
Heterogeneous Hydroxyl Radical Oxidation of Isoprene-Epoxydiol-
Derived Methyltetrol Sulfates: Plausible Formation Mechanisms of
Previously Unexplained Organosulfates in Ambient Fine Aerosols
Yuzhi Chen, Yue Zhang, Andrew T. Lambe, Rongshuang Xu, Ziying Lei, Nicole E. Olson, Zhenfa Zhang,
Tessa Szalkowski, Tianqu Cui, William Vizuete, Avram Gold, Barbara J. Turpin, Andrew P. Ault,*
Man Nin Chan,* and Jason D. Surratt*

Cite This: https://dx.doi.org/10.1021/acs.estlett.0c00276 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Methyltetrol sulfates are unique tracers for
secondary organic aerosols (SOA) formed from acid-driven
multiphase chemistry of isoprene-derived epoxydiols. 2-Methylte-
trol sulfate diastereomers (2-MTSs) are the dominant isomers and
single most-abundant SOA tracers in atmospheric fine particulate
matter (PM2.5), but their atmospheric sinks remain unknown. We
investigated the oxidative aging of authentic 2-MTS aerosols by
gas-phase hydroxyl radicals (•OH) at a relative humidity of 61 ±
1%. The effective rate constant for this heterogeneous reaction was
determined as 4.9 ± 0.6 × 10−13 cm3 molecules−1 s−1,
corresponding to an atmospheric lifetime of 16 ± 2 days
(assuming an •OH concentration of 1.5 × 106 molecules cm−3). Chemical changes to 2-MTSs were monitored by hydrophilic
interaction liquid chromatography interfaced to electrospray ionization high-resolution quadrupole time-of-flight mass spectrometry
(HILIC/ESI-HR-QTOFMS). Plausible reaction mechanisms are proposed for previously unknown OSs detected in atmospheric
PM2.5 at mass-to-charge ratios (m/z) of 139 (C2H3O5S

−), 155 (C2H3O6S
−), 169 (C3H5O6S

−), 171 (C3H7O6S
−), 185 (C3H5O7S

−),
199 (C4H7O7S

−), 211 (C5H7O7S
−), 213 (C5H9O7S

−), 227 (C5H7O8S
−), 229 (C5H9O8S

−), and 231 (C5H11O8S
−). Heterogeneous

•OH oxidation of 2-MTSs redistributes the particulate sulfur speciation into more oxygenated/functionalized OSs, likely modifying
the aerosol physicochemical properties of SOA containing 2-MTSs.

■ INTRODUCTION

Atmospheric oxidation of isoprene by the hydroxyl radical
(•OH) and subsequent multiphase reactions with inorganic
sulfate aerosol (Sulfinorg) contributes to the mass of fine
particulate matter (PM2.5) through secondary organic aerosol
(SOA) formation.1−4 •OH-initiated oxidation of isoprene
(Figure 1) produces isoprene hydroperoxides (ISOPOOH)
in high yields (>70%), which are further oxidized in high yield
(∼75%) to isomeric isoprene epoxydiols (IEPOX), particularly
under low-nitric-oxide (NO) conditions.5 Recently, we
demonstrated that increasing the initial IEPOX-to-Sulfinorg
ratio converts up to 90% of Sulfinorg to particulate organo-
sulfates (OSs),6 which account for much of the SOA formation
from IEPOX multiphase chemistry (Figure 1). The most-
abundant IEPOX-derived SOA constituents are the methylte-
trol sulfates (MTSs), substantially contributing to PM2.5
collected from downtown Atlanta, USA and Look Rock,
USA (up to 13% of the organic carbon)7,8 and downwind of
Manaus, Brazil (up to 10% of the organic aerosol (OA) mass).9

MTSs and their corresponding oligomers explain the low
volatility of IEPOX-derived SOA10−12 and its large contribu-

tions (up to 40%) to the fine OA mass measured in many
isoprene-rich locations.6,13−15

2-Methyltetrol sulfate diastereomers (2-MTSs) are the
dominant MTS isomers.8 Along with MTSs, other OSs have
been detected by electrospray ionization high-resolution mass
spectrometry (ESI-HR-MS)16−20 in analysis of submicron
aerosols collected during chamber16,17,21,22 and field stud-
ies.7−9,17,23−26 These include deprotonated ions detected at
nominal mass-to-charge ratios (m/z) 139 (C2H3O5S

−), 155
(C2H3O6S

−), 169 (C3H5O6S
−), 183 (C4H7O6S

−), 199
(C4H7O7S

−), 211 (C5H7O7S
−), 213 (C5H9O7S

−), and 229
(C5H9O8S

−). The same OSs have also been measured by real-
time single-particle mass spectrometry methods, including
aerosol time-of-flight mass spectrometry (ATOFMS)27,28 and
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particle ablation by laser mass spectrometry (PALMS).29

Observation by both off-line and real-time MS protocols rules
out their formation as artifacts. Definitive structural identi-
fication and formation mechanisms, however, are either
speculative or completely lacking, because authentic com-
pounds to serve as precursors for products or standards for
observed ions are unavailable.
Atmospheric models assume particulate OSs remain

unreactive toward heterogeneous •OH or nitrate radical
oxidation.30−32 However, Lam et al.33 recently demonstrated
that authentic 3-methyltetrol sulfate diastereomers (3-MTSs),
which are minor MTS isomers, could undergo heterogeneous
•OH oxidation at atmospherically relevant time scales
accompanied by Sulfinorg (bisulfate, HSO4

−) recycling,
although specific OA constituents were not measured with
the analytical method used (DART-HR-TOFMS). The
predominant 2-MTSs are likely precursors for many currently
unconfirmed OSs observed in SOA collected from isoprene-
rich regions. Structures proposed for OSs at m/z 211 and 213,
typically the second- and third-most-abundant OSs after the 2-
MTSs in ambient aerosols, are isomeric lactones and
hemiacetals likely arising from heterogeneous •OH oxidation
of a terminal hydroxy group to a carboxylate or aldehyde,
respectively, followed by dehydration to a five-membered
tetrahydrofuran ring.7 Here, we hypothesize that heteroge-
neous •OH oxidation of 2-MTSs leads to these and other

uncharacterized C≤5 OSs in atmospheric PM2.5. We tested this
hypothesis via controlled laboratory oxidative aging of 2-MTS
aerosols at ∼60% relative humidity (RH), a typical daytime
RH in the southeastern (SE) U.S. or Amazon rainforest.6,34

Characterization of compositional changes following •OH
oxidation using state-of-the-art analytical techniques led to our
proposal of reaction schemes yielding several hitherto
unexplained OSs. Our results suggest a pathway for
atmospheric evolution of mixed organosulfur−Sulfinorg aerosols
that will elucidate the effect of heterogeneous oxidative aging
on air-quality- and climate-relevant aerosol physicochemical
properties. Consequently, an understanding of the atmospheric
behavior and fate of low-volatility OSs is critical.

■ MATERIALS AND METHODS
Heterogeneous •OH oxidation of 2-MTS aerosols was carried
out in an oxidation flow reactor (OFR)35 at 61 ± 1% RH and
22.0 ± 0.4 °C (Section S1, Table S1 of Supporting Information
(SI)) with a calculated mean residence time of 128 s. An
experimental schematic is given in Figure S1. 2-MTS aerosols
were generated by atomizing an aqueous solution of 2-MTS
ammonium salt (synthesis described in Section S2). •OH was
generated through photolysis of O3 in the presence of O2 and
H2O at 254 nm. •OH exposure levels ranging from 1 × 1011−2
× 1012 molecules cm−3 s were achieved by varying the UV light
intensity, corresponding to an atmospheric exposure time of

Figure 1. Proposed atmospheric oxidation mechanism of isoprene yielding 2-MTSs, followed by heterogeneous •OH oxidation of 2-MTSs yielding
previously unexplained atmospheric OSs detected in ambient PM2.5 samples collected from isoprene-rich regions (see Figure 3). Numbers (1−4)
denote reaction pathways of RO2

• formed from H-abstraction by •OH at the indicated carbon atoms. Colored boxes correspond to the colors in
the EICs shown in Figure 3.
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1−16 days at an average •OH concentration of 1.5 × 106

molecules cm−3.36 Aerosols exiting the OFR were collected by
a particle-into-liquid sampler (PILS, BMI Inc.) and onto 47
mm Teflon filters (0.2 μm pore size, PALL Corp.) at 3 L min−1

at each OFR condition. Flow was stabilized for 15 min prior to
sample collection by PILS and filters.
Ambient PM2.5 samples were collected onto quartz filters

from the SE U.S., Central Amazonia, and Gala  pagos Islands
and stored in the dark at −20 °C. A description of the PM2.5
collection and sampling sites is provided in Section S3.
Punches (37 mm diameter) from Hi-Vol quartz filters selected
from these sites were chemically characterized.
Blank and sample filters collected during both laboratory

and field studies were individually extracted in methanol
(Optima LC/MS grade, Fisher Scientific), blown dry, and
reconstituted in 95:5 (v/v) acetonitrile (ACN)/Milli-Q H2O
for analysis by hydrophilic interaction liquid chromatography
interfaced to electrospray ionization high-resolution quadru-
pole time-of-flight mass spectrometry (HILIC/ESI-HR-
QTOFMS), which has been demonstrated to significantly
improve the resolution of OSs.7,8,21,23,24,37 Half of the dried
extract for each laboratory sample was reconstituted in Milli-Q
H2O for ion chromatography (IC) analyses. Filter sample
preparation steps are provided in Section S4. Operating
conditions for HILIC/ESI-HR-QTOFMS and IC have been
previously described8,38 and are summarized in Sections S5
and S6.

■ RESULTS AND DISCUSSION
Chemical Characterization of Aerosol-Phase Prod-

ucts and Reaction Mechanisms. The heterogeneous
oxidation kinetics were determined by particulate 2-MTSs
measured at each •OH exposure, with the impact of UV
photolysis and O3 reactivity confirmed to be negligible (<5%
change in measured 2-MTS signal) in UV only experiments
and O3 only experiments, consistent with previous studies.10,33

The decay of 2-MTSs as a function of •OH exposure (Figure
2) is fitted into an exponential function to obtain the effective
second-order heterogeneous •OH oxidation rate constant k of
4.9 ± 0.6 × 10−13 cm3 molecules−1 s−1. The e-folding lifetime
(τ) of 2-MTSs against this process can be estimated from the
known •OH concentration. Detailed calculations are provided
in Section S7. The estimated τ (16 ± 2 days) was comparable
to 16.2 ± 0.3 days determined for 3-MTSs33 and 19 ± 9 days
determined for IEPOX-SOA,10 assuming the same average
ambient •OH concentration36 of 1.5 × 106 molecules cm−3.
The actual lifetime is expected to vary with ambient •OH
concentrations (Section S7 discussion). Considering accumu-
lation mode sulfate aerosols with a measured lifetime of 2
weeks,39 the heterogeneous •OH oxidation could be a
competitive sink for particulate 2-MTSs and should be
considered in large-scale models to better understand the
transformation and abundance of atmospheric particulate OSs.
Abundant ions corresponding to first-generation OSs

produced from oxidation of particulate 2-MTSs were detected
at m/z 231 (C5H11O8S

−), 229 (C5H9O8S
−), 213 (C5H9O7S

−),
and 211 (C5H7O7S

−). Figure 3A shows the extracted ion
chromatograms (EICs) from HILIC/ESI-HR-QTOFMS anal-
ysis. Ions having compositions consistent with OSs are
summarized in Table S2, and proposed reaction schemes are
shown in Figure 1 and Schemes S1−S6. The oxidation
schemes of 2-MTSs are initiated by uptake of gas-phase •OH
onto aerosol followed by hydrogen atom abstraction from 2-

MTSs and the reaction of the resulting alkyl radicals (R•) with
O2 to yield alkyl peroxy radical (RO2

•) intermediates. From
this point in the pathway, the regiochemistry of RO2

•

substitution dictates the structures of products via Russell
disproportionation,40 the Bennett−Summers reaction,41 or β-
scission.42,43 Russell disproportionation or hydroperoxy radical
(HO2

•) elimination44−51 of C1- or C4-RO2
• transients in

Schemes S1 and S4 leads to C5-γ-hydroxy aldehydes which
cyclize to C5-hemiacetals detected at m/z 213 (C5H9O7S

−),
while the Bennett−Summers reaction leads to lactones
detected at m/z 211 (C5H7O7S

−) through dehydration of γ-
hydroxy carboxylic acids detected at m/z 229 (C5H9O8S

−) via
acid-catalyzed Fischer esterification.52−54 The precursor γ-
hydroxy carbonyl compounds would not typically be observed
by mass spectrometry.55 Ions at m/z 213 (C5H9O7S

−) can also
arise from Russell disproportionation of C3-RO2

• transients
with RO2

• species having an α-hydrogen or by HO2
•

elimination (Scheme S3). Cross-reaction of the RO2
• transient

from abstraction of a primary C2 methyl hydrogen (Scheme
S2) leads to a C5-pentol sulfate at m/z 231 (C5H11O8S

−), an
aldehyde at m/z 229, and fragmentation products of the
corresponding alkoxy radicals (RO•). Figures 3A and S2 show
the EICs at m/z 211 having compositions consistent with C5-
lactones. Schemes S1 and S4 predict a total of four isomers.
Three peaks (Figures 3A and S2 and Table S2) are resolved
with the broadened major peak, suggesting two poorly resolved
isomers. A total of nine isomeric peaks at m/z 213 (eight cyclic
hemiacetals and one ketone) are possible from Schemes S1, S3,
and S4. Five peaks are resolved in the EICs at m/z 213
(Figures 3A and S2 and Table S2), which may be explained if
diastereomers of the cyclic hemiacetals from the C1- and C4-
RO2

• radicals are not resolved. As demonstrated here and
previously, shorter HILIC retention times (RTs) of m/z 213
isomers relative to the RTs of the 2-MTSs (m/z 215) support
the cyclic hemiacetal structural assignment.7 Diastereomeric
pentanol sulfate esters detected at m/z 231 are possible from

Figure 2. Normalized 2-MTS decay as a function of heterogeneous
•OH exposure at 61% RH. The top x-axis shows the equivalent
photochemical age assuming a 24 h averaged •OH concentration of
1.5 × 106 molecules cm−3. The error bars represent one standard
deviation of measurements taken from repeated experiments using
different aerosol sampling techniques (PILS and Filter).
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Russell disproportionation of the C2-RO2
• (Scheme S2). A

single sharp peak at m/z 231 in all EICs (Figures 3A and S2)
would result if the diastereomers, as might reasonably be
expected, are not resolved. Both the Russell disproportionation
and Bennett−Summers reaction of the C2-methylperoxyl
radical also yield a C5-γ-hydroxy aldehyde (Scheme S2),
which will cyclize to four possible isomeric hemiacetals
detected at m/z 229. An isobaric hemiacetal is also possible
via Scheme S6. Three peaks are resolved in EICs at m/z 229
(Figures 3A and S2 and Table S2), with peak shapes indicating
the possibility of an additional unresolved isomer. Ions at m/z
227 corresponding in composition to isomeric cyclic lactones
(C5H7O8S

−) were observed as minor products (Figure S3A)
and proposed to form from further oxidation of the cyclic
hemiacetals (m/z 213) (Scheme S6).
β-Scission of C5-RO

• radicals derived from the cross-
reaction of RO2

• transients followed by fragmentation to a
closed-shell product or further O2 addition/reactions gives rise
to lower-molecular-weight (MW) C2−C4 OSs. Ions from this
cascade of reactions were observed at m/z 199 (C4H7O7S

−,
Scheme S3), 171 (C3H7O6S

−, Scheme S4), and 169
(C3H5O6S

−, Scheme S5). Formic acid (MW 46, Schemes S1,
S3, and S4) and glycolic acid (MW 76, Scheme S3) are
predicted as scission products. Corresponding anions were
weakly detected by IC (Figure S6). Cochromatography with an
authentic standard (Figure S7) and MS2 spectra confirmed the
identity of the ion at m/z 199 (C4H7O7S

−) as sulfated 2-
methylglyceric acid (2-MG-OS) via pathways proposed in
Schemes S3 and S4. The 2-MG-OS structural assignment is
consistent with the long RT in the HILIC trace expected from
strengthened electrostatic interactions (e.g., ion−dipole)
conferred by the sulfate and carboxylate groups.7,8 While 2-
MG, and by inference 2-MG-OS, are considered to be a
marker of isoprene oxidation under high-NOx condi-
tions,16,56−58 the presence of 2-MG-OS in our study is in
accord with 2-MG-OS observed under low-NOx conditions in
the SE U.S. and Amazon7,9,14,16,17,19,23,24,37,57 and supports the
alternative pathways proposed here. Other C2−C4 oxidation
products are discussed in the Section S9.
HILIC traces from ambient PM2.5 samples from Look Rock,

USA, Manaus, Brazil, and Gala  pagos Islands, Ecuador were

compared with those of the heterogeneous •OH oxidation of
2-MTSs during the OFR experiments. The RTs of all major
eluting peaks in the EICs of the OSs (m/z 139, 155, 169, 171,
185, 199, 211, 213, 229, 231, 215) in the laboratory samples
matched those in the ambient samples (Figures 3A−D, S2, and
S3A−D). Therefore, the HILIC data strongly support the
proposed oxidation schemes and structures. Differences
between laboratory and ambient EICs would be expected as
a consequence of the complexity and matrix composition of
the ambient samples and may be associated with different
relative contributions of •OH exposure, aerosol acidity, and
phase state that are beyond the scope of this work but warrant
further investigation. A difference that merits discussion is the
salting out potential of 2-MTSs in IEPOX-derived SOA and
possibly also in ambient PM2.5, in the presence of high Sulfinorg,
was shown to result in core−shell morphology.6 Therefore, the
behavior of •OH uptake on phase-separated IEPOX-derived
SOA and a subsequent surface reaction may differ from that of
the presumably bulk reaction within homogeneous 2-MTS
aerosols (Figure S8) used in the OFR experiments, which
requires future research.

Atmospheric Implications. Our results provide direct
experimental evidence that heterogeneous •OH oxidation of 2-
MTSs accounts for OSs at m/z 211, 213, and 229 previously
observed in chamber-derived isoprene-SOA and ambient
PM2.5. In addition, we identified new OSs at m/z 139, 155,
169, 171, 185, 227, and 231 as 2-MTS aerosol oxidation
products, while we demonstrated that 2-MG-OS (m/z 199), a
presumptive product under high-NOx conditions, can also be
generated under low-NOx conditions by a plausible pathway.
The observed heterogeneous •OH reaction rate of 2-MTSs
suggests this process is an important sink for 2-MTSs. In the
•OH exposure range (up to 16 equivalent photochemical
days), OSs formed at levels comparable to those of the
ambient PM2.5 samples (Figure S5). In fact, the two C5−OSs
(at m/z 211 and 213) were the most-abundant C5 species
measured in Beijing during 2016 summertime and shown to
strongly correlate with 2-MTSs (R2 = 0.77).26 This supports
that the proposed chemistry is conducive in a region
influenced by both anthropogenic and biogenic emissions
with elevated •OH concentrations. The newly identified OSs

Figure 3. HILIC/ESI-HR-QTOFMS extracted ion chromatograms (EICs) of 2-MTSs (m/z 215) and major OSs (m/z 231, 229, 213, 211, 199)
formed through (A) heterogeneous •OH oxidation of 2-MTS aerosols equivalent to ∼17 photochemical days in the laboratory and detected in
PM2.5 samples collected from (B) Look Rock, USA, (C) Manaus, Brazil, and (D) Gala  pagos, Ecuador. The signals were normalized to the
maximum peak height in each EIC for each sample.
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likely serve as molecular tracers for atmospheric aging of
IEPOX-SOA. Future studies should elucidate branching ratios
for the products of first- and later-generation RO2

• self-/cross-
reactions and definitively characterize OS isomers and their
dependence on •OH exposures, aerosol morphology, and
acidity. An improved understanding will help parametrize
heterogeneous aging chemistry currently lacking in air quality
and climate models.
Heterogeneous •OH oxidation increases the functionalities

and oxygen content of 2-MTS aerosols, as indicated by
increased oxygen-to-carbon ratios (O:C) of the oxidation
products (Table S2). Both the oxidation state and function-
alities will affect the aerosol volatility, viscosity, acidity,
morphology, and hygroscopicity.6,59−67 Therefore, these
aerosol physicochemical properties are expected to change
for aged IEPOX-derived SOA, likely governing its climate-
relevant properties by acting as cloud condensation or ice
nuclei.12,68 We postulate that 2-MTSs oxidation by •OH may
also take place in cloudwater, since 2-MTSs and related OSs
(m/z 199, 211, 213, 229), have been observed in cloudwater,
rainwater, and hailstone samples collected over forested
areas.69−71 Cloudwater •OH oxidation of 2-MTSs may
contribute (in part) to the multifunctional nature of particulate
OSs through cloud droplet evaporation. The role of cloud
processing on particulate OS composition remains unclear and
warrants future investigation.
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The materials and methods provide additional informa-
tion on experimentation of heterogeneous •OH
oxidation, collection of PM2.5 samples at different
locations, chemical characterization of OSs in aerosols
samples using HILIC/ESI-HR-QTOFMS and reaction
mechanisms. Figure S1 shows the experimental setup of
heterogeneous •OH oxidation of particulate 2-MTSs.
Figure S2 shows the EICs of major C2−C4 OS-
associated ions formed from heterogeneous •OH
oxidation of aerosols starting from 2-MTSs, 2-MTSs
with acidified ammonium sulfate, and lab-generated
trans-β-IEPOX SOA using acidified sulfate aerosols.
Figure S3 shows the EICs of additional OS-associated
ions observed from the laboratory experiments and field
studies other than those shown in Figure 3. Figure S4
shows the EICs of 2-MTSs from heterogeneous •OH
oxidation of aerosols starting from 2-MTS aerosols, 2-
MTS aerosols with acidified sulfate, and lab-generated
trans-β-IEPOX SOA using acidified sulfate aerosols
before and after exposure to •OH. Figure S5 shows
the relative abundance of major OS products (m/z 169,
199, 211, 213, 229, and 231) for field and laboratory
samples. Figure S6 shows the IC data for the formation
of formic and glycolic acid as neutral fragments from
bond scission reactions. Figure S7 shows EICs and MS2

spectra for the 2-MG-OS standard and OS at m/z 199
(C4H7O7S

−) formed form heterogeneous •OH oxidation
of particulate 2-MTSs. Figure S8 shows the SEM and
AFM images for aerosolized 2-MTSs before heteroge-
neous reaction with •OH. Table S1 provides a summary
of experimental conditions. Table S2 provides a

summary of the OS products identified from heteroge-
neous •OH oxidation of 2-MTSs in laboratory experi-
ments. Schemes S1−S7 show detailed reaction mecha-
nisms proposed to form identified C2−C5 OS products
(PDF)
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