pseudo-first-order rate constants for bromination of SA as a
function of pH (Table S6), added sodium chloride (Table S7), free chlorine (Table S8),
added excess bromide (Table S9), and added bromide in the presence of excess free

chlorine (Table S10) are compiled below.

Table S6. Apparent First-Order Rate Constants for Formation 3-BrSA (ks-srsa,obs) and
5-BrSA (ks-srsaobs) From Bromination of SA as a Function of pH at 20 °C*

pH k3-BrSA,0bs kS-BrSA,obs
(s (s
9.96 3.67E-05 1.05E-04
9.77 5.19E-05 1.93E-04
9.57 1.00E-04 3.02E-04
9.37 2.18E-04 6.24E-04
9.17 1.80E-04 6.01E-04
9.00 3.25E-04 9.52E-04
8.80 5.46E-04 1.79E-03
8.56 7.97E-04 2.20E-03
8.28 7.46E-04 2.18E-03
8.07 7.91E-04 2.65E-03
7.80 1.03E-03 3.81E-03
7.60 6.43E-04 2.86E-03
7.39 5.89E-04 3.08E-03
7.19 4.41E-04 2.57E-03
6.96 6.64E-04 4.26E-03
6.79 7.58E-04 5.85E-03
6.59 1.03E-03 8.67E-03
6.38 1.39E-03 1.22E-02
6.21 1.87E-03 1.52E-02
6.05 2.59E-03 2.07E-02
591 4.03E-03 3.71E-02

2 All reactors contained: [NaBr], = 20 uM,
[HOCl]iot0 = 27 uM, phosphate (20 mM) or
borate (20 mM) or carbonate (20 mM) as a pH
buffer, [SA]ito =21 uM, [NaCl] =4.9 mM,
[NaNOs] = 94 mM.
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Table S7. Apparent First-Order Rate Constants for Formation of
3-BrSA (ka-srsaobs) and 5-BrSA (Ks-ersaobs) From Bromination
of SA as a Function of Chloride Concentration at 20 °C?

[NaCI] K3-Brsa obs Ks-Brsa,obs

(mM) (s (s
4.93 6.72E-04 3.97E-03
14.8 1.67E-03 1.10E-02
24.6 2.18E-03 1.47E-02
34.4 3.76E-03 2.70E-02

@ All reactors contained: [NaBr]o = 20 puM,
[HOCl]toto = 27 uM, phosphate (20 mM) as a pH
buffer, pH = 6.96, [SA]tto = 20 uM, [NaCl] +
[NaNOs] = 100 mM.

Table S8. Apparent First-Order Rate Constants for Formation of
3-BrSA (Ka-srsa,obs) and 5-BrSA (Ks.ersaobs) From Bromination
of SA as a Function of Excess Free Chlorine at 20 °C?

[H OCl]tot,o k3-BrSA,0bs k5-BrSA,obs
(M) (s (s
91.3 6.94E-04 4.22E-03
183 7.64E-04 4.71E-03
274 8.90E-04 5.48E-03
365 1.05E-03 6.38E-03
457 1.22E-03 7.74E-03

@ All reactors contained: [NaBr]o = 20 uM, phosphate
(20 mM) as a pH buffer, pH = 6.96, [SA]tto = 22

UM, [NaCl] = 4.9 mM, [NaNOs] = 93 mM.
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Table S9. Apparent First-Order Rate Constants for Formation of 3-BrSA (ks-srsa,obs)

and 5-BrSA (Ks-ersaobs) From Bromination of SA as a Function of Bromide

Added in Excess of Free Chlorine at 20 °C?

[Tsf’[;]o k3-Brsaobs (51) | Ks-Brsaobs (572)
39.7 6.23E-04 4.72E-03
54.5 9.95E-04 8.03E-03
69.4 1.12E-03 8.78E-03
84.2 1.15E-03 8.43E-03
99.0 1.44E-03 1.18E-02

2 All reactors contained: [HOCl]wto = 18 uM,
phosphate (20 mM) as a pH buffer, pH = 7.27,
[SAlwto =21 uM, no added NaCl, [NaNOs] = 94

mM.

Table S10. Apparent First-Order Rate Constants and Calculated
Reaction Order in [HOBTr]tot for Formation of 3-BrSA (kz-srsa,obs)
and 5-BrSA (ks-srsa,obs) From Bromination of SA as a Function of
Added Bromide in the Presence of Excess Free Chlorine at 20 °C?

[HOBr]toto | Ks-Brsaobs Ks-Brsa,obs Rf:?:cg]B?]rtier
@y |6 & —
19.9 7.79E-04 2.17E-03 1.01+£0.03
29.7 1.05E-03 3.09E-03 1.02 +0.03
39.5 1.89E-03 5.82E-03 1.07 £0.04
49.2 2.11E-03 7.78E-03 1.11 +£0.04
58.8 6.63E-03 1.67E-02 1.22 +£0.05

& All reactors contained: [HOClI]iwt0 = [NaBr]o + 7 uM, borate (20
mM) as a pH buffer, pH = 8.78, [SA]wto = [NaBr]o, [NaCl] = 4.9
mM, [NaNO3] = 94 mM.
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Example Time Course: Bromination of SA
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Fig. S3. Example time course of SA reacting with free bromine to produce 5-BrSA, 3-BrSA, and
3,5-diBrSA. Solution Conditions: [NaBr]o =20 uM, [HOCl]tot,0 = 30 uM, carbonate (20 mM) as
a pH buffer, pH = 9.77, [SAltoto = 21 pM, [NaCl] = 4.9 mM, [NaNO3] = 94 mM, T = 20.0 °C.
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Methodological Details: High-Performance Liquid Chromatography

Separations were achieved using an Agilent Poroshell 120 column (50 mm length, 2.1 mm
inner diameter, and 2.7 pm particle size) and isocratic elution with a mobile phase
consisting of 74 vol% aqueous solution (containing 0.1 vol% formic acid in 18 MQ-cm
water) and 26 vol% acetonitrile. The wavelengths monitored by the diode array detector
for signal quantitation were 300 nm (for SA, 3-CISA, and 3-BrSA) and 313 nm (for 5-
CISA, 5-BrSA, 3,5-diCISA, and 3,5-diBrSA). The elution times of authentic standards of
SA, 3-CISA, 5-CISA, and 3,5-diCISA were 1.09, 1.57, 2.05, and 2.87 min, respectively.
The elution times of authentic standards of 3-BrSA, 5-BrSA, and 3,5-diBrSA were 1.86,

2.41, and 2.86 min, respectively. The total run time was 6.0 min.
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Calculation of Rate Constants When [NaBr], Was the Independent VVariable

For reactions performed as a function of the initial bromide concentration, bromination rate
constants were determined by fitting concentration versus time data for the conversion of SA into
3-bromosalicylate (3-BrSA) and 5-bromosalicylate (5-BrSA) according to eqn (12) — (15) in the

main text and repeated here:

d[SAlto
% = _(k3—BrSA,app + kS—BrSA,app)[SA]tot[HOBr]?ot (12)

SEBSANot — kg prsaapp[SAltot [HOBI]E

dt
- ké—BrSA,app [B'BFSA]tot[HOBr]?ot (13)
d[5-BrSAlto
+ = kS—BrSA,app[SA]tot[HOBr]?ot
- ké—BrSA,app [S'BrSA]tot[HOBr]?ot (14’)
d[HOBr]¢o
% = _(k3—BrSA,app + kS—BrSA,app)[SA]tot[HOBr]?ot
- ké—BrSA,app [3'BrSA]tot[HOBr]?ot
- ké—BrSA,app[S'BFSA]tot[HOBr]?ot (15)

Scientist 3.0 (MicroMath Scientific Software) was used to simultaneously solve the system of
differential equations represented by eqgn (12) — (15). Time, [SA], [3-BrSA], and [5-BrSA] were
treated as model input. Apparent rate constants corresponding to formation
(K3-Brsaapps Ks—Brsaapp) @Nd 1088 (K3_prsa apps K5—-Brsaapp) OF 3-BrSA and 5-BrSA, as well as
the reaction order in [HOBIr]wt (i.€., n) were treated as fitting parameters. Initial (t = 0) conditions
were specified based on calculated, initial concentrations of the respective reagents. To improve
the precision of the calculated fitting parameters, the following iterative modeling approach was
employed:
1) Rate constants corresponding to loss of 3-BrSA and 5-BrSA were fixed at 0, n
was fixed at 1, and best-fit values of k3_grsa app and ks_grsa app Were
calculated.

2) Previously determined values of k3_grsa app and ks_prsa app Were fixed, and

best-fit values of k3_pysa app and Kg_prsa app Were calculated.
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3) Previously determined values of k3_grsa app, Ks—Brsa,apps K3-Brsaapps
, : .
and kg_gysa app Were fixed, and a best-fit value of n was calculated.
4) Previously determined values of k3_g,sa apps K5—Brsaapp: and n were fixed, and
best-fit values of k3_prsa app and ks_prsa app Were calculated.

5) Steps 2 — 4 were repeated until all fitting parameters were optimized (indicated

by < 5% relative change in values from one iteration to the next).

S14



Effects of Buffer Concentration on Chlorination of SA

The influence of the formal concentrations of pH buffers on pseudo-first-order rate
constants of SA chlorination are shown below for phosphate (Fig. S4), borate (Fig. S5), and
carbonate (Fig. S6).
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Fig. S4. Pseudo-first-order rate constants (Kobs) for chlorination of salicylic acid yielding 5-
chlorosalicylic acid (5-CISA) and 3-chlorosalicylic acid (3-CISA) as a function of the total
phosphate concentration. Error bars denote 95% confidence intervals (smaller than symbols
where not shown). Conditions: [HOCl]wto = 4.57 mM, pH = 7.4, [NaCl] = 5.0 mM,
[NaNOs] = 94 mM, [SA]wto =21 uM, T = 20.0 °C.
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Fig. S5. Pseudo-first-order rate constants (Kobs) for chlorination of salicylic acid yielding 5-
chlorosalicylic acid (5-CISA) and 3-chlorosalicylic acid (3-CISA) as a function of the total
borate concentration. Error bars denote 95% confidence intervals. Conditions: [HOClI]ot,0
=5.0 mM, pH = 9.6, [NaCl] = 4.9 mM, [NaNOz] = 93 mM, [SA]tto =21 uM, T = 20.0 °C.
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Fig. S6. Pseudo-first-order rate constants (kobs) for chlorination of salicylic acid yielding 5-
chlorosalicylic acid (5-CISA) and 3-chlorosalicylic acid (3-CISA) as a function of the total
carbonate concentration. Error bars denote 95% confidence intervals. Conditions:
[HOCl]toto = 5.0 mM, pH = 9.6, [NaCl] = 4.9 mM, [NaNOs] = 94 mM, [SAlwto =21 uM,
T=20.0 °C.
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Effects of Buffer Identity on Chlorination of SA
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Fig. S7. Formation of (A) 5-chlorosalicylic acid (5-CISA), and (B) 3-chlorosalicylic acid (3-
CISA), in a phosphate only, borate only, and mixed (borate + carbonate) buffer system. Error
bars denote 95% confidence intervals (smaller than symbols if not shown). Conditions for both
frames: [HOCl]wt0 = 5.0 mM, formal concentration of each buffer component = 20 mM, [SAJiot,0
=20 uM, [NaCl] =4.9 mM, [NaNO3] =92 mM, T = 20.0 °C. Data from the mixed buffer system
are identical to those shown in Fig. 1 (main text).
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Effects of Total Phosphate Concentration on Bromination of SA
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Fig. S8. Pseudo-first-order rate constants for bromination of salicylic acid as a function of
the total phosphate concentration. Error estimates denote 95% confidence intervals (smaller
than symbols if not shown). Conditions: [HOCl]oto =27 uM, pH = 7.01, [NaBr] = 20 uM,
[NaCl] = 4.9 mM, [NaNO3z] = 94 mM, [SA]oto =21 uM, T = 20.0 °C.
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Effects of Excess Bromide Concentration on Bromination of SA
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Fig. S9. Pseudo-first-order bromination rate constants as a function of excess bromide,
calculated as [NaBr] — [HOCl]iwto0. Uncertainties denote 95% confidence intervals (smaller than
symbols if not shown). Conditions: [HOCl]wto = 18 uM, phosphate (20 mM) as a pH buffer, pH
= 7.3, [SAltoto = 20 uM, no added NaCl, [NaNOs] = 94 mM, T = 20.0 °C.
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Effects of the Initial Concentration of SA on Bromination Rates
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Fig. S10. Initial rates of formation of 5-bromosalicylate (5-BrSA) and 3-bromosalicylate (3-
BrSA) as a function of the total initial concentration of SA; note log scale on both axes.
Uncertainties denote 95% confidence intervals. Conditions: [HOCl]tot0 = 100 uM, phosphate (20
mM) as a pH buffer, pH = 7.2, [NaBr] = 100 uM, [NaCl] = 5 mM, [NaNO3] = 95 mM, T = 20.0
°C.

S21



Alternative Chlorination Models

Model fits to experimental data assuming various combinations of possible chlorinating agents

reacting with hydrogen salicylate are depicted in Figure S11. Model fits assuming two possible

nucleophiles (hydrogen salicylate and salicylate) are shown in Figure S12.

HOCI,HSA
HOCI,HSA + CIO",HSA
Cl,,HSA" + HOCI,HSA
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Fig. S11. Alternative model fits (lines) for chlorination of SA compared to experimentally
measured kobs values (blue diamonds); for clarity, only data corresponding to the formation of 5-
chlorosalicylate are shown. Each of the models assumes hydrogen salicylate (HSA") is the sole
nucleophile. Error bars denote 95% confidence intervals (smaller than symbols if not shown). A
model considering HOCI, CIO™, Clz, and CI20 (not shown) provides a similar fit as the Clz +
HOCI + CIO™ model (orange line). Conditions: [HOCl]twt0 = 5 mM, borate (19 mM) and
carbonate (19 mM) as a mixed pH buffer, [SA]toto = 20 uM, [NaCl] = 4.9 mM, [NaNOz] = 92

mM, T =20.0 °C.
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————— HOCI,SA”
Cl,,HSA" + CI,0,HSA" + HOCI,HSA  + HOCI,SA*

— — — HOCI,HSA + HOCI,SA*

log (k.. ™)
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Fig. S12. Alternative model fits (lines) for chlorination of SA compared to experimentally
measured kobs vValues (blue diamonds); for clarity, only data corresponding to the formation of 5-
chlorosalicylate are shown. Nucleophiles include hydrogen salicylate (HSA"™) and salicylate
(SA®). Error bars denote 95% confidence intervals (smaller than symbols if not shown).
Conditions: [HOCl]tt0 = 5 mM, borate (19 mM) and carbonate (19 mM) as a mixed pH buffer,
[SAltoto =20 uM, [NaCl] = 4.9 mM, [NaNOz] =92 mM, T = 20.0 °C.
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Alternative Bromination Models

Model fits to experimental data assuming BrCl only or HOBr only reacting with hydrogen

salicylate are depicted in Figure S13.

_1 1 1 1 1
————— BrCl only
X — — — HOBronly
i 2 L
— 2 QQ
D _ *
2 igfi\% ®e
£.3 - \ e I
\
S \\ ‘\Q
-4 - \\ PY L
\
\
\
'5 T T \I T
5 6 8 9 10 11

Fig. S13. Alternative model fits (lines) for bromination of SA compared to experimentally

pH

measured Kobs Values (blue diamonds); for clarity, only data corresponding to the formation of 5-
bromosalicylate are shown. Each of the models assumes hydrogen salicylate (HSA") is the sole

nucleophile. Error bars denote 95% confidence intervals (smaller than symbols if not shown).

Conditions: [NaBr]o =20 uM, [HOCl]tot0 = 27 uM, a pH buffer (20 mM formal concentration of
phosphate, borate, or carbonate), [SA]twoto =21 uM, [NaCl] =4.9 mM, [NaNO3] =94 mM, T =

20.0 °C.
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Determination of Rate Constants Specific to Individual Halogenating Agents

Halogenating agent-specific second-order rate constants were obtained via iterative least-squares
regression analyses of eqn (24) and (25) (main text) for chlorination and bromination, respectively.
This approach is based on the method reported in several previous kinetic studies involving
chlorination and bromination.*>*® The bins used to increase the precision of the fitting procedure
are shown in Tables S11 (for chlorination) and S12 (for bromination). These bins are used to isolate
the data that are most likely to be influenced by the specific halogenating agent under

consideration.

Table S11. Bins Used While Preforming Nonlinear Regression Analysis to Determine Rate
Constants Specific to Individual Chlorinating Agents

Opg?:;;?gion Fitting Parameters ® Nucleophile Input Data
1 Kasaoci and J Sali((;):(;r)]/élg{g ?g:‘r:]c;rite (pHT:kz:%SCJin)
2 kuoc hydrogen salicylate (77 <-;?_|bl<e 5:; only)
3 ke, and k¢,0 hydrogen salicylate (pHTikgi)So?;“y)

2 Iterations were performed following the order of optimization until values of fitting parameters
varied by < 5% in subsequent iterations. The same order of optimization was followed when
determining values of fitting parameter associated with formation of 3-CISA and 5-CISA.

b Kasaoci denotes the acid-dissociation constant of salicyloyl hypochlorite (phenolic form). J is a composite
coefficient which accounts for (1) the equilibrium constant corresponding to the formation of salicyloyl
hypochlorite from the reaction of hydrogen salicylate with free chlorine, and (2) the reactivity of salicyloyl
hypochlorite toward chlorination by free chlorine. The value of the equilibrium constant corresponding to
formation of salicyloyl hypochlorite is unknown, which precludes the calculation of a second-order rate
constant corresponding to formation of 3-CISA and 5-CISA from the putative intermediate salicyloyl
hypochlorite. Determination of J does permit, however, estimates of the relative contribution of the
salicyloyl hypochlorite pathway to overall chlorination rates of SA.

¢ The data in Table S4 (with [CI7] as the independent variable) can conceivably be used as input when
determining k¢,,. For experiments performed as a function of [CI7], plots of kobs Versus [CI] are generally
linear (Fig. 2). For these plots, the contribution of Cl; is associated with the slope, and the contributions of
all other active halogenating agents are associated in aggregate with the y-intercept (for a mathematical
treatment of these relationships, see ref 17). Relying on these data sets can, however, hamper modeling
efforts due to the need to group the reactivity of multiple species (e.g., HOCI and CI,0) into a single
(extrapolated) term (the y-intercept). Similar issues can arise if data obtained as a function of [HOCI ], are
used as input when determining values of kyo¢ and kg0, depending on the linearity of such plots and the
uncertainty inherent in the y-intercepts.
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Table S12. Bins Used While Preforming Nonlinear Regression Analysis to Determine Rate

Constants Specific to Individual Brominating Agents @

Fitting Parameter 3-BrSA P 5-BrSA°¢
K Table S6 Table S6
Brcl (pH < 7.0 only) (pH < 7.0 only)
kgroc Table S8
. Table S8 Table S6
Br;0 (pH > 7.8 only)
K Table S6 Table S6
HOBr (pH > 9.0 only) (pH > 9.0 only)
kgr, Table S9 Table S9

& All bromination rate constants herein assume hydrogen salicylate as the reactive nucleophile. Inclusion of
terms for alternative nucleophiles (e.g., dibasic salicylate, salicyloyl hypohalites) did not improve model
fits. The data shown in Table S7 (with [CI-] as the independent variable) can conceivably be used as input
data when determining kg.c;. For experiments performed as a function of [CIT], plots of kops versus [CI7] are
generally linear (Fig. 6). For these plots, the contribution of BrCl is associated with the slope, and the
contributions of all other active halogenating agents are associated in aggregate with the y-intercept (for a
mathematical treatment of these relationships, see ref 15). Relying on these data sets can hamper efforts to
quantify second-order rate constants due to the need to group the reactivity of multiple species (e.g., HOBr,

Br,0, BrOCI) into a single (extrapolated) term (the y-intercept).

® Order of optimization: BrCl, BrOCI concurrent with Br,0, followed by iterations in this order until
best-fit second-order rate constants converged, and then best-fit values were obtained for HOBr and

Brz.

¢ Order of optimization: HOBr, Br20, BrOCI, followed by iterations in this order until best-fit second-
order rate constants converged, and then best-fit values were obtained for BrCl and Br.
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Fractional Contributions of Individual Halogenating Agents

The fractional contribution (fx) of an individual halogenating agent (X) can be calculated as:

fro= i (S1)
where kx and [X] denote the second-order rate constant and molar concentration of halogenating
agent X; kcions and Kerobs correspond to pseudo-first-order rate constants for chlorination and
bromination, which can be determined via eqn (24) and egn (25) in the main text, respectively. To

determine the fractional contribution of salicyloyl hypochlorite to net halogenation rates, the

numerator in egn (S1) would be replaced with ]% [HOCI]Z,,. Predicted values of fy for
a,SAOC

halogenation of SA in bromide-containing waters treated with free chlorine are shown in Figure
S14.

Eqn (S1) is best viewed as the fractional contribution of a halogenating agent to the initial
rate of halogenation (chlorination + bromination), noting that fx can change over the course of a
reaction as reactants are consumed. Eqn (S1) assumes that the hypothetical solution has a
temperature of 20 °C and that the speciation of free chlorine and free bromine is
thermodynamically-controlled (i.e., formation of active halogenating agents is assumed not to limit
rates of halogenation).
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Fig. S14. Fractional contributions (fx) of individual halogenating agents toward net halogenation
(chlorination + bromination) rates of SA as a function of (A) pH, (B) [Br]., (C) [CIT], and (D)
[HOCl]wt0. For clarity, only the four halogenating agents that contribute most to overall
halogenation rates are shown in each frame. Unless otherwise indicated on the x-axes, the
conditions are typical of chlorinated drinking water: pH = 7.0, [Br] = 0.10 mg/L (1.25 puM),
[CI] = 11 mg/L (0.30 mM), [HOCl]ot,0 = 2.0 mg/L as Cl2 (28 uM), and T = 20 °C.
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