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Abstract 8 

Extensive laboratory and field studies have identified nucleophilic addition reactions of isoprene 9 

epoxydiols (IEPOX) as key pathways for the formation of isoprene-derived SOA. Organosulfates 10 

are important reaction products of these processes, but it is unclear whether sulfate and/or 11 

bisulfate nucleophiles are responsible for their formation and whether the organosulfates 12 

themselves can serve as nucleophiles in oligomer forming reactions.  The relative reactivities 13 

(nucleophilic strengths relative to water) of sulfate, bisulfate, and methyl sulfate anion were 14 

measured through a series of model epoxide-nucleophile experiments using nuclear magnetic 15 

resonance (NMR) spectroscopy.  These experiments also helped establish a rigorous 16 

understanding of the effects of differing carbon substitution and functional groups of the 17 

epoxides in modulating the effective nucleophilicites of sulfate, bisulfate, and methyl sulfate 18 

anion.   It was determined that the nucleophilicites of bisulfate and methyl sulfate anion were 19 

about 100 and 50 times, respectively, weaker than sulfate towards most of the epoxides studied, 20 

which was rationalized by computational estimates of their thermodynamic basicities.  21 

Therefore, for most SOA acidity situations, sulfate-epoxide reactions are expected to be the main 22 

source of organosulfate aerosol constituents.  Because sulfate-epoxide reactions 23 

stoichiometrically consume acid, these reactions also have the capability of raising the pH of 24 

SOA, thus slowing down all acid-catalyzed chemical processes.  No evidence for the reaction of 25 



methyl sulfate anion reaction was observed with the abundant atmospherically relevant epoxide, 26 

trans--IEPOX, thus suggesting that oligomerization reactions via epoxide-organosulfate 27 

reactions may not be able to compete with stronger (such as sulfate) or more abundant (such as 28 

water) nucleophiles on actual SOA.  29 

Keywords:  atmosphere, air pollution, isoprene, thermodynamics, basicity, kinetics, 30 

nucleophilicity, nuclear magnetic resonance 31 
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Introduction 33 

Secondary organic aerosol (SOA),1 which makes up a significant portion of the atmosphere’s 34 

particulate matter, has been implicated in human respiratory and cardiovascular disease,2, 3 35 

visibility loss4 and climate modification.5  Isoprene, the dominant non-methane hydrocarbon in 36 

the atmosphere, is thought to contribute significantly to SOA formation and growth 6, 7 via its 37 

oxidation intermediates, isoprene epoxydiols (IEPOX).8 Laboratory and field studies have 38 

showed that IEPOX can lead to the formation of the known SOA components 2-methyltetrol and 39 

its sulfate derivatives through acid-catalyzed, condensed-phase, nucleophilic addition reactions 40 

of IEPOX.8-17  However, it remains unclear whether sulfate (SO4
2-) and/or bisulfate (HSO4

-) are 41 

the key nucleophiles in the formation of organosulfate products on SOA.  In addition to the 42 

likely differing reactivities (or more specifically, nucleophilicities) of sulfate and bisulfate, 43 

Figure 1 also explicitly shows that while the role of acid in bisulfate nucleophilic reactions is 44 

strictly catalytic, acid also plays a stoichiometric role in sulfate nucleophilic reactions.   This is 45 

an important distinction, because the potential consumption of acid by IEPOX reactions would 46 

then serve to slow down all acid-catalyzed SOA reactions.  Indeed, it has been shown that under 47 

high IEPOX conditions, significant consumption of inorganic sulfate can occur,18 which suggests 48 

that IEPOX reactions may also be capable of changing SOA pH if sulfate nucleophilic reactions 49 

are indeed the dominant reaction process. 50 

 51 



 52 

Figure 1:  Potential IEPOX-derived nucleophilic reaction organosulfate forming mechanisms  53 

 54 

In addition, recent work has suggested that previous attempts to quantify the individual species 55 

derived from IEPOX reactions may have underestimated the presence of oligomeric products.19-56 

22  Such oligomers may have profound effects on aerosol properties, including aerosol particle 57 

viscosity and the rates of diffusion and evaporative processes,23 and therefore have important 58 

implications for regional and global aerosol models.19, 24, 25  However, the mechanisms by which 59 

such oligomers may form remains unclear.26  Since the IEPOX-derived organosulfates form via 60 

nucleophilic addition reactions of SO4
2- and/or HSO4

-, and the organosulfate derivatives 61 

themselves are of the form RSO4
- at ambient SOA pH levels, it is possible that oligomers could 62 

form via nucleophilic addition of the organosulfate derivatives to IEPOX via the mechanism 63 

given in Figure 1. 64 

In the present study, we use model bulk sulfate/bisulfate aqueous solutions and the Extended 65 

Aerosol Inorganics Model (E-AIM)27 to parameterize the nucleophilicity of sulfate and bisulfate 66 

relative to water for a number of model epoxides using nuclear magnetic resonance (NMR) as 67 

the primary analytical technique.  The bulk solution method allows for careful control over 68 



reactant and catalysts species, as well as their concentrations, and the NMR method can be used 69 

to determine isomer specific structures and relative concentrations for product species.26, 28  We 70 

also systematically investigate the carbon substitution and functional group dependence of 71 

various epoxides in their nucleophilic reactions with sulfate and that of a model organosulfate, 72 

methyl sulfate anion (CH3OSO3
-), in order to assess the likelihood of oligomer-forming 73 

nucleophilic addition of organosulfates to epoxide reactions on SOA. 74 

 75 

Methods and Materials 76 

 77 

Chemicals.  The following commercially available chemicals were used from MilliporeSigma 78 

((±)-propylene oxide, 99%; (R)-(+)-glycidol, 97%; epifluorohydrin, 98%, (±)-epichlorohydrin, 79 

99%; epibromohydrin, 98%; cis-2,3 epoxybutane, 97%; 1,2-epoxybutane, 99%; 2-methyl-1,2-80 

epoxypropane, 97%; 2,3-dimethyl-2,3-epoxybutane, 99%; sodium sulfate, 99%; sodium 81 

bisulfate, 99%, methyl sulfate sodium salt, sulfuric acid-d2
 solution, 96-98 wt % in D2O, 99.5 82 

atom % D; perchloric acid-d solution, 68 wt % in D2O, 99 atom % D) and Cambridge Isotope 83 

Laboratories, Inc. (deuterium oxide, 99.5%; sodium 2,2-dimethyl-2-silapentane-5-sulfonate 84 

(DSS), 97%).  A sample containing cis-2,3-epoxy-1,4-butanediol and a sample containing trans-85 

-IEPOX were each prepared and characterized according to separate procedures previously 86 

reported by our lab.9, 29   87 

Nucleophilic Strength Experiments.  The molal activity-based sulfate and bisulfate 88 

nucleophilic strengths of 1,2-epoxybutane, cis-2,3-epoxybutane, and 2-methyl-1,2-epoxybutane 89 

were determined by reacting them in two solution sets of either varying sulfate concentrations 90 

(solution set 1) or varying bisulfate concentrations (solution set 2) as indicated in Table S1.  For 91 



solution set 1, differing amounts of sodium sulfate were added to 0.1 M D2SO4/D2O solutions.  92 

For solution set 2, differing amounts of sodium bisulfate were added to D2O.  In order to 93 

determine their mole fraction-based SO4
2- and CH3OSO3

- nucleophilic strengths, all epoxides 94 

were reacted in either 0.1 M D2SO4/0.9 M Na2SO4/D2O or 0.1 M DClO4/5.0 M 95 

CH3OSO3Na/D2O solutions, respectively.  All reactions were run in bulk solutions with total 96 

volumes of 750 µL (the amount required for NMR analysis) with either 10 µL or 50 µL of 97 

epoxide added.  Using their acid-catalyzed ring opening rate constants, the pseudo first order 98 

lifetime of each epoxide was calculated and the solutions were allowed to react for at least three 99 

lifetimes to ensure that the epoxide reactant was completely consumed before NMR analysis was 100 

performed. 101 

Acid-Catalyzed Epoxide Ring Opening Kinetics Experiments.   The acid-catalyzed ring 102 

opening rate constants for many of the epoxides in the present study had been previously studied.  103 

However, for the epoxides for which no appropriate literature kinetics data could be found for 104 

their acid-catalyzed ring opening rates in dilute aqueous solutions at room temperature 105 

(propylene oxide, glycidol, epifluorohydrin, epichlorohydrin, epibromohydrin and cis-2,3-106 

epoxybutane), their second order rate constants were measured according to the following 107 

procedure.  In order to achieve a pseudo first order lifetime of about 1 hour (convenient for NMR 108 

monitoring of the kinetics), various DClO4/D2O solutions were tested to find an appropriate 109 

concentration for the kinetics measurement.  The actual kinetics experiment was carried out by 110 

adding 10 µL of the epoxide to 750 µL of the appropriate DClO4/D2O solution, stirring for 1 111 

minute in a 20 ml vial, and immediately transferring the solution to an NMR tube for kinetics 112 

monitoring.  113 



NMR Methods.  NMR spectra were collected on a Bruker 400 MHz instrument using built-in 114 

pulse sequences, except in cases where an increased number of scans was necessary to enhance 115 

the signal-to-noise. 1H spectra were calibrated to the HDO peak at 4.79 ppm, and most of the 13C 116 

spectra were calibrated to the DSS methyl peak at 0.00 ppm (in some cases, secondary 117 

calibration was used to achieve a DSS-referenced chemical shift, as indicated in the NMR 118 

assignments listed in the Supporting Information).  The relative concentrations of the various 119 

species were determined by integration of one or more unique peaks in the 1H or 13C spectra.  120 

Because 13C nuclei are not fully relaxed for the 1 second relaxation time used in the NMR 121 

experiments, care was taken to use similarly substituted nuclei for the relative integration process 122 

and several different sets of integration ratios for differently substituted nuclei were averaged to 123 

improve the precision of the calculated relative concentrations.  The overall precision of the 124 

relative concentration ratios was estimated to be better than 10%.  The pseudo first order rate 125 

constants were determined by linear regression and converted to second order rate constants by 126 

dividing the pseudo first order rate constants by the formal concentrations of DClO4. 127 

Computations.  The thermodynamic basicity (the enthalpy of reaction for the reaction of H3O
+ 128 

with the base to produce the protonated base and H2O) was computed for SO4
2-, HSO4

-, and 129 

CH3OSO3
- according to the following procedure.  Geometries (determined at the B3LYP/6-130 

31G(d,p) level) and energies of the relevant species were calculated using a modified version of 131 

the G2MS compound method (MG2MS) 30 a variation on G2 theory.31  The Polarizable 132 

Continuum Model (PCM) method 32 was used to account for the effects of water solvation on the 133 

reactant and product properties.  All calculations were carried out with the Gaussian 03 and 09 134 

computational suites.33  Each stationary point was confirmed as a potential energy minimum by 135 



inspection of the calculated frequencies. The overall energy expression for the MG2MS scheme 136 

is defined in equation 1: 137 

Eelec (0 K)  = ECCSD(T)/6-31G(d) + EMP2/6-311+G(2df,2p) – EMP2/6-31G(d) + HLC         (1) 138 

where HLC is an empirically-defined correction term with HLC = Anα + Bnβ where nα and nβ are 139 

the number of α- and β-electrons, respectively, and the constants A and B are 6.06 and 0.19 mH, 140 

respectively (all species investigated were closed shell; therefore n = n.).  The enthalpy is 141 

calculated from equation 2: 142 

H (298 K) = Eelec (0 K) + Ezpe + Ethermal       (2) 143 

where Ezpe is the zero point energy and Ethermal includes the corrections to necessary to adjust the 144 

internal energy to 298 K and convert to enthalpy. Our previous MG2MS results for 145 

atmospherically relevant systems (including radicals and ions) indicate that the MG2MS 146 

calculated enthalpies of reaction are typically accurate to within 10 kJ mol-1 for systems similar 147 

to those under study here.34 148 

 149 

Results and Discussion 150 

NMR Assignments.  As an example of the typical NMR spectra collected for the series of 151 

epoxide reaction systems, the 13C NMR spectrum and assignments for all species involved in the 152 

glycidol/0.1 M D2SO4/0.9 M Na2SO4/D2O reaction system are given in Figure 2. The epoxide 153 

reactants were easily distinguishable in the 1H NMR spectra, and kinetics measurements were 154 

made using 1H peak integrations.   On the other hand, assignments and quantifications of 155 

products were primarily made using 13C NMR methods, as 1H NMR spectra were frequently 156 



uninterpretable as a result of extensive chemical shift overlap between the various nucleophilic 157 

addition products. Full 13C NMR spectral assignments (and some 1H NMR assignments) are 158 

given for all species in the SI. 159 

 160 
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Figure 2:  13C NMR spectrum of glycidol/0.1 M D2SO4/0.9 M Na2SO4/D2O reaction system. 162 

HSO4
-/SO4

2- Molal Activity-Based Nucleophilic Strengths.  In order to allow the detection of 163 

relatively small yields of certain nucleophilic addition products, high concentrations of 164 

nucleophiles were used in most experiments, leading to potentially important non-ideal solution 165 

effects.  In the case of the sulfuric acid/sodium sulfate/water systems, the Extended AIM Aerosol 166 



Thermodynamics Model27 was used to calculate the molal-based activities (a =  x m) of the 167 

various inorganic species, which are given in Table S1.   The nucleophilic strength (NS1) of a 168 

nucleophile (nucleophile 1) relative to the nucleophilic strength (NS2) a different, competing 169 

nucleophile (nucleophile 2) also present in a given system can be determined from the initial 170 

nucleophile activities (a) and final nucleophilic addition product mole fractions (Y) via equation 171 

(1):  172 

     

( )
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1

11

22

2

Y
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YNS
a

=             (3) 173 

By defining all nucleophilic strengths relative to the hydrolysis reaction (water as nucleophile 2 174 

and NSwater = 1), equation 3 can be expressed as: 175 

      nuc

water nuc nuc

water

Y
a NS a

Y
=          (4) 176 

Therefore, a plot of (Ynuc/Ywater)awater vs. anuc will yield a line with slope equal to NSnuc.  In the 177 

present case where both the sulfate and bisulfate nucleophiles can lead to the same nucleophilic 178 

addition product, equation 4 can be defined for the situation in which both nucleophiles are 179 

active: 180 

     nuc

water sulfate sulfate bisulfate bisulfate

water

Y
a NS a NS a

Y
= +     (5) 181 

Therefore, via equation 5, multiple linear regression methods can be used to determine the 182 

nucleophilic strengths, NSsulfate and NSbisulfate .  Since solution set 1 was designed to vary asulfate 183 

while holding abisulfate largely constant, and solution set 2 was designed to vary abisulfate while 184 



holding asulfate largely constant, in principle, the data can also be analyzed via single linear 185 

regression methods and equation 4.  Table 1 contains the results of both the single (solution set 1 186 

data) and multiple linear regression approaches (solution set 2 data and all data) for the 187 

nucleophilic reactions of 1,2-epoxybutane for solution set 1, However, it was found that because 188 

sulfate is a such a strong nucleophile relative to bisulfate, solution set  2 could not be adequately 189 

analyzed via single linear regression methods (because the small variations in asulfate were enough 190 

to invalidate the single regression analysis using only changes in abisulfate).  Table 2 contains the 191 

relevant regressions analyses for the nucleophilic strengths of the reactions of 1,2-epoxybutane.   192 

 193 

 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 ± 0.19 198.2 ± 7.7 0.49 ± 0.15 

 194 

Table 1:  Molal activity-based nucleophilic strength (and 1 uncertainties) linear regression 195 

results for 1,2-epoxybutane. 196 

 197 

The multiple linear regression results for the entire data set are largely consistent with the single 198 

and multiple linear regression results for solution sets 1 and 2.  As will be seen for the other two 199 

epoxides extensively studied and discussed below, only 1,2-epoxybutane has some NS values 200 

that don’t fall within the 95% confidence interval of each other for the three data sets.  For some 201 

solutions for 1,2-epoxybutane only, there was some NMR signal overlap, which probably caused 202 

larger errors in the determination of the Ynuc/Ywater ratios used in the regression analyses.  The 203 

use of activities calculated from the E-AIM model, rather than the formal concentrations of 204 

sulfate and bisulfate, was critical for the success of the approach, as the attempted use of formal 205 



concentrations in equation 3 lead to physically unreasonable negative nucleophilic strength 206 

values for bisulfate.  Because some of the solutions are strongly non-ideal, this was not an 207 

unexpected result. 208 

The 1,2-epoxybutane system is particularly interesting as there are two distinguishable 209 

nucleophilic addition products.  The present results show that the nucleophilic strengths for 210 

sulfate for both reaction sites are statistically identical, while the nucleophilic strengths for 211 

bisulfate is significantly less for reaction at the secondary position.   This suggests that the 212 

mechanism for the secondary attack by bisulfate is more affected by steric hindrance than it is for 213 

sulfate.  Since bisulfate and sulfate are virtually the same size, this result implies that 214 

mechanisms for sulfate and bisulfate attack are different, with the bisulfate reaction occurring via 215 

a more pure concerted A-2 mechanism (similar to the nucleophilic substitution mechanism, 216 

SN2).35   The results also indicate that the nucleophilic strength of bisulfate is more than 100 217 

times weaker than that of sulfate and similar to that of water (slightly more nucleophilic than 218 

water for attack at the primary position and slightly less nucleophilic than water for attack at the 219 

secondary position)  Because nucleophilicity is most closely correlated with the property of 220 

basicity,36 this result may be qualitatively rationalized by the greater basicity of sulfate as 221 

compared to bisulfate and water. 222 

Similar analyses are reported for cis-2,3-epoxybutane and 2-methyl-1,2-epoxybutane in Tables 2 223 

and 3, respectively. 224 

 225 

 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 



 226 

Table 2:  Molal activity-based nucleophilic strength (and 1 uncertainties) linear regression 227 

results for cis-2,3-epoxybutane. 228 

 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 

 229 

Table 3:  Molal activity-based nucleophilic strength (and 1 uncertainties) linear regression 230 

results for 2-methyl-1,2-epoxypropane. 231 

 232 

For cis-2,3-epoxybutane, the sulfate nucleophilic strength is statistically indistinguishable from 233 

that for 1,2-epoxybutane, while the value for the bisulfate nucleophilic strength is midway 234 

between the primary and secondary attack sites for 1,2-epoxybutane.   For 2-methyl-1,2-235 

epoxybutane, both the sulfate and bisulfate nucleophilic strengths were found to be somewhat 236 

larger.  For bisulfate this is an interesting result because the tertiary attack site is more sterically 237 

crowded than the primary and secondary sites in 1,2-epoxybutane and cis-2,3-epoxybutane, 238 

again suggesting that the subtle details of the mechanism must be considered in addition to 239 

simple steric arguments. 240 

Computed Thermodynamic Basicity Values for Sulfate, Bisulfate and CH3OSO3
-.  In order 241 

to understand the main causes of the substantially lower nucleophilicity for bisulfate as 242 

compared to sulfate and to predict the nucleophilicity of methyl sulfate anion, the 243 

thermodynamic basicity values gained from the MG2MS method were compared.  The values of 244 

Hbasicity were determined to be -42.2, -21.8, and -20.7 kcal mol-1 for sulfate, bisulfate, and 245 

methyl sulfate anion, respectively.  These values are correlated almost perfectly with the 246 

differing negative charge on the various species and suggest that the presence of the alkyl group 247 



in the methyl sulfate anion does little to affect the basicity of that species as compared to 248 

bisulfate.  Therefore, to the extent that basicity is a measure of nucleophilicity, the nucleophilic 249 

strength of methyl sulfate anion is expected to be similar to that of bisulfate.  This is also likely 250 

true of the larger organosulfates present on SOA. 251 

SO4
2-/CH3OSO3

- Mole Fraction-Based Nucleophilic Strengths.  Because the E-AIM model 252 

does not have the capability to calculate activities for methyl sulfate anion-containing solutions, 253 

a more approximate approach (i.e., one that does not take into account solution non-ideality) was 254 

used to estimate the nucleophilic strengths of this species.  In this case, a mole fraction-based 255 

nucleophilic strength was determined in which the activities in equation 1 are replaced by the 256 

mole fractions (X) of the nucleophiles: 257 
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2
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=             (4) 258 

Again, defining water as nucleophile 2 and NSwater = 1 for the reference hydrolysis reaction, the 259 

nucleophilic strength of the competing nucleophile can be determined: 260 
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          (5) 261 

Since it is useful to compare the nucleophilic strength of methyl sulfate anion to sulfate in 262 

consideration of the potential competition between sulfate and organosulfates in SOA reactions 263 

of epoxides, this approximate method was also applied to sulfate containing systems even though 264 



these experiments could potentially be analyzed via the more rigorous activity-based method 265 

described above.  Table 4 contains the results of this analysis for the various epoxide systems, 266 

with columns labeled LS for the least-substituted nucleophilic attack site and MS for the most-267 

substituted nucleophilic attack site.   For cases in which only one attack site is possible, the 268 

results are listed in the MS column and the LS column has a “not applicable” entry.  In some 269 

cases, a potential isomer was not detected, and those cases are indicated with a “not observed” 270 

entry.  Previous experiments were used to calculate nucleophilic strengths for reaction with 271 

sulfate in several cases, while all methyl sulfate anion results are based on the present work.  272 

Previous experiments with trans-2,3-epoxybutane were analyzed to calculate nucleophilic 273 

strengths for sulfate attack.37  However, this compound is no longer commercially available; 274 

therefore, methyl sulfate anion experiments were not performed and this is reflected by “not 275 

measured” entries in Table 4. 276 

  277 



 278 

system kH+ (M-1 s-1) LS NSsulfate MS NSsulfate 

-- 

LS NSCH3OSO3- MS NSCH3OSO3- 

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 

 

32.5 
 

0.8 
 

0.5 
 

not observed 

epibromohydrin 

 
0.00080 

 

31.1 
 

1.3 
 

0.6 
 

not observed 

      

trans-2,3-

epoxybutane 
0.2037 

 

not 

applicable 
6.937 not measured not measured 

cis-2,3-epoxybutane 

 
0.0885 

 

not 

applicable 

9.0 not applicable not observed 

cis-2,3-epoxy-1,4-

butanediol 
0.00149 
0.001338 
 

not 

applicable 

24.3 

2138 

not applicable 1.2 

      

1,2-epoxybutane 

 
0.07437 

 

8.037 8.037 0.1 not observed 

      

2-methyl-1,2-

epoxypropane 
8.737 

 

not 

observed 
9.537 not observed not observed 

      

2,3-dimethyl-2,3-

epoxybutane 
159 

 

not 

applicable 
3.837 not applicable not observed 

      

trans--IEPOX 

 

0.0369 

 

not 

observed 

14.012 not observed not observed 

 279 

Table 4:  Acid-catalyzed second order ring opening epoxide rate constants and mole fraction-280 

based sulfate and methyl sulfate nucleophilic strength values.  The chemical structures for each 281 

of the reactant systems are given in the SI. 282 

 283 

Since the nucleophilic strengths for sulfate reaction with 1,2-epoxybutane, cis-2,3-epoxybutane, 284 

and 2-methyl-1,2-epoxypropane were determined using both the molal activity-based and mole 285 

fraction-based methods, an approximate conversion factor between the two methods can be 286 



determined from the molal-activity-based values in Tables 1-3 and mole fraction-based values in 287 

Table 4: 288 

   
molal activity based mole fraction basedNS 20 NS− −       (6). 289 

As had been reported in previous work, when tertiary attack sites are available, no sulfate 290 

reaction at the lesser substituted site is observed.12, 37, 39  However, for every other carbon 291 

substitution situation among the various epoxides studied in the present work, all possible sulfate 292 

attack reaction products were observed.  On the other hand, because of the substantially lower 293 

nucleophilic strength of methyl sulfate anion, many potential nucleophilic attack products were 294 

not observed for that reactant.  In general, the computational expectation that the nucleophilic 295 

strength of methyl sulfate anion is similar to weakly nucleophilic bisulfate is borne out by 296 

NSsulfate/NSCH3OSO3- ratios (~50) from Table 4 that are similar to NSsulfate/NSbisulfate ratios (~100) 297 

from Tables 1-3.    298 

There are a number of interesting structure-reactivity trends apparent in the data listed in Table 4.  299 

The influence of functional groups is most readily ascertained by looking at propylene oxide and 300 

its various functionalized derivatives.  The addition of a hydroxyl group to propylene oxide 301 

increases the nucleophilic strength of glycidol at the less substituted site by a factor of three 302 

while reducing the nucleophilic strength at the more substituted site by a factor of two as 303 

compared to propylene oxide itself.  The former effect is probably explained by the electron 304 

withdrawing nature of the functional group which serves to make the carbon atom more 305 

electropositive, while the latter effect is likely rationalized by the steric hindrance introduced by 306 

the replacement of hydrogen atom by a hydroxyl group.   The halohydrin series results are also 307 

consistent with this explanation.  In any case, these findings, in combination with the comparison 308 



of nucleophilic strengths for cis-2,3-epoxy-1,4-butanediol with cis-2,3-epoxybutane, suggest that 309 

neighboring hydroxyl groups serve to boost the overall effective nucleophilic strength of both 310 

sulfate and methyl sulfate anion as compared to water.   311 

However, most important for assessing the potential atmospheric relevance of organosulfate 312 

reactions with atmospherically relevant epoxides, no products resulting from the reaction of 313 

methyl sulfate anion were observed for any of the tertiary substituted epoxides investigated, 314 

including trans--IEPOX, the most atmospherically abundant IEPOX species.40  Based on the 315 

detection limit determined from systems in which methyl sulfate anion addition products were 316 

observed (generally these products could be measured at 0.5-1.0% of the concentration of the 317 

sulfate anion addition products), an upper limit for the nucleophilicity of methyl sulfate anion 318 

towards trans--IEPOX was determined to be approximately 0.1. Therefore, tertiary substituted 319 

epoxides may provide particularly poor targets for organosulfate nucleophiles even though the 320 

neighboring hydroxyl groups of trans--IEPOX might have been expected to increase the 321 

nucleophilicity of such species. 322 

Acid-Catalyzed Epoxide Ring Opening Kinetics.  The second order acid-catalyzed rate 323 

constants are given in Table 4.  The rate constants of several of these epoxides were previously 324 

measured at 0 degrees C in HClO4/H2O solutions and are generally consistent (i.e., 2-3 times 325 

smaller)41 with those determined at room temperature in the present study.  It is possible that the 326 

use of deuterated solutions in the present study could lead to the observation of different rates of 327 

reaction than would be observed for the normal isotope.  However, it is not straightforward to 328 

ascertain whether this effect would lead to slower or faster rates of reaction for the deuterated 329 

solutions used in the present study. 330 



Rate Constant – Sulfate Nucleophilicity Correlation.   From the results in Table 4, it was 331 

noted that there appeared to be an inverse correlation between the total sulfate nucleophilicity 332 

and the acid-catalyzed epoxide ring opening rate constant for each epoxide species.  An 333 

approximate linear relationship was obtained by plotting the total sulfate nucleophilicity versus 334 

the logarithm of the rate constant, as shown in Figure 3.  Since the logarithm of the rate constant 335 

is directly inversely proportional to the activation energy, this finding indicates that 336 

nucleophilicity is enhanced for epoxides with higher energy transition states, which is likely 337 

related to the qualitative electronic trends noted for the nucleophilic strengths of sulfate and 338 

methyl sulfate anion in their reactions with propylene oxide and its derivatives.  In particular, a 339 

neighboring electronegative substituent will destabilize the positively charged transition state by 340 

withdrawing electron density – this serves to both increase the energy of the transition state and 341 

thereby decrease the ring opening rate constant and increase the effective nucleophilicity of the 342 

attacking nucleophile by making the attack site more electropositive. 343 



344 

Figure 3:  Total sulfate nucleophilicity/acid-catalyzed second order ring opening epoxide 345 

reaction rate constant correlation. 346 

Atmospheric Implications.   In order to assess the relative reactivity of sulfate and bisulfate for 347 

different SOA pH conditions, SOA was modeled as fixed 1.0 M total sulfate solutions by 348 

carrying out E-AIM calculations with differing amounts of H+ and NH4
+ (ranging from 1.0 M 349 

H2SO4 to 1.0 M (NH4)2SO4) to provide charge balance.  Figure 4 shows the dependence of the 350 

formal molalities of sulfate and bisulfate as a function of pH (= -log10(mH+)) (panel A) as well as 351 

the dependence of the activities of sulfate and bisulfate as a function of -log10(aH+) (Panel B).  352 

Panel A illustrates the dependence with parameters that do not take into account solution non-353 

ideality with Panel B explicitly uses parameters that reflect the non-ideality of the solutions. 354 

1E-4 0.001 0.01 0.1 1 10

0

5

10

15

20

25

30

35
to

ta
l 
s
u
lf
a
te

 n
u
c
le

o
p
h
ili

c
it
y

k (M-1 s-1)



  

A            B 355 

Figure 4: Concentration vs. pH (Panel A) and activity vs. -log10(aH+) (Panel B) for model SOA 356 

solutions described in text. 357 

These graphs both indicate that sulfate is expected to be the major inorganic sulfur species 358 

except for situations of very low acidity (pH <  1).  Most estimates of SOA acidity indicate that 359 

average pH values are usually in excess of pH = 1 thus indicating that sulfate is usually the 360 

dominant species, although pH values of less than zero are occasionally observed.42-44.   At the 361 

highest acidity level modeled above (pH = -0.096, -log10(aH+) = 0.01), the bisulfate activity is 362 

calculated to be about 90 times greater than that of sulfate.  However, the present study indicates 363 

that the molal activity-based nucleophilicity of bisulfate is about 100 times less than sulfate.  364 

Therefore, even for this extreme acidity case, sulfate is expected to compete with bisulfate as a 365 

nucleophilic reaction partner with epoxides due to the nearly offsetting differences in activity 366 

(90x greater for bisulfate) and nucleophilic strength (100x greater for sulfate).  In summary, 367 

under most SOA acidity conditions, sulfate is expected to be the main nucleophilic reaction 368 

partner for epoxide reactions and, as shown in Figure 1, these reactions have the capacity to 369 

deplete the acidity of the SOA particles on which they occur. 370 
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The mole fraction-based nucleophilic strengths of sulfate on the order of 10 (defined relative to 371 

water) can be compared to previous nucleophilic strength measurements on the order of unity for 372 

alcohols,26 10 for nitrate,12, 39 100 for halides,39 and 1000 for amines.45  Therefore, in an aerosol 373 

environment in which many different nucleophiles are present, sulfate may be in a competitive 374 

situation with other non-water nucleophiles with respect to epoxide reaction. 375 

The present results also show that organosulfates are likely to be weak nucleophiles compared to 376 

inorganic sulfate and comparably nucleophilic to bisulfate and water.  Indeed, when trans--377 

IEPOX was directly reacted with a 5.0 M solution of the model organosulfate methyl sulfate 378 

anion, only the hydrolysis reaction was observed.  It is possible that the methyl sulfate anion is a 379 

poor proxy for the various organosulfates that are known to exist on SOA.  However, both the 380 

computational basicities and experimental nucleophilicities for methyl sulfate and bisulfate anion 381 

were found to be virtually identical in this work, suggesting that the nature of the alkyl group 382 

may not have large electronic effects on the nucleophilicity.  Previous studies of the effect of 383 

neighboring OH moieties on the nucleophilic strength of alcohols showed fairly small electronic 384 

effects, but sterically hindered positions were found to significantly reduce nucleophilicity.26  385 

Therefore, the major organosulfate generated from the nucleophilic attack of sulfate anion on 386 

trans--IEPOX, due to the sterically hindered tertiary position of its OSO3
- moiety, would be 387 

expected to be an even poorer nucleophile than methyl sulfate anion.  However, it is clear from 388 

recent HILIC/ESI-MS-based experiments that sulfated dimer species with the same chemical 389 

formula as the one pictured in Figure 1 (but not necessarily the same structure) have been 390 

detected in both laboratory experiments and field environments.22  In the case of the laboratory 391 

studies of trans--IEPOX, dimers were measured to be formed on the order of 1% of the amount 392 

of the monomers formed from the reaction of trans--IEPOX with sulfate anion.  Since the upper 393 



limit for the relative nucleophilicity of methyl sulfate to sulfate anion in reaction with trans--394 

IEPOX was found to be about 1%, these results are broadly consistent (with the caveat that the 395 

relative concentrations would be needed to make a proper quantitative comparison) with the 396 

present work.  However, in the aerosol volatility studies, in which the individual molecular 397 

components of the isoprene-derived SOA were largely not determined, the oligomeric 398 

composition was inferred to be much higher.19-21 Therefore, it seems unlikely that aqueous phase 399 

nucleophilic reactions via the OSO3
- moiety of organosulfates with atmospherically relevant 400 

epoxides such as IEPOX can produce the proportion of oligomers needed to rationalize the 401 

previous aerosol volatility studies.  A similar conclusion was recently drawn concerning the 402 

oligomer-forming potential of the nucleophilic reactions of 2-methyltetrols with IEPOX due to 403 

the weak nucleophilicities of polyols such as the 2-methyltetrols.26  Of course, the oligomers 404 

observed in other studies may form via pathways other than nucleophilic addition to trans--405 

IEPOX via OSO3
- or OH moieties.  It is also possible that the phase separation phenomenon16, 18, 406 

46 recently reported for isoprene-derived SOA may provide reaction environments (such as 407 

nonequilibrated nucleophile concentrations or nonaqueous effective solvent situations) that are 408 

not well represented by the aqueous media used in the present study. 409 
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