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Abstract 19 

The reactive uptake of isoprene epoxydiols (IEPOX) is a significant source of isoprene-derived 20 

secondary organic aerosols (SOA). Multiple field studies have reported that summertime 21 

isoprene-derived SOA in the Southeastern U.S. correlated strongly with sulfate mass 22 

concentration. However, previous laboratory studies have focused largely on the effect of aerosol 23 

acidity on the reactive uptake of IEPOX. In this study, we investigated the role of inorganic 24 

sulfate aerosols in SOA formation arising from the reactive uptake of trans-β-IEPOX (the 25 

predominant IEPOX isomer) at 50 to 56 % RH in laboratory chamber experiments. Our 26 

measurements showed that the SOA mass concentration increased with the sulfate mass for both 27 

highly acidic and less acidic seed aerosols. This was due to the roles that sulfate played in SOA 28 

formation as a particle-phase reactant and as a contributor to aerosol surface area and volume. 29 

Higher concentrations of SOA were formed when highly acidic seed aerosols were used, 30 

consistent with previous laboratory studies. SOA mass concentration and composition were also 31 

observed to be dependent on the injection order of IEPOX and sulfate seed aerosols (i.e., 32 

injection of IEPOX first vs. injection of seed aerosols first) in the chamber experiments. Higher 33 

SOA mass concentrations were measured in experiments where sulfate seed aerosols were 34 

introduced into the chamber first, followed by IEPOX. Volatility measurements showed that the 35 

SOA formed in the “seed aerosols first” experiments likely contained larger quantities of low 36 
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volatility organic matter compared to SOA formed in the “IEPOX first” experiments. These 37 

results showed that the mass concentration and composition of IEPOX-derived SOA formed in 38 

chamber experiments can be sensitive to mixing conditions in the chamber brought about by 39 

slight differences in experimental methodology (in this case injection procedure). The sensitivity 40 

of SOA formation to the amount of seed aerosols and injection procedure used in chamber 41 

experiments indicated that caution should be exercised when extrapolating laboratory data to 42 

ambient conditions.  43 

Keywords 44 

Secondary organic aerosols, Isoprene, Reactive uptake, Sulfate, Multiphase chemistry 45 

1. Introduction 46 

 Isoprene is the most abundant non-methane biogenic volatile organic compound (BVOC) 47 

in the atmosphere, with emissions estimated to be ~535 TgC yr-1 (Guenther et al., 2012). The 48 

large abundance of isoprene, combined with its high reactivity to various atmospheric oxidants 49 

(e.g., OH and NO3), make it an important component in atmospheric chemistry. The 50 

photooxidation of isoprene plays an important role in regulating the cycling of HOx species (HOx 51 

= OH + HO2) and tropospheric O3 production in regions with high isoprene emissions (Thornton 52 

et al., 2002; Lelieveld et al., 2008; Ren et al., 2008; Paulot et al., 2009a; Wennberg et al., 2018). 53 

Isoprene reacts rapidly with OH radicals (k = 1.0 × 10-10 cm3 molec.-1 s-1) via OH addition 54 

followed by O2 addition to form hydroxyl peroxy radicals (Atkinson et al., 2006). In low-NO 55 

environments, these hydroxyl peroxy radicals react primarily with HO2 radicals to form hydroxy 56 

hydroperoxides (ISOPOOH), with yields exceeding 80 % (Paulot et al., 2009a; Surratt et al., 57 

2010; Bates et al., 2014; Wennberg et al., 2018). Further reaction of ISOPOOH with OH radicals 58 

leads to the formation of isoprene epoxydiols (IEPOX), with yields of 70 to 80 % (Paulot et al., 59 

2009a; Surratt et al., 2010; Bates et al., 2014; Liu et al., 2015; St. Clair et al., 2016; Wennberg et 60 

al., 2018). The reactive uptake of IEPOX by aqueous aerosols leads to the formation of 61 

secondary organic aerosols (SOA). This occurs through the acid-catalyzed ring-opening of the 62 

IEPOX epoxide functional group in concert with the addition of particle-phase nucleophiles 63 

(e.g., sulfate and water) to form particle-phase products such as 3-methyltetrahydrofuran-2,4-64 

diols, 2-methyltetrols, oligomers and organosulfates (Wang et al., 2005; Surratt et al., 2007a; 65 
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Minerath et al., 2008; Surratt et al., 2008; Carlton et al., 2009; Chan et al., 2010; Eddingsaas et 66 

al., 2010; Surratt et al., 2010; Lin et al., 2012; Budisulistiorini et al., 2013; Worton et al., 2013; 67 

Nguyen et al., 2014; Rattanavaraha et al., 2016; Riedel et al., 2016; Watanabe et al., 2018). A 68 

simplified reaction scheme for the formation of prominent particle-phase IEPOX-derived species 69 

is shown in Fig. S1. IEPOX multiphase chemistry contributes a substantial fraction of biogenic 70 

SOA in forested regions where anthropogenic pollutants are present (Chan et al., 2010; 71 

Budisulistiorini et al., 2013; Lin et al., 2013; Worton et al., 2013; Budisulistiorini et al., 2015; 72 

Chen et al., 2015; Hu et al., 2015; Xu et al., 2015a; Xu et al., 2015b; Rattanavaraha et al., 2016; 73 

Zhang et al., 2017; Andreae et al., 2018).  74 

 To date, most laboratory studies have focused primarily on the effect of aerosol acidity 75 

on the reactive uptake of IEPOX. Many of these studies demonstrated that aerosol acidity 76 

enhances IEPOX reactive uptake, and consequently SOA formation (Surratt et al., 2007b; Lin et 77 

al., 2012; Gaston et al., 2014; Kuwata et al., 2015; Riedel et al., 2016). However, field 78 

measurements showed that summertime isoprene-derived SOA in the Southeastern U.S. 79 

correlated strongly with sulfate mass concentration (Lin et al., 2013; Budisulistiorini et al., 2015; 80 

Xu et al., 2015a; Rattanavaraha et al., 2016). In addition, isoprene-derived SOA formation was 81 

observed to be enhanced when isoprene-rich air masses mixed with sulfate-rich plumes emitted 82 

by power plants located in the Southeastern U.S. (Xu et al., 2016). The authors suggested that the 83 

high sulfate mass concentrations in these plumes increased both the IEPOX heterogeneous 84 

uptake rate (through aerosol surface area) and particle-phase reaction rates (through aerosol 85 

acidity), leading to increased isoprene-derived SOA formation. Other studies suggested that the 86 

association between isoprene-derived SOA and sulfate mass concentration could arise from the 87 

nucleophilic and/or the salting in effects of sulfate (Nguyen et al., 2014; Xu et al., 2015a; Sareen 88 

et al., 2017; Nestorowicz et al., 2018), and the increase in aerosol volume concentrations brought 89 

about by sulfate enhancement (Lin et al., 2013; Riva et al., 2016). Weak correlations between 90 

isoprene-derived SOA and aerosol acidity in the Southeastern U.S. were attributed to aerosol 91 

acidity not being a limiting factor due to the highly acidic nature of Southeastern U.S. aerosols 92 

(pH 0 to 2) (Guo et al., 2015; Xu et al., 2015a; Weber et al., 2016). Despite ambient 93 

measurements showing strong correlations between isoprene-derived SOA and sulfate mass 94 

concentration, the relationship between sulfate mass and IEPOX-derived SOA mass 95 

concentration has not been examined systematically in laboratory studies.  96 
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 Many chamber studies that investigate SOA formation from the uptake of a reactive gas 97 

onto seed aerosols typically introduce seed aerosols into the chamber before the reactive gas. In 98 

addition to the reactive uptake of IEPOX (Lin et al., 2012; Nguyen et al., 2014; Riedel et al., 99 

2015; Riva et al., 2016), other examples of such chamber studies include the reactive uptake of 100 

carbonyls, olefins and epoxides onto inorganic seed aerosols (Kroll et al., 2005; Liggio and Li, 101 

2006, 2008; Iinuma et al., 2009; De Haan et al., 2018). It is currently unclear if the injection 102 

order of seed aerosols and the reactive gas will affect mixing conditions in the chamber, and 103 

consequently affect the amount of SOA and types of products formed.  104 

 In this study, we investigate how sulfate mass concentration affects SOA formation from 105 

the reactive uptake of IEPOX by inorganic sulfate aerosols of different aerosol acidity at 50 to 56 106 

% RH in chamber experiments. We then expand on this work and explore how the IEPOX-107 

derived SOA mass concentration, composition, and volatilities of particle-phase products formed 108 

depend on how acidic seed aerosols and IEPOX are mixed in the chamber by varying the 109 

injection order of IEPOX and seed aerosols into the chamber.  110 

2. Materials and methods  111 

Experiments were conducted in the Georgia Tech Environmental Chamber (GTEC) 112 

facility, which consists of two 13 m3 Teflon chambers (Boyd et al., 2015). A synthesized trans-113 

β-IEPOX standard was used in this study. The synthesis procedure, which was adapted from 114 

previous procedures by Zhang et al. (2012) and Bates et al. (2014), is detailed in the 115 

Supplementary Information (SI), and produced a trans-β-IEPOX standard of ~96 % purity as 116 

determined by nuclear magnetic resonance (NMR) spectroscopy (Figs. S2 and S3). Since the 117 

synthesized trans-β-IEPOX standard was viscous, it was diluted with ethyl acetate to a 118 

concentration of 0.1 g mL-1 (after accounting for purity) so that it could be drawn with a syringe 119 

for use in chamber experiments. Control experiments were performed to ensure that ethyl acetate 120 

did not contribute to SOA formation. All experiments were run at 50 to 56 % RH at room 121 

temperature (25 °C). Before each experiment, the chamber was flushed continuously with 122 

purified air for at least 36 h.  123 

 Aerosol size distributions, number and volume concentrations were measured by a 124 

Scanning Mobility Particle Sizer (SMPS, TSI), consisting of a Differential Mobility Analyzer 125 
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(DMA, TSI 3081) and a Condensation Particle Counter (CPC, TSI 3775). The bulk aerosol 126 

elemental composition and SOA mass concentration was measured by a High-Resolution Time-127 

of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Research Inc.) (DeCarlo et al., 128 

2006; Canagaratna et al., 2015). Uncertainties in the HR-ToF-AMS measurements were 129 

estimated to be approximately 38 % (Bahreini et al., 2009). Aerosols were not dried prior to 130 

being sampled by the HR-ToF-AMS. Thus, the aerosols likely have a high water content, and 131 

consequently a low bounce probability in the HR-ToF-AMS (Matthew et al., 2008; Docherty et 132 

al., 2013). It is possible that the use of different types of seed aerosols and the products formed in 133 

the experiments may result in changes in the collection and ionization efficiencies of the HR-134 

ToF-AMS. However, we were unable to determine the magnitude of these changes. Hence, for 135 

simplicity, we assumed that the collection and ionization efficiencies of the HR-ToF-AMS did 136 

not change during the study. Gas-phase IEPOX and products evaporated from aerosols during 137 

the reactive uptake of IEPOX by sulfate seed aerosols were measured by a High-Resolution 138 

Time-of-Flight Chemical Ionization Mass Spectrometer (HR-ToF-CIMS, Aerodyne Research 139 

Inc.) using iodide as the reagent ion (Bertram et al., 2011; Lee et al., 2014). These gas-phase 140 

species were detected in the form of iodide adducts (Lopez-Hilfiker et al., 2016).  141 

 In selected experiments, a Filter Inlet for Gases and AEROsols (FIGAERO, Aerodyne 142 

Research Inc.) was coupled to the HR-ToF-CIMS to measure the molecular composition and 143 

volatilities of particle-phase products (Lopez-Hilfiker et al., 2014). This instrument combination 144 

is referred to hereafter as the FIGAERO-CIMS. Aerosols were collected onto a PTFE filter (Pall 145 

Corp, Zefluor 25 mm, 1 µm pore-size) for 5 min while gas-phase species were being sampled 146 

and analyzed. The collected aerosols were then thermally desorbed in ultra-high purity (UHP) 147 

N2. The UHP N2, which was delivered at 2 L min-1 across the PTFE filter, was gradually heated 148 

at 30 °C min-1 from 25 to 200 °C, and then held at 200 °C for 10 min to ensure that all the 149 

organic matter was removed from the filter. Organic vapors produced during the thermal 150 

desorption process were measured as a function of desorption temperature by the HR-ToF-151 

CIMS, generating a thermogram (i.e., desorption signal vs. desorption temperature) for 152 

individual particle-phase species of a given ion elemental composition. Previous studies have 153 

shown that the maximum desorption temperature (Tmax) of an organic compound correlates with 154 

its enthalpy of sublimation and saturation vapor pressure (Lopez-Hilfiker et al., 2014; Mohr et 155 

al., 2017). Hence, we used multicomponent mixtures comprised of organic compounds of known 156 
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saturation vapor pressures to calibrate the desorption temperature axis. Figure S4 shows the 157 

literature vapor pressures of these organic compounds (Table S1) as a function of their measured 158 

Tmax values. Tmax values of thermograms of individual particle-phase products measured during 159 

chamber experiments were then compared against the calibration desorption temperature axis 160 

(Fig. S4) to infer the vapor pressures of these products. 161 

 The ion signals of gas- and particle-phase species measured in experiments were 162 

normalized against the iodide reagent ion (I-) signal. Due to the commercial unavailability of the 163 

gas- and particle-phase products formed from IEPOX reactive uptake, the HR-ToF-CIMS was 164 

not calibrated for these compounds, and concentrations were not reported. However, the HR-165 

ToF-CIMS and FIGAERO-CIMS data were used for the identification of gas- and particle-phase 166 

products formed under different experimental conditions. 167 

Two sets of experiments were used to study SOA formation from the reactive uptake of 168 

IEPOX: “IEPOX first” and “seed aerosols first”. In both sets of experiments, a known volume of 169 

the diluted trans-β-IEPOX standard was injected into a gently heated glass bulb (~55 °C). The 170 

IEPOX vapor was carried into the chamber using 5 L min-1 of purified air until all the IEPOX 171 

standard in the glass bulb have evaporated (~2.5 h). The concentration of IEPOX in the chamber 172 

(65 ppb ≈ 314 µg m-3) was calculated from the mass of IEPOX injected (~4.1 mg) and the 173 

volume of the chamber. Note that this calculated IEPOX concentration assumes that the loss of 174 

IEPOX to the chamber walls is negligible. Non-acidified or acidified sulfate seed aerosols were 175 

used in these experiments. Non-acidified sulfate seed aerosols were produced by atomization of a 176 

0.005 M ammonium sulfate (AS) solution. Acidified sulfate seed aerosols were generated by 177 

atomization of a 0.005 M AS solution mixed with different concentrations of sulfuric acid (SA): 178 

0.005 M, 0.05 M and 0.1 M. Acidified sulfate seed aerosols will be referred to hereafter by the 179 

solutions’ molar concentration ratios of sulfuric acid and ammonium sulfate ([SA]/[AS]). For 180 

example, seed aerosols generated by a 0.005 M AS + 0.1 M SA solution are referred to as 181 

[SA]/[AS] = 20 seed aerosols. In “IEPOX first” experiments, IEPOX was introduced into the 182 

chamber first. Seed aerosols were then introduced into the chamber after the IEPOX signal 183 

measured by the HR-ToF-CIMS had stabilized. In “seed aerosols first” experiments, seed 184 

aerosols were introduced into the chamber first. IEPOX was then introduced into the chamber 185 

after the concentration of seed aerosols measured by the SMPS had stabilized. Estimates of the 186 
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acidity of seed aerosols were obtained using ISORROPIA II (Fountoukis and Nenes, 2007). 187 

Experimental conditions are summarized in Table 1.   188 

Table 1: Experimental conditions for trans-β-IEPOX uptake experimentsa 189 

Expt RH  
(%) 

Seed aerosolsb Injection 
order 

[SO4]
 

(µg m-3)e 
Aerosol surface 

area conc. 
(µm2 cm-3)f 

Aerosol 
volume 
conc. 

(µm3 cm-3)g 

1 56 [SA]/[AS] = 10 
(pH = -0.82) 

IEPOX firstd 19.4±0.3 (18.8±0.3) x102 57.8±0.6 

2 53 [SA]/[AS] = 10 
(pH = -0.84) 

Seed aerosols 
firstd 

21.0±0.3 (20.3±0.3) x102 57.9±0.5 

3 50 AS 
(pH = 3)  

IEPOX firstc 5.9±0.1 to 
35.0±0.1 

(58.0±0.5) x10 to 
(26.6±0.6) x102 

17.5±0.4 to 
82.9±0.9 

4 50 [SA]/[AS] = 1 
(pH = 0.40)   

IEPOX firstc 13.8±0.7 to 
37.5±1.3 

(12.8±0.6) x102 to 
(29.0±0.9) x102 

50±3 to  
122±4 

5 52 [SA]/[AS] = 10 
(pH = -0.85) 

IEPOX firstc 19.3±0.5 to  
46.5±1.1 

(15.4±0.4) x102 to 
(31.3±0.7) x102 

52.5±0.9 to  
112±2 

6 51 [SA]/[AS] = 20 
(pH = -0.90) 

IEPOX firstc 8.8±0.1 to 
40.0±0.4 

(89.3±0.5) x10 to 
(30.5±0.3) x102 

27.8±0.1 to  
99.4±0.7 

7 50 [SA]/[AS] = 10 
(pH = -0.87) 

IEPOX firstd 6.0±0.4 (64.1±0.3) x10 18.2±0.6 

8 53 [SA]/[AS] = 10 
(pH = -0.84) 

Seed aerosols 
firstd 

5.2±0.1 (53.1±0.7) x10 13.4±0.4 

9 52 [SA]/[AS] = 10 
(pH = -0.85) 

IEPOX firstd 13.8±0.3 (14.8±0.3) x102 43.2±0.5 

10 52 [SA]/[AS] = 10 
(pH = -0.84) 

Seed aerosols 
firstd 

12.5±0.2 (12.4±0.2) x102 33.8±0.4 

a~4.1 mg of trans-β-IEPOX was injected into the chamber in all experiments. 190 
bpH values of seed aerosols were estimated using ISORROPIA-II run in “forward” mode with 191 
experimental conditions as model inputs.  192 
cExperiment involved multiple injections of seed aerosols. 193 
dExperiment involved a single injection of seed aerosols. 194 
e[SO4] reported for experiments 1, 3 to 7, and 9 are concentrations measured by the HR-ToF-195 
AMS after IEPOX reactive uptake upon the addition of seed aerosols, and includes both 196 
inorganic sulfate from the seed aerosols and organic sulfate formed during SOA formation. [SO4] 197 
reported for experiments 2, 8, and 10 are concentrations measured before IEPOX was added into 198 
the chamber. 199 
fAerosol surface area concentrations reported for experiments 1, 3 to 7, and 9 are those measured 200 
by the HR-ToF-AMS after IEPOX reactive uptake upon the addition of seed aerosols. Aerosol 201 
surface area concentrations reported for experiments 2, 8, and 10 are those measured before 202 
IEPOX was added into the chamber. 203 
gAerosol volume concentrations reported for experiments 1, 3 to 7, and 9 are those measured 204 
after IEPOX reactive uptake upon the addition of seed aerosols. Aerosol volume concentrations 205 
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reported for experiments 2, 8, and 10 are those measured before IEPOX was added into the 206 
chamber. 207 

 Comparisons of SOA formed from “IEPOX first” and “seed aerosols first” experiments 208 

require knowledge of the rate at which IEPOX is lost to the chamber walls and how this may 209 

affect SOA formation during an experiment. A wall loss experiment was performed to 210 

characterize the interactions of IEPOX with the chamber walls. IEPOX was injected into the 211 

chamber in the absence of seed aerosols at 55 % RH, and the gas-phase IEPOX (C5H10O3) signal 212 

was measured by the HR-ToF-CIMS as a function of time (Fig. S5). The negligible decrease in 213 

the IEPOX signal in our wall loss experiments suggest that the loss of IEPOX to the chamber 214 

walls would be negligible in the timescale of our IEPOX reactive uptake experiments (3 to 5 h). 215 

The possibility of IEPOX loss to the chamber walls will be discussed further in the next section. 216 

3. Results and discussion 217 

 The highest HR-ToF-CIMS gas- and particle-phase ion signals in all “IEPOX first” and 218 

“seed aerosols first” experiments were C5H10O3 and C5H12O4, which together contributed ~99 % 219 

of the total ion signal. These two ions were the dominant ions measured in a previous chamber 220 

study that investigated the reactive uptake of an IEPOX standard (Lopez-Hilfiker et al., 2016). 221 

These two ions also dominated the sum of HR-ToF-CIMS ion signals attributed to isoprene-222 

derived SOA measured during the Southern Oxidant and Aerosol Study (SOAS) campaign 223 

(Lopez-Hilfiker et al., 2016). Since the other mass ions in our HR-ToF-CIMS measurements 224 

have very low signals, we will restrict our discussion to the evolution of the C5H10O3 and 225 

C5H12O4 signals.  226 

 Figures 1a and 1b show typical time profiles of gas-phase C5H10O3 and C5H12O4 species 227 

measured by the HR-ToF-CIMS during an “IEPOX first” (experiment 1) and “seed aerosols 228 

first” (experiment 2) experiment, respectively. The corresponding time profiles of aerosol mass 229 

concentrations of organic and sulfate species measured by the HR-ToF-AMS are shown in Figs. 230 

1c and 1d. During the “IEPOX first” experiment, the C5H10O3 signal decreased while the 231 

C5H12O4 signal increased when seed aerosols were introduced into the chamber at time = 0 min 232 

(Fig. 1a). The introduction of seed aerosols into the chamber containing IEPOX brought about 233 

immediate SOA formation as shown by the increase in aerosol organic mass concentration (Fig. 234 

1c). During the “seed aerosols first” experiment, the C5H10O3 and C5H12O4 signals increased 235 
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when IEPOX was introduced into the chamber at time = 0 min (Fig. 1b). The introduction of 236 

IEPOX into the chamber containing seed aerosols also resulted in immediate SOA formation 237 

(Fig. 1d).  238 

 239 

Figure 1: Time series of quantities measured in trans-β-IEPOX uptake experiments using 240 
[SA]/[AS] = 10 seed aerosols. Panels (a) and (c) show a time series from an “IEPOX first” 241 
experiment (experiment 1 in Table 1), where seed aerosols are injected into the chamber at time 242 
= 0 min and ended at time = 10 min (indicated by grey dashed line). Panels (b) and (d) show a 243 
time series from a “seed aerosols first” experiment (experiment 2 in Table 1), where IEPOX is 244 
injected into the chamber at time = 0 min and ended at time = 150 min (indicated by grey dashed 245 
line). (a) and (b) Gas-phase C5H10O3 and C5H12O4 measured by the HR-ToF-CIMS. In both 246 
panels (a) and (b), C5H10O3 is shown on the left y axis, while C5H12O4 is shown on the right y 247 
axis. (c) and (d) Mass concentrations of organics and sulfate measured by the HR-ToF-AMS.  248 

 In addition to the injected IEPOX contributing to the C5H10O3 signal, the gas-phase 249 

C5H10O3 and C5H12O4 signals can be explained by the evaporation of semi-volatile particle-phase 250 

products from IEPOX-derived SOA. Previous laboratory studies have identified C5H10O3 and 251 

C5H12O4 as common molecular tracers found in SOA formed from the reactive uptake of IEPOX 252 

by inorganic sulfate aerosols (Lin et al., 2012; Lin et al., 2013; Lopez-Hilfiker et al., 2016; 253 

Riedel et al., 2016). These studies reported that particle-phase C5H10O3 species can be comprised 254 

of IEPOX itself and 3-methyltetrahydrofuran-2,4-diols, while particle-phase C5H12O4 can be 255 

comprised of 2-methyltetrols. 2-Methyltetrols and 3-methyltetrahydrofuran-2,4-diols are formed 256 
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by nucleophilic addition and isomerization reactions, respectively, following the reactive uptake 257 

of IEPOX by inorganic sulfate aerosols (Surratt et al., 2010; Watanabe et al., 2018). In studies 258 

that utilized FIGAERO-CIMS and other similar thermal desorption-based techniques, a fraction 259 

of the measured particle-phase C5H10O3 and C5H12O4 signals are attributed to molecular 260 

fragments produced by the decomposition of low volatility particle-phase products during the 261 

thermal desorption process (Lopez-Hilfiker et al., 2016; Cui et al., 2018).  262 

 2-Methyltetrols and 3-methyltetrahydrofuran-2,4-diols are semi-volatile species. Hence, 263 

the measured gas-phase C5H12O4 species in this study were likely 2-methyltetrols that evaporated 264 

from the SOA formed. The gas-phase C5H12O4 signal immediately increased upon the addition of 265 

seed aerosols and IEPOX in “IEPOX first” and “seed aerosols first” experiments, respectively. 266 

This implied that the heterogenous uptake of IEPOX and subsequent formation of semi-volatile 267 

particle-phase products followed by evaporation to the gas phase was fast. A higher gas-phase 268 

C5H12O4 signal was measured in the “seed aerosols first” experiment. 269 

 For the measured gas-phase C5H10O3 species in “IEPOX first” experiments, they were 270 

solely IEPOX before the addition of seed aerosols, but were likely a mixture of IEPOX and 3-271 

methyltetrahydrofuran-2,4-diols after the addition of seed aerosols. In the case of “seed aerosols 272 

first” experiments, the measured gas-phase C5H10O3 species were likely a mixture of IEPOX and 273 

3-methyltetrahydrofuran-2,4-diols once IEPOX was injected into the chamber. The HR-ToF-274 

CIMS cannot resolve the structural isomers of C5H10O3 (i.e., IEPOX vs. 3-275 

methyltetrahydrofuran-2,4-diols), which can have different sensitivities to the iodide reagent ion 276 

due to differences in the molecular geometry and functional groups present. Thus, we were 277 

unable to determine the relative contributions of IEPOX and 3-methyltetrahydrofuran-2,4-diols 278 

to the measured gas-phase C5H10O3 signal. 279 

 Even though the same mass of IEPOX was injected in the “IEPOX first” and “seed 280 

aerosols first” experiments, a higher gas-phase C5H10O3 signal was measured at the end of the 281 

“seed aerosols first” experiment (~250 A.U. in Fig. 1b) compared to the C5H10O3 signals 282 

measured prior to (~140 A.U. in Fig. 1a) and after (~130 A.U. in Fig. 1a) the addition of seed 283 

aerosols in the “IEPOX first” experiment. Similar trends were observed in the other “IEPOX 284 

first” (experiments 7 and 9) and “seed aerosols first” (experiments 8 and 10) experiments. There 285 

are two possible explanations for this observation. First, it is possible that despite the negligible 286 
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decrease in the IEPOX signal in our wall loss experiment (Fig. S5), IEPOX was lost to the 287 

chamber walls in our reactive uptake experiments. Previous studies have stated that the extent of 288 

vapor wall loss is likely a function of the chamber walls’ history (Bian et al., 2015; Zhang et al., 289 

2015), and that IEPOX loss to chamber walls that have previously been in contact with acidified 290 

seed aerosols may potentially be substantial (Paulot et al., 2009b). The chambers used in this 291 

study have been used extensively in previous chamber studies and have been in contact with 292 

acidified seed aerosols. It is possible that a larger amount of IEPOX was lost to the chamber 293 

walls in “IEPOX first” experiments compared to the “seed aerosols first” experiments, thus 294 

causing a higher gas-phase C5H10O3 signal measured at the end of the “seed aerosols first” 295 

experiment compared to the C5H10O3 signals measured prior to and after the addition of seed 296 

aerosols in the “IEPOX first” experiment. Second, it is possible that larger quantities of 3-297 

methyltetrahydrofuran-2,4-diols were formed in “seed aerosols first” experiments compared to 298 

“IEPOX first” experiments. This possibility would differ from findings from a recent study by 299 

Watanabe et al. (2018) who compared the formation pathways of 3-methyltetrahydrofuran-2,4-300 

diols and 2-methyltetrols in bulk condensed-phase IEPOX reactions. The authors found that 301 

condensed-phase isomerization reactions were slower than nucleophilic addition reactions, which 302 

led them to conclude that 3-methyltetrahydrofuran-2,4-diol formation might be restricted to low 303 

aerosol water content situations. This second possibility would suggest that 3-304 

methyltetrahydrofuran-2,4-diols are still formed in humid conditions even if isomerization 305 

reactions are slow. Additional studies utilizing newly constructed chambers and more 306 

sophisticated analytical methods (e.g., ion mobility) to resolve structural C5H10O3 isomers are 307 

needed to examine the likelihood of these two possibilities.  308 

 A series of “IEPOX first” experiments using seed aerosols of different aerosol acidity 309 

was performed to investigate the effect of sulfate mass concentration on SOA formation from the 310 

reactive uptake of IEPOX (experiments 3 to 6). In each experiment, IEPOX was injected into the 311 

chamber followed by multiple injections of seed aerosols after the HR-ToF-CIMS signals of gas-312 

phase species had stabilized. Each injection of seed aerosols led to an increase in the SOA mass 313 

concentration (Fig. S6). Higher SOA mass concentrations were formed in experiments that 314 

utilized acidified seed aerosols. Figure 2 shows the dependence of SOA mass concentration on 315 

the sulfate mass concentration of seed aerosols of different aerosol acidity. If IEPOX loss to the 316 

chamber walls were substantial in these “IEPOX first” experiments, then the SOA mass 317 
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concentrations shown in Fig. 2 likely represent lower limits. It should be noted that the sulfate 318 

mass concentrations reported for “IEPOX first” experiments were the sums of inorganic sulfate 319 

(contributed by seed aerosols) and organic sulfate (formed from IEPOX reactive uptake). A 320 

recent study reported that the HR-ToF-AMS ionization efficiencies of inorganic and organic 321 

sulfates can be different (Chen et al., 2019). The authors reported that the ionization efficiencies 322 

of methanesulfonic acid and ethyl sulfate (two different types of organic sulfates) are ~67 % of 323 

that of ammonium sulfate. Since we do not know the ionization efficiencies and mass fractions 324 

of organic sulfates formed from IEPOX reactive uptake in our experiments, for simplicity, we 325 

assumed that the ionization efficiencies of inorganic and organic sulfates are the same in this 326 

work. While this simplified assumption will affect the absolute sulfate mass concentrations 327 

reported in this work, we do not expect it to affect our overall conclusion that both sulfate mass 328 

and aerosol acidity enhance SOA formation.       329 

 330 

Figure 2: Results from “IEPOX first” experiments using inorganic sulfate seed aerosols of 331 
different aerosol acidity (experiments 3 to 6 in Table 1): dependence of the organic mass 332 
concentration on sulfate mass concentration. Each set of different colored symbols represents 333 
measurements made during an experiment. Each experiment involved multiple injections of seed 334 
aerosols into the chamber filled with IEPOX. Aerosol organic and sulfate mass concentrations 335 
(20 min averaged) shown here are measured values when the maximum amount of SOA is 336 
formed after each injection of seed aerosols in the experiment. Error bars denote one standard 337 
deviation across the 20 min measurements. Note that the sulfate mass concentrations reported 338 
here are the sums of inorganic and organic sulfate. See text for details.  339 

 The enhancement in SOA formation with aerosol acidity was consistent with previous 340 

laboratory studies (Surratt et al., 2007b; Lin et al., 2012; Gaston et al., 2014; Kuwata et al., 2015; 341 
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Riedel et al., 2016; Nestorowicz et al., 2018; Zhang et al., 2018). The continued increase in SOA 342 

mass concentration with each injection of seed aerosols was ubiquitous and was observed in 343 

experiments using acidified and non-acidified seed aerosols.  344 

 Our finding that sulfate mass enhances IEPOX-derived SOA formation for both highly 345 

acidic and less acidic seed aerosols have important implications for previous laboratory studies. 346 

Many of these studies reported that aerosol acidity enhances IEPOX reactive uptake, and 347 

consequently SOA formation (Surratt et al., 2007b; Lin et al., 2012; Gaston et al., 2014; Kuwata 348 

et al., 2015; Riedel et al., 2016). It is possible that some of these previous results can also be 349 

explained in the context of sulfate. For example, in their study on isoprene photooxidation in the 350 

presence of SO2, Lewandowski et al. (2015) showed that SOA mass concentration increased with 351 

sulfate acidity. However, we found that their measured SOA mass concentrations also showed 352 

positive correlation with sulfate mass concentrations, thus indicating that sulfate likely played a 353 

role in SOA formation (in addition to aerosol acidity) in their study.  354 

 Sulfate mass enhancement is known to increase aerosol acidity, water, surface area and 355 

volume, which together facilitate the multiphase chemistry of IEPOX via the heterogeneous 356 

uptake rate and particle-phase reaction rates (Xu et al., 2016). However, the poor correlation 357 

between isoprene-derived SOA and aerosol water observed in field studies was due to the trade-358 

off effects of aerosol water, which increased aerosol surface area and volume but also decreased 359 

particle-phase reaction rates due to the dilution of particle-phase nucleophiles (Budisulistiorini et 360 

al., 2013; Budisulistiorini et al., 2015; Xu et al., 2015a). In the Southeastern U.S., while particle-361 

phase reaction rates were enhanced when aerosol acidity was increased, these reaction rates were 362 

usually not fast enough to explain the enhanced isoprene-derived SOA formation observed in 363 

field studies (Xu et al., 2016). Instead, the strong correlation between isoprene-derived SOA and 364 

sulfate mass was hypothesized to be due to sulfate mass mediating SOA formation via the 365 

aerosol surface area (or volume) due to the kinetics of SOA formation being limited by aerosol 366 

surface area (or aerosol volume) (Lin et al., 2013; Riva et al., 2016; Xu et al., 2016; 367 

Budisulistiorini et al., 2017; Zhang et al., 2018). 368 

 In our experiments involving multiple seed aerosol injections, the aerosol surface area 369 

and volume concentrations increased with each injection of seed aerosols. Thus, the results 370 

shown in Fig. 2 also demonstrated that the SOA mass concentration increased with aerosol 371 
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surface area and volume concentrations (Fig. S7), which is in agreement with previous 372 

hypotheses that sulfate mass can mediate ambient IEPOX-derived SOA formation via aerosol 373 

surface area or volume (Lin et al., 2013; Riva et al., 2016; Xu et al., 2016; Budisulistiorini et al., 374 

2017). Experimental limitations prevented us from determining if the SOA formation chemistry 375 

was a surface area-limited or a volume-limited process and how this may potentially change with 376 

reaction conditions since the measured aerosol surface area and volume concentrations were 377 

comprised of inorganic seed aerosols and SOA. A full understanding of the kinetics of IEPOX-378 

derived SOA formation will require laboratory studies that systematically examine the effect of 379 

varying aerosol surface area concentrations at a fixed aerosol volume concentration (and vice 380 

versa) on SOA formation.   381 

 HR-ToF-AMS mass spectra of SOA formed in “IEPOX first” experiments are shown in 382 

Fig. 3. The mass spectra have prominent peaks at C5H6O
+ (m/z 82) and C4H5

+ (m/z 53). These 383 

ions were also present in ambient isoprene-derived SOA mass spectra resolved by positive 384 

matrix factorization (PMF) analysis (Robinson et al., 2011; Slowik et al., 2011; Lin et al., 2012; 385 

Budisulistiorini et al., 2013; Chen et al., 2015; Hu et al., 2015; Liu et al., 2015; Xu et al., 2015a; 386 

Xu et al., 2015b; Xu et al., 2016). Previous field studies have used the fraction of C5H6O
+ (m/z 387 

82) to the total organic ion signal (fC5H6O+) as a marker ion in the interpretation of ambient data 388 

(Robinson et al., 2011; Hu et al., 2015; Liu et al., 2015; Xu et al., 2015b). We found that the 389 

fC5H6O+ did not differ significantly for SOA formed in these experiments, with values ranging 390 

from 1.8 % (Fig. 3a) to 2.3 % (Fig. 3d). This range was similar to values reported for isoprene-391 

derived SOA in previous field studies (Robinson et al., 2011; Slowik et al., 2011; Budisulistiorini 392 

et al., 2013; Chen et al., 2015; Hu et al., 2015; Xu et al., 2015b). Figure S8 presents correlation 393 

plots between the mass spectra of SOA formed in “IEPOX first” experiments and the PMF factor 394 

for isoprene-derived SOA obtained during the SOAS campaign (Xu et al., 2015a). There was 395 

generally close clustering along the 1:1 line in the correlation plots. Signals at m/z 28 and 44 396 

were lower for the laboratory data, thus suggesting that the laboratory aerosols were less aged 397 

than ambient isoprene-derived SOA (Ng et al., 2010).  398 
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 399 

Figure 3: Normalized HR-ToF-AMS mass spectra of SOA formed from the reactive uptake of 400 
trans-β-IEPOX onto inorganic sulfate seed aerosols during “IEPOX first” experiments. These 401 
experiments are conducted using (a) AS, (b) [SA]/[AS] = 1, (c) [SA]/[AS] = 10, and (d) 402 
[SA]/[AS] = 20 seed aerosols. 403 

 Previous chamber studies that investigated SOA formation from the reactive uptake of 404 

IEPOX introduced seed aerosols into the chamber before IEPOX (Lin et al., 2012; Nguyen et al., 405 

2014; Nestorowicz et al., 2018). Hence, we performed a series of “IEPOX first” and “seed 406 

aerosols first” experiments using [SA]/[AS] = 10 seed aerosols to investigate how SOA 407 

formation depends on the injection order of IEPOX and seed aerosols (experiments 1 to 2, 7 to 408 

10). Unlike the experiments aimed at studying the dependence of SOA formation on sulfate mass 409 

concentration (experiments 3 to 6), seed aerosols were injected only once into the chamber 410 

before or after the injection of IEPOX in experiments aimed at investigating the effect of 411 

injection order. Figure 4 shows that the SOA mass concentration increased with sulfate mass 412 

concentration in both the “IEPOX first” and “seed aerosols first” experiments. However, for any 413 

given sulfate mass concentration, higher SOA mass concentrations were formed in “seed 414 

aerosols first” experiments compared to “IEPOX first” experiments. This indicated that the 415 
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injection order of IEPOX and seed aerosols in chamber experiments can significantly affect SOA 416 

formation.  417 

  418 

Figure 4: Results from “IEPOX first” and “seed aerosols first” experiments using [SA]/[AS] = 419 
10 seed aerosols (experiments 1 to 2, 7 to 10 in Table 1): dependence of the organic mass 420 
concentration on sulfate mass concentration. In these experiments, seed aerosols are injected 421 
only once into the chamber before (“seed aerosols first”, red symbols) or after (“IEPOX first”, 422 
blue symbols) the injection of IEPOX. Each symbol represents the aerosol organic and sulfate 423 
mass concentrations (20 min averaged) measured when the maximum amount of SOA is formed 424 
during an experiment. Error bars denote one standard deviation across the 20 min measurements. 425 
Note that the sulfate mass concentrations reported for “IEPOX first” experiments are the sums of 426 
inorganic and organic sulfate (see text for details), while the sulfate mass concentrations reported 427 
for “seed aerosols first” experiments are for inorganic sulfate only. 428 

 One possibility for the differences in SOA mass concentrations is that a larger amount of 429 

IEPOX was lost to the chamber walls in “IEPOX first” experiments compared to the “seed 430 

aerosols first” experiments. This would result in higher IEPOX concentrations in “seed aerosols 431 

first” experiments (and consequently higher SOA mass concentrations formed) despite the same 432 

amount of IEPOX injected into the chamber in both sets of experiments. The second possibility 433 

is that different quantities and/or types of particle-phase products were formed in “IEPOX first” 434 

and “seed aerosols first” experiments. This possibility was investigated by first comparing the 435 

HR-ToF-AMS mass spectra of SOA formed in “IEPOX first” experiments to mass spectra of 436 

SOA formed in “seed aerosols first” experiments (Fig. S9). The fC5H6O+ did not differ 437 

significantly between the two sets of mass spectra. The fC5H6O+ ranged between 2.4 % and 2.5 % 438 

for SOA formed in “IEPOX first” experiments (Figs. S9a, S9c and S9e), and between 2.3 % and 439 

2.5 % for SOA formed in “seed aerosol first” experiments (Figs. S9b, S9d and S9f), within the 440 
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range of values reported for isoprene-derived SOA in previous field studies (Robinson et al., 441 

2011; Hu et al., 2015; Liu et al., 2015; Xu et al., 2015b). Correlation plots between HR-ToF-442 

AMS mass spectra of SOA formed in “IEPOX first” and “seed aerosols first” experiments (Fig. 443 

S10) showed that despite substantial differences in SOA mass concentrations formed, the mass 444 

spectra of SOA formed were generally similar.  445 

 FIGAERO-CIMS measurements were used to gain more insights into the molecular 446 

composition and volatilities of particle-phase products formed during “IEPOX first” and “seed 447 

aerosols first” experiments. Figures 5 and S11 show the thermograms for C5H10O3 and C5H12O4, 448 

the two largest signals of particle-phase products measured by the FIGAERO-CIMS 449 

(experiments 1 and 2). C5H10O3 and C5H12O4 are known tracers of ambient IEPOX-derived SOA 450 

(Lopez-Hilfiker et al., 2016). The thermograms for C5H10O3 and C5H12O4 contained multiple 451 

peaks, which were likely due to the thermal decomposition of higher molecular weight particle-452 

phase compounds during the desorption process to produce the detected molecular fragments 453 

(Lopez-Hilfiker et al., 2014; Lopez-Hilfiker et al., 2015). Multi-modal thermograms were also 454 

reported for C5H10O3 and C5H12O4 components in isoprene-derived SOA measured during the 455 

SOAS campaign (Lopez-Hilfiker et al., 2016). To obtain volatility information of particle-phase 456 

compounds desorbing (or fragmenting) from the particle collection filter in our experiments, we 457 

fitted the total thermograms for C5H10O3 and C5H12O4 using a variable number of thermogram 458 

peaks of variable peak shape widths and heights. The Tmax value of each fitted thermogram peak 459 

was then compared to the calibration desorption temperature axis (Fig. S4) to estimate the vapor 460 

pressures of these desorbed (or fragmented) compounds.  461 
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 462 

Figure 5: FIGAERO-CIMS thermograms for C5H10O3 and C5H12O4 from SOA sampled during 463 
(a and c) an “IEPOX first” experiment (experiment 1 in Table 1), and (b and d) a “seed aerosols 464 
first” experiment (experiment 2 in Table 1) using [SA]/[AS] = 10 seed aerosols. Thermogram fits 465 
are shown in black dashed lines. Red solid lines show the summed thermogram fits. Back solid 466 
lines indicate the Tmax of the fits.  467 

  The thermograms for C5H10O3 from SOA sampled in “IEPOX first” and “seed aerosols 468 

first” experiments were best fit to two modes. For C5H10O3 thermograms measured in “IEPOX 469 

first” experiments, the first mode occurred at Tmax ~85 °C while the second mode occurred at 470 

Tmax ~140 °C (Fig. 5a). For C5H10O3 thermograms measured in “seed aerosols first” experiments, 471 

the two modes occurred at Tmax ~80 and ~120 °C (Fig. 5b). The most prominent modes in both 472 

C5H10O3 thermograms have a Tmax at nearly the same temperature (i.e., ~85 and ~80 °C). Since 473 

authentic standards for 3-methyltetrahydrofuran-2,4-diols and 2-methyltetrols were not 474 

commercially available, we estimated their Tmax values based on vapor pressures reported in the 475 

literature (Lopez-Hilfiker et al., 2016), or calculated from structure activity relationships 476 

(Capouet and Muller, 2006) and the calibration desorption temperature axis. The Tmax values for 477 

3-methyltetrahydrofuran-2,4-diols were expected to be <50 °C based on their estimated vapor 478 
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pressures. However, there were no prominent modes present at Tmax <50 °C in the C5H10O3 479 

thermograms, which suggested that 3-methyltetrahydrofuran-2,4-diols were present in low 480 

quantities in the particle phase. Together, the C5H10O3 thermograms and gas-phase 481 

measurements (Figs. 1a and 1b) suggested that 3-methyltetrahydrofuran-2,4-diols were likely 482 

present largely in the gas phase. The modes present at Tmax = 80 °C and higher temperatures 483 

corresponded to vapor pressures that were at least 3 orders of magnitude lower than the 484 

estimated vapor pressures of 3-methyltetrahydrofuran-2,4-diols, and were likely caused by 485 

molecular fragments of low volatility particle-phase products (Lopez-Hilfiker et al., 2016). The 486 

Tmax’s of the C5H10O3 thermograms indicated that products with vapor pressures ~10-6 Pa and 487 

~10-10 Pa were formed in “IEPOX first” experiments, while products with vapor pressures ~10-6 488 

Pa and ~10-9 Pa were formed in “seed aerosols first” experiments.   489 

 The C5H12O4 thermograms measured in “IEPOX first” and “seed aerosols first” 490 

experiments were both best fit to three modes with Tmax values of ~50, ~80 and ~130 °C (Figs. 491 

4c and 4d). The Tmax of the first mode (~50 °C) in both C5H12O4 thermograms corresponded to 492 

vapor pressure ~6 x 10-4 Pa, which is close to the estimated vapor pressure (~1 x 10-4 Pa) 493 

calculated from structure activity relationships (Capouet and Muller, 2006). In addition, Lopez-494 

Hilfiker et al. (2016) previously showed that synthesized 2-methyltetrol standards produced 495 

unimodal C5H12O4 thermograms with Tmax ~55 °C in FIGAERO-CIMS measurements. Hence, 496 

the mode at ~50 °C can be tentatively assigned to 2-methyltetrol products. The remaining two 497 

modes with Tmax values ~80 and ~130 °C were likely caused by molecular fragments of low 498 

volatility particle-phase products (Lopez-Hilfiker et al., 2016). The Tmax’s of the C5H12O4 499 

thermograms indicated that products with vapor pressures ~10-6 Pa and ~10-9 Pa were formed in 500 

“IEPOX first” and “seed aerosols first” experiments. 501 

 Since C5H10O3 and C5H12O4 contributed to majority of the particle-phase ion signals (~99 502 

%), we assumed that most of the particle-phase products desorbed and/or fragmented to produce 503 

these two ions. Based on this assumption, the C5H10O3 and C5H12O4 thermograms can then be 504 

used to compare the volatility distribution of particle-phase products formed in “IEPOX first” 505 

and “seed aerosols first” experiments. Differences in the C5H10O3 and C5H12O4 thermogram 506 

profiles measured in “IEPOX first” and “seed aerosols first” experiments indicated that the 507 

compositional and volatility distribution of particle-phase products formed in these experiments 508 
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were different. For example, the Tmax of the second mode present in C5H10O3 thermograms were 509 

different (i.e., ~140 °C for “IEPOX first” experiment vs. ~120 °C for “seed aerosols first” 510 

experiment), which suggested that different products were formed. In addition, the C5H12O4 511 

thermograms had significantly different desorption profiles. The first mode (Tmax ~50 °C) had 512 

the highest signal in C5H12O4 thermograms measured in “IEPOX first” experiments, which 513 

indicated that 2-methyltetrols were likely the most dominant component of the measured 514 

particle-phase C5H12O4 species. In contrast, the second and third modes (Tmax ~80 and ~130 °C) 515 

were more prominent in C5H12O4 thermograms measured in “seed aerosols first” experiments, 516 

which indicated that the SOA formed in these experiments likely contained larger quantities of 517 

low volatility particle-phase products such as oligomers of methyltetrol and hydroxy sulfate 518 

ester. We were unable to test this hypothesis since these low volatility products were not 519 

commercially available. However, Lopez-Hilfilker et al., (2016) previously showed that a 520 

synthesized IEPOX-derived organosulfate C5H12SO7 thermally decomposed into C5H10O3 and 521 

C5H12O4 in FIGAERO-CIMS measurements, and the Tmax’s of prominent modes in the resulting 522 

C5H10O3 and C5H12O4 thermograms were between 90 and 150 °C. The Tmax’s of modes 523 

contributed by low volatility products observed in this study fell within the temperature range 524 

reported by Lopez-Hilfilker et al., (2016). 525 

 Comparisons of the raw desorption signals of the C5H10O3 and C5H12O4 thermograms 526 

(Fig. S11) indicated that “seed aerosols first” experiments produced larger quantities of semi-527 

volatile and low volatility particle-phase products. The formation of larger quantities of semi-528 

volatile and low volatility products in “seed aerosols first” experiments suggested that the rates 529 

of particle-phase reactions that form these products were accelerated in cases where seed 530 

aerosols were injected into the chamber first followed by IEPOX. Differences in mixing 531 

conditions caused by the different timescales at which IEPOX and seed aerosols were introduced 532 

into a well-mixed chamber likely affected IEPOX multiphase chemistry. In the case of “seed 533 

aerosols first” experiments, IEPOX was injected slowly over a ~2.5 h period into a chamber 534 

containing seed aerosols. In contrast, seed aerosols were introduced more quickly (10 to 45 min, 535 

depending on the amount of seed aerosols) into an IEPOX-containing chamber in “IEPOX first” 536 

experiments.  537 
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 The exact mechanism by which mixing conditions and timescales in the chamber caused 538 

differences in particle-phase reactions rates is currently unknown. One possible explanation is 539 

the presence (or absence) of an organic coating around seed aerosols in these experiments. 540 

Previous studies showed that the presence of organic coatings on seed aerosols can impede the 541 

reactive uptake of IEPOX, and consequently SOA formation (Gaston et al., 2014; Riva et al., 542 

2016; Zhang et al., 2018). We hypothesize that the relatively quick injection of seed aerosols into 543 

a chamber filled with IEPOX in “IEPOX first” experiments may have resulted in the rapid 544 

formation of an organic coating comprised of IEPOX-derived SOA around the seed aerosols, 545 

thus impeding further reactive uptake of IEPOX and SOA formation (Zhang et al., 2018). For 546 

“seed aerosols first” experiments, the formation of an organic coating around seed aerosols was 547 

likely slower because it took time for the slowly injected IEPOX to equilibrate in the chamber, 548 

and hence a longer period of time for the injected IEPOX to diffuse into the seed aerosols and 549 

interact with the sulfate to form products. Consequently, the absence of an organic coating 550 

allowed more IEPOX uptake by the seed aerosols, resulting in higher SOA mass concentrations 551 

formed. Future laboratory studies are warranted to investigate the morphology and mixing state 552 

of SOA formed in experiments with different methodologies (e.g., microscopy), as well as 553 

modeling studies on possible vapor wall loss, the mixing conditions and timescales (e.g., reaction 554 

vs. diffusion) in the chamber during these experiments.    555 

4. Conclusions 556 

 The role of inorganic sulfate in SOA formation arising from the reactive uptake of 557 

IEPOX at 50 to 56 % RH was investigated in this chamber study. The first part of the study 558 

focused on how sulfate mass in seed aerosols of different acidity affects SOA formation. 559 

Measurements of the gas- and particle-phase products and mass concentration of SOA formed 560 

from multiple injections of seed aerosols into a chamber filled with IEPOX were performed. The 561 

SOA mass concentration and gas-phase HR-ToF-CIMS signal for 2-methyltetrols immediately 562 

increased upon the first injection of seed aerosols. This indicated that the reactive uptake of 563 

IEPOX and subsequent formation of semi-volatile particle-phase products followed by 564 

evaporation to the gas phase was fast. Each injection of seed aerosols led to an increase in SOA 565 

mass concentration. The increase in SOA mass concentration with each injection of seed aerosols 566 

was observed for both acidified and non-acidified seed aerosols, though higher SOA mass 567 
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concentrations were observed in experiments that utilized more acidified seed aerosols. 568 

Therefore, IEPOX-derived SOA formation was enhanced by both aerosol acidity and sulfate 569 

mass. The SOA enhancement caused by the increase in sulfate mass was likely due to the 570 

enhancement in aerosol surface area and volume, which increased the IEPOX reactive uptake 571 

and subsequent particle-phase reactions (Lin et al., 2013; Riva et al., 2016; Xu et al., 2016; 572 

Budisulistiorini et al., 2017; Zhang et al., 2018).  573 

 The second part of the study focused on how the mass concentration, composition and 574 

volatilities of IEPOX-derived SOA depended on the injection order of IEPOX and seed aerosols 575 

in chamber experiments. Higher SOA mass concentrations were measured in experiments where 576 

seed aerosols were introduced into the chamber first, followed by IEPOX. This was due to 577 

IEPOX potentially being lost to the chamber walls in “IEPOX first” experiments and SOA 578 

formed in “seed aerosols first” experiments being comprised of larger quantities of semi-volatile 579 

and low volatility organic matter compared to SOA formed in the “IEPOX first” experiments. 580 

These observations demonstrated that the mass concentration, composition and volatilities of 581 

IEPOX-derived SOA depended on mixing conditions in the chamber brought about by injection 582 

procedure. Additional chamber and modeling studies are needed to elucidate the exact 583 

mechanism by which different mixing conditions in a chamber lead to differences in the IEPOX 584 

multiphase chemistry. 585 

 Our results showed that the mass concentration and composition of IEPOX-derived SOA 586 

formed in chamber experiments are sensitive to mixing conditions in the chamber brought about 587 

by differences in the injection procedure. In addition, the different mixing conditions in “IEPOX 588 

first” and “seed aerosols first” experiments produced significantly different C5H12O4 589 

thermograms measured by the FIGAERO-CIMS. Lopez-Hilfiker et al. (2016) observed different 590 

desorption profiles for the C5H12O4 thermograms of isoprene-derived SOA during different time 591 

periods of the SOAS campaign. It is possible that different mixing conditions occurred at the 592 

field site during these time periods, and this may have been one of the contributing factors to the 593 

different desorption profiles of C5H12O4 thermograms measured during the SOAS campaign. It is 594 

likely that mixing conditions in these experiments represent two extreme cases of mixing in the 595 

atmosphere, and that typical mixing conditions in the atmosphere lie somewhere between these 596 

two limiting cases. For example, the “IEPOX first” experiments may describe a scenario where a 597 
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plume containing sulfate-rich aerosols is transported into a forested region with large isoprene 598 

emissions. Conversely, the “seed aerosols first” experiments may describe a scenario where 599 

isoprene-rich air is transported into an urban and industrialized area with substantial 600 

concentrations of sulfate-rich aerosols. Nevertheless, our results suggest that modeling studies 601 

may need to consider how sulfate-rich aerosols and IEPOX are mixed and interact with one 602 

another in order to accurately capture IEPOX-derived SOA composition and volatilities in the 603 

atmosphere.   604 

 Our results may also have implications for chamber studies on other systems where SOA 605 

is formed from chemical reactions occurring within inorganic seed aerosols after the uptake of a 606 

reactive gas, such as the reactive uptake of carbonyls, olefins and epoxides onto inorganic seed 607 

aerosols (Kroll et al., 2005; Liggio and Li, 2006, 2008; Iinuma et al., 2009; De Haan et al., 608 

2018). These previous studies investigated SOA formation by introducing seed aerosols into the 609 

chamber before the reactive gas. It is possible that products of different composition and 610 

volatilities would be formed if the injection order of seed aerosols and the reactive gas is 611 

switched in these chamber studies. However, the potential loss of the reactive gas to the chamber 612 

walls in experiments where the reactive gas is introduced into the chamber first needs to be 613 

considered as this can affect the amount of SOA formed.  614 
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• SOA formation increased with the sulfate mass for highly and less acidic aerosols. 
• More SOA was formed when highly acidic aerosols were used. 
• SOA formation depend on IEPOX and seed aerosols injection order in experiments. 
• More SOA was formed when seed aerosols were injected into the chamber first. 
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