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Abstract

Atmospheric oxidation of isoprene yields large quantities of highly water-soluble isoprene
epoxydiols (IEPOX) that partition into fogs, clouds, and wet aerosols. In aqueous aerosols, acid-
catalyzed ring-opening of IEPOX followed by nucleophilic addition of inorganic sulfate or water
forms organosulfates and 2-methyltetrols, respectively, contributing substantially to secondary
organic aerosol (SOA). However, the fate of IEPOX in clouds, fogs and evaporating hydrometeors
is not well understood. Here we investigate the rates, product branching ratios, and stereochemistry
of organosulfates from reactions of dilute IEPOX (5 to 10 mM) under a range of sulfate
concentrations (0.3 to 50 mM) and pH values (1.83-3.38) in order to better understand the fate of
IEPOX in clouds and fogs. From these aqueous dark reactions of B-IEPOX isomers (trans- and
cis-2-methyl-2,3-epoxybutane-1,4-diols), which are the predominant IEPOX isomers, products
were identified and quantified using hydrophilic interaction liquid chromatography coupled to an
electrospray ionization high-resolution quadrupole time-of-flight mass spectrometer operated in
negative ion mode (HILIC/(—)ESI-HR-QTOFMS). We found that regiochemistry and
stereochemistry were affected by pH and the tertiary methyltetrol sulfate (CsHi207S) was
promoted by increasing solution acidity. Furthermore, the rate constants for the reaction of IEPOX
under cloud-relevant conditions are up to one order of magnitude lower than reported in the
literature for aerosol-relevant conditions due to markedly different solution activity. Nevertheless,
the contribution of cloud and fog water reactions to IEPOX SOA may be significant in cases of

lower aqueous-phase pH (model estimate) or during droplet evaporation (not studied).
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1. Introduction

Aerosols are an important link between the land surface and atmosphere, affecting global
climate mainly through indirect effects on clouds'? and public health through reduced air
quality.>* A large fraction of aerosol mass is organic, formed mostly through atmospheric
chemistry.’ Isoprene is the dominant nonmethane hydrocarbon emitted by the biosphere,
accounting for about half of the roughly 1000 Tg yr! of carbon produced globally by plants.
Isoprene reacts readily with OH radicals in the sunlit atmosphere,’” producing a high yield of
isoprene-derived epoxydiols (IEPOX) under low-nitric oxide (NO) conditions.®? These and other
isoprene oxidation products serve as important precursors to secondary organic aerosol (SOA)

10,11

formation through acid-catalyzed multiphase reactions, and therefore should be considered

explicitly in large-scale atmospheric chemistry models.!? !

Between 17 and 40% of the organic fraction of ambient acrosol mass is traceable to reactions
of IEPOX in areas of high isoprene emission, such as the Southeast United States,'*!62! the

t*223 or Southeast Asia.'®'8222425 The most abundant IEPOX isomers are trans-

Amazon Rainfores
B-IEPOX (~64%), cis-B-IEPOX (~32%) and §1-IEPOX (<3%).% In acidified sulfate solutions, -
IEPOX isomers (trans- and cis-2-methyl-2,3-epoxybutane-1,4-diols) undergo irreversible ring-
opening reactions yielding predominantly tetrols (2-methlytetrol diastereomers; 2-MTs) and
organosulfates (methyltetrol sulfate diastereomers; MTSs).!? The 2-MTs, 2-methylthreitol and 2-
methylerythritol, are detected in large quantities in ambient fine aerosol (PM2s) and are tracers for
isoprene-derived SOA in areas of high isoprene activity.?’ " Recent efforts to speciate and
quantify 2-methyltetrol sulfate diastereomers (2-MTSs) in anthropogenically-influenced isoprene-

rich areas have shown 2-MTSs to be the single most abundant SOA constituent in PMy s,

contributing 10—13% of organic carbon in the Southeast US and Manaus, Brazil,*!*? as well as up
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to 15% of organic carbon during the 2017 Lake Michigan Ozone Study.>* Understanding the
impact of changing anthropogenic influence on reaction pathways is critical for isoprene-derived

SOA.11’34’35

Multiphase reactions of IEPOX are facilitated by the high solubility of IEPOX in water and the
high concentrations of gas-phase IEPOX in source regions during photochemically active periods.
Summertime surface-level IEPOX concentrations range from 0.35 to 1.0 ppb in the Southeastern
United States'*!*> and up to 0.2 ppb and 1.6 ppb at 1 km above the surface in the Western and
Eastern United States, respectively.*®* Much of what we know about IEPOX SOA is from acid-
catalyzed reactions occurring in aerosols. Lifetimes against gas-phase photochemical degradation
are 1.4-2.8 h for isoprene®”* and 1.6 h for IEPOX,!? giving the unreacted species ample time to
reach the cloud layer in a typical convective boundary layer with a mixed-layer turnover time of
10-15 min.* Partitioning into cloud water results in dilute solutions and slower reaction rates, but
cloud and fog water, when present, represent a much higher total surface area and water volume
for gas-to-particle partitioning than do aerosols.*’ Dissolved organic carbon has long been detected
in fogs and clouds, indicating the potential for dilute aqueous solutions to result in appreciable
aerosol mass after water evaporation.** Cloud chemistry studies have focused on the

quantification of carboxylic acids and carbonyls**

resulting from the oxidation of glyoxal,
methylglyoxal and pyruvic acid,*** but recent work indicates that epoxides, including IEPOX,
may also serve as precursors to the production of low-volatility species in cloud water.>*>! IEPOX
is relatively water soluble; estimates of the Henry’s Law constant for IEPOX range from 2.7x10°
to 1.7x10% M atm™,'35275¢ rivaling those of glyoxal, methylglyoxal and pyruvic acid, whose

Henry’s Law constants are 0.36-50 x10°%76! 0.35-3.2 x10%50%2 and 3.1x10° M atm™!,01:63-65

respectively. Organosulfates have been detected in cloud and fog waters, as well as in precipitation
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(rain, snow, and hail),**%¢7" including abundant 2-MTS isomers, observed by electrospray
ionization mass spectrometry (ESI-MS) as deprotonated ions at mass-to-charge ratios (m/z) 215,
specifically attributable to IEPOX-derived MTSs,*”%® prompting a question as to whether
cloud/fog processing could be a source of IEPOX-derived organosulfates. Although much of the
knowledge of IEPOX-derived MTSs originates from chamber and flow tube studies using acidified

1071 aerosol formation from IEPOX measured during field campaigns does not universally

aerosols,
trend with estimates of aerosol acidity.!”!® This also highlights the possibility of cloud water
formation of [IEPOX SOA and has prompted recent studies of acid-catalyzed IEPOX reactions
modeled at cloud-relevant aqueous concentrations®® and experimental OH radical-initiated
aqueous oxidation of IEPOX.”> Here we extend these studies by investigating dark acid-catalyzed

reactions of trans- and cis-B-IEPOX, in acidified sulfate solutions at fog and cloud-relevant

concentrations.

Differentiation between isomers of IEPOX-derived 2-MTs and MTSs is possible for ambient
aerosol using a recently developed hydrophilic interaction liquid chromatography coupled to
electrospray ionization high-resolution quadrupole time-of-flight mass spectrometry (HILIC/ESI-
HR-QTOFMS) method.?!"”* Enhancement of one isomer over another can indicate the relative
contribution of a specific mechanism. For example, Noziére et al.?’ use the enhancement of one 2-
MT diastereomer as a tracer for isoprene-derived tetrols in ambient aerosols. The distribution of
isomers formed in reactions of IEPOX elucidates details of the mechanism of substitution at
asymmetric carbons C2 and C3,°>7* and identifying the mechanistic underpinnings can enable
predictive frameworks for shifts in distribution under different conditions.” The stability,
hygroscopicity, solubility, viscosity and volatility of 2-MT and MTS isomers is controlled by

structural differences as well as functional groups.’”>’¢%? Here we apply our recently developed
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HILIC/ESI-HR-QTOFMS method?! to investigate product distributions under differential reaction

conditions relevant to cloud and fog waters.

2. Experimental

2.1 Standards
Authentic standards of racemic trans-B-IEPOX, cis-B-IEPOX, 2-MTs, and MTSs were

synthesized as described in previous work.?!"¥3%% Four MTS isomers in the standard mixture are
shown as Products 1-4 in Scheme 1. Pure standards were stored neat at —20°C until use. For
quantification, 2 mg mL"! standards were prepared in Milli-Q water and diluted into 95:5 (v/v)
acetonitrile (ACN, HPLC grade, Fisher Scientific)/Milli-Q H,O mixture at 10, 5, 2.5, 1, 0.1, 0.01

ng mL!, and 95:5 v/v ACN:Milli-Q served as a solvent blank.

2.2 Dark aqueous experiments

Trans- or cis-B-IEPOX was added to aqueous acidified sulfate in glass reactors to determine
the branching ratio between 2-MTs and MTSs, reaction rates and distribution of isomeric products
as a function of pH and sulfate concentration, as detailed in Table 1. Samples were generated in 4
mL batches in pre-cleaned borosilicate glass scintillation vials by mixing 5 mM [EPOX in water
with (NH4)2SO4 and H2SOs to provide 5-50 mM total added sulfate (HSOs + SO4%). The
concentration of IEPOX in cloud water is close to the experimental value we used and can be

estimated from field and lab measurements of gas-phase IEPOX!*!5:3

and its Henry’s law
constant.>>~>* Using approximate values of 1 ppb and 10’ M atm™! results in an IEPOX cloud water
concentration of 10 mM. Results from the GAMMA 5.0 model**#>#¢ indicate that concentrations
of dissolved IEPOX in cloud water may range from 4 to 8 mM in areas of high isoprene activity,

such as the Whiteface Mountain Observatory and during the Southern Oxidant and Aerosol Study

SOAS in 2013.° The total added sulfate in this work is roughly one order of magnitude higher than
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that of continental cloud water; this was necessary to accelerate the reaction, enabling us to
quantify the reaction rate and to control the pH through addition of HoSO4. One experiment at pH
5 was conducted at low sulfate concentration (300 uM), with higher IEPOX concentration (10
mM) to speed up the reaction and enable determination of the rate. The sulfate concentration is
comparable to that measured in continental cloud water (up to 100 uM sulfate).’” The ratio
(NH4)2SO4 to H2SO4 was adjusted to control pH between 1.83-3.38, consistent with fog or polluted
cloud water.”-38 Solution pH was measured using a pH probe (Denver Instruments UltraBasic-10)

accurate to 0.01 pH units. pH was not observed to change during the reaction.

IEPOX is highly reactive and care was taken to time the experiments accurately. Sulfate
solutions were prepared first. Authentic standards of trans- or cis-B-IEPOX were diluted in Milli-
Q water within 2 min of initiating the reactions, then IEPOX was added to sulfate (¢ = 0). Aliquots
were removed and diluted in ACN to 95:5 v/v ACN/H2O to slow the reaction. Reaction time for
each sample was recorded at the instant of dilution using a stopwatch. Dilute samples were stored
at —20°C for < 24 hr before analysis. Repeated injections with varying storage times provided
consistent results and confirmed that this procedure slowed the reaction sufficiently to prevent

measurable changes after aliquot collection.

Table 2 shows the activities of all species in the solution, estimated using the Extended Aerosol
Inorganics Model (E-AIM; www.aim.env.uea.ac.uk; Model II1).3*%° Activity coefficients are
included in the Supporting Information (SI) in Table S1. Solutions were composed of NHj4",

S04*, HSO4", H20, OH", H3O" and IEPOX.



148  Table 1. Experiments conducted. Values are expressed in mmol L! and are derived from reactant

149  quantities added to mixture. IEPOX was added at # = 0 min.

# IEPOX Sulfate® pHP H2SOs (NH4)2SO4
1 5 5 232 5 0
2 5 5 183 5 0
3 5 5 225 232 2.68
4 5 5 255 1.08 3.92
5 5 5 316 05 4.5
6 5 5 322 05 4.5
7 5 5 316 05 4.5
8 5 5 300 05 4.5
9 5 6.67 310 05 6.17
10 5 833 313 05 7.83
11 5 10 317 05 9.5
12 5 50 338 05 49.5
13 50 5 279 05 4.5

150 2 Sum of H,SO4 and (NH4),SO4 concentrations. See Table 2 for activities of HSO4 and SO4>-.

151 ® pH recorded after addition of IEPOX using a pH probe accurate to 0.01 pH units (Denver Instruments UltraBasic-
152 10) that was cleaned and calibrated at pH 2, 4, 7, and 10 before each measurement.

153 © This experiment used cis-B-IEPOX. All others used trans-B-IEPOX.

154  Table 2. Activities of ions in solution.?

” NH4* HSO4 S04 OH- NH3
(mmol L") (mmol L") (mmol L") (pmol L") (nmol L")

1 0.00 1.49 210 1.35 0.00

2 0.00 1.49 2.10 1.35 0.00

3 4.75 0.80 2.53 3.03 0.82

4 6.94 0.40 2.77 6.68 2.63

5 7.94 0.19 2.90 14.56 6.57

6 7.94 0.19 2.90 14.56 6.57

7 7.94 0.19 2.90 14.56 6.57

8 7.94 0.19 2.90 14.56 6.57

9 10.70 0.22 3.63 15.65 9.51

10 13.40 0.25 4.29 16.65 12.66

11 16.04 0.27 4.91 17.59 16.04

12 71.62 0.40 13.57 32.68 133.00

13P 7.94 0.19 2.90 14.56 6.57

14 0.00 0.016 0.27 16.43 0.00
155 2 Activity = concentration x activity coefficient / ¢©, where c© is the reference unit of concentration included in the
156 heading. Table S1 gives activity coefficients for these mixtures. Values are obtained using E-AIM. Activity of

157 water is 55.51 (mol L),
158  ®This experiment used cis-f-IEPOX. All others used trans-S-IEPOX.
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2.3 Quantification of products using HILIC/(-)ESI-HR-QTOFMS
Total 2-MTs and MTSs were quantified by HILIC/ESI-HR-QTOFMS operated in the negative

(-) ion mode as described previously.?! Separation was achieved using an Agilent 1200 series
HPLC system with a Waters Acquity UPLC ethylene bridged hybrid amide (BEH) column (2.1 x
100 mm, 130-A pore size, 1.7-um particle size) without a guard column at 35°C and an elution
rate of 0.3 mL min™!. The mobile phase consisted of Milli-Q water (mobile phase A) and 95:5 (v/v)
acetonitrile/Milli-Q H>O (mobile phase B), both with 13 mM ammonium acetate and adjusted to
pH 9 using ammonium hydroxide. A 30-min gradient elution in mobile phase A was as follows:
0% for 4 min; ramp to 15% from 4 to 20 min; held constant at 15% between 20 and 24 min; ramp
down to 0% from 24 to 25 min; and held constant at 0% from 25 to 30 min. The sample injection
volume was 5 pL and all samples were in a 95:5 (v/v) ACN/Milli-Q H>O solvent mixture.
Calibration and tuning of the QTOF were performed as described previously,*! and mass resolution

ranged from 11000-21000 for calibrant masses of m/z 112—1600.

The extracted ion chromatograms (EICs) in Figure 1 show the chromatographic separation of
2-MT and MTS isomers. The 2-MT diastereomers, 2-methylthreitol and 2-methylerythritol, co-
elute (m/z 135.066, CsH11047). Synthesis of the MTS standard yields four isomers that can be
chromatographically resolved by the HILIC/ESI-HR-QTOFMS method (m/z 215.023, CsH1107S™
). Because the tertiary isomers were the synthetic targets and the secondary isomers were minor
byproducts, major peaks C and D can be identified as tertiary MTSs (2-MTS, or 1,3,4-trihydroxy-
2-methylbutan-2-yl sulfate) and minor peaks A and B as the secondary MTSs (3-MTS, or 1,3.4-
trihydroxy-3-methylbutan-2-yl sulfate).>! Note that by the numbering convention applied to the
IEPOX products, the isomers generated from O8-IEPOX + SO4> are also 3-MTSs.3!"
Quantification of MTS formation for kinetic analysis was accomplished by summing all EIC peak

areas.

9
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Figure 1. HILIC/(—)ESI-HR-QTOFMS extracted ion chromatograms (EICs) of authentic
standards of 2-MTs (deprotonated ion, EIC m/z 135.066, black) and MTSs (deprotonated ion EIC,
m/z 215.023, blue). MTS isomers 1,3,4-trihydroxy-3-methylbutan-2-yl sulfates (peaks A and B,
RT 3.0 and 3.5 min, respectively) and 1,3,4-trihydroxy-2-methylbutan-2-yl sulfates (peaks C and
D, RT 5.7 and 6.6 min, respectively). The HILIC conditions in this study do not resolve the 2-MT
diastereomers 2-methylthreitol and 2-methylerythritol.

3 Reaction Mechanism and Kinetics

3.1 Mechanism

Schemes 1 and S1 show the acid-catalyzed epoxide ring-opening reaction of trans-f-IEPOX by
three possible mechanisms to produce MTSs and 2-MTs. Acid-catalyzed mechanism A-1 is
analogous to a unimolecular nucleophilic substitution reaction (Sn1) and involves a highly reactive
carbocation intermediate (Scheme 1, top row). Acid-catalyzed mechanism A-2 is analogous to a
bimolecular nucleophilic substitution reaction (Sn2) and is concerted (Scheme 1, middle row).
These are both regarded as specific acid catalysis substitutions when the protonated solvent H3O*
is the catalyst. General acid catalysis occurs when an undissociated acid transfers a proton to the
unprotonated epoxide oxygen during the rate determining step (Scheme 1, bottom row).”!**

95

Additional reactions (not pictured) occur between IEPOX and ammonium,”™ in aqueous pH-

93,99

independent neutral reactions”>*>%° following an A-2 mechanism,”> and in base-catalyzed

reactions.”>?~

10
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Scheme 1. Reaction of trans-B-IEPOX with acidic sulfate by A-1 (top), A-2 (middle) or general
acid (bottom) mechanisms. Products 1—4 are shown to the right; product 3 is only expected from

the reaction of cis-B-IEPOX (not shown).

For acid-catalyzed ring opening to occur via A-1 or A-2 mechanisms, the epoxide must first be
protonated in equilibrium with its conjugate base.”*!°%!! This pre-equilibrium protonation step
has been demonstrated using isotopic rate ratios for various specific-acid catalyzed reactions,?* 0’
including ring-opening of hydroxy-substituted epoxides similar to B-IEPOX.>? The pKa of the
protonated conjugate acid of an epoxide has been estimated to be -2.8 for oxirane using density
functional theory.'? By comparison, the pKa’s of unstrained, acyclic protonated ethers, dimethyl

ether and diethyl ether, are -2.48 and -2.39, respectively.'

3.2 Reaction Kinetics

The reaction rate was quantified as the disappearance of IEPOX over time assuming that all
IEPOX is converted to either MTSs or 2-MTs. Note that MTSs and 2-MTs are the only expected
products under the dilute conditions of this study.!%*!1% Sulfate is not depleted appreciably during
the reaction. Isomeric MTS dimers (m/z 333.086) and 2-MT dimers (m/z 253.129) have been

11



219  detected in experiments conducted under concentrated conditions,?! but were below detection

220  limits in this study. The rate law is thus represented as a pseudo-first order reaction:’#!%3
[IEPOX] Kobs [2-MTs] + [MTSs], (la)
HEPOX] = —kops[IEPOX], (1b)
[IEPOX] = [IEPOX], — [2-MTs] — [MTSs] (1c)

221  Because ring opening is the rate-limiting step, this is the measured rate of product formation.
222 Integration of Equation (1b) yields the rate equation,

UEPOX]\ _ ,
n([lEPOXQ]) = —Kopst (2)

223  The observed rate constant kobs (s!) is the sum of all reaction rates breaking the epoxide C-O

224 bond.52,55,92,94,95

kobs = kA ayy + ko5 Asosa- Qe + kfizo a0 Qs + Kilsoa. soa2. Gsosz- Arsoa-
3)
+ kﬁ?o4-,Hzo Ap20 Apsos- + Knpat Aypas + ky.

225  Each rate coefficient k implicitly incorporates activity coefficients and standard state
226  concentration units or the pKa of the protonated epoxide as applicable. A detailed derivation is
227  provided in the Supporting Information. Activity of species x in solution is denoted ax, equivalent
228  to y,[x]/c®, where y, is the unitless activity coefficient, [x] is concentration and c® is the
229  standard state concentration unit.'°® Because activities are used here, all coefficients have units of
230 s regardless of the rate order. The first term quantifies the spontaneous ring opening of the

231  protonated epoxide to produce a carbocation intermediate via the A-1 mechanism. The second and

12
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third terms quantify the nucleophilic attack of the protonated epoxide via an A-2 mechanism. The
an+ dependence of these first three terms is due to the ap+ dependence of the protonated epoxide.
The fourth and fifth terms quantify the third-order reaction of a general acid (bisulfate) protonating
the epoxide in concert with nucleophilic attack. The last two terms quantify the depletion of IEPOX
by hydrogen bond catalysis involving ammonia® and by the pH-independent neutral reaction with
water.”® The activities of all reactants depend on shifting solution equilibria. Thus, although only
the A-1 and A-2 rate expressions depend explicitly on an+, the general acid reaction rate is also

affected by pH.

Table S3 compares estimated reaction rates for solutions considered in this work with published
rates.’>?>?%197 Because the rate with respect to H3O" is at least an order of magnitude faster than

the other ions, we can approximate kn+ (M s7!) for the comparison and neglect other ions:

kpy = kobs/(aH+Ce)- 4)

3.3 Product branching ratio

The branching ratio between 2-MTs and MTSs is defined as the molar ratio, £:

[MTSs]
[2-MTs] + [MTSs]

B = &)

The value of f depends on the concentrations of nucleophiles in solution and on the rate constants
shown in equation 3. The branching ratio is defined such that the observed rates d[MTS]/dt and

d[2-MT]/dt are equal to Bk,ps[I[EPOX] and (1 — B)k,ps[IEPOX], respectively.

13
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3.4 Stereoisomers and regioisomeric enhancement

Stereoisomers. Trans-p-IEPOX has two asymmetric carbons at which the nucleophile can add
to the carbon backbone. Four MTS diastereomers (two at C2 and two at C3) can be formed from
each trans-B-IEPOX enantiomer (Scheme 1, products 1 — 4), thus racemic trans-B-IEPOX can
yield a total of eight stereoisomers (Figure S1). 2-MT formation from B-IEPOX + H>O yields two
diastereomers, 2-methylthreitol and 2-methylerythritol (Products 5 and 6; Scheme S1), each with
enantiomers (denoted a and b), for a total of four isomers (Figure S2).2° The HILIC/ESI-HR-
QTOFMS method used in this work can resolve the diastereomers of MTSs (Figure 1 and Section

2.3)3!

Regioisomeric selectivity. If substitution at one of the epoxide carbons is favored, the
corresponding substitution product forms in excess. Products 1-2 in Scheme 1 represent

substitution at C2 while 3—4 have been substituted at C3. Regioisomeric selectivity is then defined

by:%

[tertiary MTSs]| — [secondary MTSs]
re = - X 100% (6)
[tertiary MTSs]| + [secondary MTSs]

where [tertiary MTSs] is the sum of all tertiary MTS (Figure 1, peaks C and D) and /secondary
MTSs] is the sum of all secondary MTSs (Figure 1, peaks A and B). In this work the peak areas of
the EICs are taken as the relative quantities MTS isomers. The quantification is subject to error if
the ionization efficiency differs significantly between tertiary and secondary isomers. Prior work
shows that the ionization efficiency of MTS isomers derived from B-IEPOX is 1.23 to 1.78 times
higher than the ionization efficiency of the 3-MTS diastereomers formed from substitution at the
primary C of 8-IEPOX.*! Factors influencing ionization efficiency include molecular structure and

the mobile phase in the column, which changes in water content by up to 5% between retention

14
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times of the isomers. Based on the data reported for the major 3-MTS product from 6-IEPOX,
differences in ionization efficiency between isomers compared in this work are likely less than a
factor of two. Given that the value of [secondary MTSs] is much less than [tertiary MTSs], a factor
of 2 difference in ionization efficiency has a negligible impact on the value of re; thus, trends in
re indicate changing experimental conditions, but absolute values of re cannot be compared
between studies. Fractionation for NMR analysis of the isomeric structures was not feasible using
this chromatography method. The specific MTS diastereomer associated with each

chromatographic peak is discussed below.

4. Results and Discussion

4.1 Reaction Kinetics

Figure 2 shows the formation of 2-MTs and MTSs during experiments as a function of varying
sulfate concentration. In these experiments, 5 mM trans-B-IEPOX was reacted with 7-50 mM of
total added sulfate at a target pH of 3, mimicking fog or polluted cloud water conditions (lower
sulfate) or concentrated fog droplets (50 mM added sulfate). Measured pH varied from 3.10 to
3.58. The 2-MT concentrations are significantly higher than the MTS concentrations because of
the high water-to-sulfate ratios used in the dilute aqueous solutions. Note that the total added
sulfate for lower sulfate concentration experiments is between 6.67 and 10 mM, about 5 times
lower than in the high sulfate concentration experiment. Additional sulfate resulted in suppression
of 2-MT formations relative to MTSs. Figure S3 shows the formation of 2-MTs and MTSs during
experiments with varying pH and 5 mM of trans-B-IEPOX. Increased scatter is likely due to the
high sensitivity to pH gradients within the mixture or at the air-water interface; this scatter was not
reduced in repeated experiments nor by stirring the solutions. Under dilute conditions, higher

sulfate concentration is apparently helpful in buffering pH. Measured pH varied between 1.83 and

15



293

294

295

296

297

298

299

300
301

302

303

304

305

306

d,’>'%7 and 2-MT concentrations were

3.22. Reactions proceeded faster at lower pH as expecte
generally ~100 times higher than the MTS concentrations due to the enhanced ratio of water-to-
sulfate available to serve as a nucleophile in the epoxide ring-opening reaction. The cis-B-IEPOX
experiment (#13 in Table 1) is included to show the chromatographic evidence for stereoisomeric
products, which will be discussed below. One high-pH experiment (pH 5.02) was conducted with

double the IEPOX concentration and only 0.3 mM of sulfate. This experiment demonstrated only

that the reaction rate at this pH is too slow to quantify under the conditions of our experiments.

2-MTs (mM) MTSs (uM) agp,2- (MM)
80 1 L 14
3| A B
12
60 1
5 ] 10
40 8

11 + #
! 20 1 * .

G) e o

0 200 400 600 °0 200 400 600

time (min) time (min)

Figure 2. Growth in 2-methyltetrols (2-MTs) (panel A) and methyltetrol sulfates (MTSs) (panel
B) during experiments with 5 mM trans-B-IEPOX varying sulfate (experiments #9—12 in Table 1).

Table 3 and Figure S4 show the kinetic analysis for trans-B-IEPOX experiments. The effective
rate constant kobs 1s calculated as the (negative) slope of the linear fit to In(IEPOX/IEPOXo) vs
time (equation 2) and ranged from 0.64 to 5.77x107 s™! (varying pH with 5 mM trans-p-IEPOX)

and from 1.42 to 2.22x107 s (varying sulfate with 5 mM trans-p-IEPOX).
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Table 3. Observed rate coefficients and branching ratios.

#  pH  kobs (x105s8)2  kn+ (x102 M s1)® B (%102 mol mol') std B x102
1 1.83 5.77 0.39 1.06 0.10
2 232 3.01 0.63 1.14 0.13
3 225 4.77 0.85 1.33 0.20
4 255 2.94 1.04 1.19 0.35
5 3.16 1.33 1.92 0.42 0.03
6 3.22 0.79 1.31 0.99 0.84
7 3.16 0.64 0.92 1.77 0.29
8 3.00 1.27 1.27 0.96 0.29
9 3.10 2.22 2.79 1.30 0.13
10 3.13 1.79 2.41 1.57 0.22
11 317 1.86 2.75 1.72 0.20
12 3.38 1.43 3.42 4.21 0.39
13¢ 2.79 1.20 0.74 0.87 0.71
? From equation 2, In ([[II::;;(O]]) = —K,pst.

b From equation 4, ky, = kobs/(aH+ce).
® This experiment used cis-f-IEPOX. All others used trans-f-IEPOX.

Figure 3 shows that the observed value of ku+ (equation 4 and Table 3) is comparable to
published values derived from observations and structure-activity relationships based on more
concentrated acidic solutions. The figure demonstrates that ku+ obtained in this work under the
most dilute cloud- and fog-relevant conditions is lower than published values by up to an order of
magnitude (panel A); agreement increases as the sulfate concentration is raised from fog-relevant
(5—10 mM total sulfate) to polluted fog or aerosol-relevant values (50 mM total sulfate) (panel B).
Because the rate limiting step in the A-1 mechanism is the spontaneous (unimolecular) epoxide
ring opening, the sulfate dependence of ku+ demonstrated in Figure 3B supports the conclusion
that the reaction is, at least in part, via an A-2 mechanism. Some studies represented in Figure 3
used sulfuric acid solutions but, due to the complexity of the solution, did not account for sulfate
in the calculation of kn+ (as in this work and references M’ and C'%” in Figure 3). Sulfate is known
to participate in the epoxide ring-opening reaction through nucleophilic attack.’>!** However,

sulfate exerts a considerably weaker influence on epoxide ring-opening than H3O" (see Table S3).
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This is not necessarily a reflection of the relative importance of A-1 versus A-2 ring opening — the
overall rate expression includes H3O" as a reactant in either case (due to the requisite pre-
equilibrium protonation) (Scheme S5 and Equations 3, S2g, S3f and S4f). In Figure 3A, we display
the original model of Cole-Filipiak et al.!?” (solid black line) relative to published ku+ values. The
dotted black line is our fit including additional studies not included in the original. Compare these
first two models to a linear fit to all studies in which sulfate was either absent or accounted for in
the derivation of ku+ (solid blue line). The comparison highlights that there is some variability in
reported values of ku+ and that strong nucleophiles like sulfate likely introduce bias in these values.
In the atmosphere, the abundance of other inorganic ions and of organic acids, some of which are

8,108

themselves the products of isoprene oxidation, will further perturb the observed reaction rate.

log10 (KH+) kH+ obs (M1 s71)
0.051
1] A ®@ /® B ®
O v 0.041
0 // 9 m
SE 0.03/ ®
-1 12 (YA
P 5
0.021
YN @ 46
21 P 5 93
1 0.011
_3.EC c® g
3 2 1 0 1 28 26 24 -22 2 -18
log1o (kH+ mod) log1o (agp,2)

Figure 3. (panel A) Comparison of ku- to the regression model of Cole-Filipiak et al.'®” (kui+.mod).

¢ and

Grey circles: published observations (letters denote sources: M,”* C,!7 E2 A 1%L %P m,’
N%). Solid black line: 1:1 line (equal to original regression model, which incorporated
observations of M, C, L and P).!%” Dotted black line: fit to all published observations including
those of E, A, m, and N, added here as an extension of the original. Solid blue line: fit to all studies
except M, C, and this work, which ignore sulfate in calculation of kn+. Orange diamonds: An+

estimated from structure-activity relationships by Eddingsaas®? and DFT simulations of Piletic!?
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and coworkers. Red circles: observed ku+, this work (trans-f-IEPOX). Red numbers: experiment
number in Table 3. (panel B) Observed of ku+, this work, as a function of sulfate ion activity (mol

L-! basis) (trans-p-IEPOX; derived via equation 4). Numbers: experiment number in Table 3.

4.2 Branching ratio

Figure 4 shows the branching ratio, £, between 2-MTs and MTSs for experiments with 5 mM
trans-B-IEPOX and varying sulfate concentrations (experiments #9—12). Hydrolysis of MTS to
form 2-MT is too slow to affect the branching ratio in this work.®’ Branching ratios obtained

experimentally by Eddingsaas et al.>?

for cis-2,3-epoxybutane-1,4-diol, taken as the yield of the
sulfate ester, are included for comparison and were higher than this work by a factor of four to

five. This enhancement at a similar sulfate concentration could be due to the different epoxide used

(a difference of one methyl group on C2).

The branching ratio obtained by Piletic et al.!® for B-IEPOX using density functional theory is
shown as a solid line. This branching ratio is obtained by comparing the rate expression for A-2
acid-catalyzed ring opening with sulfate as the nucleophile to the rate expression with water as the

nucleophile (k&p5,. = 5.2x107" M2 57!, k{2 = 5.3x102 M2 57!, and [H20] = 55.5 M):!2
[MTSs] = k&2, [IEPOX]ay, aspaz. cO?At (7a)
[2-MTs] = k.5 [IEPOX]ay, c®[H,0]At (7b)

Substitution of equations 7a and 7b in equation 5 explains why the branching ratio £ varies

with aso42- in this calculation and is independent of pH.
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Figure 4. Branching ratio, f3, for experiments #9—12 varying sulfate ion activity (mmol L™ basis)
(red circles). Diamonds: Eddingsaas et al.>? for cis-2,3-epoxybutane-1,4-diol; Line: Piletic et al.!%?

Blue square: branching ratio calculated using relative nucleophilic strengths of sulfate and H,O.!%

Branching ratios observed under cloud-relevant conditions are significantly lower than those
obtained for deliquescent aerosols due to the relative scarcity of the sulfate ion available as a
nucleophile in the ring-opening reaction of these epoxides. The sulfate concentration in these
experiments is closer to that of a fog than to cloud water, where total sulfate can range from 0.06—
0.1 mM,*” meaning that the branching ratio in cloud water is likely lower than shown in Figure 4
by at least a factor of 10. Past estimates have branching ratios of ~0.4,°%? likely over-predicting
in-cloud MTS formation. Likewise, because most IEPOX reacting in cloud water will result in 2-
MTs and not in MTSs, using sole measurements of MTS isomers to track in-cloud reactions of

IEPOX may significantly underestimate the dark reactions of IEPOX in cloud water.

The branching ratio between 2-MTs and MTSs is low; it is nevertheless much higher than the
ratio calculated on the basis of competitive A-1 mechanism, which would result in a branching

ratio calculated solely on the basis of relative nucleophilic strengths of sulfate and H>O (estimated
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as ~11-fold)!® and relative concentrations (8 ~2x10~> for a 10 mM sulfate solution). The
experimentally derived data for S therefore provides support for an A-2-like mechanism.
Interestingly, the branching ratio calculated based on A-1 seems to be close to the curve of Piletic

102

et al.">” in Figure 4.

4.3 Identification of stereoisomers and mechanism

Figure 5 compares the EICs of the MTS isomers that form during the reaction of trans-B-IEPOX
(peaks A and D, experiment #5) and cis-B-IEPOX (peaks B and C, experiment #13). The target of
the synthetic route to the MTS standard was the mixture of 2-MTS diastereomers, and a minor
amount of the secondary 3-MTS diastereomers was produced as byproducts. In the chromatogram
of the standard (Figure 1, section 2.3), the 2-MTS diastereomers elute as peaks C and D. By default,
we attribute peaks A and B to the diastereomers from substitution at the secondary carbon, as
shown in Scheme 1. Differentiation between diastereomers was not possible using MS/MS. A
striking feature of Figure 5 is that sulfation of frans- and cis-B-IEPOX each yields almost

exclusively a single diastereomer of both major and minor sulfate esters.

21



389
390

391
392

393

394

395

396

397

398

399

400

401

402

403

A-2 or ga mechanism A-1,A-2orga

080y OH
OH 0S80y
2° sulfates 3° sulfates
/
f—% K—Aﬁ
product 4 1 2
. c
15 5 & D
2 w
< 3 A v ) 2
o O ¢ O o ©
—10f & § =
X =
@ :
S 5[ peak A g
0

0 2 4 6 8 10
Retention Time (min)

Figure 5. HILIC/(—)ESI-HR-QTOFMS EICs of the four MTS isomers detected from trans-f3-
IEPOX (pink EIC, peaks A and D) and cis-B-IEPOX (orange EIC, peaks B and C). Hypothesized

products, product properties and reaction mechanisms are noted above peaks.

Substitutions are generally described in terms of A-1 and the A-2 mechanisms. Past studies
have used isotopic rate ratios to shed light on the mechanism,*? but the B-IEPOX reaction remains
ambiguous by this method.”*!%%192 Other studies have also drawn mixed conclusions regarding
tertiary MTS products.3!9274192 A_1 and A-2 substitutions at asymmetric centers can be
distinguished by the distribution of stereoisomers formed in the reaction, with inversion of optical
configuration occurring for A-2 and epimerization for A-1. To the extent that both mechanisms
are operative, there will be a greater or lesser excess of one enantiomeric product. In the case of
trans- and cis-B-IEPOX the presence of adjacent asymmetric centers at C2 and C3 results in
resolvable diastereomeric products. Thus, epimerization at C2 or C3 via an A-1 mechanism will
result in the simultaneous presence of all four diastereomers in the products of trans-p-IEPOX or

cis-B-IEPOX. As Figure 5 indicates, there is virtually no epimerization at either asymmetric center.
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The mechanism of substitution as well as regioselectivity for substitution at C2 appears to be
nuanced and definitive arguments are precluded by the fact that the absolute stereochemistry of
the products cannot be assigned at this time. As a rule, the A-1 mechanism is favored by highly
stabilized carbocation intermediates. While the electron donating C2 methyl group of B-IEPOX
can stabilize a developing positive charge, this effect is mitigated by the C1 hydroxymethyl
substituent, which might be expected to exert a destabilizing electron-withdrawing effect. The -
hydroxy group of a carbonium is also stabilizing;''® however, both C2 and C3 are equally subject
to this effect. The stabilizing effect of an electron releasing substituent at C3 is absent. Overall, a
carbonium ion at either C2 or C3 would not seem highly stabilized and an A-1 mechanism does
not seem favorable at either carbon. Based only on electronic effects, substitution at C2 is
favored.” While steric effects usually favor substitution at less hindered sites (C3 in the case of
trans- and cis-B-IEPOX), this effect is expected to be less critical for the oxirane structure in
comparison to a normal acyclic substrate. Theoretical treatment of frans-B-IEPOX predicts

substitution at C2,'%

consistent with our experimental observations, supporting the importance of
electronic considerations. The o-hydroxy oxirane structural motif may shed light on the
stereochemistry as illustrated in Figure 6. The C1 OH can interact with the incipient C2 carbonium
ion in the transition state which is similar to that of an acid-catalyzed Payne rearrangement!!! and
the C4 hydroxy substituent can interact with the oxirane oxygen through hydrogen bond with or
without an intervening water molecule. This transition state could direct the approach of sulfate
and result in predominance of either retention or inversion of optical configuration at C2. Since

absolute stereochemistry cannot be assigned at this time, a more specific description of the

substitution cannot be postulated. A similar mechanism could be in play at C3.
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Figure 6. Transition state proposed for nucleophilic attack on protonated trans-B-IEPOX leading

to the major observed isomer.

4.4 Effect of reaction environment on regioselectivity of sulfate addition

Figure 7 illustrates the enhancement of the tertiary MTSs (peaks C and D) over the secondary
isomers (peaks A and B) as a function of SO4>" or H3O" activity or pH. Increasing the sulfate
concentration marginally increases the tertiary isomer, whereas lowering pH (increasing H3O"
activity) markedly enhances the tertiary isomer. Stabilization of the transition state by the C2-
methyl substituent and participation of the C1 hydroxy group (Figure 6) during scission of the C2—
O epoxide bond can account for the selectivity for substitution at C2. Decreased selectivity of
substitution at C2 with decreasing pH may be a function of stabilization of the unprotonated
oxirane by the C1 hydroxy group, causing the bulky methyl group to block the approach of sulfate
toward the tertiary C2 in a textbook case of steric hindrance. The experiments shown were
performed and analyzed in concert; additional experiments were elided due to the sensitivity of

the analytical method to subtle changes in operation conditions on different days (see section 3.4).
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Figure 7. Regioselectivity of tertiary sulfate under varying SO4> activity (panel A) and varying
H30" activity (panel B), following equation 6 (Section 3.4). The linear best fit and 95% confidence

interval of the slope are shown. Activities correspond to mol L.

In conclusion, Figures 5 and 6 provide insights into a plausible mechanism for oxirane ring
opening of trans-B-IEPOX, the major product of atmospheric photochemical oxidation of
isoprene,”® and could prove helpful in understanding the processing of IEPOX to isomeric MTSs

over the broad pH ranges observed in aerosols, fogs, and cloud droplets.

5. Summary and Atmospheric Implications

An experimental investigation of the reaction of trans-B-IEPOX under fog- and cloud-relevant
conditions, varying either pH or total sulfate, is presented. Comparisons are made with cis-f-
IEPOX. The reaction rate in cloud water is slower than in deliquescent aerosols due to the higher
pH and more dilute conditions. Note that due to the high water content in clouds and fogs and the
high Henry’s Law constant of IEPOX, the contribution of cloud and fog water reactions to IEPOX
SOA may still exceed that of aerosol reactions under some circumstances (e.g. pH < ~4).5° Also,

49,112,113 which was not studied here.

additional reactions could occur during droplet evaporation,
The rate constant for the acid-catalyzed ring-opening reaction, ku+, is comparable to predicted ku+
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using structure-activity relationships reported by other authors;’>!°>1%7 however, the strong
dependence of observed rate constant ku+ on the activity of the sulfate ion indicates that sulfate
activity contributes to kn+. Our ku+ value observed at low sulfate concentrations (3.9-6.3x107 M-
sy is likely closer to the value expected for purely acid-catalyzed reactions omitting the influence
of other nucleophiles in solution. In cloud water, participation of weak acids such as acetic, formic
or oxalic acid could enhance reaction rates through concerted protonation by an un-dissociated

acid and addition of a nucleophile.

The branching ratio between MTS and 2-MT products of IEPOX reaction in acidified sulfate
varied between 0.013 and 0.042 at constant pH ~3 with total sulfate between 5 and 50 mM, two
orders of magnitude lower than previous experimental results using highly concentrated sulfate
solutions (> 1 M total sulfate’>>"*197) Dimers or higher oligomers of 2-MTs or MTSs were not
observed under our experimental conditions. The strong dependence of branching ratio on sulfate
activity shows that under cloud-relevant conditions, the reaction of dissolved IEPOX will
predominantly result in the formation of 2-MTs. Observational studies tracking in-cloud chemistry
could substantially underestimate the aqueous reactions of cis- and trans-B-IEPOX if MTS

products are used exclusively as a tracer.

Stereoisomers of MTS from trans- and cis-B-IEPOX reveal that the acid-catalyzed reaction
likely involves participation of neighboring substituents in a ring-opening mechanism having A-2
characteristics, predominantly at the tertiary carbon. Evidence from varying secondary-to-tertiary
MTS product ratios indicates that pH exerts a control on the mechanistic pathway, pushing the
reaction toward the tertiary isomers at lower pH. Varying sulfate had minimal impact on the
distribution of MTS isomers. These observations indicate that atmospheric conditions could
control isomeric product distributions and thus the physical properties and reactivities of the
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product resulting mixtures. As such, the stereochemical distribution holds promise as a tracer for
the relative contributions of organosulfate formation under differing atmospheric conditions (e.g.,

2975 and for

cloud conditions vs. aerosol conditions) as has been done for isoprene-derived tetrols
pollutant degradation.''* Uncertainties in the equilibria between ions in solution contribute to
uncertainties in the mechanism. Further research is needed to better understand the effect of
organic/inorganic mixing on reaction rates and stereochemistry. Nevertheless, the process-level
insight into the mechanistic controls on observed rate constants, branching ratios, and

stereoisomers will likely be helpful in making predictions of [IEPOX reactions under atmospheric

conditions such as those of cloud or fog droplets.
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