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ABSTRACT 26 

Isoprene is the most abundant precursor of global secondary organic aerosol (SOA). 27 

The epoxides pathway plays a critical role in isoprene SOA (iSOA) formation, in which 28 

isoprene epoxydiols (IEPOX) and/or hydroxymethyl-methyl-α-lactone (HMML) can 29 

react with nucleophilic sulfate and water producing isoprene-derived organosulfates 30 

(iOSs) and oxygen-containing tracers (iOTs), respectively. This process is complicated 31 

and highly influenced by anthropogenic emissions, especially in the polluted urban 32 

atmospheres. In this study, we took a one-year measurement of the paired iOSs and 33 

iOTs formed through the IEPOX and HMML pathways at the three urban sites from 34 

northern to southern China. The annual average concentrations of iSOA products at the 35 

three sites ranged from 14.6 to 36.5 ng m-3. We found that the nucleophilic-addition 36 

reaction of isoprene epoxides with water dominated over that with sulfate in the 37 

polluted urban air. And a simple set of reaction rate constant could not fully describe 38 

iOSs and iOTs formation everywhere. We also found that the IEPOX-pathway was 39 

dominant over the HMML-pathway over urban regions. And using the kinetic data of 40 

IEPOX to estimate the reaction parameters of HMML will cause significant 41 

underestimation in the importance of HMML pathway. All these findings provide 42 

insights into iSOA formation over polluted areas.  43 
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1. INTRODUCTION 44 

Isoprene (2-methyl-1,3-butadiene, C5H8) is the largest single hydrocarbon released 45 

into the atmosphere from vegetation. Due to its high reactivity, isoprene can be rapidly 46 

oxidized in the atmosphere to form secondary organic aerosol (SOA). As compared 47 

with other SOA precursors, isoprene alone accounts for about half of the annual global 48 

emissions (about 400-500 TgC yr-1)1-3 and could contribute up to ~70% of the total 49 

SOA.4-6 Moreover, the production of isoprene SOA (iSOA) could be highly influenced 50 

by anthropogenic emissions (such as SOx, NOx and OA), especially in the polluted 51 

urban atmospheres.7-9 Both field and laboratory studies have demonstrated that the 52 

increases in SO2 and sulfate greatly stimulate iSOA formation.10, 11 NOx is generally 53 

associated with reduced SOA yield from isoprene.12, 13 The yield of iSOA could increase 54 

with high OA mass loadings in a pollution plume.8 Considering the significant impact 55 

of iSOA on air quality and climate change,11, 14 observational insights are of great 56 

importance to provide comprehensive understandings of iSOA chemistry in the real 57 

atmosphere. 58 

The epoxide pathway plays a critical role in iSOA formation. The isoprene 59 

epoxydiols (IEPOX) and hydroxymethyl-methyl-α-lactone (HMML) are key reactive 60 

intermediates in the gas phase under low-NOx and high-NOx conditions, respectively.15, 61 

16 Further particulate uptake of and nucleophilic addition toward isoprene epoxides 62 

produce iSOA.17 In the real atmosphere, sulfate and water are both strong nucleophiles 63 

in particles.18 And the nucleophilic addition reactions of sulfate and water toward 64 
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isoprene epoxides are competitive with each other (Figure 1a), yielding organosulfates 65 

(iOSs, such as 2-methyltetrol-OS and 2-methylglyceric acid-OS) and oxygen-66 

containing tracers (iOTs, such as 2-methyltetrols and 2-methylglyceric acid), 67 

respectively.19-21 In addition, the acid-catalyzed intramolecular rearrangement of 68 

IEPOX in the particle phase can also produce the low-NOx products, e.g., 3-MeTHF-69 

3,4-diols and C5-alkenetriols.22 Thus, it is essential to distinguish the relative 70 

importance of the competitive nucleophilic addition reactions of sulfate and water to 71 

isoprene epoxides. 72 

There is a large difference in the relative abundances of iOSs and iOTs among 73 

previous field, chamber and modeling studies, although the comparison of quantitative 74 

results between different studies is associated with uncertainties due to the absence of 75 

authentic standards. Table S1 lists the data of paired iOTs and iOSs that both reported 76 

in a study. In the ambient air, 2-methyltetrols (2-MTO, 0.14-573 ng m-3) were always 77 

dominant over 2-methyltetrol-OS (2-MTOOS, undetectable-207 ng m-3),9, 21-26 while in 78 

the chamber and modeling studies, the relative abundances of 2-MTO and 2-MTOOS 79 

varied under different simulation conditions.26-31 For the HMML-derived iSOA 80 

products, 2-methylglyceric acid (2-MGA) was dominant over 2-methylglyceric acid-81 

OS (2-MGAOS) in the chamber and modeling studies,26-31 while the relative 82 

abundances of 2-MGA (0.86-25.9 ng m-3) and 2-MGAOS (undetectable-13.6 ng m-3) 83 

varied in the atmospheres of different places.9, 21-26 84 

The discrepancy between modeling and field studies should be largely due to the 85 
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uncertainty in aqueous kinetic parameters and Henry’s law constants used in models. 86 

As summarized by Brüggemann et al.,32 the kinetic rates of IEPOX reacting with water 87 

and sulfate varied by one and three orders of magnitude, respectively, and the Henry’s 88 

law constants of IEPOX differed by two orders of magnitude in different studies. 89 

Moreover, the presence of NOx enables iSOA formation through the HMML pathway.16, 90 

20 The coexistence of the competitive IEPOX and HMML reactions in the ambient air 91 

indeed leads to large changes in chemical composition of iOSs and iOTs.19 At present, 92 

there are limited experimental data for the multiphase reactions of HMML,16 and most 93 

parameters for HMML related reactions in model are assumed to be the same as those 94 

for IEPOX.27 Thus, it is necessary to carry out large scale concurrent observation of 95 

both iOSs and iOTs to constrain their distribution in model results. 96 

In this study, a one-year measurement was undertaken simultaneously at three 97 

urban sites from northern to southern China, covering different temperate zones, 98 

vegetation types and pollution conditions (Table S2). For the first time, we measured 99 

the paired iOSs and iOTs formed through the IEPOX- and HMML-pathways on a large 100 

national scale to study the spatial and seasonal characteristics of iSOA. Moreover, based 101 

on the iSOA composition and kinetic calculation, we provided insight into the relative 102 

importance of two major competitive reactions in iSOA formation: 1) competitive 103 

reactions of isoprene epoxides with water and sulfate, 2) competitive reactions of 104 

IEPOX- and HMML-pathways. These results enrich our knowledge and scientific 105 

understanding in iSOA chemistry over polluted regions. 106 
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2. EXPERIMENTAL SECTION 107 

2.1. Field Sampling. Sampling was performed simultaneously from November 2013 108 

to November 2014 in three cities of China. Beijing (BJ) is located in the Beijing-109 

Tianjin-Hebei (BTH) region of northern China where vegetation is dominated by 110 

broadleaf deciduous trees. Hefei (HF) is situated in the Yangtze River Delta (YRD) 111 

region of eastern China where coniferous and broadleaf deciduous trees are major 112 

vegetation. Kunming (KM) lies in the southwestern China where has large-scale land 113 

coverage of broadleaf evergreen trees as well as high temperature and strong solar 114 

radiation all year round. BTH and YRD are two of the most developed regions in China. 115 

KM is the third largest city in the southwestern China. Thus, the three cities cover 116 

different vegetation and pollution scenarios from northern to southern China. Detail 117 

information of the cities and sampling sites were shown in Table S2 and Text S1. 118 

Size-segregated particle samples were collected on prebaked quartz fiber filters 119 

(Whatman, 500 °C for 10 h) using the Anderson samplers equipped with nine-stage 120 

cascade impactors. The airflow rate of each sampler was 28.3 L min-1 and was calibrated 121 

before and after sampling. One set of nine size-fractionated filters was collected 48 122 

hours biweekly and stored at -20 °C after sampling. A total of 76 sets of field samples 123 

were collected along with a set of field blanks at each site. This study was a sub-project 124 

of the Campaign on Atmospheric Aerosol Research network of China (CARE-China) 125 

which primarily aimed at size distribution of particulate matter and its major 126 

components over China.33 For one set of 9 filters, each was divided into two parts. One 127 
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was used for iSOA products analysis in our laboratory. The other was sent to other 128 

groups for measuring major components to determine their size distribution. 129 

2.2. Chemical Analysis. Considering the analytical limitation, we combined each set 130 

of nine filters as one sample. We added the standard mixtures of 13C6-levoglucosan and 131 

ketopinic acid as internal standards. After that, each sample was extracted three times 132 

by sonication with 60 mL methanol each time. The extracts were combined into a 133 

solution which was further concentrated, centrifuged, syringe filtered and finally 134 

divided into two aliquots. One was blown to dryness under gentle nitrogen and was 135 

redissolved in 200 μL of a 1:1 (v:v) solvent mixture of 0.1% acetic acid in water and 136 

0.1% acetic acid in methanol.34 The other was blown to dryness under gentle nitrogen 137 

and was redissolved in 50 μL of pyridine, then silylated with 100 μL of N,O-bis-138 

(trimethylsilyl)-trifluoroacetamide plus 1% trimethylchlorosilane at 70 °C for one 139 

hour.35 140 

The aliquot redissolved in water and methanol was analyzed for iOSs by an Agilent 141 

6410 Triple Quadrupole liquid chromatography (LC) tandem mass spectrometer (MS) 142 

equipped with an electrospray ionization (ESI) source in the negative ion mode. The 143 

instrument was operated in the full scan mode using a Waters Atlantic T3 column (3 144 

μm; 2.1 × 250 mm). The pressure of the ESI nebulizer was 0.8 bar and the dry gas flow 145 

was 10 L min-1, ionization voltage and the fragmentor was 4 kV and 120 V respectively. 146 

The eluents consisted of water with 0.1% acetic acid (eluent A) and methanol (eluent 147 

B) with a total flow rate of 0.2 mL min-1. The mobile-phase gradient was set as 3% B 148 
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at the beginning and held for 5 min, B increased to 90% in 25 min and held for 10 min, 149 

then B increased to 95% in 2 min and held for 6 min, finally B decreased to 3% in 5 150 

min and held for 12 min. iOSs were quantified using camphor sulfonic acid as the 151 

surrogate. 152 

The silylated aliquot was analyzed for iOTs, C5-alkenetriols, and 3-MeTHF-3,4-153 

diols by an Agilent 7890/5975C gas chromatography (GC)/mass spectrometer detector 154 

(MSD) using a 30 m HP-5 MS capillary column (i.d., 0.25 mm; film thickness, 0.25 155 

μm) with an electron impact (EI) ionization source in the selected ion monitoring (SIM) 156 

mode. The GC temperature was initiated at 65 °C and held for 2 min, then increased to 157 

290 °C at the rate of 5 °C min-1 and held for 20 min. The iOTs, C5-alkenetriols, and 3-158 

MeTHF-3,4-diols were quantified using erythritol as the surrogate. The detailed 159 

information about the parameters and data extraction of LC-MS and GC-MS were 160 

described elsewhere.34, 35  161 

The data of daily maximum solar radiation (W m-2), mean temperature (°C) and 162 

relative humidity (RH, %) during each sampling episode in the three cities were 163 

downloaded from the China Meteorological Data Sharing Service System 164 

(http://data.cma.cn/). 165 

2.3. Estimation of reaction rates for isoprene epoxides 166 

The rate determining step of the acid-catalyzed ring-opening reaction of an 167 

epoxide is a concerted nucleophilic addition to the ring.18 The pseudo-first-order rate 168 

constants (kaq) for an epoxide to particle phase could be estimated as equation (1).18 169 
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Where N and M represent the number of nucleophiles and acids, respectively, ki,j are 171 

the third-order rate constants of isoprene epoxides with nucleophile i and acid j in 172 

aqueous-phase reactions (ki,j values from literatures were shown in Table S3),27, 28, 36 173 

[nuci]aq and [acidj]aq represent the molarity (mol L-1) of nucleophile i (water and sulfate) 174 

and acid j (H+ and HSO4
-), respectively. The reaction rate constant of isoprene epoxides 175 

reacting with water (kaq_water) could be calculated as kwater,H+[H2O][H+] + kwater,HSO4-176 

[H2O][HSO4
-], and the reaction rate constant of isoprene epoxides reacting with sulfate 177 

(kaq_sulfate) could be calculated as kSO42-,H+[SO4
2-][H+] + kSO42-,HSO4-[SO4

2-][HSO4
-]. 178 

Detail information about the estimation of aerosol acidity and water content as well as 179 

the influence of organic acid on aerosol acidity could be found in Text S2. 180 

The uptake coefficient (γ) of an epoxide can be estimated using equation (2)-(4):10, 181 

27 182 

 
1

γ
=

1

α
+

ω

4HepoxideRTඥDakaq

1

f(q)
 (2) 183 

 f(q) = coth(q)-
1

q
 (3) 184 

 q = rpට
kaq

Da
 (4) 185 

where  is the mass accommodation coefficient of an epoxide (0.1 for IEPOX),37, 38 ω 186 

is the mean molecular speed of an epoxide (e.g., 231 m s-1 for IEPOX at 298K),10 Da is 187 

the diffusivity of an epoxide in the aqueous phase (e.g., 10-9 m2 s-1 for IEPOX),27 R is 188 

the gas constant (L atm mol-1 K-1), T is temperature (K), rp is the effective radius (m) 189 

which could be calculated from wet particle diameter (Text S3), Hepoxide is the Henry’s 190 
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Law coefficient of an epoxide (1.3 × 108 M atm-1 for IEPOX and 7.5 × 106 M atm-1 for 191 

HMML),18, 39 and kaq for an epoxide could be calculated using equation (1).  192 

The pseudo-first-order heterogeneous reaction rate constant (khet, s-1) of an epoxide 193 

on particles describes the overall reaction rate of epoxide uptake to particles and 194 

subsequent aqueous-phase reactions. Considering the negligible impact of the gas phase 195 

diffusion on this process,37 khet can be estimated using equation (5):10 196 

 khet=
γωSa

4
 (5) 197 

where γ is the uptake coefficient of an epoxide, ω value is the same as that used in 198 

equation (2), Sa is the surface area of particles at ambient RH, which could be estimated 199 

based on size distribution of dry particles and their hygroscopic growth factors in the 200 

κ-Köhler theory (Text S3).10, 40 201 

2.4. Quality Assurance/Quality Control (QA/QC). 202 

Field and laboratory blank samples were analyzed together with these ambient 203 

samples. The target iSOA products were not detected in these blank samples. Relative 204 

differences for target compounds in paired duplicate samples (n = 7) were all < 5%. As 205 

the lack of authentic standards, camphor sulfonic acid and erythritol were used to 206 

determine the recoveries and detection limits of the iSOA products. Recoveries of 207 

camphor sulfonic acid and erythritol in seven spiked samples were 95 ± 5% and 85 ± 208 

4%, respectively. The detection limits for camphor sulfonic acid and erythritol were 209 

0.01 ng m-3 and 0.04 ng m-3, respectively, which were determined by seven successive 210 

injections of standard solutions. The errors of sample analysis (EA) that included 211 
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surrogate quantification, field blank, analytical repeatability and recovery were 212 

estimated to be 22%, 26%, 38%, 86%, 215%, and 230% for 2-MTO, 2-MGA, 3-213 

MeTHF-3,4-diols, C5-alkenetriols, 2-MTOOS, and 2-MGAOS, respectively using the 214 

method suggested by Stone et al. (2012)41 (Text S4 and Table S9). 215 

Sulfate might have co-eluted with iOSs and changed the ESI conditions during 216 

LC-MS analysis. In our previous study, we analyzed 2-MTOOS and 2-MGAOS in 217 

parallel filters with different sulfate concentrations. Our results demonstrated that the 218 

impact of sulfate on iOSs quantification could be ignored.21 The measured iOTs might 219 

partly come from thermal decomposition of iOSs during the GC-MS analysis.26 In this 220 

study, average concentration of iOSs (2.26 ng m-3) was much lower than that of iOTs 221 

(20.2 ng m-3) by a factor of ~9. Thus, even if all iOSs converted into iOTs during the 222 

silylation and GC-MS analysis processes, the thermal degradation of iOSs would only 223 

generate 7% of GC-MS measured iOTs. Thus, the overall uncertainty for iOTs analysis 224 

that estimated through the error propagation of EA and thermal degradation was 16%. 225 

3. RESULTS AND DISCUSSION 226 

3.1. Average Composition 227 

As Figure 1b presented, 2-MTO was the predominant species, accounting for 50% 228 

(7.52-25.1 ng m-3) of all iSOA products at three sites, followed by 2-MGA (18%, 2.76-229 

4.37 ng m-3), C5-alkenetriols (17%, 2.68-5.04 ng m-3), 2-MGAOS (9%, 0.99-1.68 ng m-230 

3), 2-MTOOS (6%, 0.50-1.43 ng m-3), and 3-MeTHF-3,4-diols (1%, 0.14-0.32 ng m-3). 231 

Annual averages of iOSs (2-MTOOS and 2-MGAOS) were 1.49 ± 1.17 ng m-3, 2.38 ± 232 
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2.51 ng m-3 and 2.92 ± 1.42 ng m-3 in BJ, HF and KM, respectively (Figure S2). Annual 233 

average of the paired iOTs (2-MTO and 2-MGA) were 10.3 ± 15.0 ng m-3, 22.0 ± 28.2 234 

ng m-3 and 28.3 ± 18.9 ng m-3 in BJ, HF and KM, respectively (Figure S2). The levels 235 

of iOTs were higher than those of iOSs by factors of 5.8-11. Table S10 shows the carbon 236 

fractions of these iSOA products in OC at the three sites. Annual averages of iSOA 237 

products/OC ranged from 0.24-0.80 ‰. KM had the highest OC fractions of iOTs (0.63 238 

± 0.55 ‰), iOSs (0.04 ± 0.02 ‰), and C5-alkenetriols (0.13 ± 0.11 ‰), followed by HF 239 

and BJ. Since 3-MeTHF-3,4-diols were in the trace amount, their OC fractions were 1-240 

2 orders of magnitude lower than other iSOA products.  241 

The iSOA products formed through the IEPOX pathway (IEPOX-SOA products) 242 

were composed of 2-MTOOS, 2-MTO, C5-alkenetriols and 3-MeTHF-3,4-diols. 243 

Annual averages of the IEPOX-SOA products were 10.8 ± 16.6 ng m-3 in BJ, 23.5 ± 244 

32.1 ng m-3 in HF and 31.7 ± 21.2 ng m-3 in KM (Figure S2). 2-MGAOS and 2-MGA 245 

are typical iSOA products formed through the HMML pathway (HMML-SOA 246 

products). Annual averages of HMML-SOA products were 3.75 ± 4.03 ng m-3, 6.04 ± 247 

5.46 ng m-3 and 4.75 ± 2.13 ng m-3 in BJ, HF and KM, respectively (Figure S2). 248 

Compared with the IEPOX-SOA products, the HMML-SOA products were lower by 249 

factors of 2.1-6.4, probably due to lower yields of iSOA through the high NOx 250 

pathway.13 Annual average OC contributions of IEPOX- and HMML-SOA products 251 

ranged from 0.19 - 0.72 ‰ and 0.05 - 0.09 ‰, respectively among the three sites. The 252 

highest OC fraction of IEPOX- SOA products occurred at the KM site while that of 253 

HMML- SOA products existed at the HF site (Table S10). Since these SOA products 254 
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were all originated from isoprene, they correlated well with each other (p < 0.01, Table 255 

S11). Table S12 lists the concentrations of all iSOA products at the three sites. 256 

3.2. Spatial and seasonal variations of iSOA products 257 

Figure 1b presents spatial distribution of iSOA products. KM had the highest levels 258 

(36.5 ± 22.8 ng m-3), followed by HF (29.6 ± 37.4 ng m-3) and BJ (14.6 ± 20.4 ng m-3). 259 

Such a spatial difference of annual average of iSOA products should be determined by 260 

the spatial and seasonal variations of isoprene emission in China. Isoprene is mainly 261 

emitted from broadleaf trees and its emission rate is affected by temperature and solar 262 

radiation.42 As compared with KM, BJ and HF sites had higher temperature during 263 

summer but lower temperature and solar radiation in other seasons (Table S12). 264 

Therefore, it is expected that BJ and HF have higher isoprene emission in summertime, 265 

while KM has stronger isoprene emission in other seasons. In fact, the concentrations 266 

of iSOA products in both BJ and HF were higher than KM during the summer but lower 267 

in other seasons (Figure S3). Thus, the relatively low levels of annual average iSOA 268 

products in BJ and HF were mainly ascribed to relatively low isoprene emission due to 269 

the relatively low temperature and sunlight intensity during the seasons other than 270 

summer. 271 

Figure 2 exhibits monthly variations of different iSOA products at the three sites. 272 

Higher concentrations of total iSOA products were observed in the summer (on average 273 

40.5 ng m-3 in BJ and 69.1 ng m-3 in HF) and fall (on average 52.1 ng m-3 in KM), and 274 

lower levels were found in the winter (on average 3.59 ng m-3, 5.98 ng m-3 and 23.6 ng 275 
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m-3 in BJ, HF and KM, respectively). The highest levels of iOTs, iOSs (Figure 2 a-c), 276 

IEPOX- and HMML-SOA products (Figure 2 d-f) occurred in August, July and October 277 

in BJ, HF and KM, respectively. High temperature and strong solar radiation in the 278 

warm period could promote isoprene emission and favor isoprene oxidation in the air. 279 

The leaf senescence and low temperature during winter could reduce isoprene emission 280 

sharply in the cold period. Thus, it is expected that the seasonal changes of iSOA levels 281 

in BJ and HF were highly related to the variations of solar radiation and temperature 282 

there. The KM site was located in the sub-humid warm temperate zone where was 283 

characterized as large-scale land cover of broadleaf evergreen trees and narrow ranges 284 

of change in temperature (15.9 ± 5.00 ºC) and solar radiation (947 ± 233 W m-2) during 285 

our sampling. Thus, the seasonal variation of iSOA in KM might not fully follow the 286 

changes of solar radiation and temperature there. Besides solar radiation and 287 

temperature, other factors including leaf age, soil moisture, leaf area index and CO2 288 

concentrations also affect isoprene emission.42 289 

3.3 Competitive reactions of isoprene epoxides with water and sulfate 290 

As suggested by Eddingsaas et al. (2010), the acid-catalyzed ring-opening reaction 291 

of an epoxide was via protonation of the epoxide oxygen and nucleophilic addition.18 292 

Thus, the iOSs and iOTs could be produced from the nucleophilic-addition reactions of 293 

isoprene epoxides (IEPOX and HMML) with sulfate and water, respectively, on acidic 294 

particles (Figure 1a). As Figure S4 showed, both iOSs and iOTs negatively correlated 295 

with aerosol pH (p<0.05), indicating that stronger atmospheric acidity could stimulate 296 
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the formation of iOSs and iOTs. Although sulfate and water are major nucleophiles in 297 

particles, the poor correlations of iOSs with sulfate and iOTs with water implied that 298 

the formation of iOSs and iOTs would not be controlled by nucleophiles alone. 299 

In the ambient air, the reactions of isoprene epoxides with sulfate and water coexist 300 

and are competitive with each other. The relative abundance of iOSs and iOTs can be 301 

used to diagnose the relative importance of sulfate- and water-addition reactions with 302 

isoprene epoxides. The annual averages of iOSs to iOTs ratio (iOSs/iOTs) were 0.53 in 303 

BJ, 0.25 in HF, and 0.12 in KM (Figure S5 and Table S12). This indicated that the 304 

nucleophilic-addition reaction of water to isoprene epoxides was generally more 305 

effective than that of sulfate. In summer the iOSs/iOTs ratios at the three sites were 306 

close, while in other seasons, BJ had the highest ratio of iOSs/iOTs, followed by HF 307 

and KM (Figure S5). This suggested that the nucleophilic-addition reaction of isoprene 308 

epoxides with sulfate in BJ played more important role in iSOA formation as compared 309 

with that in HF and KM. The ratios of iOSs/iOTs, 2-MTOOS/2-MTO and 2-MGAOS/2-310 

MGA all increased in fall and winter, and decreased in the summer (Figure 2 a-c and 311 

Figure S6), suggesting the increasing importance of sulfate-addition reaction in cold 312 

period. This was more apparent at the BJ site that the ratios of iOSs/iOTs, 2-MTOOS/2-313 

MTO and 2-MGAOS/2-MGA exceeded 1.0 in the fall and winter samples (Figure 2 a 314 

and Figure S6 a, d). Thus, the nucleophilic-addition reaction of isoprene epoxides with 315 

sulfate was dominant over that of water during cold period in BJ. 316 

We further calculated the kaq values for isoprene epoxides with water and sulfate, 317 
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respectively using equation (1).18 Obviously, the ki,j values are critical in the kaq 318 

calculation (especially ki,H+). Pye et al. (2013) and Riedel et al. (2016) estimated the ki,j 319 

values using models with the constraint of ambient measurements and chamber 320 

experiments, respectively. Piletic et al. (2013) estimated the ki,j values based on the 321 

computational calculation. Table S3 lists the available ki,j values for isoprene 322 

epoxides.27, 28, 36 The ki,j values provided by Pye et al. (2013) (ki,H+-1=9.0 × 10-4 M-2 s-1 323 

for water, and 2.0 × 10-4 M-2 s-1 for sulfate) and Riedel et al. (2016) (ki,H+-2 =3.4 × 10-324 

4 M-2 s-1 for water, and 4.8 × 10-4 M-2 s-1 for sulfate) were comparable but were 2-3 325 

orders of magnitude lower than those provided by Piletic et al. (2013) (ki,H+-3=5.3 × 326 

10-2 M-2 s-1 for water, and 5.2 × 10-1 M-2 s-1 for sulfate). Due to the lack of kinetic data 327 

for HMML, in this study the HMML rate constants were assumed to be the same as 328 

those for IEPOX.27 329 

Figure 3 presents the kaq_sulfate /kaq_water ratios calculated using the ki,j values 330 

reported in different studies. The ratios of paired iSOA products (iOSs/iOTs, 2-331 

MGAOS/2-MGA and 2-MTOOS/2-MTO) all positively correlated with the ratios of 332 

kaq_sulfate /kaq_water (p < 0.05, Table S13), demonstrating that the seasonal variations of 333 

iOSs/iOTs ratios were determined by the relative importance of aqueous phase reaction 334 

rates of isoprene epoxides with sulfate and water. Using the ki,j values suggested by Pye 335 

et al. (2013) (ki,H+-1)27 and Riedel et al. (2016) (ki,H+-2),28 the kaq_sulfate/kaq_water ratios at 336 

the three sites were all lower than one. This was consistent with our observation of 337 

iOSs/iOTs ratios at the three sites, except iOSs/iOTs ratios higher than one in fall and 338 

winter at the BJ site (Figure 2a). All these results demonstrated that the nucleophilic 339 
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addition of water to isoprene epoxides was more effective than that of sulfate in the 340 

urban atmosphere. 341 

It must be pointed out that the gradient order of the kaq_sulfate /kaq_water ratio was BJ > 342 

KM > HF using a single set of ki,j values. In fact, however, the observed order of 343 

iOSs/iOTs ratio was BJ > HF > KM (Figure 3). Moreover, we did see elevated 344 

iOSs/iOTs ratios beyond one, even as high as 2.90 during the winter at the BJ site 345 

(Figure 2a). Using the ki,H+-1 and ki,H+-2 values we could not repeat such high ratios of 346 

kaq_sulfate /kaq_water. Applying the ki,H+-3 values suggested by Piletic et al. (2013)36 could 347 

increase the kaq_sulfate /kaq_water ratio reaching 8.01. However, it led to the kaq_sulfate 348 

/kaq_water ratios at the three sites all beyond one (Figure 3), which was apparently 349 

inconsistent with our observation of the iOSs/iOTs ratios at the three sites. Thus, ki,j 350 

values might be varied under different conditions, and a simple set of ki,j values could 351 

not fully describe the atmospheric processes of iOSs and iOTs formation everywhere. 352 

Local parameters, such as the ki,j values are necessary to estimate iSOA production 353 

when models simulate iSOA distribution over a broad area. 354 

3.4 Competitive reactions of HMML- and IEPOX-pathways 355 

The formation of iSOA is profoundly affected by NOx levels. As Figure 1a showed, 356 

iSOA is formed mainly through the IEPOX-pathway in the pristine atmosphere (Low-357 

NOx or NOx free conditions), while the HMML-pathway plays a critical role in the 358 

polluted atmosphere (High-NOx conditions).19, 20 The relative abundances of HMML- 359 

and IEPOX-SOA products can be used to diagnose the impact of NOx on iSOA 360 
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formation.43 For instance, in the chamber studies, the elevated ratios of NOx to isoprene 361 

led to apparent increase in the ratios of 2-MGA to 2-MTO.44-46 362 

In this study, the annual average ratios of HMML-SOA products to IEPOX-SOA 363 

products were 0.60, 0.44 and 0.18 in BJ, HF and KM, respectively (Table S12). The 364 

dominance of IEPOX-SOA products over HMML-SOA products was similar to our 365 

observation during the highly polluted period over the Pearl River Delta (PRD) region, 366 

South China.21 Based on the kinetic calculation, especially using the widely used 367 

Kintecus model,18, 39, 47 we found that low aerosol pH and high temperature in the PRD 368 

could promote heterogeneous reactions of IEPOX and suppress the production of 369 

HMML, respectively. Thus, the IEPOX-pathway could dominate over the HMML-370 

pathway in the iSOA formation even in the air of highly polluted areas.21 Moreover, the 371 

ratios of HMML-/IEPOX-SOA products at the three sites all increased in fall and winter, 372 

and decreased in the summer (Figure 2d-f), suggesting the increasing importance of 373 

HMML-SOA formation pathway in the cold period. 374 

In this study, we estimated the uptake coefficient (γ) and pseudo-first-order 375 

heterogeneous reaction rate constant (khet, s-1) for IEPOX (γIEPOX and khet_IEPOX) and 376 

HMML (γHMML and khet_HMML) using the different ki,j values (Table S14).27, 28, 36 Due to 377 

the lack of kinetic data, the values used for HMML in this study were assumed to be the 378 

same as those for IEPOX, except the Henry’s Law coefficient.27 The estimated values 379 

of γIEPOX (5.34 × 10-6-2.84 × 10-3) at the three sites were one order of magnitude higher 380 

than those for γHMML (3.08 × 10-7-2.01 × 10-4). This indicated that the uptake coefficient 381 
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of IEPOX was much higher than that of HMML in the ambient air. Organic coating and 382 

relative humidity (RH) could affect the uptake coefficient of epoxides. A recent study 383 

found that phase separation can occur at RH values lower than 50% in organic 384 

aerosols.48 The γIEPOX could decline by 30-50% in the presence of α-pinene SOA coating 385 

on the acidic sulfate particles.49 However, the increase in RHs (e.g., > 50%) could 386 

compromise the impact of SOA coating on γIEPOX.49 In this study, the average values of 387 

RH were 49%, 73%, and 68% in BJ, HF and KM, respectively. Therefore, the influence 388 

of OA coating might have limited influence on γIEPOX under the high RH conditions. 389 

The estimated khet_IEPOX values at the three sites using different ki,j were in the 390 

range of 2.42 × 10-7 s-1-1.03 × 10-4 s-1 (Table S14). As compared with the khet_IEPOX 391 

reported in Nanjing (7.12 × 10-8 s-1),50 the estimated khet_IEPOX values at the three sites 392 

were higher by factors of 3-5 using the ki,j provided by Riedel et al. (2016).28 The 393 

estimated values of khet_HMML at the three sites were in the range of 1.40 × 10-8 s-1-7.04 394 

× 10-6 s-1 (Table S14). The values of khet_IEPOX at the three sites were higher than those 395 

of khet_HMML by a factor of 16.9-17.3, indicating that the heterogeneous reaction rate of 396 

IEPOX was much faster than that of HMML in the ambient air. In addition, as the 397 

precursor of HMML, MPAN can react with the OH radical to form HMML and 398 

decompose rapidly at high temperature (e.g., > 20 °C).39, 51 The pathway fractions of 399 

MPAN+OH process (kMPAN+OH% = kMPAN+OH / (kMPAN+OH + kMPAN_decomposition)) in BJ, HF 400 

and KM were on average 58%, 62% and 67% respectively (Text S6). This would further 401 

lower the relative importance of HMML-pathway, since not all MPAN can form 402 

HMML. 403 
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The kinetic data suggested that the HMML-pathway might have a minor 404 

contribution to iSOA formation. However, in fact, annual average ratios of HMML- to 405 

IEPOX-SOA products ranged from 0.18 to 0.60 at the three sites. The BJ site even 406 

witnessed the ratio as high as 1.21 (Table S12). Thus, the HMML-pathway should have 407 

important contributions to iSOA formation. The large discrepancy between the field 408 

observation and kinetic calculation might be mainly due to the lack of kinetic data for 409 

HMML. Currently, most kinetic parameters of HMML are assumed to be same as those 410 

of IEPOX.27 In a modelling study, the simulated HMML-SOA product (2-MGA) over 411 

China was biased low by 67% as compared with our observation at 12 sites across 412 

China.31 Thus, khet_HMML should be underestimated by using the kinetic parameters of 413 

IEPOX. 414 

To address the issue, we roughly estimated the kinetic data for the HMML-415 

pathway based on the observed ratios of HMML- to IEPOX-SOA products at the three 416 

sites. Assuming that the ratio of HMML- to IEPOX-SOA products was equal to the ratio 417 

of kobs 
het_HMML to khet_IEPOX, the observation-constrained heterogeneous reaction rate of 418 

HMML (kobs 
het_HMML) could be estimated as: 419 

 𝑘௛௘௧_ுெெ௅
௢௕௦ =𝑘௛௘௧_ூா௉ை௑×

HMML-SOA products

IEPOX-SOA products
 (6) 420 

The estimated kobs 
het_HMML values were in the range of 6.44×10-8 s-1-3.73×10-5 s-1 at 421 

the three sites (Table S14). Figure 4 and Figure S7 show seasonal difference between k422 

obs 
het_HMML and khet_HMML at the three sites. Compared with khet_HMML, kobs 

het_HMML increased by 423 

a factor of 9.8-10 in BJ, 7.2-7.3 in HF, and 3.0-3.1 in KM. The ratios of kobs 
het_HMML to 424 
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khet_HMML were all highest in winter but significantly decreased in summer (BJ and HF) 425 

and fall (KM). It should be noted that the khet_IEPOX values were still higher than the k426 

obs 
het_HMML values by factors of 2.3-6.5 at the three sites, indicating that the reactive uptake 427 

of IEPOX was indeed more efficient than that of HMML in the urban air. 428 

3.5. Atmospheric Implications 429 

In this study, our results of iSOA products at three urban sites in China indicate 430 

that the nucleophilic-addition reaction of isoprene epoxides with water is dominant over 431 

that of sulfate in the polluted air. And a simple set of reaction rate constant could not 432 

fully describe iOSs and iOTs formation everywhere. The IEPOX-pathway dominates 433 

over the HMML-pathway in iSOA formation over urban regions. And based on the 434 

observation, we find that the available kinetic parameters of heterogeneous reactions 435 

for isoprene epoxides could not fully describe formation processes of iSOA in the real 436 

atmosphere. Especially for the HMML pathway, using the kinetic data of IEPOX to 437 

estimate the heterogeneous reaction parameters of HMML will cause significant 438 

underestimation, which is the reason why the current models underestimate the 439 

importance of HMML pathway in iSOA formation. 440 

It should be noted that, although the measured iSOA products are mainly formed 441 

through the IEPOX and HMML pathways on acidic particles, they could be generated 442 

through other routes. Riva et al., (2016) found that 2-MTO and 2-MTOOS could be 443 

produced in the isoprene ozonolysis and 1,2-ISOPOOH oxidation experiments.52, 53 444 

Jaoui et al., (2019, 2021) proposed that the peroxy and alkoxy radical isomerization 445 
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pathways could generate highly oxygenated molecular compounds as well as 2-MTO 446 

in the gas phase.54, 55 In addition, in the particle phase, 2-MTO could be generated 447 

though the decomposition of 2-MTO-related oligomers,56 organosulfates26 and 448 

organonitrates.36 Moreover, the loss of particle-phase 2-MTO could happen due to 449 

aqueous hydroxyl radical oxidation57. And heterogeneous hydroxyl radical oxidation of 450 

2-MTOOS could form more oxygenated/functionalized OSs.58 In the ambient air, the 451 

measured iSOA products were the combined results of all these formation and loss 452 

processes. Therefore, besides the field observation, it is urgent to measure the kinetic 453 

parameters of authentic isoprene epoxides under atmospherically relevant conditions. 454 
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 749 

Figure 1 Formation processes of iOTs (compounds marked in blue) and iOSs 750 

(compounds marked in red) through epoxides pathway (a); Chemical composition and 751 

spatial distribution of iSOA products (b); KM has the highest concentrations of iSOA 752 

products and 2-MTO is the major species among these iSOA products. In (b), gray circle 753 

indicates total concentration of iSOA products on an annual average basis and the size 754 

of the circle reflects the scale of concentrations. 755 
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 756 

Figure 2 Monthly variations of iSOA products (a-f), iOSs/iOTs ratios (a-c) and HMML-757 

/IEPOX-SOA products ratios (d-f) at three sites. iSOA products concentrations are high 758 

in summer and low in winter. Ratios of iOSs to iOTs and ratios of HMML-/IEPOX-759 

SOA products are high in winter and low in summer.  760 
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 761 

Figure 3 Comparison between iOSs/iOTs observed at three sites and kaq_sulfate /kaq_water 762 

calculated using different set of ki,j values (ki,H+-1, ki,H+-2 and ki,H+-3 were suggested 763 

by Pye et al., 2013, Riedel et al., 2016 and Piletic et al., 2013, respectively).27, 28, 36 764 

There is an apparent disagreement in spatial gradience between observation and models.765 
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 766 

Figure 4 Comparison of kobs 
het_HMML and khet_HMML in different seasons at three sites. 767 

Observation-constrained kobs 
het_HMML values are 3-10 times higher than khet_HMML values 768 

estimated using the kinetic parameters of IEPOX provided by ki,H+-1 (Pye et al., 769 

2013).27 770 


