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Abstract

Previous laboratory studies have suggested that sulfate radical addition to olefinic biogenic
volatile organic compounds (BVOCs) is a potential formation mechanism for some
organosulfates detected in ambient secondary organic aerosol (SOA). However, these studies
propose conflicting reaction products, possibly because laboratory dissolved oxygen levels did
not accurately reflect atmospheric conditions. Additionally, these studies used analytical
methods that could not definitively identify and quantify the structurally specific products. Here
we describe a method that allows for the study of the reaction of sulfate radicals and several
olefinic precursors, including allyl alcohol (AA), methyl vinyl ketone (MVK), 2-methyl-3-buten-2-
ol (MBOQ), and methacrolein (MA), with careful control of dissolved oxygen levels and using the
isomer-specific nuclear magnetic resonance (NMR) method to definitively identify and quantify
the reaction products. Specific mechanisms for each olefinic precursor were developed, as well
as a generalized mechanism that can be used to predict the sulfate radical reaction pathways
for any olefin. The product yield results indicate that this mechanism is dominated by carbon
backbone fragmentation pathways: 61%, 83%, 79%, and 100% for AA, MVK, MBO, and MA,

respectively. Several of the observed organosulfate products have also been detected in field
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observations of SOA, which indicates the potential relevance of this mechanism in the

atmosphere.

Introduction

Secondary organic aerosol (SOA) is a major type of atmospheric aerosol, which is mostly formed
from the oxidation of biogenic volatile organic compounds (BVOCs) in the atmosphere,
followed by partitioning into the condensed phase.! These oxidized chemical compounds can
undergo further reactions in the particle phase thus changing the composition and optical
properties of SOA, which has important ramifications for the Earth's climate? and human
health.3> Organosulfates are estimated to contribute up to 15% of the total SOA mass in several
sites across the US.5® From the high-resolution mass spectrometry-derived molecular formulas
identified in field studies, it is apparent that many BVOCs are potential precursors for the
formation of organosulfates, including isoprene, monoterpenes, sesquiterpenes, and 2-methyl-

3-butene-2-0l.813

While the formation of some major isoprene-derived organosulfates have been associated with
the acid-catalyzed ring-opening reactions of isoprene-derived epoxides with the sulfate anion
(S04%),1416 the atmospheric detection of small and/or highly oxidized organosulfates suggests
the existence of free radical-initiated oxidative organosulfate-forming processes. It has been
shown that the OH radical can both form highly oxidized and/or fragmented organosulfates
from existing organosulfates!” ¥ and that these processes can potentially liberate the similarly

strong oxidant, sulfate radical anion (#5S047).1” There have also been several mass
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spectrometry-based laboratory studies aimed at investigating how sulfate radical addition to
olefinic BVOCs might be able to explain some of organosulfates detected in the atmosphere.'®
22 previous laboratory investigations have detected organosulfate products, identified by their
mass-to charge (m/z) ratios, that have also been detected during field studies.®'° However,
these laboratory studies have also detected oligomers which were only observed in bulk phase
solution, not in ambient aerosol or chamber experiments .2% 22 The oligomers may have been
formed through alkyl radical-initiated chain oligomerization reactions that would not be
feasible in oxygen-equilibrated ambient SOA, where the alkyl radical would be expected to

rapidly associate with oxygen to form a peroxy radical®.

All of the previous laboratory studies of the sulfate radical addition reaction used the method
of liquid chromatography high-resolution mass spectrometry (LC-MS), wherein the LC
separation component serves to simplify the analysis of complex mixtures and the MS
component is a high sensitivity detection method that can provide an exact molecular formula
for the measured products. If standards are available, the LC retention times and molecular
formulas can be used to distinguish among possible isomeric species.?* > However, most of the
previous work did not have access to standards, which is the likely reason why these studies
propose different products and, in some cases, different formation mechanisms for the same
reaction systems. While the NMR technique suffers from low sensitivity and is not easily
coupled to chromatographic separation techniques, it has the ability to definitively determine
molecular structures without the need for standards. The complementary strengths of the LC-

MS and NMR techniques were recently demonstrated by a study of sulfate radical reactions
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with aromatic compounds in the context of water treatment chemistry, which found that both

LC-MS- and NMR-based methods were necessary to elucidate the mechanisms.?®

Because of the discrepancies between previous studies, a general mechanism for sulfate radical
addition to olefinic compounds has yet to be developed. Using the NMR technique to more
definitively identify reaction products, we have developed a generalized mechanism by
examining several olefinic systems that can explain the formation of a class of highly oxidized
and fragmented organosulfates detected by field studies.® Based on the specific mechanisms
developed for each VOC studied, allyl alcohol (AA), methyl vinyl ketone (MVK), methacrolein
(MA), and 2-methyl-3-buten-2-ol (MBO), a general sulfate radical addition mechanism with four
possible reaction pathways was developed. Finally, this mechanism was used to try to reconcile
the results from the various laboratory studies and to help rationalize the observation of BVOC-

derived organosulfates in ambient SOA.

Materials and Methods

Complementary photochemical and thermal sulfate radical generation methods were both
used to study the sulfate radical addition reaction. Photochemical-initiated homolytic cleavage
of persulfate ions efficiently generates sulfate radicals, however the energetic 254 nm
irradiation could lead to photolysis of some precursors as indicated by their high molar
absorptivity at 254 nm (Figure S1), and possibly photolysis of some products. Thus, a thermal
technique was used to identify potential artifacts in the photochemical system arising from

non-actinic 254 nm photolysis.
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The continuous oxygen flow throughout the photochemical experiment and the pure oxygen
headspace of the sealed vial in the thermal experiment were designed to ensure
atmospherically-relevant dissolved oxygen levels. The sealed thermal experiment also allows
for the potential identification of volatile potential products lost from evaporation in the
photochemical experiment. To obtain unambiguous structural information, *H, 13C, and
correlation NMR spectroscopies were used to characterize the products. Products were also

guantified to obtain the branching ratios for the proposed mechanism of each system.

Photochemical Experiments. Photochemical reactions were carried out in a Sigma-Aldrich
micro photoreactor?’ with a water-cooled mercury pen lamp (Amax = 254 nm) to initiate the
homolytic cleavage of the peroxide O-O bond. All reactions were run at room temperature. In
the sulfate radical experiments, sodium 2,2-dimethyl-2-sila-pentane-5-sulfonate (DSS, 6.9 mM)
and potassium persulfate (K25,0s, 50 mM) were added to 5 mL of D,0. The solution was mixed
until both solids were dissolved before being transferred into the photochemical reactor and
oxygenated for 15 minutes at a flow rate of 0.10 SLPM without irradiation. The oxygen-
saturated state of the solutions was confirmed by measurement of the dissolved oxygen levels.
The oxygenated solution was then removed from the reactor and the olefin, methyl vinyl
ketone (MVK, 0.20 M), 2-methyl-3-buten-2-ol (MBO, 0.10 M), or allyl alcohol (AA, 0.10 M),
added to the solution and stirred for 5 minutes before the sample was returned to the reactor
and irradiated for 50-60 minutes with a continuous oxygen flow through the photoreactor.

These concentrations were chosen because they were the minimum values that allowed for
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sensitive NMR analysis. The reaction time was chosen so that 25% of reactant remained in
order to avoid secondary sulfate radical reactions with product species while maximizing
product yields. For each olefin photochemical experiment, the sample preparation and
experimental apparatus were the same, but the reactant, irradiation time, oxygen gas flow rate

were modified.

In the low-oxygen AA control photochemical experiments, nitrogen was bubbled through the
photoreactor instead of oxygen. Dissolved oxygen measurements indicated levels of <2 mg/L
(compared to 8 mg/L for air equilibrated solutions). In the OH radical reaction with MVK
control experiment, a 50 mM H;0; solution was made instead of a K2S,0s solution. In the

persulfate free MA control experiment, K;S,0s was not added.

Long Term Thermal (LTT) Experiments. For each olefinic compound, “O; regular” and “O;
control” reaction conditions were examined. In the “O; regular” experiments (the standard
photochemical experiment conditions) K2S,0s was used to generate sulfate radical thermally.
The “O; control” experiment served as a K;5,0s control (no K,S,0s added) for the standard “O;
regular” experiment to determine if the olefinic precursor had other potential non-sulfate
radical reaction pathways. For each reaction condition, four to six sealable 20 mL sample vials
were prepared and sealed at the same time. At various time points after sealing a vial was
selected and analyzed via NMR to provide kinetics data and determine the optimal reaction
time for the next vial to be analyzed. Each vial contained a 1 mL oxygenated solution of D,O

with DSS (6.9 mM), and K;S,0s (50 mM, omitted in the “O, control” experiments). The olefinic
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precursors, MVK (0.10 M), MBO (0.10 M), or MA (0.20 M), were added to the vial and mixed via
a shaker plate for 5 minutes. Then, the solution was oxygenated for 1 minute at 0.20 SLPM with
a custom-built flow-through cap assembly. The vial was then sealed and later reopened for the

measurement of the dissolved oxygen level by a Vernier Go Direct optical dissolved oxygen

probe and for NMR analysis.

Reagents used in the experiments were obtained from Millipore-Sigma: MVK (99%, purified by
vacuum distillation), MBO (98%), AA (99%), MA (95%), K25,0s (99%), H202 (30 wt. % in H20);

and from Cambridge Isotope Laboratories, Inc: DSS (97%), D,0 (99.5%, 99.9% D).

NMR Methods. All the samples were analyzed by a Bruker 400 MHz NMR. Both proton and
carbon chemical shifts were calibrated using the terminal methyl protons or methyl carbons of
DSS. The concentration of each product was determined using the proton-weighted ratio of the
product integration to the DSS standard. Distortionless enhancement by polarization transfer
(DEPT) experiments were used to help establish the number of protons bonded to each carbon
atom. Due to the low concentration of products, 13C NMR, DEPT 135, and DEPT 90 spectra
were taken with 23000 scans. *H-13C single- (HSQC) and multi- (HMBC) bond correlation
spectra were collected not only help to provide longer range bond connectivity information, but
also to uncover overlapping signals in the single dimensional H or 3C spectra, thus significantly
enhancing the power of the NMR technique for the analysis of complex mixtures. The HSQC or
HMBC spectra were collected with 90 and 170 scans and pulse sequences of hsqcetgpsi2 and

hmbcgplpndgf respectively. Products were identified by comparing the detected chemical shifts
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with standards in the lab’s NMR D,0 database and an online NMR CDCl; database.?® For
products for which proton and carbon chemical shift data were not available shifts were

predicted based on the general chemical shift trends for similar species.?®

Results and Discussion

AA + S04 Photochemical System. Allyl alcohol was used to determine the optimal
photochemical reaction conditions given its simple structure, low molar absorptivity at 254 nm,
and low volatility. The role of oxygen levels in the formation of oligomers was investigated by
conducting one experiment flowing pure O; through the reactor, the oxygen saturated trial, and
another experiment with pure N,, the low oxygen trial. A comparison of the resulting H-NMR
clearly illustrates oligomerization does not occur under oxygen-saturated conditions but does
occur under low oxygen conditions (Figure 1). This shows that dissolved oxygen levels must be
carefully controlled in order to produce atmospherically relevant products, given that ambient
aerosols are likely to be oxygen saturated systems due to their high surface area to volume

ratios.

Several highly oxidized and/or fragmented organosulfates produced in the oxygen-saturated
experiment were identified, including glycerol-1-sulfate, DHA-S/DHA-S-H (dihydroxyacetone-1-
sulfate/dihydroxyacetone-1-sulfate hydrated), and GL-S-H (glycoaldehyde-2-sulfate hydrated).
The annotated *3C NMR spectra are shown in Figures S1-2, summary of products yields in Table

S2, and proposed mechanism in Figure S3.
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Figure 1. An *H-NMR spectrum of the oxygen saturated AA experiment (after 60 minutes of
irradiation) (top) compared to an *H-NMR spectrum of the low oxygen AA experiment (after 45
minutes of irradiation) (bottom). The broad peaks (due to the presence of a large number of
chemically similar but structurally unique protons) in the low oxygen experiment indicates the
presence of oligomers.

MVK + SO4” Photochemical System. The proposed mechanism for sulfate radical addition to
MVK, given in Figure 2, was developed based on products identified by NMR (Figures S4-5) and
rationalized using oxidative gas-phase radical mechanisms as a guide.3° The reaction between
the sulfate radical and an olefin begins with the radical addition to the double bond to form an
alkyl radical. If the double bond is not symmetrically substituted, the sulfate radical will

preferentially add to the less substituted side due to lower steric hindrance and the higher
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stability of the resulting substituted alkyl radical. In gas-phase atmospheric radical reactions,

oxygen molecule rapidly adds to the alkyl radical to form a peroxy radical.3° In the absence of

NOy the alkyl peroxy radical is then expected to undergo a series of self-reactions - this series of

self-reactions was observed for the sulfate radical reactions.?

Several other reaction pathways such as the hydration of carbonyl compounds and the sulfate

radical addition to the nonterminal position of the double bond were also considered as a

possibility for all BVOC systems, but no unique products that could provide evidence for a

pathway with sulfate radical addition to the more substituted position were observed in any of

the experiments.
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Figure 2. A proposed mechanism for sulfate radical addition to MVK. Observed products (with
their *H and/or 3C NMR chemical shifts indicated) are labelled in blue, while unobserved
pathways are labelled in grey. The branching ratios of the photochemical experiment are listed
for each leg of reaction in pink.

The annotated HSQC and HMBC spectra of the MVK + SO photochemical reaction are given in
Figures S4-5, which were used to confirm the structural assignments given in Figure 2. Several
products from Paths 1 and 2 were observed, including 4-sulfate-2,3-butanedione 3-hydrated
(BDO-S-H1), methylglyoxal monohydrated (MGLY-H), methylglyoxal dihydrated (MGLY-DH), GL-
S-H, acetic acid (AA), and formic acid (FA). A summary of the product concentrations is listed in
Table S3. The chemical shifts were not available for DHBO-4-S and were instead predicted using
the methods described above, but the predicted peaks were not observed. This result does not
indicate that DHBO-4-S was not formed, but rather we were unable to identify it due either an
inaccurate prediction algorithm or a concentration just below our detection limit. In the
absence of DHBO-4-S, the only unique product of Path 1, Path 1 was presumed to be inactive
and BDO-S-H1 was assumed to form via Path 2 exclusively. The observation of the fragmented

species GL-S-H, MGLY-H, MGLY-DH indicated that both Path 3(a) and Path 3(b) were active.

Several products from pathways other than sulfate radical addition pathway initiated RO; self-
reaction were also observed, such as 4-hydroxy-2-butanone (4H2B), glycolaldehyde hydrated
(GL-H), glycolic acid-2-sulfate (GL-S-OH), and glycolic acid (GL-OH). 4H2B is a possible MVK
hydration product formed via the enol tautomer (Figure S6). Glycolaldehyde (the unhydrated
form of GL-H) is a product of the OH-oxidation of MVK in the gas phase3! and aqueous?! phase.

It is possible that the GL-H observed in this experiment could come from an OH radical addition
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equivalent of Path 3(a) (Figure 2). A potential source of OH radicals is the reaction between acyl
peroxy radicals and HO,.2% To test the hypothesis that GL-H was a product of OH radical
addition to MVK, an experiment was carried out in which the photochemically initiated
homolytic cleavage of H,0; served as a source of OH radicals. GL-H and GL-OH were observed
as products of this reaction which indicates that OH radical addition to MVK can be used to

rationalize the formation these compounds.

The formation of GL-S-OH and GL-OH suggests that GL-S/GL-S-H and GL/GL-H underwent
secondary oxidation in the solution, likely via a R(0)O; + HO; pathway. Some secondary
reactions could be photochemical reactions, such as the photolysis of the unhydrated aldehyde,
or could be initiated by the aldehydic hydrogen abstraction reactions with sulfate or OH radicals
in the solution. In these cases, the results from long term thermal reactions (described in the
next section) provide a way to help distinguish potential photochemical artifacts from non-

photochemical processes that are potentially atmospherically relevant.

AA, FA, and formaldehyde are hypothesized to come from the acetyl radical in Path 3(a), which
is the complementary fragment of GL-S in the sulfate radical addition pathway and GL in the OH
radical addition pathway. Thus, the sum of the concentrations for these three compounds were
expected to be equivalent to the sum of their complementary products. However, the
concentration of the small organic compounds was much higher than their complementary
products, which might be caused by unaccounted for secondary reactions of GL-S/GL. It is also

possible that other formation pathways for these small organics exists.



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

The presence of OH radical reactions led to a complication in calculating branching ratios
because MGLY can be formed by both sulfate radicals, Path 3(b), and OH radicals, a Path 3(b)-
like series of reactions initiated by the OH radical as opposed to the sulfate radical. Therefore,
to calculate the branching ratio of the sulfate radical addition to MVK, the potential sources of
MGLY was considered according to three assumptions. In case 1, MGLY-H and MGLY-DH were
assumed to come from sulfate radical addition pathway only. In case 2, they were assumed to
come from OH radical addition pathway only. In case 3, the contribution of the sulfate radical
addition reactions to the formation of MGLY-H and MGLY-DH was assumed to be the same as
the ratio of the corresponding sulfate/OH radical addition reaction products from Path 3(a) (in
other words, the branching ratio between Path 3(a) and 3(b) was assumed to be same for both
OH- and sulfate-radical initiated pathways). A comparison of the results of these three cases,
Table S4, indicates that this uncertainty about formation route for MGLY-H and MGLY-DH has a
minor effect on the calculated branching ratios for the overall mechanism, but case 3 was
selected as the most likely scenario. Using this scenario, the branching ratio between the Path

2, Path 3(a), and Path 3(b) in the photochemical reaction is 17%:77%:6%.

MVK + SO4 LTT Reaction. All of the products identified in the photochemical experiments were
also observed in the LTT O, regular experiment (Table S5). As discussed earlier, the major
advantage of the slow thermal generation of sulfate radicals is to avoid the potential
photochemical artifacts brought about by the energetic 254 nm light. Although this does not

rule out all photochemical artifacts, the identification of GL-S-OH and GL-OH in both the
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photochemical and LTT experiments suggests that the H-abstraction reactions of the GL-S and
GL were due to radical reactions. The abstraction reaction does not lead to the incorporation of
unique functional groups because both sulfate and OH-radical initiated abstraction of the
aldehydic hydrogen atom will lead to the same product, so the identity of the oxidizing radical

could not be determined.

However, the long reaction time clearly led to complications like the extensive hydration of
MVK to 4H2B. Under the weakly acidic conditions of the sulfate-radical generating experiments
(see Table S6), approximately half of the reactants were hydrated after 74 days (Figure S7).
Over the same time period, approximately 35% of the MVK was converted to 4H2B even in the
relatively pH neutral environment of the radical-free control experiment. This hydration
reaction leads to lower amounts of MVK available for the sulfate radical addition reaction and
produces OH radicals which lead to secondary reactions. However, the measurement of
dissolved oxygen levels indicated that vials were sufficiently sealed such that oxygen was not
able to move in or out of the vials over the several month time frame, and therefore we

conclude that the LTT results were not compromised by the loss of volatile components.

Another complication in the thermal generation of sulfate radicals shared by all olefinic systems
was the increase in the importance of OH radical initiated reactions as compared to the
photochemical experiments (Table S6). The persulfate undergoes hydrolysis in dilute acidic
solutions through the following reaction:3?

S,02~ + 2H,0 — 2HSO; + H,0, (1)
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The rate constant at pH = 1.3 was previously determined to be 6.12 x 10® minl. Therefore, the
formation of hydrogen peroxide and its thermal homolytic cleavage could have provided a

source of OH radicals in the LTT experiments.

The branching ratios for the LLT experiments were calculated using the same method used to
the analyze the product distribution of the photochemical experiments (Tables S7-9). The LTT
generation of sulfate radicals resulted in a different product distribution compared to the
photochemical experiments. This is likely due to the more extensive secondary reactions and
OH radical complications under the LTT conditions that were favorable on the several month
time scale of the LLT experiments compared to 1 hour time scale of the photochemical
experiments . However, the LTT experiments allowed for the definitive identification of the

primary sulfate-radical initiated processes in the photochemical experiments.

MBO + SO4” Photochemical Reaction. The sulfate radical reaction with MBO was found to
proceed following a similar mechanism to the one developed for MVK (Figure 3). The addition
of the sulfate radical to the unsubstituted carbon in the double bond of MBO followed by the
RO; self-reaction was found to be the dominant reaction pathway based on HSQC and HMBC
spectra (Figures S8-10). A complete product summary and quantification is given in Table S10.
The observation of 2-methyl-4-sulfate-butan-2,3-diol (MBD-S), 2-hydroxy-2-methyl-4-sulfate-3-
butanone (MBON-S), GL-S-H, acetone (Ac), AA, and FA indicate that Path 1, Path 2, and Path

3(a) are active. The product from Path 3(b), 2-hydroxy-2-methylpropanal (HMPL), has been
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detected in the gas phase OH oxidation of MBO,33 but the predicted chemical shifts for both

hydrated and unhydrated HMPL were not detected in this experiment.
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Figure 3. Proposed mechanism for the sulfate radical addition to MBO. Observed products (with
their 'H and/or 3C NMR chemical shifts indicated) are labelled in blue, while unobserved
pathways are labelled in grey. The branching ratios of the photochemical experiment are listed
for each leg of reaction in pink.

Like the MVK system, possible OH radical addition products, 2-methyl-butan-2,3,4-triol (MBO-
triol) and GL-H, were also detected. However, 2,4-dihydroxy-2-methyl-3-butanone, the
complementary products of MBO-triol in Path 1 and the OH-addition equivalent product from
Path 2, was not observed either due to its low concentration (more likely) or to the inaccuracy
of the chemical shift prediction method because reference standards were not available (less

likely). In addition, the secondary products GL-S (GL-S-OH) and GL (GL-OH) were also observed.
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From the product concentrations, the branching ratio between the Path 1, Path 2, and Path 3(a)

in the photochemical reaction is determined to be 8%:21%:71%.

MBO + SO4 LTT Reaction. The sulfate radical addition mechanism for MBO in the LTT oxygen-
rich experiments was expected to be similar to the proposed mechanism in Figure 3. Although
most of the products produced in the photochemical experiment were also observed in these
LTT experiments (a complete summary is given in Table S11) there were some differences in the
product distribution. GL-S-OH, the product from the secondary reaction of GL-S-H, was
observed in the photochemical reaction but not in LTT reactions. This is most likely due to a low
concentration of GL-S-OH and/or overlapping NMR signals. Unlike MVK hydration, 3-methyl-2-
butene-1-ol (MB-1-0), a hydration product of MBO, was identified in the weakly acidic reactive
system experiments but not in the neutral non-reactive control experiments, which suggests
the formation of MB-1-0 is acid catalyzed (Figure S12, Table S12 provides experiment

parameters including pH estimates).

The only OH radical addition product identified in LTT reactions was MBO-triol. At 94 days and
144 days of the reactive system experiments, the formation of MBO-triol was the dominant
reaction pathway (Figure S11). The complementary product 2,4-dihydroxy-2-methyl-3-
butanone of MBO-triol in Path 1 was still not observed. Its absence raises some concerns about
attributing the formation of MBO-triol solely to the OH radical-initiated RO; self-reaction

pathway. One alternative hypothesis is that dihydroxylation at the MBO double bond could
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occur through the hydrolysis of an epoxide intermediate, presumably formed via a peroxide

oxidant.13 34

Due to the higher concentration of MBD-S than MBON-S after 54 days for the reactive system
experiments, the branching ratio for Path 2 became negative (Table S13). One possible
explanation is that there might be another formation pathway for MBD-S, which could be
similar to the non-peroxy radical self-reaction formation of MBO-triol. Thus, the LTT results for
the MBO system were mainly used to gain insight into potential complications in the

photochemical experiments, much the same way the LLT experiments were used for MVK.

MA + SO4 LTT Reaction. MA was observed to undergo significant photolysis under the
photochemical reaction conditions, which is consistent with its high molar absorptivity at that
wavelength (Figure S13).3° Thus, the photochemical reaction method could not be used and
LTT experiments were instead used to study the reactions between sulfate radicals and MA,

despite the aforementioned complications of the thermal method.

The addition of sulfate radical to the terminal carbon atom in the double bond of MA under
oxygen-rich conditions is expected to be similar to the other olefinic precursors, but the tertiary
peroxy radical is unable to proceed through peroxy radical self-reaction (Path 1) or the H-
abstraction reaction of the alkoxy radical (Path 2). The proposed sulfate radical addition
mechanism for MA followed by the RO; self-reaction is shown in Figure 4 based on HSQC and

HMBC spectra of experiments collected at after 60 days (Figures $14-15). Product summaries
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(Tables S14-15) and ratios (in Table S16) are plotted as a function of time (Figures $16-17). The
radical addition to MA could lead to autooxidation of the peroxy radical®® and the formation of

SA, a shared product with the Path 3(a).

Another potential reaction pathway of MA involves the abstraction of the aldehydic hydrogen
by the oxidizing radical (Path 4). Based on the gas phase OH radical H-abstraction schemes?’
and general peroxy radical reactions,?3 the H-abstraction by sulfate or OH radicals mechanism
in the aqueous phase is proposed (Figure S18). While this pathway could be important in
understanding the atmospheric chemistry of MA, the abstraction pathway will not lead to the

direct formation of organosulfates.
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382  Figure 4. Sulfate radical addition to MA mechanism. Path 4 is elaborated in Figure S18.

383  Observed products (with their *H and/or 3C NMR chemical shifts indicated) are labelled in blue,
384  while unobserved pathways are labelled in grey.

385

386  The observation of sulfatoacetone (SA) and MGLY-H/MGLY-DH indicate that Path 3(a) and Path
387  3(b) are active. This result is consistent with the recent identification of a TiO,-mediated

388 photochemical pathway for the formation of sulfatoacetone from methacrolein.3® For Path
389  3(c), the chemical shifts of methylglyoxal-3-sulfate hydrated (MGLY-S-H) and methylglyoxal-3-
390 sulfate dihydrated (MGLY-S-DH) were predicted, but not identified. The observation of

391 methacrylic acid (MA-OH) and AA suggests that the aldehydic abstraction pathway is active. The
392 presence of hydroxyacetone (HA) indicates that the OH radical likely adds to the terminal

393 carbon atom in the double bond of methacrolein, following a path similar to the Path 3(a) or
394  undergoing the autooxidation reaction that led to the formation of SA.

395

396 Like the MVK system, in the MA system MGLY and its hydrated forms are shared products

397 between the sulfate and the OH radical addition pathways. To determine branching ratios the
398 contributions of the sulfate radical and OH radical to the formation of MGLY were

399  approximated with two cases: 1) all of the detected MGLY-H and MGLY-DH was assumed to
400 come from the sulfate radical addition pathway only and 2) the contribution of the sulfate

401 radical addition reactions to the formation of MGLY-H and MGLY-DH was assumed to be the
402 same as the ratio of the corresponding sulfate/OH radical addition products from Path 3(a) (i.e.
403  the ratio of ([SA] + [SA-H]) to [HA]), which is known. The branching ratios between path 3(a)

404  and path 3(b) of Oz regular experiment for both trial 1 and trial 2 were listed in Table S17. One
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reason attributed to differing results between trial 1 and trial 2 is the difference in average
initial MA concentration (58 mM vs. 150 mM). This was due to the difficulty in delivering
reproducible amounts of volatile MA to the reaction vials. The contribution of unimolecular
autooxidation is potentially more significant to trial 1 than to trial 2 since the lower
concentration of alkyl radicals corresponds to a longer lifetime of the RO; radical for
bimolecular reactions. Unimolecular isomerization will result in the formation of SA and lead to
the seemingly higher branching ratios for Path 3(a) in trial 1 for both scenarios. The branching
ratio calculated for the more reliable trial 2 is thus used in the following discussion. For these
reasons, the MA mechanism (particularly the branching ratio values) is not as certain as the

mechanisms determined for MVK and MBO.

A General Sulfate Radical Addition Mechanism. Based on the results from each system,
summarized in Table S18, the fragmentation pathways, Paths 3(a) and 3(b), are the major
pathways. The relative importance of Path 3(a) vs. Path 3(b) is system specific. In general,
fragmentation pathways are preferred over the hydrogen abstraction by O for alkoxy radicals
directly derived from a precursor. Fragmentation to form a more substituted radical is
preferred over the formation of a less substituted radical, which is consistent with the general
trends observed in the gas phase.3° Both Paths 1 and 2 were active in several systems, although
Path 2 seems to be the more facile route of the two. Previous studies of gas phase RO; + RO;
branching ratios have found that electronegative functional groups seems to favor RO + RO
pathways?® (Path 2 and 3 in our mechanism); thus, the neighboring electronegative sulfate

groups may explain this preference. The uncertainty in the branching ratios calculated for the
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photochemical reactions was assumed to be around 10%, to account for the inaccuracies
stemming from the integration of the overlapping signals and products that were not detected

due to low concentrations.

A general sulfate radical addition mechanism is proposed in which the relative importance of
each path is indicated by the size of the reaction arrow (Figure 5), as discussed above. In the
generalized mechanism the carbon atom with the R3 and R4 substituents is the less substituted
side. Path 1, Path 2, and further oxidation steps are viable if R1 and/or R; is a hydrogen atom,
which is true for MVK and MBO. Here R; is assumed to be a hydrogen atom. If neither R1 nor R;
are hydrogen atoms, which is the case in the MA system, another fragmentation pathway that

is Path 3(a)-like is possible. Path 3(c) in the MA mechanism is an example of this fragmentation

pathway.
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Figure 5. General sulfate radical addition mechanism. The relative importance of the
pathways is indicated by the relative sizes of the reaction arrows.

Comparison to Previous Results. The produced organosulfate products from the sulfate radical
reactions with MVK and MA were compared with previous results,® 2% 22:3% 40 g|| of which used
LC-MS as the characterization method. Among the five previous studies, only the work by
Hettiyadura et al. is a field investigation, and the rest are laboratory studies that used a single
organic precursor in each experiment. The comparison of products detected from the sulfate
radical addition to MVK are listed in Table S19, and the comparison for sulfate addition to MA is
listed in Table S20. Note that there are often multiple proposed structures for the same m/z or
molecular formula, which is indicative of the general limitation of LC-MS in providing

unambiguous structural information in the absence of standards.

For sulfate radical addition to MVK, m/z ratios corresponding to three out of the four
organosulfate products of the MVK reaction were observed in LC-MS studies; Table S19
presents a full comparison. We detected GL-S in its hydrated form and attribute GL-S-OH to be
a secondary product of GL-S oxidation in our mechanism. Most laboratory studies only
observed GL-S-OH. The higher abundance of GL-S-OH in ambient aerosol suggests that this
oxidation occurs rapidly in the atmosphere.® We did not detect DHBO-4-S (3-hydroxy-4-sulfate-
2-butanone) which has been identified in several LC-MS studies. Given the reduced sensitivity
of NMR compared to LC-MS this may be because of the low concentration of DHBO-4-S, which
suggests the contribution of MVK to the formation of DHBO-4-S in the atmosphere may not be

significant. Three different structural isomers have been proposed for the compound with m/z
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=199, but we only identify one hydrated compound (which is not likely to be detected with the
LC-MS methods which measure analytes as gases only) with this corresponding m/z. Our
mechanism does not offer any obvious formation pathway for sulfatoacetone (m/z= 153) and 4-
sulfate-2-butanone (m/z=167), although m/z ratios corresponding to these species have been

reported in previous studies.?% 3°

The discrepancy between the species predicted by our mechanism for MA and previous studies
is more significant than for the MVK system (Table S20). The only shared product observed is
sulfatoacetone. According to our mechanism of sulfate radical addition to MA, none of the
products will retain the carbon backbone of MA. It is possible that the compounds with 4 or
more carbons in previous studies actually derive from low oxygen oligomerization pathways.
Because of the varying degree of agreement between the present NMR-based study and
previous LC-MS-based work, further development of the sulfate radical anion mechanism

would likely benefit from a combined approach.

Atmospheric Implications. The observation of several organosulfates formed from sulfate
radical addition to the atmospherically abundant MVK and MA precursors in the present study
that also match the corresponding m/z carriers observed in field studies® indicate that sulfate
radical addition to olefinic VOCs could explain the formation of some organosulfates in SOA.
The observation of the secondary oxidation of organosulfate products could explain the
presence of small organosulfates, such as glycolic acid-2-sulfate (GL-S-OH) and lactic acid

sulfate, in ambient SOA. Since no oligomers were identified in any of the present oxygen-



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

saturated experiments, the observation of oligomers in some of the previous studies,?® 22 in
which oxygen levels were not actively controlled, raises the question of whether sulfate radical-
initiated oligomerization is an atmospherically relevant process. The observation of small
organic acids across all systems indicated that solution phase radical initiated oxidation of the
BVOCs also can also provide several formation pathways to the ubiquitous formic acids and
acetic acids*! in the atmosphere in addition to the known gas phase oxidation routes. However,
the contribution of this mechanism to organosulfate SOA formation is dependent on
establishing the importance of the sulfate radical as an important oxidant in the atmosphere,

which remains uncertain.
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