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ABSTRACT: 

The oxidation of the amino acid methionine (Met) by hypochlorous acid (HOCl) to yield 
methionine sulfoxide (MetO) has been implicated in both the interfacial chemistry of tropospheric sea spray 
aerosols as well as the destruction of pathogens in the immune system. Here, we investigate the reaction of 
deprotonated methionine water clusters Met–‧(H2O)n with HOCl and characterize the resulting products 
using cryogenic ion vibrational spectroscopy and electronic structure calculations. Capture of the MetO− 
oxidation product in the gas phase requires the presence of water molecules attached to the reactant anion. 
Analysis of its vibrational band pattern indicates that the sulfide group of Met– has indeed been oxidized. 
The vibrational spectrum of the anion corresponding to uptake of HOCl by Met–‧(H2O)n indicates that it 
exists as an “exit-channel” complex, in which the Cl– product ion is bound to the COOH group following 
formation of the S=O motif.  
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1. INTRODUCTION 

The chemistry of hypochlorous acid 
(HOCl) has significant implications in both 
atmospheric1-3 and biological chemistry.4-5 In 
the troposphere, HOCl is thought to liberate 
dihalogens by interfacial reactions with 
halide-containing sea spray aerosol (SSA) 
particles as part of an autocatalytic, ozone-
depleting cycle.6-9 While this reaction is often 
cited as a key step in tropospheric halogen 
cycling,1-3 little is known about the possible 
competing reactive pathways of HOCl, which 
may be relevant considering its high redox 
potential (+1.63 V)10 and given that SSA can exhibit surprisingly large (> 0.8) organic mass fractions.11-12 
For example, the concentrations of amino acids (many of which are known to react with HOCl in the 
aqueous phase)13 can be enhanced in SSA by up to 7 orders of magnitude relative to bulk seawater.14 The 
oxidation of methionine (Met) by HOCl at its sulfur group to form methionine sulfoxide (MetO) is 
particularly fast (k2 ~ 107 M-1s-1),15 and recent studies have indicated that Met and other hydrophobic amino 
acids are driven to the surface of SSA.16-17 In fact, preliminary work has suggested that addition of Met to 
laboratory-generated aerosols may dramatically increase the reactive uptake coefficient of HOCl.18   

While HOCl is known to react with a number of biological species,4-5, 13, 19-22 sulfur-containing 
sidechains like that of Met are particularly susceptible targets given their rapid kinetics.15, 23-24 There is, 
however, no clear consensus of the molecular-level mechanisms that drive these reactions. For example, 
one commonly invoked mechanism involves Met oxidation through a so-called “chlorine-transfer” to the 
sulfur atom, forming a short-lived “chlorosulfonium” intermediate (2) before being quickly hydrolyzed 
(Scheme 1a).  Such chlorosulfonium-containing salts can be isolated from aprotic solutions,25 but the 
chlorosulfonium ion intermediate in an oxidation reaction has never been directly observed in the aqueous 
phase.15, 26-27 To address this issue, Ruff et al. explored the oxidation of sulfides by hypochlorites with DFT 
calculations and found that the barrier for chlorosulfonium formation is very high in the absence of 
solvent.27 This led the authors to propose a more energetically favorable pathway which proceeds via direct 
attack by the oxygen atom of HOCl to form an oxysulfonium (4) species (Scheme 1b). This species may 
then yield the sulfoxide product through deprotonation by either Cl– or H2O. In a more recent follow up 
study, Ruff et al. predicted that the barriers for the pathways in Schemes 1a and 1b become comparable as 
the number of solvent water molecules increases, as water may aid the departure of the poorer OH– leaving 
group of HOCl.28 Here we investigate the reaction of the isolated Met anion (Met−) and its small clusters 
with water molecules [Met−‧(H2O)n=0-8] with HOCl using a combination of gas-phase ion chemistry and 
spectroscopy methods. These experimental results are analyzed in the context of expectations based on the 
energetics and structures of stationary points on the potential energy surface obtained with electronic 
structure calculations. Specifically, the identities of product ions created by reactive HOCl uptake are 
determined by analysis of their vibrational spectra, which are measured using cryogenic ion vibrational 
spectroscopy.29-31 

 

  

 

Scheme 1. Proposed mechanisms of sulfide oxidation by 
HOCl via (a) a chlorosulfonium intermediate or (b) an 
oxysulfonium intermediate.  
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2. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

2.1. Experimental Setup 

The reaction of Met with HOCl was investigated by collisions of Met−∙(H2O)n cluster ions with 
HOCl vapor in a radiofrequency (quadrupole) ion guide using the Yale cryogenic photofragmentation mass 
spectrometer.32 A schematic diagram of the experimental arrangement is presented in Figure 1. Briefly, 
Met−∙(H2O)n cluster ions were generated by electrospray ionization (ESI) of a 4 mM solution of Met (L-
methionine, Sigma-Aldrich, 98%) in 1:9 H2O/CH3CN in a humidity-controlled purge capsule at 
atmospheric pressure (i.e., CO2-free air saturated with water vapor from a reservoir in the purge capsule). 
The ions then passed through an 0.635 mm ൈ 5.6 cm long stainless-steel capillary followed by a 0.635 mm 
conical skimmer into the quadrupole collision cell. The collision cell was filled with room-temperature 
HOCl vapor introduced through a leak valve at a total chamber pressure of ~10−2 Torr. The HOCl sample 
was prepared using a phosphate-buffered solution of sodium hypochlorite as has been previously reported 
in detail.33 Following reaction in the ~300 K ion guide, product ions were trapped and cooled to 77 K with 
pulsed helium buffer gas in a liquid nitrogen (LN2)-cooled radio frequency (RF) octupole ion trap.34 Ion 
packets were then extracted and guided into a cryogenic (~20 K) 3D Paul trap, where they were further 
cooled and “tagged” with H2 using a mixture of 20% hydrogen and 80% helium before extraction into a 
triple-focusing time-of-flight photofragmentation mass spectrometer. Cold vibrational spectra of each 
species were then acquired by monitoring the photoevaporation of these weakly-bound H2 tags in a linear 
action regime 

M‾ ∙ Hଶ ൅ hν → M‾ ൅ Hଶ ሺ1ሻ 

as previously described.29-31  

 

 

Figure 1. Schematic of the Yale instrument used in this study. Met−∙(H2O)n reactant clusters are generated by 
electrospray ionization in a humidity-controlled purge capsule before colliding with gaseous HOCl (~10−2 Torr) 
in the first quadrupole guide. The resulting products are collected in a 77 K octupole trap to form an ion packet 
that is transferred to a cryogenic (~20 K) 3D Paul Trap and tagged with H2. Vibrational spectra are then acquired 
by infrared photodissociation of the weakly-bound H2 tag.   
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2.2. Computational Details 

The conformational spaces of deprotonated methionine, its HOCl adducts, and methionine 
sulfoxide [both (R,S) and (S,S)- epimers], as well as the n = 1 H2O hydrates of deprotonated methionine and 
methionine sulfoxide were sampled using the CREST35 tool with the semiempirical GFN2-xTB36 method. 
The 20 lowest-energy conformers found using this method were reoptimized in Gaussian 1637 at the 
PBE0+D3/6-31G(d)38-40 level of theory. A subset of low-energy structures from this calculation were then 
reoptimized at the higher PBE0+D3/Def2-TZVPP41 level of theory using the same program. The same level 
of theory was also employed to compute harmonic frequencies, which were scaled by 0.965. The relative 
energies determined at the PBE0+D3/Def2-TZVPP level of theory for Met−, its HOCl adducts, MetO−∙HCl, 
MetO−/MetO, Met−∙H2O, and MetO−∙H2O/MetO∙H2O can be found in Tables S2–S9 respectively. 
Following this conformational search, the potential energy surface (PES) for the oxidation of Met− by HOCl 
was computed by intrinsic reaction coordinate (IRC) calculations performed at the PBE0+D3/Def2-TZVPP 
level of theory. A detailed description of the computational methods can be found in Section S2 of the 
Supporting Information.  

3. RESULTS AND DISCUSSION  

3.1. Interaction of Bare Met− with HOCl  

The mass spectrum obtained upon colliding unsolvated Met− (Figure 2a) with HOCl is displayed 
in Figure 2b. The only significant anionic product is found to be Cl−. Although this is consistent with the 
reaction partner incorporating the OH moiety to form a neutral, it is not possible to determine the chemical 
nature of this species since our characterization method involves cryogenic vibrational spectroscopy of 
ions. Reaction of bare Met− with HOCl is expected to yield two very exothermic products (vide infra, 
Figure 5): 

Met‾ ൅ HOCl → MetO‾ ൅ HCl ൅ 152 kJ molିଵ ሺ2𝑎ሻ 

                         → MetOH ൅ Cl‾ ൅ 140 kJ molିଵ ሺ2𝑏ሻ 

As such, we might have expected both channels to be populated with a branching ratio associated with 
fragmentation of an H-bonded MetO∙∙∙H∙∙∙Cl− complex as opposed to the observed exclusive formation of 
Cl−. The important observation for this study is that MetO− is not formed by collisions between the bare 
anion and HOCl. The origin of the Cl− product is ambiguous at this point, since it could also potentially 
result from residual Cl2 that is inherently generated in the HOCl sample preparation.8, 33 Another 
complication arises because the reactant mass distribution (Figure 2a) includes an additional species at m/z 
= 47 that also cannot be completely ruled out as a precursor to Cl−. This species is generated directly from 
the ESI ion source, most likely from collisions in the high-pressure region. It can be formed, for example, 
by controlled collision-induced dissociation of the Met− parent. The exact mass determined by the high-
resolution MS-MS spectrum presented in Figure S1 is consistent with cleavage of CH3S− (see Section S1 
for additional details). 

3.2. Reactive Uptake of HOCl by Met−ꞏ(H2O)n Clusters 
The mass spectrum obtained by colliding a distribution of Met− water complexes, Met−∙(H2O)n=0-8 

(Figure 2c), with HOCl in the collision cell is presented in Figure 2d. In addition to the Cl− ion observed 
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for the bare anion, these collisions yield a water-cluster series (labeled red in Figure 2d) built on an anion 
with m/z = 164, which is displaced 16 Da above the Met−∙(H2O)n reactant clusters. This suggests that capture 
of the expected MetO− oxidation product (m/z = 164) requires at least one water molecule to be present in 
the collision complex. A likely scenario is that one or more of the water molecules acts to stabilize the 
“exit-channel” of the reaction as we discuss further in Section 3.3.  

 In order to identify the structure of the observed m/z = 164 product, we obtained its vibrational 
spectrum using the H2-tagging method.29-31 The vibrational spectra of the H2-tagged Met− reactant anion 
and its anticipated MetO− oxidation product are presented in Figures 3a and 3b, respectively, where the 
latter was generated by ESI of a 4 mM solution of a commercial MetO− sample (Sigma-Aldrich ൒98%) in 
1:9 H2O/CH3CN. The only significant difference between the Met− and MetO− spectra that is predicted at 
the PBE0+D3/Def2-TZVPP level of theory (Figure S2) is the emergence of the S=O stretching motion 
(𝑣ௌୀை) around ~1100 cm−1. Indeed, the experimental spectra of Met− and MetO− are strikingly similar, with 
the exception of the feature at 1070 cm−1 (orange) that occurs in the MetO− spectrum, which we therefore 
assign to the 𝑣ௌୀை vibrational fundamental arising from the S=O stretch. The m/z = 164 species generated 
by reaction of Met−∙(H2O)n clusters with HOCl is presented in Figure 3c, and indeed contains features 

 

Figure 2. Mass spectra of the reaction between Met−∙(H2O)n and HOCl, where n is the number of H2O solvent 
molecules: (a) Bare (solventless) Met− anion (m/z = 148), (b) after collisions between the bare Met− in (a) and 
gaseous HOCl in the first quadrupole guide, (c) Met−∙(H2O)n cluster series (purple) generated in the ESI ion source, 
(d) product ion distribution generated by reaction between Met−∙(H2O)n in (c) and gaseous HOCl, with product 
series built on m/z = 164 and the dominant m/z = 200 product labeled in red and green, respectively. The species 
observed at m/z = 47 in (a)-(d) is a fragment of the parent Met− anion, as revealed by the mass-selected collision-
induced dissociation spectrum in Figure S1. 
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essentially identical to those displayed by MetO− (Figure 3b), thus confirming that HOCl oxidation of Met− 
occurs by formation of the S=O bond. We note here that the oxidation of L-methionine [= (S)-methionine] 
to MetO− by HOCl creates a new stereocenter at the sulfur atom such that two possible epimers (R,S)- and 
(S,S)-MetO− may be observed. The commercial MetO− sample is sold as ~1:1 mixture of these two forms, 
and comparison of the commercial and HOCl product spectra in Figures 3b and 3c are indistinguishable. 
However, the calculated spectral differences between the two epimers are sufficiently small (Figure S8), 
that we cannot definitely establish the roles of each epimer in the reactive chemistry. 

3.3. Nature of the Products with Stoichiometry Met−ꞏ(HOCl)(H2O)n  
In addition to the MetO−∙(H2O)n series, a second product ion located 52 Da above Met− (m/z = 200, 

labeled green in Figure 2d) with a stoichiometry consistent with the formation of a complex between Met− 
and HOCl actually dominates the mass spectrum. The isotope distribution of this 200 Da product is 
consistent with this assignment, but the peaks appearing displaced by ~18 Da above it appear with a 
different isotope pattern. For example, the species located near 218 Da has a 218/220/222 ratio of about 
9:6:1, which is consistent with formation of Met−∙(Cl2)(H2O)n, expected from “ligand exchange” of residual 
Cl2 with a water molecule on the reactant cluster ion. Additional mass degeneracies with Met−∙(H2O)n and 
Met−∙(HOCl)(H2O)n complicate the classification of this cluster distribution, and we therefore focus here 
on the m/z = 200 major product because it is unambiguously assigned to a species with composition 
Met−∙(HOCl).  

 

 

Figure 3. Vibrational predissociation spectra of the H2-tagged (a) Met−, (b) commercial MetO−, and (c) the m/z = 
164 product formed by collisions of Met−∙(H2O)n with gaseous HOCl. Two-dimensional illustrations of each 
species are provided in the insets, while the S=O stretching (labeled 𝑣ௌୀை) is indicated by the orange arrow in (b). 
A full summary of band labels and assignments, calculated vibrational frequencies, and three-dimensional 
minimum energy structures can be found in Table S1 and Figure S2.  
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 The H2-tagged vibrational spectrum of the m/z = 200 ion is shown in Figure 4b along with that of 
the previously discussed m/z = 164 MetO− oxidation product (Figure 4a) for comparison. It is immediately 
clear that the feature at 1070 cm−1 previously assigned to 𝑣ௌୀை in MetO− is also observed for this species. 
The presence of the 𝑣ௌୀை band and the fact that it remains essentially unperturbed indicates that the 
spectrum in Figure 4b represents an exit-channel complex in which the S=O bond has already formed. As 
such, it is anticipated that this species features attachment of the HCl acid molecule to the anionic charge 

center on the MetO− product. The large (108 cm−1) blue-shift of the CO2 asymmetric stretch (𝑣௔௦௬௠
஼ைమ ) relative 

to that found in the MetO− anion (labeled Δ௔௦஼ை in Figure 4) is indeed consistent with an arrangement in 
which the HCl leaving group binds to one of the C–O oscillators in the -CO2

− group. This blue-shift is 
predicted (78 cm−1) at the PBE0+D3/Def2-TZVPP level of theory for the minimum energy structure 
recovered along the reaction coordinate (see Section S2 and Figure S2), where the proton is shared 
asymmetrically between the C–O group and Cl−. The vibrational transition associated with parallel 
stretching motion of the shared-proton is predicted to occur at 2727 cm−1 (black arrow labeled 𝑣௦௣௖௔௟௖ in 
Figure 4b) with a large intensity enhancement. This falls roughly in the middle of a strong series of bands 
(aqua in Figure 4b) that are not present in the MetO− spectrum. This envelope is dramatically red-shifted 
from the fundamental in isolated HCl (by 183 cm−1),42 and conforms to the behavior of systems with a 
strongly shared “excess proton” between anionic bases (in this case, -CO2

− and Cl−).43 In such cases, it is 
typical that the oscillator strength predicted at the harmonic level is distributed among many nearby levels 
through strong anharmonic coupling to vibrational modes associated with the two partners.44 When this 

 

Figure 4. H2-tagged vibrational predissociation spectra of (a) MetO− and (b) the MetO−∙HCl exit-channel complex, 
both formed by collisions of Met−∙(H2O)n with gaseous HOCl. Two-dimensional illustrations of each species are 
provided in the insets. The S=O stretching (labeled 𝑣ௌୀை) and CO2 asymmetric stretching (labeled 𝑣௔௦௬௠

஼ைమ ) motions 
are colored in orange and red, respectively. The calculated geometry (PBE0+D3/Def2-TZVPP level of theory) of 
the shared-proton motif in the (S-S)-configuration of MetO−∙HCl is also displayed in (b). The calculated 
(PBE0+D3/Def2-TZVPP, scaled by 0.965) and observed centroid of the transitions (aqua) associated with the 
bridging proton in this motif are indicated by the black arrows in (b) labeled 𝑣௦௣௖௔௟௖ and <𝑣௦௣>, respectively (see 

text). The blue-shift of 𝑣௔௦௬௠
஼ைమ  upon complexation with HCl is denoted Δ௔௦஼ை. A full summary of band labels and 

assignments, calculated vibrational frequencies, and three-dimensional minimum energy structures can be found 
in Table S1 and Figure S2.  
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occurs, a useful parameter to quantify the spectral behavior of shared-proton motion is the centroid of the 
bands associated with it. In this case, the centroid of the aqua bands occurs at 2702 cm−1 (arrow labeled 
<𝑣௦௣> in Figure 4b), very close to the calculated harmonic value (𝑣௦௣௖௔௟௖ = 2727 cm−1) for the parallel motion 
of the bridging proton. Although this supports the structural assignment of the HOCl uptake species as the 
proton-bound, exit-channel complex (MetO−‧HCl), explicit calculation of these effects is computationally 
demanding. To critically assess this hypothesis, we therefore turned to an empirical approach in which we 
acquired the H2-tagged spectrum of the CH3COO−∙HCl binary complex. This species was formed by 
collisions of Cl−∙(H2O)n clusters with acetic acid vapor in the first quadrupole guide (see Figure S3) in 
order to obtain the vibrational signature of the isolated COO∙∙∙H∙∙∙Cl− motif. As expected, its shared proton 
band (𝑣௦௣) appears in a similar region of the spectrum (Figure S4) with a multiplet structure centered at 
2763 cm−1. The agreement with our observations of the locations of the diffuse bands in the spectrum of 
the m/z = 200 ion thus supports the conclusion that this species corresponds to a structure in which the HCl 
molecule is strongly bound to the carboxylate group of the MetO− product ion.  

3.4. Comments on Mechanism of Cluster-mediated Product Formation 

To help clarify the observed chemical pathways (Cl− formed by reaction with bare Met−, MetO− 
formed only in the presence of Met−∙(H2O)n), we calculated the stationary points along the reactive potential 
energy surface (PES) with the results displayed in Figure 5. Additional computational details can be found 
in Section S2 of the Supporting Information. The reaction is calculated to be initiated by the preferential 
binding of HOCl to the -CO2

− headgroup to form a pre-reaction complex (Int1). The oxygen atom of HOCl 

 

Figure 5. Stationary point calculations of the potential energy surface (PES) for the oxidation of Met− by HOCl 
to form (S-S)-MetO−/MetO, performed at the PBE0+D3/Def2-TZVPP level of theory. The observed exit-channel 
complex containing a COOH∙∙∙Cl− motif is indicated by the green rectangle. The complementary PES yielding the 
(R,S)-configuration of MetO− is reported in Figure S5. Further computational details can be found in Section S2 
of the Supporting Information.  
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then directly attacks the sulfur atom to form a cyclic structure with an S∙∙∙O∙∙∙H motif (TS1) reminiscent of 
the oxysulfonium species proposed by Ruff et al27 (Scheme 1b), but with the proton shared by the 
neighboring carboxylate. A key feature of the PES is the predicted release of 259 kJ mol−1 upon formation 
of the S=O bond following TS1. The resulting species (Int2) is essentially an ion-molecule complex 
involving Cl− attachment to an organic scaffold with N-H…Cl− and multiple C-H…Cl− contacts driven by 
dispersion rather than specific hydrogen bonding. As such, it is likely that this nascent species has sufficient 
energy to dissociate, leading to the observed exclusive formation of Cl−, since formation of HCl would 
require substantial rearrangement of the organic group. This also provides a natural mechanism for the 
cluster-mediated observation of MetO− as well as the exit-channel complex, MetO−∙HCl. The situation is 
reminiscent of cluster-mediated “cage recombination” experiments reported in the 1990s, in which the 
substantial recoil energy imparted to nascent products from photodissociation (e.g., I2

− ൅ hν → I + I−) could 
be suppressed by energy transfer to solvent molecules in the anionic clusters.45-46 In the limit that the 
fragmentation branching ratio is controlled by cluster energetics, the energy released upon recombination 
of Cl− with MetO to form Int3 in Figure 5 is dissipated by sequential evaporation of the water molecules: 

Met‾ ∙ ሺHଶOሻ௡ ൅ HOCl → ሾCl‾ ∙∙∙ MetOሿ∗ ∙ ሺHଶOሻ௡ →→ ሾMetO‾ ∙∙∙ HClሿ ∙ ሺHଶOሻ௡ି௠ ൅  𝑚HଶO 
→ MetO‾ ൅ HCl ൅ 𝑛HଶO ሺ3ሻ

 

Since the binding energy of MetO− to HCl is calculated to be roughly twice as strong as that to H2O (see 
Figure S6 for the n = 1 H2O PES), we expect selective H2O loss until all water ligands are gone, at which 
point HCl is finally ejected from the strongly bound core ion complex. In this scenario, formation of Int3 
releases 287 kJ mol−1, and given the calculated binding energy of MetO− to water (65 kJ mol−1) the parent 
cluster would have to contain at least 4 or 5 molecules to leave the exit-channel complex intact. The fact 
that the MetO−∙HCl exit-channel dominates the product distribution is consistent with this mechanism. 
These mechanistic considerations emphasize the importance of carrying out future experiments to 
establish the cluster size-dependence of the uptake reactions, which will require reconfiguration of the 
photofragmentation mass spectrometer used for this work. In addition, systemically varying the solvent 
molecules in the Met−∙(solvent)n reactant clusters would provide a useful test on the solvent evaporation 
model (as opposed to chemical participation by H2O, perhaps through proton-transfer). Preliminary work 
interrogating the collisions of Met−∙(CH3OH)n clusters with HOCl (Figure S7) similarly yields product 
masses corresponding to both the MetO−∙HCl exit-channel complex as well as the bare MetO− species. 
This underscores the spectator role of the solvent, which appears to act as a third body to accommodate 
the excess energy released in the reaction by means of evaporation.   

 

4. SUMMARY 

 We have reported the gas-phase HOCl oxidation of the conjugate base of methionine complexed 
with water molecules. At least one solvent molecule is required to generate product anions based in the 
methionine scaffold. The products arising from HOCl uptake were characterized by analysis of their 
vibrational spectra obtained by infrared photodissociation of weakly-bound H2 tags. These spectra confirm 
formation of the expected sulfoxide bond to yield the MetO− anion, while the species corresponding to 
addition of HOCl is revealed to be an exit-channel, ion-molecule complex in which the HCl leaving group 
remains bound to the -CO2

− site of MetO−. Stationary point calculations of the potential energy surface 
support a mechanism in which HOCl is first captured by the -CO2

− group before forming a cyclic transition 
state with an S∙∙∙O∙∙∙H motif.  
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