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ABSTRACT: Iodinated aromatic disinfection byproducts (I-
DBPs) are a group of nonregulated but highly toxic DBPs. The
formation of I-DBPs is attributed mainly to HOI because it is the
most abundant reactive iodine species in chloraminated water. In
this study, we used computational modeling of thermodynamics to
examine the mechanism of iodination of aromatic contaminants,
e.g., dipeptides and phenols. Computational prediction of the —

energy barriers of the formation of iodinated tyrosylglycine (I-Tyr- [A S S

Tyr-Ala Phenol

Tyr-Gly
Gly) (66.9 kcal mol™") and hydroxylated Tyr-Gly (OH-Tyr-Gly) ’ TS O
yr=Gly-H,

Phe-Gly Nitrophenol

(46.0 kcal mol™") via iodination with HOI favors the formation of | ‘ 73 - N

Gly-Tyr methylphenol . . v __{Hor I-DBP
OH-Tyr-Gly over I-Tyr-Gly. Unexpectedly, mass spectrometry Unit: keal mol" oo NG
experiments detected I-Tyr-Gly but not OH-Tyr-Gly, suggesting I-DBP Formation -

that I-Tyr-Gly formation cannot be attributed to HOI alone. To

clarify this result, we examined the thermodynamic role of the most reactive iodine species H,OI" in the formation of aromatic I-
DBPs under chloramination. Computational modeling of thermodynamic results shows that the formation of a loosely bonded
complex of aromatic compounds with H,OI" is the key step to initiate the iodination process. When H,OI" serves as an acid catalyst
and an iodinating agent, with HOI or H,O acting as a proton acceptor, the energy barrier of I-DBP formation was significantly lower
(10.8—13.1 kcal mol™"). Therefore, even with its low concentration, H,OI* can be involved in the formation of I-DBPs. These
results provide insight into the mechanisms of aromatic I-DBP formation and important information for guiding research toward
controlling I-DBPs in drinking water.

KEYWORDS: disinfection byproducts (DBPs), iodination pathway, thermodynamic modeling, LC-MS

H INTRODUCTION developmental toxicity than their chloro- (ClI-DBPs) and
bromo- (Br-DBPs) analogues;’~'* I-DBPs have been fre-
quently detected in disinfected waters at concentrations from
ng L™ to Hg L8

Existing studies have mainly focused on aliphatic I-DBPs,
especially -THMs and I-HAAs."*”'® However, aromatic I-
DBPs show 50—200 times higher developmental toxicity and
growth inhibition than aliphatic I-DBPs'""” and other known
I-DBPs.'”'® Using the precursor ion scan method, numerous
aromatic I-DBPs have been detected in chloraminated waters,
tap water, and cooking water.””"'"

Drinking water disinfection is the most effective measure for
prevention of water-borne diseases. While disinfection
inactivates microbial pathogens, disinfectants inevitably react
with organics in source water to produce a variety of
disinfection byproducts (DBPs).! Epidemiological studies
have observed a potential association of DBP exposure with
the increased risk of developing bladder cancer, pregnancy
abnormalities, and other adverse health effects.” More than 700
halogenated DBPs have been identified; however, it remains
unclear which DBPs cause the observed adverse outcomes.
Efforts to reduce regulated DBPs have also resulted in some
unintended consequences. For example, switching from
chlorination to chloramination can significantly reduce
regulated DBPs (e.g., trihalomethanes (THMs) and haloacetic
acids (HAAs)). Unfortunately, chloramination has been linked
to the increased formation of some unregulated DBPs, Received: August 16, 2021
including nitrosodimethylamine (NDMA) and iodinated Revised:  December 30, 2021
DBPs (I-DBPs).”* Some of the unregulated DBPs have Accepted:  January S, 2022
shown higher cyto- and genotoxicity than the regulated DBPs Published: January 21, 2022
by several orders of magnitude.””~® Particularly, I-DBPs

generally show much higher genotoxicity, cytotoxicity, and

L1819 Bop instance, aromatic
I-DBPs (e.g., 2,4,6-triiodophenol and 2,6-diiodo-4-nitrophe-
nol) were widely detected in finished drinking water samples
from China with concentrations up to 31 ng L7.'"**°
Therefore, understanding the formation of I-DBPs, specifically

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.est.1c05484

v ACS PUbl icatiOI’]S 1791 Environ. Sci. Technol. 2022, 56, 1791—1800


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanpeng+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junlang+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuemeng+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+J.+P.+Wawryk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taicheng+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing-Fang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.1c05484&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05484?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05484?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05484?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05484?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c05484?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/56/3?ref=pdf
https://pubs.acs.org/toc/esthag/56/3?ref=pdf
https://pubs.acs.org/toc/esthag/56/3?ref=pdf
https://pubs.acs.org/toc/esthag/56/3?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.1c05484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Environmental Science & Technology

pubs.acs.org/est

aromatic I-DBPs, remains an important topic of research.
Recent studies have identified aromatic peptides as precursors
to several aromatic I-DBPs (e.g,, 3-iodo-tyrosylalanine, 3-iodo-
tyrosylglycine (3-I-Tyr-Gly), 3,5-diiodo-tyrosylalanine, and
3,5-diiodo-Tyr-Gly).”" However, the formation mechanisms
of aromatic peptide I-DBPs are unclear. Therefore, we applied
computational modeling to explore the formation mechanisms
of I-peptides under chloramination of aromatic dipeptides,
starting with Tyr-Gly, in the presence of iodide (I7).

Hypoiodous acid (HOI) is generally considered as the
predominant iodinating agent and is generated from the
oxidation of iodide (I7) under chloramination conditions.”
HOI can react with aromatic compounds such as phenols to
form I-DBPs."” The formation of aromatic I-DBPs is often
explained via electrophilic substitution on the aromatic group
(SgAr) (Scheme S1). This mechanism involves the initial
formation of a 7-complex via halogen addition, followed by a
o-complex (arenium ion) intermediate, and finally, the
formation of I-DBPs via loss of a proton from its ipso-
position. In the classic multistep SgAr reaction, iodination is
required for the halogen addition that is commonly accepted as
the rate-controlling step rather than a deprotonation reaction.
In this case, the primary hydrogen—deuterium kinetic isotope
effects (KIEs = ky/kp, Section S1 and Scheme S2) are not
typically observed in SpAr reactions, which lead to the
conclusion that deprotonation of the o-complex is not involved
in the rate-controlling step.”>~>> However, previous studies
have also shown that this mechanism cannot explain iodination
of several aromatic compounds due to their primary KIE (ky/
kp), including 1.47—2.06 for dimethenamid,” 3.8 for 2,4,6-
trideuterioanisole,”® 3.97 for 2,4,6-trideuterophenol,27 2.3-5.4
for 4-nitrophenol,”® and 4.4 for Ni(II)-coordinated pyrazole.”
Additionally, the o-complex intermediate was not observed in
the formation of aromatic I-DBPs.”® These observations
suggest that iodination exhibits unique characteristics
compared to other SpAr reactions. This leads us to further
study the mechanisms of the formation of iodinated DBPs.

HOLl is considered to be an active iodinating agent; however,
a few recent studies have found that the presence of
hypoiodous acidium ion (H,OTI") is significant.””*"** H,OI"*
could be formed via protonation of HOI (Scheme S3), and its
concentration primarily depends on the pH, total iodine (+1)
concentrations, and to some extent chloride concentration.”>**
A recent kinetic study of the iodination of dimethenamid
revealed that HOI was insignificant in the production of the
iodinated product and instead found that H,OI' was the
predominant active iodinating agent.”” An earlier study of
aromatic iodination showed that H,OI* was only significant
under highly acidic conditions (pH < 3.5)."* Further, several
earlier studies have reported H,OI" as a more active iodinating
agent than HOL******* This led us to examine the
thermodynamic role of H,OI" in the mechanisms of aromatic
I-dipeptide DBP formation.

Peptides occur in numerous species and large amounts in
water. Our group has previously identified over 600 chemical
signatures of peptides in drinking water, and many of them
correspond to tyrosine-containing peptides.’® A series of
dipeptides have been detected in source water at the ug L™
level. For instance, the concentrations of Tyr-Gly, tyrosylgly-
cine (Tyr-Ala), and phenylalanylglycine (Phe-Gly) in raw
water were 1.1, 1.0, and 2.0 ug L7/, respectively.37 These
peptides would pass through drinking water pretreatment and
react with disinfectants to form I-DBPs. Therefore, in the
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present study, we selected dipeptides Tyr-Gly, Tyr-Ala,
glycyltyrosine (Gly-Tyr), and Phe-Gly as model precursors of
aromatic I-DBPs because they are ubiquitous in source water.*®
We examined their iodination reactions in the presence of
HOI, H,0I", and ICl using density functional theory (DFT)
calculation. Furthermore, experiments were carried out in
simulated chloraminated water to identify the formation of
aromatic I-DBPs from Tyr-Gly. The results are important for
the understanding of the formation mechanism of aromatic I-
DBPs, providing necessary information for better control of
aromatic I-DBPs in treated water.

B MATERIALS AND METHODS

Computational Details. All quantum chemical calcula-
tions were performed using the Gaussian 09 program.”® The
geometry of the reactants, products, and transition states (TSs)
was fully optimized with hybrid density functional theory
(DFT) using the M06-2X functional.”> The effective core
potential LANL2DZ basis set was applied for iodine atoms,
and the basis set of 6-31+G(d) was used for the remaining
atoms, including C, H, O, and N. Table S1 shows the
calculated results using different methods (M062X-D3, M06-
2X, B3LYP, wB97XD, and MPW1PW91), and the correspond-
ing discussion is presented in Section S2. The water solvent
was introduced by the continuum solvation model SMD."
The vibrational frequency calculations were carried out to
identify the stationary points (without imaginary frequency) or
transition states (with only one imaginary frequency), as well
as to obtain the thermodynamic contributions. Furthermore,
intrinsic reaction coordinate (IRC) theory was used to confirm
the accurate connectivity of the transition states toward both
the reactant and product. The profiles of free energies (PFEs)
including the effects of both enthalpic and entropic factors
were established by calculating the additional single-point
energy at a more flexible basis set on the optimized structures.
That is, iodine was performed with the LANL2DZ basis set,
and the remaining atoms were treated with 6-311+G(3df,2p)
level basis sets. All free energies were calculated at 298.15 K
and 1 atm. We calculated the reaction rate constant (k) with
transition-state theory (TST) based on the PFE calculation
results, and the solvent cage effect was included to simulate the
realistic solution.”’ Details of the expressions are described in
Section S2. The reaction rate is the product of the rate
constant and reactant concentrations.

Chloramination Experiment. As previously reported,”
monochloramine solution was freshly prepared before use.
First, ammonium chloride was dissolved in a bicarbonate buffer
solution (10 mM, pH = 8.5). Next, the sodium hypochlorite
solution was added dropwise into the ammonium chloride
solution under stirring in an ice—water bath. The molar ratio of
Cl to N was maintained at 0.7:1 to minimize the formation of
dichloramine and ensure that NH,Cl was predominant. The
mixture was allowed to react and equilibrate for 1 h under
stirring in the ice—water bath, before use.

Tyr-Gly solution (25 uM) was prepared with phosphate
buffer (10 mM, pH 7). Monochloramine (50 uM), freshly
prepared, was spiked with 1 yuM KI dropwise under stirring and
further allowed to react for 30 min under stirring to ensure the
oxidation of KI to HOL* Next, the Tyr-Gly solution (100
mL) and the monochloramine solution containing HOI (100
mL) were mixed for the iodination reaction. Controlled
reactions were performed in phosphate buffer (10 mM),
including chloramination of Tyr-Gly without iodide and Tyr-
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Figure 1. Free energy surface of the Tyr-Gly reaction with HOI by the I-atom attack route (R,, orange line) and O-atom attack (Rg, blue line)

route, as well as the involvement of the solvent water molecule (R, pink line) (energy in kcal mol

~! and bond length in A).

Gly in the presence of iodide without chloramination. After the
mixture reacted in the dark at room temperature for set time
intervals, an aliquot of 0.5 mL of FA was added to each
reaction solution (0.25% FA) to quench the reaction via the
FA reaction with monochloramine.*” The initial and residual
monochloramine concentrations were measured using the
chlorine amperometric titrator. Experimental materials and
SPE extraction are listed in Section S3.

High-Resolution Mass Spectrometry Analysis. A
quadrupole time-of-flight mass spectrometer (Sciex QTOF
xS00R) equipped with an electrospray ionization (ESI) source
was used to determine the accurate masses of parent and
product ions of Tyr-Gly and its iodinated products under
chloramination conditions. The mass spectrometry experi-
ments were performed in positive mode, and the parameters
were set as follows: ion spray voltage, 5500 V; temperature, O
°C; declustering potential, 80 V; gas 1 (spray gas, N,), 25
arbitrary units; gas 2 (heat conduction gas, N,), 0 arbitrary
units; curtain gas (N,), 2S5 arbitrary units; collisionally
activated dissociation gas, 7 arbitrary units; scan range, 100—
800 m/z; and accumulation time, 250 ms. The SPE eluents
were injected by direct infusion at a flow rate of 7 yL min~’,
and the MS and MS/MS spectra were acquired. Sciex OS
version 1.4 was used for instrument control and data analysis.

HPLC-MS/MS (MRM) Method. LC separation was
performed on an Agilent 1290 series LC system with a Luna
C18(2) column (100 mm X 2.0 mm id, 3 um particles;
Phenomenex, Torrance, CA). Mobile phases A and B were
H,0/ACN (95/S, v/v, 0.1% FA) and ACN (0.1% FA),
respectively. The flow rate was 300 uL min~", and the injection
volume was 1 uL. The gradient elution program was
(corresponding to B) as follows: 0—10 min, 0—60%; 10—
10.1 min, 60—100%; 10.1—12 min, 100%; 12—12.1 min, 100—
0%; and 12.1—1S min, 0%. MS/MS (MRM) quantification was
performed on a Sciex QTRAP 5500 triple quadrupole ion-trap
tandem mass spectrometer. The mass spectrometer parameters
were optimized as follows: positive mode, ion spray voltage,
5500 V; source temperature, SO0 °C; gas 1 (S0 arbitrary
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units); gas 2 (40 arbitrary units); curtain gas (30 arbitrary
units); and accumulation time for each ion pair, 250 ms. The
ion-pair transitions for each compound and the corresponding
parameters are listed in Table S2. Analyst version 1.5 was used
for instrument control and data analysis. The extracted ion
chromatograms of each compound are presented in Figure SI.

B RESULTS AND DISCUSSION

Theoretical Calculation on Tyr-Gly Reactions with
HOI. HOI as the predominant iodinating agent is widely
accepted as responsible for I-DBP formation in chloraminated
water.”> Using computational modeling, we first examined two
possible competing processes of Tyr-Gly reacting with HOI,
including I-atom attack (R,) and O-atom attack (Rg) routes.
Figure 1 illustrates the free energy surfaces of R, and Ry
routes, which were obtained after full optimization of all
related intermediates, transition states, and products. Details of
the definitions are described in Section S4. The R, route shows
the direct I-substitution of Tyr-Gly by HOI via a single
concerted transition state (TS,) [HOL-Tyr-Gly] with a
barrier of 66.9 kcal mol™!, leading to the formation of I-Tyr-
Gly. This route is an exothermic process with a negative
reaction energy (—23.6 kcal mol™"). The Ry route presents the
O-attack reaction mechanism with a stepwise addition—
elimination pathway (Figure 1). The oxidation of Tyr-Gly
starts with a z-addition that connects the O atom of HOI to
the unsubstituted C atoms of Tyr-Gly via a transition state
(TSg;) [I(H)O-Tyr-Gly] with a barrier of 46.0 kcal mol™,
forming a hydroxylated intermediate (IMg). Subsequently, IMj
is vibrationally excited to easily form a hydroxylated product
OH-Tyr-Gly. The energy barriers indicate that the initial step
of m-addition is rate-limiting via the stepwise route Ry. The
energy barrier of the O-attack route Ry is 20.9 kcal mol ™! lower
than that of the concerted I-attack route R,. Thus, the stepwise
route Ry is energetically favored over the concerted route R to
form OH-Tyr-Gly from the reaction of Tyr-Gly with HOL

Route R (Figure 1) considers the involvement of the
solvent water molecule acting as a weak base for the leaving
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~!and bond

proton based on previous reports.””*”** The direct I-
substitution of Tyr-Gly by HOI could occur via a single
concerted transition state (TSc) [HOIL-Tyr-Gly-H,0] to
form I-Tyr-Gly. The energy barrier of this route R¢ (52.0 keal
mol™") is 6.0 kcal mol™" higher than that of the stepwise route
(Rg), favoring the O-attack route Rg. This suggests that OH-
Tyr-Gly should be the dominant product instead of I-Tyr-Gly
in the HOI and Tyr-Gly reaction. Two previous studies
showed that the bond energy of C—I in CsHgI (272.0 kJ
mol™") is lower than that of C—OH in C{H;OH (463.6 k]
mol™")."”** Thus, once OH-Tyr-Gly formed, it could be more
stable than I-Tyr-Gly.

Experimental Identification of lodinated Products.
To clarify the mechanism of the HOI reaction with Tyr-Gly,
we performed experiments to identify the two products (I-Tyr-
Gly and OH-Tyr-Gly) during chloramination of water
containing Tyr-Gly and I". Although chlorinated products of
Tyr-Gly were also produced under chloramination based on
our previous studies,* the focus of this study was to elucidate
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the iodination process. The reaction products were detected
using a high-resolution mass spectrometer (Q-TOF). Both MS
and MS/MS spectra of the products were obtained. Addition-
ally, a control sample with Tyr-Gly and I" in water without
chloramine was also analyzed. Figure 2 shows the full-scan
spectrum of the reaction solution after it was subtracted from
the spectrum of the control sample. The formation of I-Tyr-
Gly at m/z 364.9989 [M + H]* and the product 3,5-di-I-Tyr-
Gly at m/z 490.8944 [M + H]" were detected, consistent with
previous experimental results.”’ The identification of the two
iodinated products was confirmed by their precursor ions,
isotopic patterns, and fragment ions, as shown in Figure $2-5
and Table S3-4. To evaluate the dynamics of the reactions, we
developed an HPLC-MS/MS (MRM) method to monitor the
iodinated products in the reaction solutions over time.
Meanwhile, the corresponding residual monochloramine was
measured using a chlorine amperometric titrator. As shown in
Figure S6, the relative amounts of the two iodinated products
and residual monochloramine reached equilibrium within 10
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Scheme 1. Potential Reaction Routes for the Iodination of Tyr-Gly with H,OI**
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“Rp: the addition—elimination pathway of H,OI" alone (orange line); Rg: the pathway via a water-assisted reaction (blue line); Ry: the pathway via

an HOl-assisted reaction (pink line).

min, demonstrating the rapid iodination reactions of Tyr-Gly
during chloramination. Unexpectedly, the characteristic
spectrum of OH-DBP at m/z 255.09 was not observed during
the reaction time from 1 min to 24 h. This suggests that OH-
DBP is not formed or is below the detectable level. These MS
results support the formation of I-Tyr-Gly but not HO-Tyr-
Gly. This experimental observation is inconsistent with the
calculation result for the Tyr-Gly reaction with HOI alone as
described in Figure 1. Thus, the formation of I-Tyr-Gly cannot
be attributed to the reaction of HOI alone, suggesting that
different mechanisms may contribute to the formation of I-
Tyr-Gly in the chloramination of water containing Tyr-Gly and
I

lodination Reactions between Tyr-Gly and H,OlI".
Based on recent experimental ﬁndings,32 we hypothesize that
H,OTI" is a key active reactant to form aromatic I-DBPs. The
calculated result shows that H,OI" formation via a protonation
reaction is a barrierless process (Section SS and Figure S7).
Therefore, we further examined the thermodynamics of the
reactions between H,0I" and Tyr-Gly to form aromatic I-Tyr-
Gly under chloramination of water containing Tyr-Gly and I”.
Figure 3 shows the computational modeling of three possible
routes (Rp, Rg, and Ry) of the reactions between Tyr-Gly and
H,OI" and their free energy surfaces. Scheme 1 depicts these
pathways along with the complexes (intermediates), transition
states, and products. Route Ry, follows the classic electrophilic
aromatic substitution (SpAr) mechanism with a stepwise
addition—elimination pathway. This mechanism was proposed
in the previous experimental research.”> H,OI" directly attacks
the phenyl ring of Tyr-Gly via a transition state (TSp,)
[H,OI"--Tyr-Gly] with a barrier of 32.0 kcal mol™" (Figure 3),
leading to the formation of a c-adduct intermediate (IMp,)
[Tyr-Gly-I*] and H,O as a leaving group. This reaction is an
exothermic process with a negative reaction energy (—5.2 keal
mol™"). Subsequently, an H,O molecule could also serve as the
Bronsted base that deprotonates the intermediate IMp,
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producing H;O* and the iodinated Tyr-Gly (I-Tyr-Gly)
(Scheme 1), which requires overcoming a small energy barrier
(4.6 kcal mol™") of the subsequent reaction (Figure 3). The
energy barriers in route Ry indicate that the rate-limiting step
is the initial electrophilic attack to form the o-complex IMp,
resulting in the formation of I-Tyr-Gly through the stepwise
SgAr mechanism.

In light of previous studies reporting that H,O could be
involved in the iodination processes,””** route Ry in Figure 3
examines the involvement of the solvent water molecule acting
as a weak Bronsted base for the leaving proton in the H,OI"
and Tyr-Gly reaction. This reaction is a stepwise mechanism
with fast formation of complex (Coml) [H,OI"---Tyr-Gly]
followed by a rate-controlling deprotonation reaction that
resulted in the formation of I-Tyr-Gly. Surprisingly, Tyr-Gly
and H,OI" can easily form a loosely bonded complex (Com1)
via an exergonic process (free energy of reaction: —7.3 kcal
mol™") (Figure 3). On the contrary, the formation of complex
[Tyr-Gly---H,0] is an endothermic process (4.0 kcal mol™,
shown in Figure S8a). These data suggest that the complex
(Coml) is energetically favorable. A subsequent reaction with
H,O via the transition state (TSz) [H,OI"-+-Tyr-Gly--H,O]
can result in the formation of I-Tyr-Gly. Additionally, the
solvent H,O acted as a Bronsted base for the leaving proton to
facilitate the iodination of Tyr-Gly with H,OI" by considerably
lowering the free energy of the transition states as compared to
the process Rp. This solvent (water) effect on the substitution
reaction is consistent with a previous study.* The energy
barrier of the route Ry is 14.6 kcal mol™!, which is
approximately 17.4 kcal mol™' lower than that of the route
Rp. Thus, the route Ry with a rate-controlling deprotonation
reaction is energetically favored over the route Ry, with iodine
addition, resulting in the formation of I-Tyr-Gly. Accordingly,
we concluded that H,OI" could participate in the iodination
mechanism before rate-controlling proton removal, which
agrees with the experimental results in a previous study.”
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Figure 4. Free energy surface for the iodination of the anionic form Tyr-Gly™: (1) with HOI alone (pink line), (2) with H,OI" alone (orange line),
and (3) involving H,OI" (blue line) as combined with HOI as the proton acceptor (units: energy in kcal mol™' and bond length in A).

Comparing the most favorable route for the Tyr-Gly and
HOI reaction (R in Figure 1) with the Tyr-Gly and H,OI"
reaction (Rg in Figure 3), the energy barrier of the H,OI"
reaction route Ry is 31.4 kcal mol™ lower than that of the HOI
route Rg. Furthermore, the calculated rate constant of route Ry
is 6.15 X 10’ M~! s7}, and its reaction rate is 1.93 X 107> M
s7, which is 23 orders of magnitude higher than that of the
HOI reaction (route Rg). Although H,OI" in general has a
relatively lower concentration than HOI, the reactivity of
H,OTI" is significantly higher than that of HOI, consistent with
the previous experimental ﬁnding.32 Therefore, these findings
show the significance of H,OI" as an acid catalyst and an
iodinating agent in the formation of I-DBPs.

H,OI"* Initiating the lodination of Tyr-Gly with HOI. In
light of H,O acting as a proton acceptor to lower the energy
barrier (route R in Figure 3 and Scheme 1), we then
considered HOI as the proton acceptor based on HOI + H* =
H,OI*. The formation of complex [Tyr-Gly---HOI] is
predicted to be an endothermic process (free energy of
reaction: 6.4 kcal mol™', shown in Figure S8b), while the
formation of Coml [Tyr-Gly--H,OI'] is an exothermic
process (—7.3 kcal mol™). Thus, Com1 [Tyr-Gly---H,0I'] is
thermodynamically favorable over [Tyr-Gly---HOI]. The
concentration of Coml [Tyr-Gly---H,OI'] is estimated as
5.65 x 107 M (Section S6). The subsequent reaction of
Com1 with HOI via the transition state (TSg) can lead to the
formation of I-Tyr-Gly. The energy barrier of route Rg is 12.8
keal mol™}, significantly lower than that of Rp, the iodination
with H,OI" alone (32.0 kcal mol™), and Ry, the H,OI"
reaction involving a water molecule (14.6 kcal mol™").
Accordingly, the calculated rate constant of route Ry is 1.30
x 10° M™' 57!, which is close to that of a typical diffusion-
controlled reaction (10° M™' s7!). The reaction rate is 13
orders of magnitude larger than that of route Ry, (9.67 X 107
M s7') without HOI as a proton acceptor. Further, when
comparing the possible Brensted bases (H,O vs HOI), the
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half-life is calculated as 8.0 h for route Ry (H,O as the proton
acceptor), while 0.4 h for route Ry (HOI as the proton
acceptor). These data indicate that HOI as a proton acceptor
would favor I-DBP formation. However, as solvent H,O is
much more abundant than HOI in the system, it can also
contribute to the iodination of Tyr-Gly with a reaction rate
constant of 6.15 X 10’ M~' s™" in the reaction-controlled route
Rg. Other proton acceptors such as a second Tyr-Gly molecule
exist in the system, but some proton acceptors (e.g, OH™) do
not participate in the rate-controlling step of iodination since
the KIE is independent of pH.”

Compared to route Ry, route Ry allows the release of H,OT,
which can be recycled for the next iodination of Tyr-Gly. Due
to the thermodynamic limitation, the H,OI" concentration is
approximately 6—11 orders of magnitude lower than that of
HOI in chloraminated water in a pH range of 6—10.>> The
reaction rate is 7.35 X 107° M s™* for route Ry, which is much
higher than those of the reactions without complex formation,
ie, 5.23 X 107 M s™! for route R, and 2.42 X 107 M s™! for
route Rp. These data suggest that the formation of complex
[Tyr-Gly--H,01I"] facilitates the formation of I-Tyr-Gly, and
route Rg is thermodynamically favored. Next, we considered
the ICl reaction for the iodination of Tyr-Gly, and the
calculation results are shown in Figure S9 and Table S6. This
information is discussed in detail in Section S7. This result
shows that compared to the most favorable pathway of the IC]
reaction (route Ry in Figure S9), the energy barrier of the
H,OI" reaction (route Rg) is lower by approximately 16.3 kcal
mol ™. The reaction rate constant of route Ry is higher than
that of the ICI reaction (route R;) by 12 orders of magnitude,
and the reaction rate of the H,OI" reaction is 20 orders of
magnitude higher than that of ICL. These data indicate that
H,OI" has a higher reactivity than ICl for the formation of I-
Tyr-Gly, which is also observed in the iodination of
dimethenamid in a previous study.”
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pH Effect on lodination Mechanisms. The iodination of
dipeptides and the formation of I-DBPs could be affected by
water pH. Previous research has reported pH values of 7.05—
8.15 in raw water and 7.22—7.70 in treated drinking water in
Beijing, China,*” as well as 6.5—8.5 under typical drinking
water treatment conditions. Accordingly, it is necessary to
understand the jodination route in aqueous solutions at pH 6,
7, and 8. As shown in Figure S10, laboratory experiments
demonstrated that the formation of the iodinated products
decreased when the pH increased from 6 to 8. Similar
iodination suppression by increasing pH has been reported in a
previous study.”> As indicated in previous studies,’"” the
decrease of the iodinated products cannot be ascribed to HOJ,
considering its consistent concentration at pH 6—8 when
taking HOI disproportionation into account.’’?***>3#4
Also, pH influence on the oxidation of KI to form HOI is
not considered to be responsible for the decrease, since KI has
been completely oxidized to HOI before the iodination
reaction.””*>** Therefore, the pH effect on the reaction
mechanisms of Tyr-Gly and H,OI" was further considered.
Due to the three ionizable groups including carboxyl
(—COOH), amino (—NH,), and aromatic hydroxyl (—OH)
groups,”® Tyr-Gly has four dissociation forms (Figure S11 and
the related discussion is provided in Section S8). Accordingly,
it is necessary to understand the iodination route based on the
dissociation forms of Tyr-Gly in aqueous solutions at realistic
pH. Figure S12 shows that —COOH and —NH, groups of Tyr-
Gly are mainly affected by pH, and the zwitterionic form (Tyr-
Gly) and the anionic form (Tyr-Gly™) are the dominant
species existing in the pH range of 6—8 in realistic raw water
and drinking water. Particularly, in a water environment at pH
7, zwitterionic Tyr-Gly is the dominant species (90.9%) and
minor Tyr-Gly~ (9.1%). In a water sample of pH > 8, Tyr-Gly~
begins to exceed Tyr-Gly. Thus, we further investigate the
iodination mechanisms of Tyr-Gly” mediated by HOI alone,
H,OI" alone, and H,0I" combined with HOI as the proton
acceptor (Figure 4). The energy barrier is 11.6 kcal mol™ in
the iodination of Tyr-Gly~ with HOI under H,OI"
participation, lower than that without H,OI*, namely, the
Tyr-Gly™ iodination mediated by HOI alone (66.1 kcal mol™)
and by H,OI" alone (29.8 kcal mol™). Thus, H,OI" likely
plays a significant role in the iodination of the anionic form
Tyr-Gly™.

Compared to Tyr-Gly, the anion Tyr-Gly™ is more likely to
form the complex [H,OI"---Tyr-Gly~] under the H,OI"
system, supported by its reaction free energy data (—8.1 kcal
mol™"). Furthermore, the energy barrier (11.6 kcal mol™") of
the iodination of the Tyr-Gly™ reaction is slightly lower than
that of the iodination of the zwitterionic form Tyr-Gly (12.8
kcal mol™"). These data suggest that the anion Tyr-Gly~ could
have a higher reactivity than the zwitterionic Tyr-Gly in
iodination, which can possibly result in more I-Tyr-Gly formed
at pH 8 than pH 6. Meanwhile, with the increase of pH, the
predominant iodinating agent H,OI" decreases sharply and the
formation of I-Tyr-Gly is supposed to decrease accordingly.
However, as shown in Figure S10, the decreases of I-Tyr-Gly
formation are much less than the theoretically predicted extent.
A possible reason is that the increase of anion Tyr-Gly
balanced the decrease of H,OI" in I-Tyr-Gly formation,
suggesting the role of the anion Tyr-Gly in the iodination
reactions when pH increases. Thus, the dissociation form of
Tyr-Gly could not be responsible for the decrease of I-Tyr-Gly
at pH 8, further confirming the important contribution of
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H,OI" to I-Tyr-Gly formation. Although phosgphate buffer has
been observed to accelerate SAr iodination,” the computa-
tional results support and evidence that such a kinetic influence
did not compromise the mechanisms we proposed in this
study.

lodination of Other Aromatic Dipeptides Phe-Gly,
Gly-Tyr, and Tyr-Ala. We also examined the iodination
pathways of different aromatic dipeptides, including Phe-Gly,
Gly-Tyr, and Tyr-Ala. Figures S13—S1S illustrate the PFE for
iodination of the three dipeptides mediated by HOI alone,
H,OI" alone, and H,0I" combined with HOI as the proton
acceptor, respectively. Similar results are observed for the
formation of iodinated DBPs generated from the calculated
dipeptides under chloramination. For example, during the
iodination of Phe-Gly (Figure S13), the energy barrier is
predicted to be 13.1 kcal mol™', when H,OI" serves as the
iodinating agent with HOI as the proton acceptor. This value is
significantly lower than those of HOI alone (65.4 kcal mol™")
and H,OI" alone (31.1 kcal mol™). Thus, the formation of
iodinated Phe-Gly (I-Phe-Gly) is favored when H,OI" serves
as the iodinating agent with HOI as the proton acceptor. A
similar acid catalyst role of H,OI" was also observed in the
iodination of dipeptides Gly-Tyr and Tyr-Ala (Figures S14 and
S15).

Furthermore, by comparing the iodination of the calculated
dipeptides, phenyl dipeptide (Phe-Gly) has a higher energy
barrier of 13.1 kcal mol™' than phenolic dipeptides, Tyr-Gly
(12.8 kecal mol™), Gly-Tyr (8.1 kcal mol™"), and Tyr-Ala (10.9
kcal mol™"). Importantly, the formation of the H,OI* complex
with Phe-Gly [H,OI"---Phe-Gly] was less favorable since it was
a less exothermic process (—1.6 kcal mol™") than with phenolic
dipeptides (from —2.7 to —7.3 kcal mol™). The presence of an
phenolic group (—OH) could facilitate the formation of the
H,OI" complex, further enhancing the formation of I-DBPs.
Thus, H,OI" could have a more significant role in iodination of
the phenolic dipeptides than phenyl dipeptides, supported by a
previous experimental observation.’

Environmental aromatic contaminants may often serve as
DBP precursors. We have also examined iodination pathways
of three aromatic contaminants: phenol (P) (Figure S16), p-
methylphenol (MP) (Figure S17), and p-nitrophenol (NP)
(Figure S18). Computational modeling clearly shows that the
formation of I-P, I-MP, and I-NP thermodynamically favors
the pathway of H,OI" serving as the iodinating agent with HOI
as the proton acceptor over the other pathways of HOI alone
or H,OI" alone. The energy barriers are comparable for the
iodination of P (11.3 kcal mol™), MP (11.3 kcal mol™"), and
NP (11.4 kcal mol™"). The calculated KIE (ky/kp) is 5.1 for P
and 3.4 for NP, which are consistent with the experimental
data in previous studies,””*" further confirming the reliability
of the computational modeling.

Environmental Implication. Recent studies have shown
that aromatic I-DBPs have significantly higher toxicity than the
regulated DBPs. Aromatic organic precursors and iodide
widely exist in source water.””** Particularly, the concentration
of iodide can be high in coastal region waters and industrial
effluents, for example, saline groundwater, hydraulic fracturing
effluent, and coal-fired power plant effluent.”'* This study
provides new insight into the understanding of aromatic I-DBP
formation through H,OI" catalysis, providing important
information to control and minimize toxic I-'DBP formation
in drinking water, wastewater treatment, and aquatic environ-
ment.
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