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26 Abstract

27 The present work is an extensive laboratory study of organosulfate (OS) formation from the reaction of α-

28 pinene oxidation products or proxies with acidified ammonium sulfate aerosols in three different acidity 

29 conditions ((NH4)2SO4 0.06 M; (NH4)2SO4/H2SO4 0.06 M/0.005 M; (NH4)2SO4/H2SO4 0.03 M/0.05 M). The 

30 kinetics of the reactions of α-pinene, α-pinene oxide, isopinocampheol, pinanediol and myrtenal with 

31 ammonium sulfate particles were studied using a quasi-static reactor. The reaction of α-pinene oxide with the 

32 highly acidic ammonium sulfate particles was determined to be 7, 10, 21 and 24 times faster than for 

33 isopinocampheol, α-pinene, pinanedial and myrtenal, respectively for an OS precursor concentration of 1 ppm 

34 and after 1h reaction time. The effective rate coefficients for OS formation from α-pinene oxide were 

35 determined to be two orders of magnitude higher in highly acidic conditions than for the two other acidity 

36 conditions. For α-pinene oxide reactions with highly acidic ammonium sulfate particles, OS formation was 

37 observed to increase linearly with (i) the time of reaction up to 400 minutes (r2 > 0.95) and (ii) α-pinene oxide 

38 gas-phase concentration. However, OS formation from α-pinene oxide reactions with slightly acidic or pure 

39 ammonium sulfate particles was limited, with a plateau ([OS]max = 0.62 ± 0.03 µg) reached after around 15-20 

40 minutes. Organosulfate dimers (m/z 401 and m/z 481) were detected not only with highly acidic particles but 

41 also with slightly acidic and pure ammonium sulfate particles, indicating that oligomerization processes do not 

42 require strong acidity conditions. Dehydration products of organosulfates (m/z 231 and m/z 383) were observed 

43 only under highly acidic conditions, indicating the key role of H2SO4 on the dehydration of organosulfates and 

44 the formation of olefins in the atmosphere. Finally, this kinetic study was completed with simulation chamber 

45 experiments in which mass concentration of organosulfates was shown to depend on the available sulfate 

46 amount present in the particle phase (r2 = 0.96). In conclusion, this relative comparison between 5 

47 organosulfate precursors shows that epoxide was the most efficient reactant to form organosulfates via 

48 heterogeneous gas-particle reactions and illustrates how gas-particle reactions may play an important role in 

49 OS formation and hence in the atmospheric fate of organic carbon. The kinetic data presented in this work 

50 provides strong support to organosulfate formation mechanisms proposed in the companion paper.

51
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52 Introduction

53 Atmospheric particulate matter (PM) is known to play a key role in affecting climate change and air quality, 

54 leading to adverse health impact.1–4 Atmospheric oxidation of biogenic volatile organic compounds (BVOCs) 

55 play a significant role in the formation of secondary organic aerosols (SOAs).4 Biogenic secondary organic 

56 aerosols (BSOAs) contribute to a significant mass fraction of the fine particulate matter (PM2.5) measured in 

57 several locations.4 Despite ongoing improvements and the use of more sophisticated techniques, the 

58 insufficient knowledge of the composition of organic aerosol particles at the molecular level hinders a better 

59 understanding of the sources, formation and atmospheric processes of organic aerosol.5

60 Organosulfates (OSs) are ubiquitous in atmospheric aerosol particles and have been detected in ambient 

61 aerosols in various sites around the world.6–21 OSs have been identified in laboratory experiments in the 

62 presence of acidified sulfate aerosol from various VOCs including isoprene,6,22 monoterpenes, 6,7,22–24 

63 sesquiterpenes,25 polycyclic aromatic hydrocarbons,8 or alkanes.26 These studies have shown the key role of 

64 acidity in enhancing both SOA and OS formation. OSs may represent an important fraction of ambient organic 

65 aerosols, estimated to contribute up to 30 % of the PM10 organic mass.22,27 Their highly oxygenated and sulfated 

66 chemical structure suggests that their presence may modify aerosol hygroscopicity leading to larger potential 

67 climate impact through formation of cloud condensation nuclei (CCN).28 OS formation mechanisms have also 

68 been proposed in laboratory studies for oxidized BVOCs such as pinonaldehyde,29 glyoxal,30 α-pinene 

69 oxide,23,24 β-pinene oxide,23 isoprene epoxydiols (IEPOX),31,32 or pinanediol.24 During the last decade, a 

70 particular attention has been paid to epoxide compounds and related studies have highlighted that 

71 organosulfates are most likely formed from acid-catalysed reaction of epoxides with inorganic sulfate aerosol. 

72 20,22,30–37 Few kinetic studies of organosulfate formation were conducted33–35 and it was found experimentally 

73 in bulk aqueous solutions that epoxide reactions with sulfuric acid are kinetically favored over those of alcohols 

74 or aldehydes.34,36,37 Kinetics studies of the aqueous-phase reactions of several monoterpenes epoxides (i.e. α-

75 pinene oxide, β-pinene oxide, limonene oxide) have demonstrated that all of these epoxides will react more 

76 rapidly than isoprene epoxydiols in aqueous atmospheric particles, even under low-acidity conditions.35,38 

77 Some organosulfate formation pathways have been proposed in these studies, such as the esterification of 

78 hydroxyl or keto groups,28,29 the acid-catalyzed ring-opening of epoxides,23,34,36,39 radical-initiated processes in 
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79 aqueous aerosols,40,41 or the nucleophilic substitution of organonitrates.33 It is now crucial to gain further 

80 insights into mechanistic and kinetic processes describing OS formation.

81 In a recent companion study,24 a new experimental approach has been described to perform simple and various 

82 experiments under controlled and repeatable conditions, to study heterogeneous processes at the gas-particle 

83 interface. Mechanisms describing organosulfate formation from α-pinene, α-pinene oxide, isopinocampheol , 

84 myrtenal and pinanediol have been proposed. Here, an extensive kinetic study of organosulfate formation from 

85 α-pinene oxide reactions with acidified ammonium sulfate aerosol was performed using a quasi-static reactor 

86 in quasi-dry conditions. These simplified experimental conditions were selected to specifically investigate the 

87 gas-surface reaction of a series of oxygenated VOCs with sulfate particles as a first step of the multiphasic 

88 process of reactive uptake. Kinetics information on heterogeneous formation of organosulfates was 

89 investigated, for the first time, with this approach in complement to previous studies focused on bulk 

90 reactions.33–38,42 Effect of particle acidity on organosulfate formation is discussed. Complementary experiments 

91 in more atmospherically relevant conditions were performed in an atmospheric simulation chamber. In both 

92 experimental approaches, the gaseous phase was characterized by Proton Transfer Reactor - Time of Flight - 

93 Mass Spectrometer (PTR-TOF-MS). Organosulfate formation in the particle-phase was investigated by Liquid 

94 Chromatography combined with Electrospray Ionization (ESI) Mass Spectrometry (LC/ESI-MS) or with ESI 

95 High-Resolution – Time of Flight - Mass Spectrometry (LC/ESI-HR-QTOFMS) for structural elucidation. In 

96 this work, time evolutions of organosulfate formation from four other BVOCs (α-pinene, isopinocampheol, 

97 pinanediol and myrtenal) are also presented and compared. 

98

99 Experimental section

100 Quasi-static reactor experiments

101 The experimental approach using a quasi-static reactor was developed to the study of heterogeneous processes 

102 at the gas-particle interface. The experimental set-up and procedure were described in detail and fully validated 

103 in the recent companion article.24 With this set-up, heterogeneous reactions were investigated under pseudo-

104 first order conditions, as demonstrated in each experiment by on-line monitoring of the gas phase composition 
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105 using PTR-TOF-MS. Briefly, experiments are based on the exposure of aerosols, deposited on a filter in a 

106 quasi-static reactor, to a continuous flow of a single volatile organic compound (VOC) under pseudo-first order 

107 conditions. VOC flow was generated by flushing nitrogen (N2) into a bubbler of pure liquid compound. The 

108 VOC concentration (0.1 – 10 ppm) was then diluted in oxygen (O2) and N2, with a final O2 concentration near 

109 20 % of the mixture. O2 (99.9990 % purity, Linde Gas SA) and N2 (99.9990 % purity, Linde Gas SA) flows 

110 were controlled using mass flow controllers. Reactions were performed in complete darkness, at atmospheric 

111 pressure and ambient temperature (295 ± 2 K). The detailed experimental conditions are given in Table 1. 

112 Inorganic aerosols were generated by atomizing (using a TSI model 3075 through a diffusion dryer (TSI, model 

113 3062)) an aqueous solution containing the seed aerosol constituents as presented in Table 1 and were collected 

114 on 47-mm PTFE filters (Millipore, FluoroporeTM, 0.2 µm FG). The three different aerosol acidities were 

115 generated by varying the composition of the atomization solutions to investigate the effect of aerosol acidity 

116 on organosulfate formation. Prior to experiments, particles were further dried during an optimized 5 min-

117 exposure to an orthogonal 1 L min-1 flow of nitrogen. The drying efficiency of the procedure was controlled 

118 by weighting the particles (on a filter). The drying step was considered to be achieved when the particle mass 

119 was checked to be stable within the instrumental uncertainty of a daily calibrated microbalance (i.e. 0,0001 g 

120 corresponding to 2-3 % of the total particle mass).

121 Experiments were thus considered to be performed in quasi-dry conditions (RH < 1 ± 1 %). Meanwhile, it 

122 should be specified that a small residual amount of water may still be present in the particles, especially in the 

123 case of acidified particles due to the well-known strong hygroscopic properties of sulfuric acid.  

124

125

126

127

128

129

130

131
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132 Table 1. Experimental conditions of organosulfate formation in the quasi-static reactor for kinetic study. HA : 
133 highly acidic aerosols, SA : slightly acidic aerosols, NA : non-acidified aerosols

VOC
no. of 

experiment 
series

[VOC] (ppm) Inorganic aerosol
Composition of 

atomized solution 
(M)

Acidity 
conditions T (K)

Reaction time 
(min)

(n experiments)

α-pinene oxide R0 3.30 ± 0.1 (NH4)2SO4/H2SO4 0.03/0.05 295 ± 2 0-400
 (n = 37)

α-pinene oxide R1 1.00 ± 0.02 (NH4)2SO4/H2SO4 0.03/0.05
HA

295 ± 2 0-200 (n = 8)

α-pinene oxide R6 3.30 ± 0.1 (NH4)2SO4/H2SO4 0.06/0.005 295 ± 2 0-90 (n = 43)

α-pinene oxide R7 1.65 ± 0.03 (NH4)2SO4/H2SO4 0.06/0.005 295 ± 2 0-90 (n = 13)

α-pinene oxide R8 0.82 ± 0.02 (NH4)2SO4/H2SO4 0.06/0.005 295 ± 2 0-90 (n = 10)

α-pinene oxide R9 0.33 ± 0.02 (NH4)2SO4/H2SO4 0.06/0.005

SA

295 ± 2 0-60 (n = 5)

α-pinene oxide R10 3.30 ± 0.1 (NH4)2SO4 0.06 NA 295 ± 2 0-60 (n = 16)

α-pinene R2 1.00 ± 0.02 (NH4)2SO4/H2SO4 0.03/0.05 HA 295 ± 2 0-90 (n = 7)

isopinocampheol R3 1.00 ± 0.02 (NH4)2SO4/H2SO4 0.03/0.05 HA 295 ± 2 0-90 (n = 7)

pinanediol R4 1.00 ± 0.02 (NH4)2SO4/H2SO4 0.03/0.05 HA 295 ± 2  0-90 (n = 7)

myrtenal R5 1.00 ± 0.02 (NH4)2SO4/H2SO4 0.03/0.05 HA 295 ± 2 0-60 (n = 6)

134

135 After generation via aqueous solution atomization and drying using an aerosol diffusion dryer (TSI 3062), 

136 inorganic seed aerosols, deposited on a filter, were introduced in the reaction cell and exposed to the 

137 VOC/O2/N2 flow for a specific reaction time. The gas-phase constituents were monitored by PTR-TOF-MS 

138 (Kore Technology) all along the experiments. At the end of the reaction, the cell was purged with N2 and 

139 aerosols were recovered, extracted and dissolved in 3 mL of acetonitrile (ACN) by sonification during 15 min 

140 in the presence of an internal standard, stored at - 18 °C and analyzed within 3 months.

141 Chamber experiments

142 Organosulfate formation from α-pinene oxide reactions was also studied in more atmospherically relevant 

143 conditions in the CESAM chamber (French acronym for Experimental Multiphasic Atmospheric Simulation 

144 Chamber). The CESAM chamber was designed to study multiphasic atmospheric (photo-)chemistry and has 

145 been described in detail elsewhere.43 Briefly, this facility consists of a cylindrical 4.2 m3 double walled stainless 

146 steel chamber. Both temperature and relative humidity (RH) were measured with HMP234 Vaisala® humidity 

147 and temperature transmitter equipped with a capacitive thin film polymer sensor Humicap®. The circulation of 
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7

148 a cooling liquid at a suitable temperature regulated by a 10 kW thermostat (LAUDA, Integral T10000 W) was 

149 allowed to circulate between the double walls of the chamber in order to maintain the inner temperature during 

150 the experiment in the range (293 – 295) K between experiment, with a stability better that 1 K within the course 

151 of a single experiment (Table 1).

152 Experiments were carried out under dark conditions and at atmospheric pressure. Initial experimental 

153 conditions are described in Table 2. Between each experiment, the chamber was cleaned by maintaining a 

154 secondary vacuum (  6 × 10-4 hPa) overnight. The chamber was then filled with synthetic air produced from ~

155 a mixture of  200 hPa of O2 (Air Liquide, Alphagaz class 1) and 800 hPa of N2 generated from the ~ ~ 

156 evaporation of pressurized liquid nitrogen (Messer, purity > 99.995%). Inorganic seed aerosols were 

157 introduced into the chamber by atomizing (using a TSI model 3075 through a diffusion dryer (TSI, model 

158 3062)) a solution containing the seed aerosol constituents presented in Table 2. Particle size distributions (20-

159 980 nm diameter) were measured with a Scanning Mobility Particle Sizer (SMPS) composed of a TSI 3080 

160 Differential Mobility Analyzer (DMA) and a TSI 3010 Condensation Particle Counter (CPC), assuming a 

161 particle density of 1 g cm-3. Then, injection of α-pinene oxide (Sigma-Aldrich, 97 % purity) was performed by 

162 introducing a precisely known partial pressure of the compound (± 0.1 mbar) prepared in a bulb of known 

163 volume (V = 2.90516 L) from a frozen pure standard solution using a vacuum gas manifold. The bulb content 

164 was then immediately flushed with N2 into the chamber. The concentration of α-pinene oxide was monitored 

165 using a Fourier-Transform Infrared Spectrometer (FTIR) from BrukerTM Tensor 37®. The total optical path 

166 length for the in-situ FTIR measurements was set to 192 m. In addition to FTIR, the gas-phase composition 

167 was also monitored by a PTR-TOF-MS from Kore Technology. Each reaction was studied for 3 hours. The 

168 mass concentration data from the experiments performed in the CESAM chamber were treated using a new 

169 algorithm developed recently by Lamkaddam et al.44 The data could be corrected for both the dilution and the 

170 aerosol physical wall losses. These wall losses were corrected using a size dependent deposition rate coefficient 

171 parameterized using the model proposed by Lai and Nazaroff.45 

172 Temporal profiles of organosulfate formation were investigated by collecting filters sampled every 25 min 

173 throughout the experiments (6 filters collected and labelled F1-F6). In parallel, organosulfate formation was 

174 also characterized by a filter sample collected over the entire time of the experiments (labelled Ftot). Aerosol 
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175 sampling was achieved by using 47-mm PTFE filters (Millipore, FluoroporeTM, 0.2 µm FG). Before the VOC 

176 injection, inorganic seed aerosols were collected during 25 min onto a blank filter. The filter holders were 

177 installed downstream of an activated charcoal denuder, which was used to trap reactive gases and reduce 

178 positive sampling artefacts. The filter collection was performed at a flow rate of 3 L min-1. The filters were 

179 extracted in 3 mL of ACN during 15 min of ultrasonic agitation and the final extracts were kept at -18°C and 

180 analyzed within 3 months. 

181 Table 2. Summary of chamber experiment initial conditions; HA : highly acidic particles, SA : slightly acidic 
182 particles, NA : non-acidified particles

Experiment 
# Hydrocarbon

Initial 
[VOC] 
(ppb)

Seed aerosol
Composition 
of atomized 
solution (M)

Acidity 
conditions

Initial seed 
particle mass

 (µg m-3)
T (K) RH (%)

C1 α-pinene 
oxide 117 (NH4)2SO4/H2SO4 0.03/0.05 HA 18.5 294 ± 1 < 1 ± 1

C4 α-pinene 
oxide 116 (NH4)2SO4/H2SO4 0.003/0.005 HA 23 293 ± 1 < 1 ± 1

C7 α-pinene 
oxide 116 (NH4)2SO4/H2SO4 0.06/0.005 SA 25 294 ± 1 < 1 ± 1

C8 α-pinene 
oxide 132 (NH4)2SO4 0.06 NA 19 295 ± 1 < 1 ± 1

183

184 Sample preparation and analysis

185 The detailed extraction procedure and operating conditions of the analytical method have been previously 

186 described in the companion article24 and hence, will only be presented briefly here.

187 As described above, filter samples were extracted in 3 mL of acetonitrile (HPLC Grade, JT Baker) during 15 

188 min of ultrasonic agitation. Then, extracts were filtered by centrifugation using PTFE filters (Ultrafree-MC, 

189 PTFE Membrane, 0.22 µm) and concentrated to about 50 µL under a gentle N2 stream (99.995 % purity, Linde 

190 Gas SA) at 40 °C. Syringe standard (Octanoïc acid 13C, Isotec, 99 %) was added to the samples for 

191 quantification of the internal standard before analysis. This double quantification allows the calculation of 

192 internal standard recovery yields and hence to check that internal standards, and therefore organosulfates, are 

193 not lost along the analytical workup procedures. Internal standard recovery yields were higher than 80 % for 

194 all samples analyzed in the present work. Filter extracts were analyzed by LC/ESI-MS and by HPLC(-)ESI-

195 HR-QTOFMS. Chromatographic conditions and mass spectrometry parameters have already been presented 

Page 8 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

196 in the companion article.24 All products were detected as their deprotonated ions (i.e. [M – H]-). Camphor 

197 sulfonic acid (Sigma Aldrich 98 %) was used as an internal standard for quantification of organosulfates due 

198 to the lack of commercially available authentic standards for organosulfates. Although the use of surrogate 

199 compounds adds some uncertainty to the absolute quantification of OS, it does provide access to reliable 

200 information on relative variations and time-trends.46 Analyses were carried out only if the conditions required 

201 for analysis (absence of contamination in the blank samples, sensitivity and response factors within 15 % of 

202 the optimized conditions) were fulfilled. Calibration solutions were injected before each analysis sequence and 

203 about every 10 samples to calculate the internal standard response factors. Organosulfate functional groups 

204 were identified by LC/ESI-HR-QTOFMS from their fragmentation ions SO3
- (m/z = 79.9574), SO4

- (m/z = 

205 95.9523) or HSO4
- (m/z = 96.9601).

206
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207 Results and discussion

208 As shown in the companion article24, the sum of organosulfates formed from α-pinene oxide was much higher 

209 than from the other VOCs studied under similar experimental conditions. Thus, kinetic experiments focused 

210 here primarily on the α-pinene oxide reaction. Temporal variations of organosulfate concentrations from other 

211 VOC experiments are also compared and discussed. 

212 Organosulfate formation from α-pinene oxide – Quasi-static reactor experiments

213 Pseudo-first order conditions

214 The gas phase concentration of α-pinene oxide was checked to be constant by on-line monitoring using PTR-

215 TOF-MS measurements along all experiments, demonstrating pseudo-first order kinetic conditions. Moreover, 

216 the total gas flow (dilution flow = 3.5 L min-1 and α-pinene oxide bubbler flow = 0.04 – 0.10 L min-1) in the 

217 reaction cell was always higher than 3.5 L min-1, leading to a VOC residence time in the reactor < 1 s, 

218 minimizing the VOC wall loss. Figure 1 presents the time monitoring of ions by PTR-TOF-MS at m/z 153 

219 (C10H17O+), 135 (C10H15
+) and 21 (H3

21O+) in two experiments (treaction = 30 min) performed (a) in highly acidic 

220 conditions and (b) in slightly acidic conditions. As presented in Figure S1a, m/z 153 and m/z 135 are 

221 characteristic PTR-TOF-MS fragments of α-pinene oxide. Nonetheless, a change in the (m/z 153)/(m/z 135) 

222 ratio was observed when highly acidic aerosols were exposed to gaseous α-pinene oxide (Figure 1a). Alpha-

223 pinene oxide isomerization reaction has already been evidenced in previous studies under acidic conditions, 

224 forming campholenic aldehyde.23,47 The formation of campholenic aldehyde is highly suspected in this work 

225 but was not confirmed in the present experiments, both isomers (campholenic aldehyde and alpha-pinene 

226 oxide) having the same PTR-TOF-MS fragments under our experimental conditions (Figures S1a and S1b). 

227 Nonetheless, it is worth nothing that this different ratio is consistent with the observed different ion distribution 

228 for campholenic aldehyde, as shown in Figure S1. Under slightly acidic or neutral conditions, a change in the 

229 (m/z 153) / (m/z 135) ratio was never observed, suggesting that the isomerization reaction is catalyzed under 

230 acidic conditions.

231
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239 Figure 1. Typical evolution of m/z 153, m/z 135 and m/z 21 (H3
18O+) ions by PTR-TOF-MS during an experiment in quasi-

240 static reactor between α-pinene oxide (3.30 ppm) and ammonium sulfate aerosol under (a) highly acidic conditions and 
241 under (b) slightly acidic conditions – t0 is the time when the VOC flow was introduced in the reaction cell and tf was the 
242 time when the VOC flow was stopped.

243

244 Organosulfate formation

245 Overall, 132 experiments were performed in the present work to study the heterogeneous organosulfate 

246 formation from α-pinene oxide under three different acidic conditions. Various α-pinene oxide concentration 

247 levels (0.3-3.3 ppm) were tested for reaction times ranging from 0 to 400 min. As shown in the companion 

248 article,24 more than 15 organosulfate (OS) products, including organosulfate dimers (DiOS) and trimers 

249 (TriOS) were formed from α-pinene oxide under highly acidic conditions. The chromatograms and MS/MS 

250 fragmentation patterns allowing the identification of the organosulfates formed from α-pinene oxide are fully 

251 described and discussed in light of previous studies in the companion article.24 Table 3 summarizes the mass 
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12

252 of organosulfates detected in these experiments. As an example, the OS masses detected in these experiments 

253 after 1 hour of reaction are also presented in Table 3.

254 In all conditions, the two main organosulfates m/z 249 (i.e. OS 249 (1) and OS 249 (2)) have already been 

255 reported in some previous laboratory studies.22,23,48 Note that these two compounds were not detected in a 

256 previous study in bulk aqueous solution by Bleier and Elrod (2013)38 who detected a single organosulfate 

257 formed from the ring opening of α-pinene oxide using 1H and 13C NMR characterization. Both OS 249 (1) and 

258 OS 249 (2) were also reported from various ambient aerosol analyses.14,22,46,47 However, a very recent study 

259 based on the comparison of possible α-hydroxy OS products formed from pinanediol and α-pinene oxide to 

260 two regioisomers synthesized authentic standards evidenced that the compounds detected in a set of 18 ambient 

261 samples were not formed through SN2 reactions of α-pinene oxide with H2O or H2SO4
49 yielding to the 

262 conclusion that epoxides may not be the precursors of ambient bicyclic organosulfates.

263 In this work, the OS 249 monomers as well as the organosulfate dimers (m/z 401, OS 401 and m/z 481, OS 

264 481) were also detected under “slightly acidic” and “non-acidified” conditions, indicating that oligomerization 

265 processes do not require strong acidity conditions. Dehydration products of OS 249 (m/z 231, MW 232) and 

266 OS 401 (m/z 383, MW 384) were observed only under highly acidic conditions, indicating the key role of 

267 H2SO4 as both a strong acid and a strong hygroscopic reactant, on the dehydration of organosulfates and the 

268 formation of olefins in the atmosphere. Particle-phase dehydration of cyclic50 and non-cyclic51 hemiacetal 

269 compounds as well as organosulfates29 was already observed to occur and lead to the formation of olefins in 

270 the presence of highly acidic or sulfuric acid particles. Consistently, this reaction was shown to be favored 

271 under low relative humidity conditions51. Hemiacetals or organosulfates dehydration products are unsaturated 

272 and hence more reactive towards atmospheric oxidants such as OH radicals, NO3 radicals, or O3. Dehydration 

273 may thus affect in very specific (i.e. highly acidic and quasi-dry) conditions both the oxidation state and the 

274 reactivity of aerosols in the atmosphere. No organosulfate trimer was observed under slightly acidic conditions 

275 or with non-acidified ammonium sulfate aerosols. Table S1 presents the molecular structures proposed for the 

276 products identified in α-pinene oxide experiments, performed under different aerosol acidities (Table 3).24 The 

277 total organosulfate mass formed under highly acidic conditions was two orders of magnitude more abundant 

278 than those obtained under slightly acidic or neutral conditions. For the highly acidic aerosols, water may still 
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279 be present due to the highly hygroscopic nature of H2SO4
52  allowing H+ to drive the reaction. This emphasizes 

280 the key role of H+ ions in organosulfate formation in the atmosphere. Nonetheless, organosulfate formation 

281 did occur with non-acidified ammonium sulfate aerosols ((NH4)2SO4 at 0.06 M) showing that acidity from 

282 NH4
+ is sufficient to allow ring-opening of epoxide, in agreement with what was previously reported by 

283 Nguyen et al.32 

284

285 Table 3. Organosulfate masses (in ng) quantified in quasi-static reactor experiments from α-pinene oxide (3.3 ppm) 
286 using camphor sulfonic acid as an internal standard; HA : highly acidic particles, SA : slightly acidic particles, NA 
287 : non-acidified particles.

Detected 
organosulfates

Highly acidic condition (HA) a

 (in ng) (R0)

Slightly acidic 
condition (SA) b

 (in ng) (R6)

Non-acidified condition 
(NA) c

 (in ng) (R10)
OS 231 0 – 1700 (190 ± 60)d - -

OS 249 (1) 0 – 50 480 (14 110 ± 200)d 0 – 740 (740)d 0 – 605 (511)d

OS 249 (2) 0 – 64 150 (8255 ± 910)d 0 – 1 430 (1430)d 0 – 570 (790)d

Ʃ DiOS 401 0 – 26 660 (5350 ± 1870)d 0 – 200 (59)d 0 – 60 (24)d

Ʃ DiOS 481 0 – 19 410 (3550 ± 120)d 0 – 20 (8)d 0 – 5 (2)d

288 a Reaction time: 0 – 400 min; b Reaction time:  0 – 90 min; c Reaction time: 0 – 60 min; dMass of organosulfates detected after 60 min of reaction (for 
289 R0, n = 3; for R6 and R10, n = 1)
290
291 OS 249 (1) and OS 249 (2) were the two main organosulfates present at approximatively the same 

292 concentrations under highly acidic conditions, contrary to previous observations in chamber experiments by 

293 Iinuma et al.23, where OS 249 (2) was the only main product. In their study, the authors suggested that the 

294 dominance of the secondary carbon-substituted organosulfate indicates that sulfation reactions compete with 

295 isomerization reactions leading to campholenic aldehyde and hence to a third m/z 249 organosulfate, identified 

296 as campholenol hydrogen sulfate (Figure S2). Previously, Liggio et al.29 had also observed organosulfate 

297 formation from the reactive uptake of pinonaldehyde on acidic sulfate particles and proposed a formation 

298 mechanism via the protonation of the carbonyl group followed by the nucleophilic attack of HSO4
-. Under our 

299 experimental conditions and as discussed previously, campholenic aldehyde was highly suspected to be formed 

300 in the gas phase (according to PTR-TOF-MS measurements). However, the continuous renewal of the gas 

301 phase in the flow reactor cell may prevent from campholenic aldehyde accumulation in the flow reactor cell 

302 and hence limit the occurrence of the gas-surface formation of a third m/z 249 organosulfate which was not 

303 detected in quasi-static reactor experiments. This is also in good agreement with the results reported by Iinuma 
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304 et al.23 who have shown that the reaction yield of heterogeneous organosulfate formation from aldehydes may 

305 be low.

306 Temporal profiles of organosulfate formation 

307 Organosulfate temporal profiles are presented in the following section. These profiles were found to strongly 

308 depend on the particle acidity. 

309

310 “Highly acidic” (HA) conditions

311 37 experiments (R0, Table 1) and 8 experiments (R1, Table 1) were carried out with 3.3 ppm and 1.0 ppm of 

312 α-pinene oxide respectively, to describe the kinetics of organosulfate formation from α-pinene oxide. Under 

313 highly acidic conditions, the concentrations increase linearly, with reaction time for all observed products, and 

314 may be described by the equation (1).

315 (1)[𝑶𝑺] = 𝒌𝒆𝒇𝒇 × 𝒕

316 As an example, Figure 1 presents the temporal profiles of OS 249 (2) organosulfate formation. The 

317 experimental data points were fitted using a linear regression (r2 > 0.99), showing that the reaction rate was 

318 constant over the reaction time. As presented previously, the concentration of α-pinene oxide was constant 

319 under our experimental conditions. The first step of the organosulfate formation is supposed to be the 

320 protonation of the epoxide as presented in Figure S2. Thus, if this protonation is considered as the rate limiting 

321 step, a simple kinetic equation can be proposed in a first approach:

322  (2)𝒗 = 𝒌′[𝑨𝑷𝑶][𝑯 + ] =  
𝒅[𝑶𝑺]

𝒅𝒕

323 with k’ = the rate coefficient (in cm3 molecule-1 s-1) of the protonation of α-pinene oxide. As observed in the 

324 experiments, the OS formation rate shows that both reactants are in constant (stationary) concentrations under 

325 our experimental conditions, allowing Equation (2) to be reduced to (3): 

326  (3)
𝒅[𝑶𝑺]

𝒅𝒕 = 𝒌𝒆𝒇𝒇

327 With keff = k’ [APO] [H]+ (in molecule cm-3 s-1)
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328 From this kinetic behavior, as demonstrated by the linear plots of the reaction product formation shown in 

329 Figure 2a, it is assumed that H+ was also present in excess. More, the keff values are shown to vary linearly 

330 with α-pinene oxide concentrations (Figure 2b). This result is well described by the kinetic equation presented 

331 previously, where keff is proportional to the α-pinene oxide concentration under our experimental conditions. 

332 As it can be seen in Figure S3a, the effective rate coefficient determined for OS 249 (1) formed concomitantly 

333 to OS 249 (2) from the same set of experiments was found to vary between each of the 7 series of experiments 

334 performed with 3.3 ppm of α-pinene oxide. Linear fit slopes varied daily from 0.13 to 0.34 (r2 > 0.95 for 6 

335 series of experiments). During their preparation, particles were thoroughly dried prior to reaction allowing 

336 experiments to be carried out under quasi-dry conditions in the quasi-static reactor. Nonetheless, as explained 

337 previously, it cannot be excluded that the particle water content may have varied daily within the uncertainties 

338 of the balance used for the particle mass control (2-3 % of the particle mass). This small residual amount of 

339 water in the particles seems to have a critical role in OS 249 (1) formation pathway. Further investigation 

340 would be very useful to gain insight on this issue. 

341

342

343

344

345

346

347

348

349

350

351

Figure 2. (a)Temporal profiles of m/z 249 (2) organosulfate formation under highly acidic conditions, (b) Keff values in 
function of α-pinene oxide concentrations
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352 The temporal profiles of m/z 401 and m/z 481 organosulfate dimers are shown in Figures S3c and S3d. First, 

353 the oligomerization processes start very rapidly (within the first minutes of reaction) since organosulfate 

354 dimers were detected in the particle phase after only 2 minutes of reaction. As presented in Figure 3, the 

355 concentration of the sum of m/z 401 organosulfate dimers is highly correlated to that of OS 249 (1) (r2 = 0.92). 

356 In the proposed mechanism (see the companion article and Figure S2), the main m/z 401 organosulfate (TR 

357 21.3 min, representing from 65 to 80 % of the total concentration of ∑DiOS 401) is assumed to be formed via 

358 the addition of OS 249 (2) on a tertiary carbocation intermediate (in the red dashed box, Figure S2), formed 

359 from the protonation of α-pinene oxide. This tertiary carbocation intermediate, also directly involved in the 

360 formation of OS 249 (1), is assumed to be highly sensitive to the presence of water. Thus, the high correlation 

361 between concentrations of OS 249 (1) and the sum of m/z 401 organosulfate dimers from day to day (Figure 

362 S3) firmly supports the proposed mechanism in the companion article.24 

363
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364 Figure 3. Correlation between OS 249 (1) formation and ∑DiOS 401 formation from α-pinene oxide under highly acidic 
365 conditions.

366

367 Nonetheless, when α-pinene oxide concentration was decreased from 3.3 ppm to 1.0 ppm, the effective reaction 

368 rate coefficients for OS 249 (1) and for ∑diOS 401 were estimated to be from (2.5 to 6.2) and (2.5 to 7.1) times 

369 lower, respectively. This suggests that the proposed kinetic model (as described in equation (2)) may also be 

370 valid for OS 249 (1) and diOS 401. Interestingly, m/z 481 DiOS were formed in approximatively the same 

371 concentrations in experiments performed with 1.0 ppm and 3.3 ppm of α-pinene oxide (Figure S3c), illustrating 

Page 16 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

372 that the effective rate for the formation of these products does not depend on α-pinene oxide concentration in 

373 the gaseous phase.

374 “Slightly acidic” (SA) and “non-acidified” (NA) conditions

375 In total, 71 experiments were carried out at various α-pinene oxide concentrations: 3.30 ppm (n = 43), 1.65 

376 ppm (n = 13), 0.82 ppm (n = 10) and 0.33 ppm (n = 5) to gain further insights on the kinetics of organosulfate 

377 formation under slightly acidic conditions. As presented in Table 1, 16 experiments were also performed in 

378 this work in the presence of non-acidified ammonium sulfate aerosols. High variability of DiOS temporal 

379 profiles was observed due to levels near the detection limit and they are therefore not presented. Figure 4 

380 summarizes the temporal profiles of OS 249 (1) obtained under “slightly acidic” and “non-acidified” 

381 conditions. The experimental variability of the data points describing the OS 249 (1) formation is in agreement 

382 with the results presented above and may be tentatively explained as proposed by the variation of the residual 

383 amount of water in the particles. The experiments carried out with 3.3 ppm of α-pinene oxide show that the 

384 formation of OS is limited under low acidity conditions, with a plateau reached ([OS]max = 0.62 µg) after 

385 around 15-20 minutes. The value of the plateau represents the OS maximum concentration formed under our 

386 experimental conditions. OS 249 (2) mass reached up to 1.4 µg (Table 3), a plateau value higher than for OS 

387 249 (1) (contrary to the results obtained in highly acidic conditions), evidencing that acidity is a key parameter 

388 not only for global kinetics but also for the mechanistic pathways leading to organosulfate formation.

389 As OS formation was not limited with highly acidic particles, the plateau observed here with slightly acidic or 

390 non-acidified particles was not attributed to the presence of a very viscous organic phase or to phase-separated 

391 aerosols53 but rather to the amount of protons available for reactions. A simple kinetics approach was proposed 

392 to model the formation of OS 249 (1): data points were fitted using a first order exponential function, defined 

393 as follows:

394 (4)[OS](t) = [OS]max × (1 ― e ― k′t)

395 where [OS](t) is the organosulfate concentration formed on the particles, [OS]max the maximum organosulfate 

396 concentration and k’ the pseudo-first order rate coefficient of the reaction. The fitting parameters are extracted 

397 from the Figure 4. Note that experiments performed at lower VOC concentrations could not be fitted using the 
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398 same parameter values, either because of the experimental variability of the data points or because the kinetic 

399 model is not appropriate. As a matter of fact, the plateau could also result from an equilibrium between 

400 organosulfate formation and reverse reaction or dimer formation. Further experiments will be needed to gain 

401 further insights on the kinetics of heterogeneous formation of organosulfate from α-pinene oxide, especially 

402 as a function of aerosol surface area.

403

404

405

406

407

408

409

410

411

412 Figure 4. Temporal mass profiles of OS 249 (1) obtained in slightly acidic conditions and in the presence of sulfate 
413 ammonium aerosols - The size of data represents the number of experiments (ranging from 1 to 11)

414

415 Finally, the time profiles of organosulfate formation in “slightly acidic” or “no-added acidity” conditions were 

416 very similar, probably because of the low concentration of sulfuric acid in the “slightly acidic” conditions. 

417 This strongly suggests that in both conditions, the protonation of -pinene oxide to form the first intermediate 

418 occurs mostly via reaction with NH4
+, in agreement with Nguyen et al.32 It would be interesting to carry out 

419 further experiments by varying the amount of NH4
+ to firmly support the role of this ion.

420 In complement to these measurements in the quasi-static reactor, some experiments were carried out in 

421 atmospheric simulation chamber.
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423 Organosulfate formation from α-pinene oxide – chamber experiments

424 Gas phase

425 Depending on experimental conditions, a decrease of about 10 to 50 % of α-pinene oxide concentration in 60 

426 minutes was measured in the CESAM chamber, with or without particles. This unusually fast wall loss (even 

427 for an oxygenated compound) was attributed to isomerization processes on the metallic wall surface. PTR-

428 TOF-MS data measurements displayed a decrease of the m/z 135 fragment signal as well as an increase at m/z 

429 153. Thus, formation of campholenic aldehyde or other isomerization products of α-pinene oxide were 

430 assumed to occur in CESAM. Previous studies have reported the isomerization of α-pinene oxide using Fe-

431 supported catalysts54 and CESAM stainless steel wall might play a role in this particular reaction. However, 

432 α-pinene oxide was found to be stable in CESAM chamber under humid conditions (RH = 20 % and RH = 50 

433 %)24, highlighting that the α-pinene oxide loss was influenced by the presence of condensable species such as 

434 water. Note that cyclohexene oxide (Sigma Aldrich, 98 %) was found to be stable in the CESAM chamber, 

435 showing that wall loss was specific to α-pinene oxide, corroborating that this loss was likely due to 

436 isomerization. It is worth noting that the α-pinene oxide loss to the CESAM chamber walls cannot be explained 

437 by memory effects from prior experiments conducted in the presence of acidic sulfate aerosol because the 

438 chamber walls were manually cleaned with purified water and ethanol and by maintaining a secondary vacuum 

439 (  6 × 10-4 hPa) overnight.~

440 The amount of α-pinene oxide which reacted on particles was roughly inferred from the total amount of 

441 organosulfate formed in the chamber. From this calculation and the concentration of α-pinene oxide measured 

442 in the gas-phase, it could be estimated that about 0.05 % of the initial gaseous α-pinene oxide had reacted on 

443 particles. It was thus considered that regardless of the wall loss, gaseous α-pinene oxide was present in a large 

444 excess during the experiments in CESAM and hence that OS formation occurred under pseudo-first order 

445 conditions. 

446 Organosulfate formation 

447 Figure 5a summarizes organosulfate concentrations (in ng m-3) measured in the aerosol phase obtained in 

448 CESAM when α-pinene oxide was introduced in the presence of sulfated aerosols. No clear increase of the 

449 particle mass concentration was observed in the experiments with an initial seed aerosol mass of about 20 µg 

Page 19 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

450 m-3, regardless of the aerosol acidity conditions (experiments C1, C7 and C8). Considering the wide size 

451 distribution of the seed particles in these 3 experiments, the uncertainty associated to the measurements of 

452 particle mass concentration using SMPS (about 1 µg m-3) hindered to detect any aerosol mass growth related 

453 to organosulfate formation (Figure 5a). However, in experiment C4, the aqueous solution containing the seed 

454 aerosol constituents was diluted by a factor 10, resulting in the introduction of smaller particles in the chamber. 

455 Under these specific experimental conditions, a clear increase of about 3 µg m-3 in the particle mass 

456 concentration was observed (Figure S4) along the experiment, suggesting that α-pinene oxide may be an 

457 effective organosulfate precursor especially in region area dominated by trees which largely emit 

458 monoterpenes. It is worth noting that OS 249 have been observed in many regions of the world14,15,22,23,46, 

459 suggesting that OS formation from α-pinene oxide occurs under ambient conditions, although their exact 

460 structures were recently discussed49. 

461
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469 Figure 5. (a) Sum of organosulfates and (b) organosulfate mass concentrations as a function of the available acidic sulfate 
470 concentration in the particle phase for α-pinene oxide experiments in the CESAM chamber

471

472 Interestingly, organosulfate concentrations are of the same order of magnitude in all experiments performed 

473 without water vapor injection, independently of the presence of acidified sulfate aerosols (Figure 5a), contrary 

474 to the results obtained from quasi-static reactor experiments or in previous works.6,39 As previously shown for 

475 monoterpene oxides in chamber23 and bulk solution34 experiments, formation yields of organosulfates were 

476 shown to depend on the available sulfate concentration. In agreement with these studies, Figure 5b displays 

477 the relationship between the total OS concentration and the sulfate aerosol concentration, highlighting the 

478 importance of the available surface area in heterogeneous reactions. Further investigation involving total 

479 aerosol surface area and condensation sink did not allow us to provide a straightforward relationship with OS 

480 formation amounts.
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481 It is also worth noting that the concentration of OS 249 (CA) from campholenic aldehyde was increased when 

482 increasing the particle acidity. As reported in Figure 5a, the concentration of this organosulfate (99 ng m-3 for 

483 C1 and 86.4 ng m-3 for C4) is more important under highly acidic conditions than under slightly (53 ng m-3 for 

484 C7) or non-acidified ones (37 ng m-3), suggesting that α-pinene oxide isomerization is favored under acidic 

485 conditions. Moreover, the OS 249 (1)/OS 249 (CA) concentration ratio was decreased with increasing acidity 

486 (HA: 1.0 (C1) and 0.8 (C4); SA: 0.3 (C7); NA: 0.4 (C8)), suggesting the competition for the tertiary 

487 carbocation intermediate between isomerization and HSO4
- attack, as proposed in the formation mechanism 

488 (Figure S2). An example of temporal profiles of organosulfate formation in CESAM is presented in Figure S5. 

489 In the 4 experiments, organosulfates were formed rapidly in the first few minutes and reached a threshold value 

490 independently of the particle acidity, suggesting that the available aerosol surface area is a key parameter in 

491 these heterogeneous processes. Temporal variations were similar for all other experiments, showing no effects 

492 of acidity on the dynamics of organosulfate formation under these experimental conditions. 

493

494 Organosulfate formation from other precursors - comparison of temporal variations

495 As shown in the companion article, organosulfates are also formed from other precursors. Their formation 

496 kinetics was studied, as for α-pinene oxide, under pseudo-first order conditions. During all experiments, the 

497 gas concentration of each VOC was checked to be constant in the reaction cell by on-line monitoring using 

498 PTR-TOF-MS. Their temporal profiles derived from quasi-static reactor experiments are presented and 

499 discussed below. 

500 Organosulfates m/z 249

501 Figure 6 presents the temporal mass variations of OS 249 (1) and OS 249 (2), the two main products formed 

502 from experiments between highly acidic sulfate aerosols and α-pinene oxide, pinanediol or myrtenal ([VOC] 

503 = 1.0 ppm). Similarly, to the case of α-pinene oxide reaction, experimental data points issued from pinanediol 

504 and myrtenal could be nicely fitted with a linear regression. Although such temporal profiles only provide 

505 preliminary information on organosulfate formation kinetics, it is relevant to compare in a first approach the 

506 slopes of the linear fits to determine organosulfate formation rates. The apparent rate coefficient keff(α-pinene 

507 oxide) is 11 and 23 times larger than keff(myrtenal) and keff(pinanediol) for OS 249 (1), respectively. Similarly, 
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508 keff(α-pinene oxide) is 14 times higher than keff(pinanediol) for OS 249 (2). Note that the formation of OS 249 

509 (2) was very limited for myrtenal with respect to OS 249 (1). This study provides quantitative results showing 

510 that epoxides are favored reactants to form organosulfates via heterogeneous gas-particle reactions, in 

511 agreement with previous studies.24,34,36,55  

512
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515 Figure 6. Temporal mass variations of OS 249 (1) (6a) and OS 249 (2) (6b) from reactions between acidified ammonium 
516 sulfate particles (NH4)2SO4/H2SO4 (0.03/0.05 M) and α-pinene oxide, myrtenal or pinanediol (1.0 ppm)

517

518 Organosulfates m/z 233

519 The organosulfate m/z 233 formation pathways from α-pinene and isopinocampheol were already presented 

520 in the companion article.24 Figure 7 presents the temporal mass variations of the two main m/z 233 

521 organosulfates formed from α-pinene and isopinocampheol reactions under highly acidic conditions. Contrary 

522 to the m/z 249 organosulfates, the kinetic models for OS 233 (1) and OS 233 (2) formations appear different 

523 according to the studied precursor. Experimental data points from isopinocampheol experiments could also be 

524 fitted using a linear regression. The values of keff are of the same order of magnitude than keff(pinanediol) or 

525 keff(myrtenal) for both organosulfates. This was not the case for the reaction with α-pinene, where a plateau 

526 was reached for both OS 233 after about 15 min. 

0 20 40 60 80
0

100

200

300

400

0 20 40 60 80
0

50
100
150
200
250

OSO3H

OH

OH

OSO3H

6(b)

6(a)

Page 24 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

527 Experimental data points were fitted using a first order exponential function to provide a first quantitative 

528 insight into this reaction. The results highlight here two different formation behaviors, in agreement with the 

529 proposed mechanism (see the companion article).24 The sulfation of α-pinene occurs via the addition of sulfate 

530 on the C-C double bond whereas the sulfation of isopinocampheol occurs via the nucleophilic substitution of 

531 the hydroxyl functional group by the bisulfate anion. Therefore, in the first case, the initial step is the addition 

532 of a proton on the C-C double bond whereas it is a nucleophilic attack of the leaving group, for 

533 isopinocampheol reaction. Finally, temporal mass variations of OS 233 (3) from isopinocampheol is proposed 

534 in Figure S6. This compound was formed in the first few minutes and seemed to decrease afterwards but no 

535 clear trend was evidenced in its formation. Since this compound was not positively identified, further 

536 information on its formation pathway cannot be proposed. 
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539 Figure 7. Temporal mass variations of OS 233 (1) (7a) and OS 233 (2) (7b) from experiments between acidic sulfated 
540 aerosols (NH4)2SO4/H2SO4 (0.03/0.05 M) and α-pinene or isopinocampheol

541

542 Conclusion

543 In the present study, α-pinene oxide has been identified as the most efficient precursor of α-pinene-derived 

544 organosulfates observed in field studies.14,22,23,28,45 The amount of organosulfates formed in quasi-static reactor 

545 experiments was found to increase notably with higher aerosol acidity. It was also found that the mass 

546 concentrations of organosulfates depend on the available sulfate in the aerosol phase in chamber experiments, 

547 in agreement with previous studies.23,55  In this work, the oligomerization processes was observed under both 
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548 low and high acidic conditions. This suggests that the formation of organosulfate dimers from α-pinene oxide 

549 may contribute to SOA composition in the atmosphere on a large aerosol pH range and more specifically where 

550 highly acidic aerosols (pH < 1) have been reported.56–58. These results also provide some new organosulfate 

551 structures to be looked for in field studies, especially in environments where monoterpenes are the predominant 

552 BVOCs.  

553 This study also presents an extensive laboratory investigation of organosulfate formation from oxidation 

554 products of α-pinene or proxies, with ammonium sulfate model aerosols. Temporal variations of organosulfate 

555 concentrations, for the reactions of α-pinene, α-pinene oxide, isopinocampheol, pinanediol and myrtenal are 

556 presented and discussed for the first time. For all precursors, except for α-pinene under highly acidic 

557 conditions, organosulfate formation was found to be linear with reaction time, showing that all reactants were 

558 present in a large excess. Effective rate coefficients for OS formation were determined to be one or two orders 

559 of magnitude higher for α-pinene oxide than for the 4 other precursors. Although some recent studies38,49 still 

560 question the exact OS carbon backbone structures and formation mechanisms highlighting the need of further 

561 investigations, this work allows to conclude that epoxides appears as a favored reactant to form organosulfates 

562 via heterogeneous gas-particle reactions under our experimental conditions. 

563 As a future work, it would be interesting to use this methodology to compare the apparent rate coefficient of 

564 OS formation from IEPOX and α-pinene oxide, and then assess their contribution to OS formation under 

565 similar conditions. In the presence of slightly acidic or non-acidified ammonium sulfate aerosols, the amounts 

566 of organosulfates were much lower than those obtained under highly acidic conditions, showing that 

567 ammonium ions may be involved in OS formation via a slightly different mechanism, also depending on the 

568 aerosol acidity and the RH/aerosol water content. The complementary study in CESAM chamber have shown 

569 the OS formation under more realistic conditions and have given first kinetic description of the studied 

570 mechanistic pathways. The experiments performed in the CESAM chamber were designed to allow us to 

571 confront the mechanistic and kinetic results on OS formation obtained in a quasi-static reactor to experimental 

572 data determined for specific and selected chemical systems in more realistic conditions (e.g. using suspended 

573 aerosol instead of deposited on a filter). Hence, both experimental approaches were highly complementary and 

574 fruitfully associated in this work. Although the present study provides highly robust and relevant new 
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575 knowledge on heterogeneous OS formation, the kinetic data are yet “experimental condition”-dependent and 

576 thus cannot be directly implemented in an atmospheric chemistry box-model to evaluate the contribution of α-

577 pinene oxide to OS formation in the atmosphere. Therefore, further experiments more specifically focused on 

578 OS formation from α-pinene oxide are needed to extend our experimental approach relying in the fruitful 

579 association of quasi-static reactor and atmospheric simulation chamber to a wider range of experimental 

580 conditions (i.e. α-pinene oxide concentrations, RH, acidity and sulfate concentration…). This should then 

581 achieve the complete kinetic parametrization of this complex gas-surface reaction and allow the 

582 implementation of OS heterogeneous formation in atmospheric chemical models. Nevertheless, this study 

583 already illustrates how gas-particle reactions may play an important role in OS formation and hence in the 

584 atmospheric fate of organic carbon.53,59 

585

586 ASSOCIATED CONTENT

587 Supporting Information. 

588 Figure S1 presents the mass spectra from PTR-TOF-MS for α-pinene oxide and campholenic 

589 aldehyde. Figure S2 displays the proposed organosulfate formation mechanism from α-pinene oxide. 

590 Figure S3 presents the temporal mass profiles of m/z 249 (1), m/z 401 and m/z 481 organosulfate 

591 formation in the particulate phase. Figure S4 shows the aerosol particle concentration in the CESAM 

592 chamber measured during the C4 experiment. Figure S5 presents the temporal variations of OS 249 

593 (1), OS 249 (2) and OS 249 (CA) from α-pinene oxide under non-acidified sulfate conditions in the 

594 CESAM chamber. Figure S6 presents the temporal mass profile of OS 233 (3) from experiments 

595 between acidic sulfated aerosols (NH4)2SO4/H2SO4 (0.03/0.05 M) and isopinocampheol. Table S1 

596 shows the structure of the organosulfates detected in α-pinene oxide experiments. The Supporting 

597 Information is available free of charge on the ACS Publications website http://pubs.acs.org. 
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