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Abstract

Extensive laboratory and field studies have identified nucleophilic addition reactions of isoprene
epoxydiols (IEPOX) as key pathways for the formation of isoprene-derived SOA. Organosulfates
are important reaction products of these processes, but it is unclear whether sulfate and/or
bisulfate nucleophiles are responsible for their formation and whether the organosulfates
themselves can serve as nucleophiles in oligomer forming reactions. The relative reactivities
(nucleophilic strengths relative to water) of sulfate, bisulfate, and methyl sulfate anion were
measured through a series of model epoxide-nucleophile experiments using nuclear magnetic
resonance (NMR) spectroscopy. These experiments also helped establish a rigorous
understanding of the effects of differing carbon substitution and functional groups of the
epoxides in modulating the effective nucleophilicites of sulfate, bisulfate, and methyl sulfate
anion. It was determined that the nucleophilicites of bisulfate and methyl sulfate anion were
about 100 and 50 times, respectively, weaker than sulfate towards most of the epoxides studied,
which was rationalized by computational estimates of their thermodynamic basicities.

Therefore, for most SOA acidity situations, sulfate-epoxide reactions are expected to be the main
source of organosulfate aerosol constituents. Because sulfate-epoxide reactions
stoichiometrically consume acid, these reactions also have the capability of raising the pH of

SOA, thus slowing down all acid-catalyzed chemical processes. No evidence for the reaction of
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methyl sulfate anion reaction was observed with the abundant atmospherically relevant epoxide,
trans-B-IEPOX, thus suggesting that oligomerization reactions via epoxide-organosulfate
reactions may not be able to compete with stronger (such as sulfate) or more abundant (such as

water) nucleophiles on actual SOA.

Keywords: atmosphere, air pollution, isoprene, thermodynamics, basicity, kinetics,

nucleophilicity, nuclear magnetic resonance
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Introduction

Secondary organic aerosol (SOA),! which makes up a significant portion of the atmosphere’s
particulate matter, has been implicated in human respiratory and cardiovascular disease,” >
visibility loss* and climate modification.’ Isoprene, the dominant non-methane hydrocarbon in
the atmosphere, is thought to contribute significantly to SOA formation and growth %7 via its
oxidation intermediates, isoprene epoxydiols (IEPOX).® Laboratory and field studies have
showed that [IEPOX can lead to the formation of the known SOA components 2-methyltetrol and
its sulfate derivatives through acid-catalyzed, condensed-phase, nucleophilic addition reactions
of IEPOX.%!'7 However, it remains unclear whether sulfate (SO4%") and/or bisulfate (HSO4") are
the key nucleophiles in the formation of organosulfate products on SOA. In addition to the
likely differing reactivities (or more specifically, nucleophilicities) of sulfate and bisulfate,
Figure 1 also explicitly shows that while the role of acid in bisulfate nucleophilic reactions is
strictly catalytic, acid also plays a stoichiometric role in sulfate nucleophilic reactions. This is
an important distinction, because the potential consumption of acid by IEPOX reactions would
then serve to slow down all acid-catalyzed SOA reactions. Indeed, it has been shown that under
high IEPOX conditions, significant consumption of inorganic sulfate can occur,'® which suggests

that IEPOX reactions may also be capable of changing SOA pH if sulfate nucleophilic reactions

are indeed the dominant reaction process.
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Figure 1: Potential IEPOX-derived nucleophilic reaction organosulfate forming mechanisms

In addition, recent work has suggested that previous attempts to quantify the individual species
derived from IEPOX reactions may have underestimated the presence of oligomeric products.'®-
22 Such oligomers may have profound effects on aerosol properties, including aerosol particle
viscosity and the rates of diffusion and evaporative processes,?> and therefore have important
implications for regional and global aerosol models.'”-2* 2> However, the mechanisms by which
such oligomers may form remains unclear.® Since the IEPOX-derived organosulfates form via
nucleophilic addition reactions of SO4* and/or HSO4", and the organosulfate derivatives
themselves are of the form RSO4 at ambient SOA pH levels, it is possible that oligomers could
form via nucleophilic addition of the organosulfate derivatives to IEPOX via the mechanism

given in Figure 1.

In the present study, we use model bulk sulfate/bisulfate aqueous solutions and the Extended
Aerosol Inorganics Model (E-AIM)?’ to parameterize the nucleophilicity of sulfate and bisulfate
relative to water for a number of model epoxides using nuclear magnetic resonance (NMR) as

the primary analytical technique. The bulk solution method allows for careful control over
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reactant and catalysts species, as well as their concentrations, and the NMR method can be used
to determine isomer specific structures and relative concentrations for product species.?®?® We
also systematically investigate the carbon substitution and functional group dependence of
various epoxides in their nucleophilic reactions with sulfate and that of a model organosulfate,
methyl sulfate anion (CH30S03"), in order to assess the likelihood of oligomer-forming

nucleophilic addition of organosulfates to epoxide reactions on SOA.

Methods and Materials

Chemicals. The following commercially available chemicals were used from MilliporeSigma
((#)-propylene oxide, 99%; (R)-(+)-glycidol, 97%; epifluorohydrin, 98%, (*)-epichlorohydrin,
99%; epibromohydrin, 98%; cis-2,3 epoxybutane, 97%; 1,2-epoxybutane, 99%; 2-methyl-1,2-
epoxypropane, 97%; 2,3-dimethyl-2,3-epoxybutane, 99%; sodium sulfate, 99%; sodium
bisulfate, 99%, methyl sulfate sodium salt, sulfuric acid-d; solution, 96-98 wt % in D0, 99.5
atom % D; perchloric acid-d solution, 68 wt % in D20, 99 atom % D) and Cambridge Isotope
Laboratories, Inc. (deuterium oxide, 99.5%; sodium 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS), 97%). A sample containing cis-2,3-epoxy-1,4-butanediol and a sample containing trans-
B-IEPOX were each prepared and characterized according to separate procedures previously

reported by our lab.” %

Nucleophilic Strength Experiments. The molal activity-based sulfate and bisulfate
nucleophilic strengths of 1,2-epoxybutane, cis-2,3-epoxybutane, and 2-methyl-1,2-epoxybutane
were determined by reacting them in two solution sets of either varying sulfate concentrations

(solution set 1) or varying bisulfate concentrations (solution set 2) as indicated in Table S1. For
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solution set 1, differing amounts of sodium sulfate were added to 0.1 M D>2SO4/D>0 solutions.
For solution set 2, differing amounts of sodium bisulfate were added to D,O. In order to
determine their mole fraction-based SO4> and CH30SOs nucleophilic strengths, all epoxides
were reacted in either 0.1 M D2S04/0.9 M Na;S04/D20 or 0.1 M DCIO4/5.0 M
CH30803Na/D>0 solutions, respectively. All reactions were run in bulk solutions with total
volumes of 750 pL (the amount required for NMR analysis) with either 10 pL or 50 uL of
epoxide added. Using their acid-catalyzed ring opening rate constants, the pseudo first order
lifetime of each epoxide was calculated and the solutions were allowed to react for at least three
lifetimes to ensure that the epoxide reactant was completely consumed before NMR analysis was

performed.

Acid-Catalyzed Epoxide Ring Opening Kinetics Experiments. The acid-catalyzed ring
opening rate constants for many of the epoxides in the present study had been previously studied.
However, for the epoxides for which no appropriate literature kinetics data could be found for
their acid-catalyzed ring opening rates in dilute aqueous solutions at room temperature
(propylene oxide, glycidol, epifluorohydrin, epichlorohydrin, epibromohydrin and cis-2,3-
epoxybutane), their second order rate constants were measured according to the following
procedure. In order to achieve a pseudo first order lifetime of about 1 hour (convenient for NMR
monitoring of the kinetics), various DC104/D>0O solutions were tested to find an appropriate
concentration for the kinetics measurement. The actual kinetics experiment was carried out by
adding 10 pL of the epoxide to 750 pL of the appropriate DCIO4/D>0 solution, stirring for 1
minute in a 20 ml vial, and immediately transferring the solution to an NMR tube for kinetics

monitoring.
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NMR Methods. NMR spectra were collected on a Bruker 400 MHz instrument using built-in
pulse sequences, except in cases where an increased number of scans was necessary to enhance
the signal-to-noise. 'H spectra were calibrated to the HDO peak at 4.79 ppm, and most of the '*C
spectra were calibrated to the DSS methyl peak at 0.00 ppm (in some cases, secondary
calibration was used to achieve a DSS-referenced chemical shift, as indicated in the NMR
assignments listed in the Supporting Information). The relative concentrations of the various
species were determined by integration of one or more unique peaks in the 'H or '3C spectra.
Because *C nuclei are not fully relaxed for the 1 second relaxation time used in the NMR
experiments, care was taken to use similarly substituted nuclei for the relative integration process
and several different sets of integration ratios for differently substituted nuclei were averaged to
improve the precision of the calculated relative concentrations. The overall precision of the
relative concentration ratios was estimated to be better than 10%. The pseudo first order rate
constants were determined by linear regression and converted to second order rate constants by

dividing the pseudo first order rate constants by the formal concentrations of DCIOs.

Computations. The thermodynamic basicity (the enthalpy of reaction for the reaction of H3O"
with the base to produce the protonated base and H>O) was computed for SO4>", HSO4", and
CH30805™ according to the following procedure. Geometries (determined at the B3LYP/6-
31G(d,p) level) and energies of the relevant species were calculated using a modified version of
the G2MS compound method (MG2MS) ° a variation on G2 theory.?! The Polarizable
Continuum Model (PCM) method ** was used to account for the effects of water solvation on the
reactant and product properties. All calculations were carried out with the Gaussian 03 and 09

computational suites.”® Each stationary point was confirmed as a potential energy minimum by



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

inspection of the calculated frequencies. The overall energy expression for the MG2MS scheme

is defined in equation 1:

Eelec (0 K) = Eccsp(rye-316(d) + Empass-311+Gdf2p) — EMp2/6-3164) + HLC (1)

where HLC is an empirically-defined correction term with HLC = An, + Bng where n, and np are
the number of a- and B-electrons, respectively, and the constants 4 and B are 6.06 and 0.19 mH,
respectively (all species investigated were closed shell; therefore no = npg.). The enthalpy is

calculated from equation 2:
H (298 K) = Eeiec (0 K) + Ezpe + Ethermal (2)

where Ep. is the zero point energy and Ewmermal includes the corrections to necessary to adjust the
internal energy to 298 K and convert to enthalpy. Our previous MG2MS results for
atmospherically relevant systems (including radicals and ions) indicate that the MG2MS
calculated enthalpies of reaction are typically accurate to within 10 kJ mol™! for systems similar

to those under study here.>*

Results and Discussion

NMR Assignments. As an example of the typical NMR spectra collected for the series of
epoxide reaction systems, the *C NMR spectrum and assignments for all species involved in the
glycidol/0.1 M D2S04/0.9 M Na>SO4/D>0 reaction system are given in Figure 2. The epoxide
reactants were easily distinguishable in the '"H NMR spectra, and kinetics measurements were
made using 'H peak integrations. On the other hand, assignments and quantifications of

products were primarily made using '*C NMR methods, as '"H NMR spectra were frequently
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uninterpretable as a result of extensive chemical shift overlap between the various nucleophilic
addition products. Full 3C NMR spectral assignments (and some '"H NMR assignments) are

given for all species in the SI.

o) OH
HO OH
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6ad 65.19
OH 0805
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Figure 2: '*C NMR spectrum of glycidol/0.1 M D>S04/0.9 M Na>SO4/D>0 reaction system.

HSO4/SO4* Molal Activity-Based Nucleophilic Strengths. In order to allow the detection of
relatively small yields of certain nucleophilic addition products, high concentrations of
nucleophiles were used in most experiments, leading to potentially important non-ideal solution

effects. In the case of the sulfuric acid/sodium sulfate/water systems, the Extended AIM Aerosol
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Thermodynamics Model?” was used to calculate the molal-based activities (a =y x m) of the
various inorganic species, which are given in Table S1. The nucleophilic strength (NS) of a
nucleophile (nucleophile 1) relative to the nucleophilic strength (NS») a different, competing
nucleophile (nucleophile 2) also present in a given system can be determined from the initial

nucleophile activities (@) and final nucleophilic addition product mole fractions (Y) via equation

(1):

(%
")

By defining all nucleophilic strengths relative to the hydrolysis reaction (water as nucleophile 2

and NSwater = 1), equation 3 can be expressed as:

Ve y NS 2 )

Therefore, a plot of (Ynue/Ywater)awater VS. anuc Will yield a line with slope equal to NSquce. In the
present case where both the sulfate and bisulfate nucleophiles can lead to the same nucleophilic
addition product, equation 4 can be defined for the situation in which both nucleophiles are

active:

—mea =NS ~a + NS

water sulfate " sulfate

)

bisulfatea bisulfate

water

Therefore, via equation 5, multiple linear regression methods can be used to determine the
nucleophilic strengths, NSsuifate and NSpisuifate . Since solution set 1 was designed to vary asuifate

while holding apisuifate largely constant, and solution set 2 was designed to vary apisuifate While
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holding asuitate largely constant, in principle, the data can also be analyzed via single linear
regression methods and equation 4. Table 1 contains the results of both the single (solution set 1
data) and multiple linear regression approaches (solution set 2 data and all data) for the
nucleophilic reactions of 1,2-epoxybutane for solution set 1, However, it was found that because
sulfate is a such a strong nucleophile relative to bisulfate, solution set 2 could not be adequately
analyzed via single linear regression methods (because the small variations in asuifute Were enough
to invalidate the single regression analysis using only changes in apisuifate). Table 2 contains the

relevant regressions analyses for the nucleophilic strengths of the reactions of 1,2-epoxybutane.

primary sulfate product secondary sulfate product
Nssulfate Nsbisulfate NSsulfate NSbisulfate
solution set 1 data 233.8+7.8 213.3+9.0
solution set 2 data 160 + 14 2.28+0.16 156.9+ 7.8 0.755 £ 0.089
all data 211.4+9.3 1.95+0.19 1982+ 7.7 0.49+£0.15

Table 1: Molal activity-based nucleophilic strength (and 1o uncertainties) linear regression
results for 1,2-epoxybutane.

The multiple linear regression results for the entire data set are largely consistent with the single
and multiple linear regression results for solution sets 1 and 2. As will be seen for the other two
epoxides extensively studied and discussed below, only 1,2-epoxybutane has some NS values
that don’t fall within the 95% confidence interval of each other for the three data sets. For some
solutions for 1,2-epoxybutane only, there was some NMR signal overlap, which probably caused
larger errors in the determination of the Ynue/Y water ratios used in the regression analyses. The
use of activities calculated from the E-AIM model, rather than the formal concentrations of

sulfate and bisulfate, was critical for the success of the approach, as the attempted use of formal
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concentrations in equation 3 lead to physically unreasonable negative nucleophilic strength
values for bisulfate. Because some of the solutions are strongly non-ideal, this was not an

unexpected result.

The 1,2-epoxybutane system is particularly interesting as there are two distinguishable
nucleophilic addition products. The present results show that the nucleophilic strengths for
sulfate for both reaction sites are statistically identical, while the nucleophilic strengths for
bisulfate is significantly less for reaction at the secondary position. This suggests that the
mechanism for the secondary attack by bisulfate is more affected by steric hindrance than it is for
sulfate. Since bisulfate and sulfate are virtually the same size, this result implies that
mechanisms for sulfate and bisulfate attack are different, with the bisulfate reaction occurring via
a more pure concerted A-2 mechanism (similar to the nucleophilic substitution mechanism,
Sn2).> The results also indicate that the nucleophilic strength of bisulfate is more than 100
times weaker than that of sulfate and similar to that of water (slightly more nucleophilic than
water for attack at the primary position and slightly less nucleophilic than water for attack at the
secondary position) Because nucleophilicity is most closely correlated with the property of
basicity,*® this result may be qualitatively rationalized by the greater basicity of sulfate as

compared to bisulfate and water.

Similar analyses are reported for cis-2,3-epoxybutane and 2-methyl-1,2-epoxybutane in Tables 2

and 3, respectively.

secondary sulfate product

Nssulfate Nsbisulfate
solution set 1 data 210+ 16
solution set 2 data 161+ 11 1.48 £0.10
all data 197 +£ 12 1.27+0.19
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Table 2: Molal activity-based nucleophilic strength (and 16 uncertainties) linear regression
results for cis-2,3-epoxybutane.

tertiary sulfate product
Nssulfate Nsbisulfate -
solution set 1 data 248 + 15
solution set 2 data 294 + 42 2.83+0.37
all data 250+ 18 3.07+0.28

Table 3: Molal activity-based nucleophilic strength (and 16 uncertainties) linear regression
results for 2-methyl-1,2-epoxypropane.

For cis-2,3-epoxybutane, the sulfate nucleophilic strength is statistically indistinguishable from
that for 1,2-epoxybutane, while the value for the bisulfate nucleophilic strength is midway
between the primary and secondary attack sites for 1,2-epoxybutane. For 2-methyl-1,2-
epoxybutane, both the sulfate and bisulfate nucleophilic strengths were found to be somewhat
larger. For bisulfate this is an interesting result because the tertiary attack site is more sterically
crowded than the primary and secondary sites in 1,2-epoxybutane and cis-2,3-epoxybutane,
again suggesting that the subtle details of the mechanism must be considered in addition to

simple steric arguments.

Computed Thermodynamic Basicity Values for Sulfate, Bisulfate and CH30SO3". In order
to understand the main causes of the substantially lower nucleophilicity for bisulfate as
compared to sulfate and to predict the nucleophilicity of methyl sulfate anion, the
thermodynamic basicity values gained from the MG2MS method were compared. The values of
AHpasicity were determined to be -42.2, -21.8, and -20.7 kcal mol™ for sulfate, bisulfate, and
methyl sulfate anion, respectively. These values are correlated almost perfectly with the

differing negative charge on the various species and suggest that the presence of the alkyl group
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in the methyl sulfate anion does little to affect the basicity of that species as compared to
bisulfate. Therefore, to the extent that basicity is a measure of nucleophilicity, the nucleophilic
strength of methyl sulfate anion is expected to be similar to that of bisulfate. This is also likely

true of the larger organosulfates present on SOA.

S04%/CH30S03 Mole Fraction-Based Nucleophilic Strengths. Because the E-AIM model
does not have the capability to calculate activities for methyl sulfate anion-containing solutions,
a more approximate approach (i.e., one that does not take into account solution non-ideality) was
used to estimate the nucleophilic strengths of this species. In this case, a mole fraction-based
nucleophilic strength was determined in which the activities in equation 1 are replaced by the

mole fractions (X) of the nucleophiles:

(%
()

Again, defining water as nucleophile 2 and NSwater = 1 for the reference hydrolysis reaction, the

nucleophilic strength of the competing nucleophile can be determined:

Ynuc
NS _ Xnuc
me Ty )
Xwater

Since it is useful to compare the nucleophilic strength of methyl sulfate anion to sulfate in

consideration of the potential competition between sulfate and organosulfates in SOA reactions

of epoxides, this approximate method was also applied to sulfate containing systems even though
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these experiments could potentially be analyzed via the more rigorous activity-based method
described above. Table 4 contains the results of this analysis for the various epoxide systems,
with columns labeled LS for the least-substituted nucleophilic attack site and MS for the most-
substituted nucleophilic attack site. For cases in which only one attack site is possible, the
results are listed in the MS column and the LS column has a “not applicable” entry. In some
cases, a potential isomer was not detected, and those cases are indicated with a “not observed”
entry. Previous experiments were used to calculate nucleophilic strengths for reaction with
sulfate in several cases, while all methyl sulfate anion results are based on the present work.
Previous experiments with trans-2,3-epoxybutane were analyzed to calculate nucleophilic
strengths for sulfate attack.>’” However, this compound is no longer commercially available;
therefore, methyl sulfate anion experiments were not performed and this is reflected by “not

measured” entries in Table 4.
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system kis M s | LS NSquate | MS NSautaee | LS NScrzosos- | MS NSch3os03-
propylene oxide 0.0977 7.4 10.3 0.2 0.2
glycidol 0.011 21.0 4.5 0.4 0.2
epifluorohydrin 0.0019 30.6 2.3 0.6 not observed
epichlorohydrin 0.00121 325 0.8 0.5 not observed
epibromohydrin 0.00080 31.1 1.3 0.6 not observed
trans-2,3- 0.20% not 6.9% not measured not measured
epoxybutane applicable
cis-2,3-epoxybutane | 0.0885 not 9.0 not applicable | not observed
applicable
cis-2,3-epoxy-1,4- 0.0014° not 243 not applicable | 1.2
butanediol 0.001338 applicable | 213
1,2-epoxybutane 0.074% 8.0%7 8.0%7 0.1 not observed
2-methyl-1,2- 8.7% not 9.5% not observed not observed
epoxypropane observed
2,3-dimethyl-2,3- 15° not 3.8% not applicable | not observed
epoxybutane applicable
trans-B-IEPOX 0.036° not 14.0' not observed not observed
observed
279
280  Table 4: Acid-catalyzed second order ring opening epoxide rate constants and mole fraction-
281  based sulfate and methyl sulfate nucleophilic strength values. The chemical structures for each
282  of the reactant systems are given in the SI.
283
284  Since the nucleophilic strengths for sulfate reaction with 1,2-epoxybutane, cis-2,3-epoxybutane,
285  and 2-methyl-1,2-epoxypropane were determined using both the molal activity-based and mole
286  fraction-based methods, an approximate conversion factor between the two methods can be
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determined from the molal-activity-based values in Tables 1-3 and mole fraction-based values in

Table 4:

Nsmolal activity—based ~ 20 x Nsmole fraction—based ( 6)

As had been reported in previous work, when tertiary attack sites are available, no sulfate
reaction at the lesser substituted site is observed.'>*”-3° However, for every other carbon
substitution situation among the various epoxides studied in the present work, all possible sulfate
attack reaction products were observed. On the other hand, because of the substantially lower
nucleophilic strength of methyl sulfate anion, many potential nucleophilic attack products were
not observed for that reactant. In general, the computational expectation that the nucleophilic
strength of methyl sulfate anion is similar to weakly nucleophilic bisulfate is borne out by
NSsutfate/NScr30s03- ratios (~50) from Table 4 that are similar to NSsuifate/NSbisulfate ratios (~100)

from Tables 1-3.

There are a number of interesting structure-reactivity trends apparent in the data listed in Table 4.
The influence of functional groups is most readily ascertained by looking at propylene oxide and
its various functionalized derivatives. The addition of a hydroxyl group to propylene oxide
increases the nucleophilic strength of glycidol at the less substituted site by a factor of three
while reducing the nucleophilic strength at the more substituted site by a factor of two as
compared to propylene oxide itself. The former effect is probably explained by the electron
withdrawing nature of the functional group which serves to make the carbon atom more
electropositive, while the latter effect is likely rationalized by the steric hindrance introduced by
the replacement of hydrogen atom by a hydroxyl group. The halohydrin series results are also

consistent with this explanation. In any case, these findings, in combination with the comparison
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of nucleophilic strengths for cis-2,3-epoxy-1,4-butanediol with cis-2,3-epoxybutane, suggest that
neighboring hydroxyl groups serve to boost the overall effective nucleophilic strength of both

sulfate and methyl sulfate anion as compared to water.

However, most important for assessing the potential atmospheric relevance of organosulfate
reactions with atmospherically relevant epoxides, no products resulting from the reaction of
methyl sulfate anion were observed for any of the tertiary substituted epoxides investigated,
including trans-B-IEPOX, the most atmospherically abundant IEPOX species.*’ Based on the
detection limit determined from systems in which methyl sulfate anion addition products were
observed (generally these products could be measured at 0.5-1.0% of the concentration of the
sulfate anion addition products), an upper limit for the nucleophilicity of methyl sulfate anion
towards trans-B-IEPOX was determined to be approximately 0.1. Therefore, tertiary substituted
epoxides may provide particularly poor targets for organosulfate nucleophiles even though the
neighboring hydroxyl groups of trans-B-IEPOX might have been expected to increase the

nucleophilicity of such species.

Acid-Catalyzed Epoxide Ring Opening Kinetics. The second order acid-catalyzed rate
constants are given in Table 4. The rate constants of several of these epoxides were previously
measured at 0 degrees C in HC1O4/H>O solutions and are generally consistent (i.e., 2-3 times
smaller)*! with those determined at room temperature in the present study. It is possible that the
use of deuterated solutions in the present study could lead to the observation of different rates of
reaction than would be observed for the normal isotope. However, it is not straightforward to
ascertain whether this effect would lead to slower or faster rates of reaction for the deuterated

solutions used in the present study.
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Rate Constant — Sulfate Nucleophilicity Correlation. From the results in Table 4, it was
noted that there appeared to be an inverse correlation between the total sulfate nucleophilicity
and the acid-catalyzed epoxide ring opening rate constant for each epoxide species. An
approximate linear relationship was obtained by plotting the total sulfate nucleophilicity versus
the logarithm of the rate constant, as shown in Figure 3. Since the logarithm of the rate constant
is directly inversely proportional to the activation energy, this finding indicates that
nucleophilicity is enhanced for epoxides with higher energy transition states, which is likely
related to the qualitative electronic trends noted for the nucleophilic strengths of sulfate and
methyl sulfate anion in their reactions with propylene oxide and its derivatives. In particular, a
neighboring electronegative substituent will destabilize the positively charged transition state by
withdrawing electron density — this serves to both increase the energy of the transition state and
thereby decrease the ring opening rate constant and increase the effective nucleophilicity of the

attacking nucleophile by making the attack site more electropositive.
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Figure 3: Total sulfate nucleophilicity/acid-catalyzed second order ring opening epoxide

reaction rate constant correlation.

Atmospheric Implications. In order to assess the relative reactivity of sulfate and bisulfate for
different SOA pH conditions, SOA was modeled as fixed 1.0 M total sulfate solutions by
carrying out E-AIM calculations with differing amounts of H" and NH4" (ranging from 1.0 M
H>SO4 to 1.0 M (NH4)2SO4) to provide charge balance. Figure 4 shows the dependence of the
formal molalities of sulfate and bisulfate as a function of pH (= -logio(mn+)) (panel A) as well as
the dependence of the activities of sulfate and bisulfate as a function of -logio(an+) (Panel B).
Panel A illustrates the dependence with parameters that do not take into account solution non-

ideality with Panel B explicitly uses parameters that reflect the non-ideality of the solutions.
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Figure 4: Concentration vs. pH (Panel A) and activity vs. -logio(an+) (Panel B) for model SOA

solutions described in text.

These graphs both indicate that sulfate is expected to be the major inorganic sulfur species
except for situations of very low acidity (pH < 1). Most estimates of SOA acidity indicate that
average pH values are usually in excess of pH = 1 thus indicating that sulfate is usually the
dominant species, although pH values of less than zero are occasionally observed.****. At the
highest acidity level modeled above (pH = -0.096, -logio(an+) = 0.01), the bisulfate activity is
calculated to be about 90 times greater than that of sulfate. However, the present study indicates
that the molal activity-based nucleophilicity of bisulfate is about 100 times less than sulfate.
Therefore, even for this extreme acidity case, sulfate is expected to compete with bisulfate as a
nucleophilic reaction partner with epoxides due to the nearly offsetting differences in activity
(90x greater for bisulfate) and nucleophilic strength (100x greater for sulfate). In summary,
under most SOA acidity conditions, sulfate is expected to be the main nucleophilic reaction
partner for epoxide reactions and, as shown in Figure 1, these reactions have the capacity to

deplete the acidity of the SOA particles on which they occur.
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The mole fraction-based nucleophilic strengths of sulfate on the order of 10 (defined relative to
water) can be compared to previous nucleophilic strength measurements on the order of unity for
alcohols,?® 10 for nitrate,'*3° 100 for halides,*” and 1000 for amines.* Therefore, in an aerosol
environment in which many different nucleophiles are present, sulfate may be in a competitive

situation with other non-water nucleophiles with respect to epoxide reaction.

The present results also show that organosulfates are likely to be weak nucleophiles compared to
inorganic sulfate and comparably nucleophilic to bisulfate and water. Indeed, when trans-f3-
IEPOX was directly reacted with a 5.0 M solution of the model organosulfate methyl sulfate
anion, only the hydrolysis reaction was observed. It is possible that the methyl sulfate anion is a
poor proxy for the various organosulfates that are known to exist on SOA. However, both the
computational basicities and experimental nucleophilicities for methyl sulfate and bisulfate anion
were found to be virtually identical in this work, suggesting that the nature of the alkyl group
may not have large electronic effects on the nucleophilicity. Previous studies of the effect of
neighboring OH moieties on the nucleophilic strength of alcohols showed fairly small electronic
effects, but sterically hindered positions were found to significantly reduce nucleophilicity.?
Therefore, the major organosulfate generated from the nucleophilic attack of sulfate anion on
trans-B-1IEPOX, due to the sterically hindered tertiary position of its OSO3™ moiety, would be
expected to be an even poorer nucleophile than methyl sulfate anion. However, it is clear from
recent HILIC/ESI-MS-based experiments that sulfated dimer species with the same chemical
formula as the one pictured in Figure 1 (but not necessarily the same structure) have been
detected in both laboratory experiments and field environments.?? In the case of the laboratory

studies of trans-B-IEPOX, dimers were measured to be formed on the order of 1% of the amount

of the monomers formed from the reaction of trans-B-IEPOX with sulfate anion. Since the upper
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limit for the relative nucleophilicity of methyl sulfate to sulfate anion in reaction with trans-3-
IEPOX was found to be about 1%, these results are broadly consistent (with the caveat that the
relative concentrations would be needed to make a proper quantitative comparison) with the
present work. However, in the aerosol volatility studies, in which the individual molecular
components of the isoprene-derived SOA were largely not determined, the oligomeric
composition was inferred to be much higher.!2! Therefore, it seems unlikely that aqueous phase
nucleophilic reactions via the OSO3” moiety of organosulfates with atmospherically relevant
epoxides such as IEPOX can produce the proportion of oligomers needed to rationalize the
previous aerosol volatility studies. A similar conclusion was recently drawn concerning the
oligomer-forming potential of the nucleophilic reactions of 2-methyltetrols with IEPOX due to
the weak nucleophilicities of polyols such as the 2-methyltetrols.?® Of course, the oligomers
observed in other studies may form via pathways other than nucleophilic addition to trans-p3-
IEPOX via OSOs™ or OH moieties. It is also possible that the phase separation phenomenon'é: %
46 recently reported for isoprene-derived SOA may provide reaction environments (such as

nonequilibrated nucleophile concentrations or nonaqueous effective solvent situations) that are

not well represented by the aqueous media used in the present study.
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