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Abstract

Acid-catalyzed multiphase chemistry of isoprene epoxydiols (IEPOX) on sulfate aerosol
produces substantial amounts of water-soluble secondary organic aerosol (SOA) constituents,
including 2-methyltetrols, methyltetrol sulfates, and oligomers thereof in atmospheric fine
particulate matter (PM,s). These constituents have commonly been measured by gas
chromatography interfaced to electron ionization mass spectrometry (GC/EI-MS) with prior
derivatization or by reverse-phase liquid chromatography interfaced to electrospray ionization
high-resolution mass spectrometry (RPLC/ESI-HR-MS). However, both techniques have
limitations in explicitly resolving and quantifying polar SOA constituents due either to thermal
degradation or poor separation. With authentic 2-methyltetrol and methyltetrol sulfate standards
synthesized in-house, we developed a hydrophilic interaction liquid chromatography
(HILIC)/ESI-HR-quadrupole time-of-flight mass spectrometry (QTOFMS) protocol that can
chromatographically resolve and accurately measure the major IEPOX-derived SOA constituents
in both laboratory-generated SOA and atmospheric PM; 5. 2-Methyltetrols were simultaneously
resolved along with 4-6 diastereomers of methyltetrol sulfate, allowing efficient quantification of
both major classes of SOA constituents by a single non-thermal analytical method. The sum of 2-
methyltetrols and methyltetrol sulfates accounted for approximately 92%, 62%, and 21% of the
laboratory-generated B-IEPOX aerosol mass, laboratory-generated 3-IEPOX aerosol mass, and
organic aerosol mass in the southeastern U.S., respectively, where the mass concentration of
methyltetrol sulfates were 171-271% the mass concentration of methyltetrol. Mass
concentrations of methyltetrol sulfates were 0.39 and 2.33 pg m>in a PM, 5 sample collected
from central Amazonia and the southeastern U.S., respectively. The improved resolution clearly

reveals isomeric patterns specific to methyltetrol sulfates from acid-catalyzed multiphase
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chemistry of B- and d-IEPOX. We also demonstrate that conventional GC/EI-MS analyses
overestimate 2-methyltetrols by up to 188%, resulting (in part) from the thermal degradation of
methyltetrol sulfates. Lastly, Cs-alkene triols and 3-methyltetrahydrofuran-3,4-diols are found to
be largely GC/EI-MS artifacts formed from thermal degradation of 2-methyltetrol sulfates and 3-
methyletrol sulfates, respectively, and are not detected with HILIC/ESI-HR-QTOFMS.
Environmental Significance

PM, s adversely affects air quality and human health. Isoprene is the most abundant non-
methane volatile organic compound primarily emitted from biogenic sources to Earth’s
atmosphere. Atmospheric oxidation of isoprene yields large quantities of gaseous IEPOX by
hydroxyl radicals under low-nitric oxide conditions. IEPOX subsequently undergoes acid-
catalyzed multiphase chemistry with natural or anthropogenic sulfate aerosol, producing
substantial amounts of water-soluble IEPOX-derived SOA in PM,s. The HILIC/ESI-HR-
QTOFMS method presented here overcomes limitations of commonly utilized analytical
techniques, making it possible to identify and quantify water-soluble SOA constituents by a
single analytical method. Atmospheric chemistry model predictions of the water-soluble IEPOX-
derived SOA constituents (e.g., 2-methyltetrols and methyltetrol sulfates) in PM; s can now be
assessed with greater accuracy and confidence.
1. Introduction

Atmospheric fine particulate matter (PM; s, aerosol particles with aerodynamic diameters
< 2.5 um) adversely affects air quality. High concentrations of PM; 5 can lead to degradation of
outdoor visibility' and adversely affect human health through cardiovascular and respiratory
diseases.’ Moreover, atmospheric PM; s plays a critical role in climate change through both direct

and indirect mechanisms.’ Organic aerosol (OA) constituents are recognized to contribute a
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substantial fraction of PM; s mass from urban to remote regions around the world.* OA is further
characterized into primary organic aerosol (POA) and secondary organic aerosol (SOA). POA is
directly emitted in the particle phase from sources, such as sea spray, wildfires, automobiles and
cooking, while SOA is formed from the atmospheric oxidation of volatile organic compounds
(VOCs) emitted by both anthropogenic and natural sources. Specifically, low volatile oxidation
products from VOCs either nucleate or condense onto existing particles and undergo multiphase
chemistry to form SOA, which is estimated to contribute 70-90% of OA mass found within
PM, 5.

Isoprene is the most abundant non-methane hydrocarbon emitted into Earth’s atmosphere
and is derived largely from deciduous trees.® The atmospheric oxidation of isoprene plays an
important role in both tropospheric ozone (O3;) and SOA formation in forested regions affected

by anthropogenic activities.” "

The hydroxyl radical (OH)-initiated oxidation of isoprene during
the daytime under low-nitric oxide (NO) conditions produces substantial amounts of isoprene
epoxydiols (IEPOX) (~50% yield).'>'® The acid-catalyzed multiphase chemistry (reactive uptake)
of IEPOX onto anthropogenic sulfate particles have been shown to produce SOA constituents
including 2-methyltetrols,*”!"'® Cs-alkene triols,**'”'® 3-methyltetrahydrofuran-3,4-diols (3-
MeTHF-3,4-diols),” organosulfates,”'®'** and oligomers.”'®?' Studies have also pointed out
that the mixed effects of sulfate (e.g., aerosol acidity, nucleophile, surface area, and salting-in)
play a critical role in forming atmospheric IEPOX-derived SOA.'*!*22*

Protocols for chemical characterization of IEPOX-derived SOA Cs tracers, including the
2-methyltetrols, Cs-alkene triols, and 3-MeTHF-3,4-diols, have generally employed gas
chromatography interfaced to electron ionization mass spectrometry (GC/EI-MS) with prior

8,9,17-19,25

trimethylsilylation. These tracer species have been widely used to investigate SOA
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formation mechanisms, derive kinetic parameters, and evaluate model performance of IEPOX-
derived SOA.>'"%*" However, volatility and composition analysis by a Filter Inlet for Gases and
Aerosol coupled to a Chemical Ionization Mass Spectrometer (FIGAERO-CIMS) equipped with
iodide reagent ion chemistry demonstrated that IEPOX-derived SOA has lower volatility than
predicted from the concentrations of commonly reported IEPOX SOA Cs tracers, in particular
the 2-methyltetrols, Cs-alkene triols and 3-MeTHF-3,4-diols, and therefore thermal
decomposition of accretion products (oligomers) or other low volatile organics such as
organosulfates may contribute significantly to tracers.”® A second set of studies using
FIGAERO-CIMS or semi-volatile thermal desorption aerosol gas chromatogram (SV-TAGQG)
instrumentation with online derivatization reached similar conclusions on the impact of thermal

2932
decomposition.

Different protocols, based on ultra-performance liquid chromatography
interfaced to high-resolution tandem mass spectrometry with electrospray ionization (UPLC/ESI-
HR-MS"), have been used to characterize organosulfates and oligomers. However, separation of
polar, water-soluble components is conventionally attempted with reverse-phase liquid

chromatography (RPLC) columns.®*'*

RPLC columns do not resolve such compounds well
because of either extremely short retention times (RTs), poor peak shapes, or ion suppression
effects due to co-eluting inorganic aerosol constituents, leading to potential complications in
identifying and quantifying target compounds. The IEPOX-derived polyols are hydrophilic
compounds owing to their hydroxyl functional groups, and the organosulfates are ionic polar

28,33
compounds.™

Hence, an alternative approach for the IEPOX-derived SOA characterization
that could accomplish simultaneous analysis of polar and water-soluble components while

avoiding the drawbacks associated with current analytical methods would be highly desirable.
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Hydrophilic interaction liquid chromatography (HILIC) is as an alternative LC method to
RPLC to separate hydrophilic (i.e., water-soluble) compounds, including peptides and nucleic
acids®® and has recently been reported to separate water-soluble organosulfates with excellent

resolution.>>>’

The HILIC solid phase can be silica gel with a decreased surface concentration of
silanol groups, or silica chemically bonded to polar groups, such as amino, amide, cyano,
carbamate, diol, polyol, or zwitterionic sulfobetaine groups.38 A HILIC column separates
analytes by forming a water-rich layer, which is partially immobilized around the hydrophilic
ligands on the stationary phase. Analytes can undergo partitioning between the bulk organic
eluents and the water-rich layer to separate based on different levels of retention.” Although
retention order on HILIC columns is similar to that on normal phase liquid chromatography
(NPLC) columns, HILIC utilizes more polar mobile phases (e.g., acetonitrile (ACN) and Milli-Q
water) than the NPLC so that the HILIC method is compatible for interfacing with ESI-MS
sources.”” ESI is a soft ionization detection method not involving sample heating or
derivatization and is appropriate for detection of polar Cs tracers, and oligomers as well as water-
soluble organosulfates. Based on the demonstrated success of HILIC in the chemical
characterization of organosulfates from synthesized standards and field samples,”™ we
undertook development of a HILIC/ESI-HR-quadrupole time-of-flight mass spectrometry
(HILIC/ESI-HR-QTOFMS) method for the simultaneous separation, characterization, and
quantitation of water-soluble IEPOX-derived SOA constituents from laboratory-generated f-
IEPOX and 8-IEPOX SOA as well as PM, 5 collected from the southeastern U.S. at Look Rock,
Tennessee (TN), during Southern Oxidant and Aerosol Study (SOAS) in 2013 and central

Amazonia at Manaus, Brazil in 2016. The HILIC/ESI-HR-QTOFMS protocol developed here

can resolve IEPOX-derived 2-methyltetrols, methyltetrol sulfates and oligomers thereof,

Page 8 of 42



Page 9 of 42

oNOYTULT D WN =

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Environmental Science: Processes & Impacts

allowing unambiguous identification and quantification. Current atmospheric models explicitly
simulate SOA from the acid-catalyzed multiphase chemistry of IEPOX (i.e., the formation of 2-

methyltetrols and methyltetrol sulfates),”” !

and the accurate quantification of the 2-
methyltetrols and the derived organosulfates will increase confidence in evaluation of model
predictions, which will in turn lead to improved modeling. Improvement in quantification of
organosulfates will additionally provide much needed data for establishing carbon and sulfur
mass closure in IEPOX-derived SOA measured or predicted during future lab and field studies.
2. Experiment Section
2.1 Synthesized Chemicals
2.1.1. Trans-g- and $-IEPOX

Racemic trans-B-IEPOX (trans-2-methyl-2,3-epoxybutane-1,4-diol) and J-IEPOX (3-
methyl-3,4-epoxy-1,2-butanediol) were synthesized in-house according to published

44,45
methods.™

2.1.2. IEPOX-Derived SOA Standards: 2-methyltetrols, 2-methyltetrol sulfates, and 3-
methyltetrol sulfates

Diastereomeric mixtures of racemic 2-methyltetrols (racemic 2-methylerythritol and 2-
methylthreitol, molecular weight (MW) = 136 g mol™) were synthesized by acid hydrolysis of &-
IEPOX according to the procedure described in Bondy et al.** A diastereomeric mixture of
racemic 2-methyltetrol sulfates ((2R,35)/((2S,3R)- and (2S,35)/(2R,3R)-1,3,4-trihydroxy-2-
methylbutan-2-yl sulfates, MW = 216 g mol”; Table 1) was synthesized from 2-methyltetrol.
Briefly, the primary and secondary hydroxyl groups of 2-methyltetrol were protected by
acetylation with acetic anhydride. The acetylated product was purified by column

chromatography on SiO», eluted with ethyl acetate and then sulfated by a published procedure.*®
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The protecting acetyl groups were then removed by treatment with ammonia to afford the
expected diastereomeric 2-methyltetrol sulfates. The purity of the 2-methyltetrol sulfates was
determined by proton nuclear magnetic resonance ('H NMR) spectroscopy analysis to be > 99 %
(Figure S1, in electronic supplementary information (SI)). The diastereomeric 3-methyltetrol
sulfate racemates ((2R,35)/((2S,3R)- and (2S,3S5)/(2R,3R)-2,3,4-trihydroxy-3-methylbutyl sulfates;
MW =216 g mol'; Table 1) were prepared from 5-IEPOX by a procedure described in Bondy et
al. ¥ Briefly, to an ice-cold solution of 6-IEPOX in ACN, BuyNHSO,4 and a small amount of
potassium bisulfate were added and the reaction allowed to warm to room temperature and
stirred overnight. The resulting mixture of sulfate esters was purified on a Dowex 50W x 4-100
jon exchange column. The final product contained 95.5% 3-methyltetrol sulfates by '"H NMR

analysis.

2.2 HILIC/ESI-HR-QTOFMS Method

An Agilent 6520 Series Accurate Mass Q-TOFMS instrument interfaced to an Agilent
6500 Series UPLC system, equipped with an ESI source operated in the negative (-) ion mode,
was used to chemically characterize IEPOX-derived SOA standards, as well as lab and field
samples. Optimum ESI conditions were: 3500 V capillary voltage, 130 V fragmentor voltage, 65
V skimmer voltage, 300 °C gas temperature, 10 L min™ drying gas flow rate, 35 psig nebulizer,
25 psig reference nebulizer. ESI-QTOFMS mass spectra were recorded from mass-to-charge
ratio (m/z) 60 to 1000. HILIC separations were carried out using a Waters ACQUITY UPLC
BEH Amide column (2.1x100 mm, 1.7 um particle size, Waters) at 35 °C. The mobile phases
consisted of eluent (A) 0.1% ammonium acetate in water, and eluent (B) 0.1% ammonium
acetate in a 95:5 (v/v/) ACN (HPLC Grade, 99.9%, Fisher Scientific)/Milli-Q water. Both

eluents were adjusted to a pH of ~9.0 with NH,OH.* The gradient elution program was eluent A,

Page 10 of 42
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0% for 4 min, increasing to 15% from 4 to 20 min, constant at 15% between 4 and 24 min,
decreasing to 0% from 24 to 25 min, and constant at 0% from 25 to 30 min. The flow rate and
sample injection volume were 0.3 mL min ' and 5 pL, respectively. Data were acquired and
analyzed by Mass Hunter Version B.06.00 Build 6.0.633.0 software (Agilent Technologies). At
the beginning of each analysis period, the mass spectrometer was calibrated using a
commercially available ESI-L low-mass concentration tuning mixture (Agilent Technologies) in
a 95:5 (v/v) ACN/Milli-Q water. Instrument mass axis calibration was conducted in the low-
mass range (m/z 50-1700). Seven masses were used for calibration: m/z 68.9958, 112.9856,
301.9981, 601.9790, 1033.9881, 1333.9689, and 1633.9498. The adduct of hexakis (1H,1H,3H-
tetrafluoropropoxy) phosphazene + acetate (m/z 980.0164), purine (m/z 119.0363), and leucine
enkephalin (m/z 554.2620) were continuously infused for real-time mass axis correction. The

mass resolution of the ESI-HR-QTOFMS was approximately 8,000-12,300 from m/z 113-1600.

For comparison purposes, RPLC separations (Waters ACQUITY UPLC HSS T3 Cig
column, 2.1x100 mm, 1.8 pum particle size) were also conducted on selected samples that were
analyzed by HILIC, where pure methanol (99.9%, Fisher Chemical) was used as the mobile
phase (B) and standards and samples were prepared in 50:50 Milli-Q water/methanol. The
detailed operating procedures for RPLC separations have been described elsewhere.*” In addition,
GC/EI-MS analysis with prior derivatization was performed following the procedures described
previously.”'® In brief, a diluted aliquot of each filter extract was dried and trimethylsilylated by
reaction with 200 pL of BSTFA + TMCS (N,0-bis (trimethylsilyl) trifluoroacetamide +
trimethylchlorosilane, 99:1, Supelco) and 100 pL of pyridine (anhydrous, 99.8%, Sigma-
Aldrich). The reaction mixture was heated at 70 [J for 1 h and analyzed on a Hewlett-Packard

(HP) 5890 Series II gas chromatograph coupled to a HP 5971 A mass selective detector with an

10
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Econo-Cap-EC-5 capillary column (30 m X 0.25 mm i.d., 0.25 pm film thickness) within 24 h.
The 65-min temperature program of the GC initiated at 60 [ for 1 min, and then rose with a
temperature ramp of 3 (1 min” to 200 [1 and isothermally held for 2 min, followed by another
temperature ramp of 20 [ min™ to 310 [ and isothermally held for 10 min. The temperatures of

both the GC inlet and detector were at 250 [,

2.3 Laboratory-Generated SOA from f- and 6-IEPOX

SOA from acid-catalyzed reactive uptake of trans-B-IEPOX or 6-IEPOX was generated
in the 10-m® indoor environmental smog chamber at the University of North Carolina as
described previously.”” Briefly, experiments were carried out under dark and wet conditions
(50-55%, RH) at 295+1 K. Prior to each experiment, the chamber was flushed continuously with
clean air for ~24 hours corresponding to a minimum of seven chamber volumes until the particle
mass concentration was < 0.01 pg m™ to ensure that there were no pre-existing aerosol particles.
Chamber flushing also reduced VOC concentrations below the detection limit (~75 ppt for
IEPOX) of an iodide-adduct high-resolution time-of-flight chemical ionization mass
spectrometer (HR-TOF-CIMS). Operating details of the HR-TOF-CIMS have been previously
described.”® Temperature and RH in the chamber were continuously monitored using a dew point
meter (Omega Engineering Inc.). Acidic (NH4),SO, seed aerosol was injected into the pre-
humidified chamber using a custom-built atomizer with an aqueous solution of 0.06 M
(NH4)>SO4 and 0.06 M H,SOy4 until the desired total aecrosol volume concentration (~75 um3 cm'3)
was achieved. After seed injection, the chamber was left static for at least 30 min to ensure that
the seed aerosol was stable and uniformly mixed. Then, 30 mg of frans-B- or 6-IEPOX was

injected into the chamber at 2 L min "' for 10 min and then 4 L min™ for 50 min by passing high-

11
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purity nitrogen gas through a heated manifold (60 []) containing an ethyl acetate solution of one

of the IEPOX isomers described in section 2.1.1.

On completion of IEPOX injection, a filter sample was collected for the subsequent
offline analysis using HILIC (or RPLC)/ESI-HR-QTOFMS. Aerosols were collected onto a 47
mm Teflon filter (0.2 um, Pall Scientific) in a stainless-steel filter holder for 30 min at a flow
rate of 13.2 L min™". The filter sample along with a blank filter taken from the same batch on the
day of the experiment were stored in a 20 mL scintillation vial at -20 [] prior to extraction and
analysis. In addition to the filter sampling, SOA generated from the reactive uptake of IEPOX
was collected using a particle-into-liquid sampler (PILS, Model 4001, Brechtel Manufacturing
Inc. - BMI) system at the end of each experiment. The aerosols were sampled through an organic
vapor denuder (Sunset Laboratory Inc.) and a 2.5-um size-cut pre-impactor at a flow rate of
~12.5 L min™. The sample air flow was then mixed adiabatically with a steam flow heated at
98.5-100 1 in the PILS condensation chamber to produce high supersaturation of water vapor
that grow particles to collectable sizes for collection onto a quartz impactor plate by inertial
impaction. Impacted droplets were transferred by a wash-flow at ~0.55 mL min™ through a
debubbler and the resulting bubble-free sample liquid was delivered through a tubing with an
inline filter into 2-mL poly vials held on an auto-collector (BMI) with a rotating carousel. Air
sampling rate and wash-flow rate were examined and recorded before and after each experiment.
Milli-Q water used in the wash-flow was spiked with 25 uM lithium bromide (LiBr, Sigma-
Aldrich, 99.5%) as an internal standard to correct for dilution caused by condensation of water
vapor during droplet collection. The dilution factor was typically from 1.1-1.2. The PILS vials
were promptly stored under dark conditions at 2 °C upon collection until analysis. Chamber

aerosol number distributions, which were subsequently converted to total aerosol surface area

12
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and volume concentrations, were monitored by a scanning electrical mobility system (SEMS
v5.0, BMI) containing a differential mobility analyzer (DMA, BMI) coupled to a mixing
condensation particle counter (MCPC, Model 1710, BMI), in order to estimate the total aerosol

mass. Summary of the experimental conditions can be found in Table S1.

2.4 Field Sample Collection of PM,; 5
2.4.1 Look Rock, Tennessee, Southeastern U.S.

Quartz filter samples of PM; s were collected at a field site (Look Rock, TN, USA) during
the SOAS campaign in summer 2013 by a previously described procedure.'? The filters were
stored in the dark in a -20 [ walk-in freezer until chemical analysis. The sample selected for re-
analysis was collected for three hours (16:00-19:00 local time) when one of the highest isoprene-

derived SOA concentrations was measured during the campaign. ~

2.4.2 Manaus, Brazil, Central Amazonia

PM,; s samples were collected from November 28 - December 1 (transition of dry-to-wet
season), 2016 on pre-baked Tissuquartz Filters (Whatman, 20 cm x 25 cm) using a high-volume
PM, s sampler (ENERGETICA with PM;s Size Selective Inlet) located in the School of
Technology of the Amazonas State University in Manaus, Brazil, near a major road. The high-
volume PM; s sampler was located 6 m above the ground and was equipped with a cyclone
operated at 1.13 m® min™. Sampler was flow calibrated and the filter holder was cleaned with the
filter extraction solvent (95:5 ACN/Milli-Q water for HILIC or methanol for RPLC) each day
before sampling to ensure no carryover between samples. All filters were pre-baked for 12 h at
550 [ and all samples were collected for 24 h. PM, s mass was determined by weighing filters
before and after sampling (at 2142 [, under < 50% RH). Filters were stored at -18 °C in the dark

until analysis. Similar to the sample selected from Look Rock, one sample (i.e., November 30,

13
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2016) selected for re-analysis had the highest loading of PM; 5 and IEPOX-derived SOA tracers

(e.g. 2-methyltetrols and Cs-alkene triols) measured by GC/EI-MS among all samples.

2.5 Sample Preparation for Offline Analyses
2.5.1 2-Methyltetrol and Methyltetrol Sulfate Standards

The 2-methyltetrol, 2-methyltetrol sulfate and 3-methyltetrol sulfate standards were
stored at -20 [I until use. The standards were dissolved in a 2 mg mL™' Milli-Q water solution,
and then serially diluted immediately with 95:5 (v/v) ACN/Milli-Q water to 50, 10, 1, 0.25, 0.1,
0.025, and 0.01 pg mL™"' standards. The diluted standards were kept at 4 [] and analyzed within

24 h of preparation with the laboratory and field samples described below.

2.5.2 Laboratory-Generated IEPOX SOA Samples

Blank and sample filters of SOA generated from trans-B-IEPOX and 6-IEPOX were
immersed in 22 mL of methanol and first extracted for 23 min by ultra-sonication, the water bath
replaced with cool water, and then extracted again for 22 min. This was done to ensure the water
bath inside the sonicator did not get too warm (from 25-30 [, measured by a thermometer). The
extracts were filtered through polypropylene membrane syringe filters and the solvent was
evaporated under a gentle stream of nitrogen gas. Half of the dried methanol extracts were
reconstituted with 150 pL of 95:5 (v/v) ACN/Milli-Q water and then diluted by a factor of 100 or
50, respectively for the B-IEPOX- and 3-IEPOX-derived SOA samples, in order to prepare the
methyltetrol sulfates in the linear range of the calibration curves. The concentrations of the
methyltetrol sulfates in the 150 uL reconstituted solutions were not saturated and calculated later
to be 360-410 pug mL™', which were much lower than the solubility of the methyltetrol sulfates
that were determined to be at least 2500 pg mL™; specifically, maximum solubility was

determined by dissolving 25 mg of the methyltetrol sulfate standards in 10 mL of 95:5 (v/v)
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ACN/Milli-Q water. The aqueous PILS samples collected for the laboratory-generated IEPOX
SOA near the end of the experiment were diluted by a factor of 20 using ACN in order to prepare
them in 95:5 (v/v) ACN/Milli-Q water, and promptly analyzed using the HILIC/ESI-HR-

QTOFMS method without any further pretreatment.

2.5.3 Field Samples
A 37-mm-diameter punch from the quartz filter from Look Rock along with a lab blank
filter were extracted as described above. Half of the Look Rock PM; 5 extract was reconstituted

with 150 puL of 95:5 (v/v) ACN/Milli-Q water and then diluted by a factor of 20.

Similarly, a 47-mm diameter punch from the selected quartz filter from Manaus, Brazil,
as well as a lab blank filter, was extracted as described above. The residues were reconstituted in
I mL methanol and a 0.3 mL aliquot was dried and reconstituted in 150 pL of 95:5 (v/v)

ACN/Milli-Q water, and then diluted by a factor of 30 for analysis by HILIC/ESI-HR-QTOFMS.

3. Results and Discussion
3.1 Separation of Standards: 2-Methyltetrols, 2- and 3-Methyltetrol Sulfates

The synthesized standards of 2-methyltetrols, 2- and 3-methyltetrol sulfates (Section
2.1.2) were analyzed by both RPLC and HILIC columns coupled to the ESI-HR-QTOFMS. As
shown in the extracted ion chromatograms (EICs at m/z 215.023 £+ 0.01) in Figure 1, both 2- and
3-methyltetrol sulfate standards co-elute from the RPLC column as one peak at 1.5 min (Figure 1,
al-a2). By contrast, the HILIC protocol resolved the 2-methyltetrol sulfate diastereomers at RTs
of 4.2 and 5.2 min. (Figure 1-b1l and S2). The unambiguous synthetic route allows assignment of
the diastereomers as the tertiary sulfates. Two additional trace peaks at RTs of 2.1 and 2.6 min
are also resolved and assigned to the secondary methyltetrol sulfate diastereomers
((2R,35)/(28,3R)- and (25,35)/(2R,3R)-1,3,4-trihydroxy-3-methylbutan-2-yl sulfates) present as a
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trace impurity (<1%). The standard derived from hydrolysis of 6-IEPOX shows the predominant
peaks at 8.0 and 8.3 min, assigned as the expected primary sulfate diastereomers (95.5%) (Figure
2-al and S2). A small quantity of the diastereomers at RTs of 2.1 and 2.6 min assigned to the
secondary sulfates (~1.2 %) is resolved, and the tertiary sulfates at 4.2 and 5.2 min are also
present in a small amount (~6.7%) (Figure 1-b2 and S2). These results are in line with the
resolution of diastereomers of methyltetrol sulfates observed in ambient aerosol by Hettiyadura
et al. using similar HILIC techniques; however, structural assignments in this past study were
tentative and not based on unambiguous synthetic routes.”’ The secondary sulfate
diastereomers in the HILIC trace of the standard derived by hydrolysis of 3-IEPOX are
reasonably explained by a small yield of the less favored secondary hydrolysis product. The
presence of 2-methyltetrol sulfates (tertiary sulfates) is surprising and will be discussed in more
detail below in relation to the analysis of 6-IEPOX-derived SOA.

Comparison of the total ion chromatograms (TICs) acquired by RPLC and HILIC from
an IEPOX-derived SOA in Figure S3, along with Figure 1, unequivocally demonstrates the
superiority of HILIC for resolving the multiple diastereomeric components of SOA, especially
organosulfates derived from [EPOX.

Figure 2-al shows that the deprotonated 2-methyltetrol diastereomers (racemic 2-
methylerythritol and 2-methylthreitol) eluted at an identical RT of 4.0 min using the HILIC
column. By contrast, GC/EI-MS analysis with prior derivatization is able to separate the 2-

methyletrol diastereomers.®*'®

However, HILIC protocol is able to resolve diastereomers of 2-
and 3-methyltetrol sulfates not resolvable by either GC/EI-MS or RPLC. Importantly, the 2-

methyltetrols were simultaneously detected and resolved along with the methyltetrol sulfates. To

our knowledge, this HILIC/ESI-HR-QTOFMS method presents the first time that the major
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IEPOX-derived SOA constituents, confirmed by authentic 2-methyletrols, 2- and 3-methyltetrol
sulfates, have been chromatographically resolved and characterized by a single mass
spectrometric technique operated with one column and ionization mode.

The linear dynamic range for the 2-methyltetrols was 0.01-25 ug mL™ with a limit of
detection (LOD) of 7.74 ng L and a limit of quantification (LOQ) of 25.8 pg L' (Table 1). The
linear dynamic range of 2-methyltetrol sulfates was 0.01-10 pg mL", with an LOD of 1.72 pg L
and an LOQ of 5.75 ug L. The linear dynamic range of 3-methyltetrol sulfates was 0.01-25 pg
mL™", with an LOD of 3.83 pgL" and an LOQ of 12.8 ugL™". Coefficients of determination (R)
values of the calibration curves ranged from 0.9994-1.0000. The linear dynamic ranges of the
organosulfates in this study are broader than those reported by Hettiyadura et al., which ranged
from 0.025-0.5 pg mL™".* The high R? and low LOQ values suggest the high performance of
HILIC method is the most effective procedure for quantification of organosulfates in IEPOX-
derived SOA.

3.2 Identification of 2-Methyltetrols and Methyltetrol Sulfates in Laboratory-Generated
SOA and Ambient PM; s Samples

Authentic 2-methyltetrol, 2- and 3-methyltetrol sulfate standards were used to identify
and quantify the corresponding SOA tracers. Figure 2 (al-a5) compares the EICs at m/z 135.066,
which correspond to the deprotonated 2-methyltetrols resolved on the HILIC column, from the
10 pg mL™" standards of authentic 2-methyltetrols, aerosol filter extracts of laboratory-generated
SOA derived from trans-B-IEPOX and 6-IPEOX, PM, s samples from the Look Rock field site
during 2013 SOAS campaign and from Manaus, Brazil in November 2016. The chromatographic

peak at 4.0 min corresponding to the 2-methyltetrols were observed in all samples as the
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predominant peak, which demonstrates that HILIC/ESI-HR-QTOFMS can unequivocally

identify the 2-methyltetrols in laboratory and ambient PM; s samples.

Figure 2 (b1-b5) compares the EICs at m/z 215.023 of 10 pg mL™' standards of authentic
2- and 3-methyltetrol sulfates, filter samples of laboratory-generated SOA derived from trans-f3-
IEPOX and d-IEPOX, PM;;s samples collected from Look Rock during the 2013 SOAS
campaign and from Manaus, Brazil in November 2016, respectively. The predominant primary
sulfate diastereomers at RTs of 8.0 and 8.3 min in the 10 ug mL™' 3-methyltetrol sulfate standard
(Figure 2-bl, solid line) are present as abundant components of the laboratory-generated o-
[EPOX SOA (Figure 2-b3) and as expected, were absent from the 10 ug mL™' standard of the 2-
methyltetrol sulfate (Figure 2-bl, dashed line), and the laboratory-generated trans-p-IEPOX
SOA (Figure 2-b2), confirming their origin as the acid-catalyzed multiphase chemistry of &-
IEPOX. In addition, the diastereomeric peaks at RTs of 4.2 and 5.2 min were unexpectedly
present in Figure 2-b3 as major SOA products from 6-IEPOX. This diastereomeric pair can be
unequivocally assigned as the tertiary sulfates, which cannot be generated from J&-IEPOX
without isomerization. Hence the trace in Figure 2-b3 indicates importance of isomerization on
reactive uptake of 8-IEPOX.” Furthermore, Figure 2-b2 shows only a single significant product
eluting at 5.2 min, indicating the presence of a single pair of enantiomer products. This peak is
therefore indicative of trans-B-IEPOX as the source, but surprisingly requires that substitution at
the tertiary carbon proceeds either with complete retention or complete inversion of optical
configuration. Since the expected Sny1 substitution mechanism generally results in epimerization
of asymmetric centers (i.e. diastereomeric products would be expected), the substitution is either

extremely rapid or involves an Sy2 mechanism. Such observations will be helpful in studies to
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determine the origin and formation pathway of ambient methyltetrol sulfates. Full scan mass

spectra of selected chromatographic peaks at m/z 215.023 in Figure 2 are shown in Figure S4.

The 2- and 3-methyltetrol sulfates derived from B- and/or 6-IEPOX were present in
ambient PM, s SOA collected at the Look Rock and Manaus field sites (Figure 2, b4-b5). The
two diastereomers arising uniquely from 6-IEPOX (8.0, 8.3 min), and predominant in the 3-
methyltetrol sulfate standard, were barely detected in the ambient aerosol samples. This
observation supports (cis- or trans-) B-IEPOX as the predominant ambient [EPOX isomer,
accounting for 97% of total ambient IEPOX,'® which corroborates results based on ESI-ion
mobility spectrometry (IMS)-HR-TOFMS as reported by Krechmer et al.** for the PM,s
collected from the Look Rock site during the 2013 SOAS campaign. Hence, the methyltetrol
sulfate diastereomers at 2.1, 2.6, 4.2, 5.2 min support B-IEPOX isomers as the major contributor
to the PM, 5 collected at both of the Look Rock and Manaus field sites, which demonstrates the
advantage of HILIC/ESI-HR-QTOFMS in differentiation of isomers and apportionment of
reaction pathways.”'>'®
3.3 Quantification of 2-Methyltetrols and Methyltetrol Sulfates in Laboratory-Generated
SOA and Ambient PM; s Samples

Concentrations of the 2-methyltetrols and methyltetrol sulfates in the laboratory-
generated SOA collected by PILS and ambient PMj, s filters were quantified by HILIC/ESI-HR-
QTOFMS and are summarized in Table 2. For the 2- and 3-methyltetrol sulfates, integrated areas
of the 4-6 chromatographic peaks were summed to derive an overall response. As a result, the
response factor (defined as the ratio of peak area to concentration) of the 2-methyltetrol sulfate

standard was ~50% greater than that of the 3-methyltetrol sulfate standard. PILS sampling was

chosen for better mass closures and to avoid uncertainties due to filter sampling artifacts and
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additional pretreatment procedures. Methyltetrol sulfates were quantified by an authentic 2-
methyltetrol sulfate standard since the two major chromatographic peaks (RTs at 4.2 and 5.2 min)
were consistently predominant in the standard and the PM, s samples, except that authentic 3-
methyltetrol sulfate was used as a standard to quantify methyltetrol sulfate in laboratory-
generated SOA from o6-IEPOX. The percentage of 2-methyltetrols and methyltetrol sulfates in
total aerosol mass is also shown in Table 2, calculated by dividing the mass concentration of
each compound by the total aerosol mass obtained from SEMS-MCPC, assuming a particle
density of 1.42 g cm™ for B-IEPOX SOA or 1.55 g cm™ for 3-IEPOX SOA (see SI for details).
The analytical uncertainty in the quantification was determined to be up to ~14.1% (SI). As
shown in Table 2, the concentration of the 2-methyltetrols in laboratory-generated trans-f-
IEPOX-derived SOA was 63.98 ug m™ (33.9% of total particle mass) and the concentration of
methyltetrol sulfates was 109.67 png m” (58.2% of total particle mass). In the laboratory-
generated SOA from 6-IEPOX, the concentration of the 2-methyltetrols 29.49 pg m” (19.6% of
total aerosol mass) and methyltetrol sulfates was 62.98 ug m~ (41.9% of total aerosol mass).
Together, the two IEPOX-derived SOA tracers contributed 92.1+13.0% of the total aerosol mass
from B-IEPOX and 61.5£8.7% of the total aerosol mass from O6-IEPOX (Table 2). The
methyltetrol sulfates account for approximately twice the 2-methyltetrol mass. The mass
fractions of methyltetrol sulfates indicate conversion of a significant amount of inorganic sulfate
seed aerosol to organosulfates, supported by measurements using ion chromatography for the
PILS samples (Figure S5).

In addition to the monomeric methyltetrol sulfates (m/z 215.023), Figure 3 shows that the
HILIC column resolves multiple isomeric methyltetrol sulfate dimers (m/z 333.086) in laboratory

SOA generated from B- and 3-IEPOX, suggesting oligomeric products as a likely source of the
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unaccounted for aerosol mass. RPLC did not resolve isomers of either species, since all water-
soluble species co-cluted at ~2 min (Figure S3).”'® Additionally, small intensities of 2-
methyltetrol dimers (CoH,;07°, m/z = 253.129) were detected in ambient samples from Look
Rock and Manaus field sites. These dimers were not quantified due to the lack of authentic

standards.

In the Look Rock PM;s sample with the highest IEPOX-derived SOA concentration
observed during the 2013 SOAS campaign,'” the mass concentration of the 2-methyltetrol was
measured by HILIC/ESI-HR-QTOFMS to be 0.86 pg m™, accounting for 5.6% of the total OA
mass, or 7.5% of the total organic carbon (OC) mass. The total OA mass concentration averaged
during the sampling period was determined to be 15.30 pg m™ using an Aerodyne Aerosol
Chemical Speciation Monitor (ACSM)," and the total OC mass concentration from the same
sample was measured to be 5.04 ugC m™ using a Sunset laboratory OC-elemental carbon (EC)
aerosol analyzer. Methyltetrol sulfates, quantified using the 2-methyltetrol sulfate standard, were
determined to be 2.33 pg m™, accounting for 15.3% of the total OA (or 12.9% of the total OC)
mass, and significantly higher than 1.14 pg m” measured by RPLC/ESI-HR-QTOFMS."? This
discrepancy suggests that the RPLC/ESI-HR-QTOFMS method likely underestimates the
methyltetrol sulfate concentrations, possibly resulting from insufficient dilution of Look Rock
sample extracts (leading to concentrations beyond the linear range of the method), or appropriate
isomeric standards, or caused by ion suppression due to co-elution with other water-soluble
organic or inorganic aerosol components. The sum of the 2-methyltetrols and methyltetrol
sulfates quantified by the new method accounted for 20.9+2.9% of the total OA mass in the Look

Rock sample during the 2013 SOAS campaign when high intensity of isoprene and

21

Page 22 of 42



Page 23 of 42

oNOYTULT D WN =

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

Environmental Science: Processes & Impacts

anthropogenic emissions (acidic sulfate aerosol) were observed, making IEPOX-derived SOA
the single largest contributor to the characterized OA constituents.'?

For the Manaus sample, the HILIC/ESI-HR-QTOMS analysis measured 0.14 and 0.39 pg
m” for 2-methyltetrols and methyltetrol sulfates, respectively, accounting for 0.74% and 1.34%
of the total OC mass concentration (8.12 pgC m™ for this particular sample collected on
November 30, 2016) measured by a Sunset laboratory OC-EC aerosol analyzer. In addition,
elevated concentrations of levoglucosan (0.46 pg m™ by GC/EI-MS), EC (1.18 pgC m™ by a
Sunset OC-EC aerosol analyzer), and PM, 5 (46.1 pg m™) were observed on this particular day,
and more generally during the November 28-30, 2016, sampling period due to the large influence
of biomass burning. In fact, average levoglucosan, OC, EC, and PM, 5 concentrations during this
biomass burning intensive period were 0.41 pug m>, 8.0 pgC m™, 1.3 ugC m™, and 43.6 ug m™,
respectively. The elevated biomass burning likely explains why the IEPOX-derived SOA tracers
accounted for a lower % contribution to the total OC mass versus the southeastern U.S. sample
(Table 2), which the latter had little influences of biomass burning.
3.4 Other Measurable Water-Soluble Organic Compounds in Ambient PM; 5

In addition to the targeted analysis for the 2-methyltetrols and methyltetrol sulfates, we
were able to detect several other isoprene-derived organosulfates in the ambient PM; 5 samples.
Figure 4 shows the EICs of organosulfates with chemical formulas C4H;0;S™ (m/z 199, accurate
mass = 198.9912), CsHyO,S™ (m/z 213, accurate mass = 213.0069), and CsH,0;S™ (m/z 211,
accurate mass = 210.9912) detected in the PM; s samples from Look Rock and Manaus. These
species have also been reported from other field and laboratory studies, including EICs obtained
from HILIC/ESI-MS.?**>37 The ion of m/z 199 was confirmed as the sulfate ester derived from

10,49

another isoprene SOA tracer 2-methylglyceric acid in high-NOy conditions. " The structures of
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the m/z 211 and 213 were tentatively proposed with EICs consistent with previous
observations.**~%’
3.5 Discrepancy between HILIC/ESI-HR-QTOFMS and GC/EI-MS - Thermal
Degradation of Organosulfates

Table 3 lists the concentrations of 2-methyltetrols in samples of SOA from B-IEPOX, -
IEPOX, Look Rock, and Manaus quantified in parallel by HILIC/ESI-HR-QTOFMS and GC/EI-
MS with prior derivatization. The concentrations of 2-methyltetrols determined by GC/EI-MS
were 204, 236, 160, and 288%, respectively, of that determined by HILIC/ESI-HR-QTOFMS.
The discrepancies are consistent with suggestions that GC/EI-MS overestimates semi-volatile
marker compounds because of thermal degradation of low volatile accretion products (e.g.,
oligomers or possibly organosulfates).”® To investigate whether the overestimation in fact
resulted from thermal degradation or trimethylsilylation of the analytes, calibration curves of 2-
methyltetrol, 2- and 3-methyltetrol sulfates were generated by GC/EI-MS along with the four
SOA samples. As shown in Figure 5/S6/S7 (b-c), the isoprene-derived SOA tracers commonly
observed by GC/EI-MS, including Cs-alkene triols, 2-methyltetrols, and 3-MeTHF-3,4-diols,
were detected in the pure 2- and 3-methyltetrol sulfate standards. Figure S6 (b-c) clearly
illustrates the formation of 2-methyltetrols in the GC/EI-MS analysis of the 50 ug mL™" 2- and 3-
methyltetrol sulfate standards. The GC/EI-MS EIC of m/z 219 for the 50 pg mL" derivatized
standard of authentic 2-methyltetrol diastereomer mixture is characterized by peaks at RTs of
34.0 and 34.8 min. Peaks with relative intensities of ~0.25 and ~5% at the same RTs characterize
the EICs at m/z 219 of the pure 2- and 3-methyltetrol sulfate standards. The 2-methyltetrols from
degradation of the organosulfates can partially explain the large discrepancy measured between

the HILIC/ESI-HR-QTOFMS and GC/EI-MS methods. Other organosulfates and oligomers
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present in the aerosol samples may also contribute to the discrepancy. The Cs-alkene triol tracers
for isoprene SOA, have been detected only by GC/EI-MS or SV-TAG methods.**!'"*** Lopez-
Hilfiker et al. have reported that the high concentrations of Cs-alkene triols measured in PM; s
samples analyzed by these procedures, in which samples are treated at high-temperature, are not
consistent with their estimated volatility, and suggest that these compounds are degradation
products of IEPOX-derived organosulfates and oligomers.”® Based on the semi-quantitative
relationship established for the Cs-alkene triols produced from the 2-methyltetrol sulfate
standards prepared (SI), 30.0%, 42.8%, and 14.7% of the Cs-alkene triols measured by GC/EI-
MS could be attributed to the potential thermal degradation of the 2-methyltetrol sulfates in the
PM, 5 samples from laboratory-generated B-IEPOX SOA, Look Rock, and Manaus, respectively
(Table S2). Similarly, 11.1% of the 2-methyltetrols and approximately all 3-MeTHF-3,4-diols in
laboratory-generated 3-IEPOX SOA may be products of the thermal degradation of the 3-
methyltetrol sulfates (Table S3). As demonstrated above, thermal degradation of organosulfates
as well as low volatile accretion aerosol products (i.e., oligomers) explains a substantial fraction
of the isoprene-derived SOA tracers previously measured through analytical methods such as
GC/EI-MS or SV-TAG in which samples are treated at high temperatures.”’ HILIC/ESI-HR-
QTOFMS avoids such treatment and is therefore preferred for accurate quantification of [IEPOX-
derived SOA constituents.
4. Conclusion

The availability of authentic IEPOX-derived SOA standards was critical in developing
the HILIC/ESI-HR-QTOFMS method described here. This protocol was used to evaluate
IEPOX-derived SOA samples generated in laboratory studies or PM, s samples collected from

two isoprene-rich regions. The HILIC column can resolve the major water-soluble IEPOX-
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derived SOA constituents, including the 2-methyltetrols, methyltetrol sulfates and the
corresponding dimers that are predicted to form in regional and global scale atmospheric

: 27,41-43,52-54
chemistry models.”""™" ™

The major water-soluble IEPOX-derived SOA constituents can be
quantified by one method with improved accuracy. We have demonstrated the ability to
distinguish between different diastereomers of - and 3-IEPOX-derived methyltetrol sulfates,
which allows the contribution of the IEPOX isomers to be apportioned with the availability of
authentic sulfate standards. Analysis by the HILIC method avoids high-temperatures required by
GC/EI-MS or SV-TAG methods which cause degradation of IEPOX-derived organosulfates and
oligomers to 2-methyltetrols, Cs-alkene triols, and 3-MeTHF-3,4-diols with consequent
distortion of actual product distributions.”*>*

By taking advantage of authentic standards and the HILIC/ESI-HR-QTOFMS method,
we have estimated the mass fractions of the 2-methyltetrols and the methyltetrol sulfates in
laboratory and ambient SOA samples. In summary, these two types of SOA constituents, likely

the two largest contributors, contributed 92.1+13.0%, 61.5+£8.7% to total aerosol mass, and

20.9+2.9% to OA mass from the laboratory-generated B-IEPOX SOA, laboratory-generated o-

Page 26 of 42

IEPOX SOA, and Look Rock PM; s, respectively. These two SOA constituents contributed ~2.1%

to OC mass from Manaus PM, s sample, which was likely lower owing to the fact that biomass
burning was a large contributor to the OC mass during this sampling period whereas the Look
Rock PM; s sample had little influences of biomass burning. The methyltetrol sulfates are the
largest single contributor to the IEPOX SOA mass, contributing ~2-3 times of the mass of the 2-
methyltetrols. The predominant contributions of organosulfates (>90% of the reactive uptake of
B-IEPOX) reveal the significance of conversion of inorganic sulfate to organosulfate, implying

the critical role of inorganic sulfate as a nucleophile, and emphasize the importance of the
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multiphase chemistry of IEPOX leading to SOA formation in the isoprene-rich regions. In
addition, oligomers derived from the methyltetrol sulfates and the 2-methyltetrols may explain
the missing fraction of the total aerosol mass.

Large abundances of methyltetrol sulfates in atmospheric PM; s could explain previous
observations of the low-volatility nature of IEPOX-derived SOA in ambient aerosol.”® The
HILIC/ESI-HR-QTOFMS procedure described here can resolve water-soluble organic
constituents from isoprene photochemical products generated via non-IEPOX pathways. HILIC
separation can be interfaced to current RPLC/ESI-HR-QTOFMS procedures to develop two
dimensional LC/ESI-HR-QTOFMS, further enhancing resolution of hydrophilic organic

compounds in PM; s.
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Table 1. Properties of the 2-methyltetrol, 2-methyltetrol sulfate and 3-methyltetrol sulfate standards characterized by HILIC/ESI-HR-
Q-TOFMS, including retention times (RTs), linear range (L. Range), coefficient of determination (R?), limit of detection (LOD), limit
of quantification (LOQ) of ten replicate injections. Note that structures are for one of two diastereomers for each standard and ions are

shown for the methyltetrol sulfates.

Synthesized Structural - RT(s) L. Range 2 LOD LOQ
Standard Isomer Structure [M-H] m/z (min) (ng mL'l) R (ug L'l) (ug L'l)
. oH
2-methyltetrols inrgzthrzi‘t’ﬁ;ﬁfgtol PN e CHOL 135,066 40 00125 09994 774 258
OH
. 0SO:H
Zmethyltetrol rlr;z;;‘l'ytl%ﬁtyfé_"gfs‘ulfate %\@ CHj 0,8 215023 2.1,2.6,42,52 00110  0999%6 172 575
OH
OH
3-methyltetrol  2,3,4-trihydroxy-3- HO\/M . 2.1,2.6,4.2,5.2,
N e bt [ CHUOSS 215023 AT 00125 10000  3.83 128
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Table 2. Concentrations and mass fractions of 2-methyltetrols and methyltetrol sulfates
measured from laboratory-generated SOA and ambient PM;s samples by HILIC/ESI-HR-
QTOFMS.

2-Methyltetrols Methyltetrol sulfates
Mass C_c})nac ’ % Total Mass ° Mass C(_)3n ¢ % Total Mass
(pgm™) (pgm™)
Laboratory B-IEPOX SOA 63.98 33.9% 109.67 58.2 %
Laboratory 6-IEPOX SOA 29.49 19.6 % 62.98 41.9 %
Look Rock, TN, USA 0.861 5.6 (7.5) % 2.334 15.3(12.9) %
Manaus, Brazil 0.137 (0.74) % 0.390 (1.34) %

* The mass concentrations of 2-methyltetrols and methyltetrol sulfates were measured from the PILS
samples for the laboratory-generated SOA, and from the filter samples for the Look Rock and Manaus
samples;

® The total aerosol mass (organic + inorganic, shown in bold) was used for the mass closure for the
laboratory-generated SOA, while the organic aerosol (or organic carbon, shown in parentheses) mass was
used for the mass closure for the Look Rock and Manaus samples. The total aerosol mass was determined
using an SEMS-MCPC system for the laboratory-generated SOAs, assuming the particle density to be
1.42 or 1.55 g cm™ after reaction from - or 8-IEPOX (SI). The total organic aerosol mass for the Look
Rock sample was measured by an ACSM.'"'> The OC mass for the Look Rock and Manaus samples was
measured using EC/OC analyzers. The relative analytical uncertainty in the quantification was determined
to be up to ~14.1% (SD).
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812  Table 3. Concentrations and discrepancies of 2-methyltetrols (ug m’) from laboratory-generated
813  SOA and ambient PM; s samples measured by HILIC/ESI-QTOFMS and GC/EI-MS.

oNOYTULT D WN =

814

2-Methyltetrols HILIC/ESI- Ratio
(ug m) QTOFMS GC/MS (GC/HILIC)

Laboratory B-IEPOX SOA 69.05 140.86 204 %

Laboratory 5-IEPOX SOA 51.91 122.56 236 %

Look Rock, TN, USA 0.861 1.381 160 %

Manaus, Brazil 0.137 0.394 288 %
815
816
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28 818  Figure 1. Extracted ion chromatograms (EICs) at m/z 215.023 corresponding to methyltetrol
29 819  sulfates. Using a) RPLC C;g column, and b) HILIC BEH amide column: standards of 1) 2-
30 820 methyltetrol sulfates; 2) 3-methyltetrol sulfates. Standards were prepared at 10 pg mL™". No
821  significant peaks were observed beyond the shown periods of retention time.
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Figure 2. EICs obtained from HILIC for a) m/z 135.066 corresponding to 2-methyltetrols, b) m/z
215.023 corresponding to methyltetrol sulfates from: 1) 10 pg mL™' synthesized standard (b1: 2-
methyltetrol sulfates (dashed line) and 3-methyltetrol sulfates (solid line)); 2) laboratory-
generated B-IEPOX SOA; 3) laboratory-generated 3-IEPOX SOA; 4) PM, s sample collected at
Look Rock during 2013 SOAS campaign; 5) PM; s sample collected at Manaus in Nov. 2016.
The laboratory-generated B-IEPOX SOA, 3-IEPOX SOA, Look Rock, and Manaus samples were
diluted by a factor of 200, 100, 40, and 100, respectively. No significant peaks were observed
beyond the shown periods of retention time.
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833  Figure 3. EICs of m/z 215.023 (CsH;;05;S") and 333.086 (C;oH,;010S") corresponding to
o5 834  methyltetrol sulfate monomers and dimers, respectively, from a) laboratory-generated B-IEPOX
26 835 SOA diluted by a factor of 200; and b) laboratory-generated 6-IEPOX SOA. No significant
27 836  peaks were observed beyond 20 min.
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Figure 4. EICs of other water-soluble organosulfates with their proposed structures: a) m/z 199
corresponding to C4H70;S, b) m/z 211 corresponding to CsH;0;S", and ¢) m/z 213
corresponding to CsHyOS™ observed in PM, 5 samples collected from 1) Look Rock during 2013
SOAS campaign; 2) Manaus in Nov. 2016. No significant peaks were observed beyond the
shown periods of retention time.
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48 846  Figure 5. GC/EI-MS EICs of m/z 231 corresponding to Cs-alkene triols (RT = 26.9, 27.9, 28.3
847  min) from: a) 50 pg mL"' standard of 2-methyltetrol; b) 50 ug mL™ standard of 2-methyltetrol
5, 848  sulfate; ¢) 50 pg mL" standard of 3-methyltetrol sulfate; d) laboratory-generated B-IEPOX SOA;
52 849  e) laboratory-generated 3-IEPOX SOA; f) PM,s sample at Look Rock during 2013 SOAS
53 850 campaign; g) PM, s sample at Manaus in Nov. 2016. Note that the y-axis scale was adjusted to
54 851 the highest peak in each panel, with the labelled abundance in percentage relative to that in Panel
55 852 (d).
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