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42 Supporting Information Text 

43 Text S1 Chemical materials 

44 All chemicals were used as purchased: disodium terephthalate (TA) (Alfa Aesar, ≥99% purity), 2-

45 hydroxyterephthalic acid (TAOH) (Sigma Aldrich, 97% purity), adipic acid (Fluka, ≥99.5% purity), 

46 2-chloroethanol (Sigma Aldrich, ≥99% purity), 1-butanol (Sigma Aldrich, ≥99.7% purity), 

47 cyclohexane (Merck Schuchardt, ≥99% purity), ammonium chloride (Sigma Aldrich, 99.99% purity), 

48 ammonium hydrogen sulfate (Acros Organics, 99% purity). The N2O gas cylinder (1% N2O in N2) 

49 was purchased from Air Products Inc. The pH of some solutions (usually below 6 or above 7) was 

50 adjusted by adding HCl or NaOH, and the solution pH was measured by a Metrohm pH meter 

51 (Model 913).  

52 Text S2 TAOH quantification and interference using fluorescence spectrometry 

53 TAOH is a fluorescent compound, and we used a commercial fluorescence spectrometer (RF 6000, 

54 Shimadzu) to quantify its concentration. We choose 310 nm as the excitation wavelength, and the 

55 emission wavelength is usually scanned from 380 nm to 480 nm at a speed rate of 200 nm min−1, 

56 with excitation and emission slit widths set at 5 nm. The data were exported from the software 

57 LabSolutions RF 1.17. Fig. S1 shows typical fluorescence emission spectra of TAOH standards 

58 from 0.49 nM to 1000 nM, exhibiting an excellent linearity with the intensity from the emission peak 

59 at 422 nm. We performed the calibration with TAOH standards regularly and applied the linear 

60 regression for TAOH quantification. The TAOH quantification process is similar to some previous 

61 studies that use single wavelength-pair mode (i.e., excitation/emission wavelengths of 323 nm / 

62 435 nm (1), 320 nm / 420 nm (2); 310 nm / 420 nm (3)). 

63  

64 Fig. S1 (A) Fluorescence emission spectra (excited at 310 nm) of TAOH standards from 0.49 nM 

65 to 1000 nM. The fluorescence intensity is shown on a logarithmic scale to highlight the wide 

66 dynamic range of the measurement. (B) Typical calibration curve for TAOH quantification using 

67 fluorescence spectrometry, and the intensity refers to the peak emission wavelength at 422 nm. 
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68 Although TA fluoresces much weaker than TAOH does, it may potentially interfere when measuring 

69 TA and TAOH mixtures at very low TAOH concentrations. Fig. S2 shows the fluorescence emission 

70 spectra (excited at 310 nm) from TA standards at different solution pH and concentrations. Note 

71 that the TA concentration is 4-5 orders of magnitude higher than that of TAOH at the same 

72 fluorescence intensity, and it has a very different spectrum, making it easy to distinguish it from 

73 TAOH. Higher TA concentrations result in higher fluorescence emission signal, as expected, while 

74 the interference from pH becomes more significant when TA solution pH is below 5. Therefore, we 

75 choose 0.05 mM TA at pH=6.2 for the mist chamber experiments (Fig. 1B), and 0.1 mM TA for the 

76 flat surface experiments (Fig. S3 and Text S3), minimizing the interference due to the presence of 

77 TA. 

78  

79 Fig. S2 Fluorescence interference from TA standards at different (A) solution pH and (B) TA 

80 concentrations. 

81 Text S3 Interfacial OH(aq) formation from flat surface of macroscopic bulk water 

82 We performed a set of simple experiments to confirm whether OH radical can be spontaneously 

83 formed at the interface of bulk water at a macroscopic scale. As shown in Fig. S3A, a 60 mL glass 

84 bottle was fully filled with 0.1 mM TA bulk solution that O2 was degassed in prior, leaving no 

85 headspace or interface with the air, while another same-sized glass bottle was filled with a small 

86 volume of the same TA solution (3 mL). The first sample should not have any major contributions 

87 from the air-water interfacial chemistry, whereas the second sample has an area of ca. 8.3 cm2 

88 exposed to air, and a reduced volume of bulk solution, thus enhancing the effects of the air-water 

89 interfacial chemistry. Every 3-5 days, we transferred the liquid solution from these bottles into a 

90 quartz cuvette for fluorescence measurement, and then transferred back to the original bottles to 

91 continue the flat surface experiment, and no dilution effect was accounted during the whole 

92 process. Fig. S3B shows time-dependent TAOH fluorescence emission spectra of bulk and 

93 interfacial solutions under acidic and nearly neutral conditions, with pH values ranging from 4.0 to 
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94 6.8. Compared with the full bulk solutions, the interfacial result clearly shows significant formation 

95 of TAOH at all pH, with the TAOH concentrations accumulating over time.  

96  

97 Fig. S3 Confirmation of OH(aq) production at the air-water interface in the macroscopic scale. (A) 

98 Schematic of two glass bottles (60 mL size), filled with 60 mL and 3 mL TA solution to represent 

99 conditions dominated by bulk and interfacial reactions, respectively. (B) Time-dependent 

100 fluorescence emission spectra (excited at 310 nm) measured from glass bottles providing bulk and 

101 interfacial results, with 0.1 mM TA at pH=4.0, 5.0, 6.0, and 6.8. (C) Time-dependent TAOH 

102 concentrations quantified from (B) 

103 As shown in Fig. S3C, we further quantified time-dependent TAOH concentrations for the above 

104 bulk and interfacial solutions under different pH conditions, with a time window of five weeks. As 

105 for the interfacial case in pH=4.0 solution, TAOH concentration first increased to 40 nM at a fast 

106 production rate of 2.5 nM day−1 for the initial 17 days, and then slowly reached 43 nM at a rate of 

107 0.20 nM day−1 during the rest of the experimental period. Meanwhile, TAOH concentrations in other 

108 interfacial solutions (pH=5.0, 6.0, and 6.8) reached 6−7 nM at a production rate of 0.18−0.20 nM 

109 day−1 for the whole period, which corresponds to a OH(aq) production flux of 0.57−0.63 nM day−1, 

110 assuming TAOH production yield of 0.315 (3). The reason for the contrast rates of two periods in 

111 interfacial pH=4.0 solution remains unclear. Nevertheless, these experiments clearly confirm that 
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112 the interfacial production of OH radicals is a general phenomenon, which can be observed at a 

113 macroscopic scale of air-water interface when there is enough low detection limit and long duration 

114 time. 

115 Text S4 Producing TA-containing microdroplet from mist chamber 

116 Fig. 1B shows the schematic of the home-built mist chamber, which is made of glass with a total 

117 volume of ~110 mL, in which the solution liquid was lifted up due to pressure difference after gas 

118 flow entering, and droplets were produced by spraying aqueous bulk solutions. A 47 mm 

119 hydrophobic PTFE membrane filter (0.2 μm pore size, Ref: FGLP04700, Merck Millipore Ltd) was 

120 connected before the flow output (at the top of the mist chamber), which only allowed gas flow 

121 passing through, while microdroplets were hindered by the PTFE membrane, and dropped back 

122 into the bulk solution (see Movie S1 for the typical operation of mist chamber experiment). We 

123 tested the membrane filter by connecting a condensation particle counter (CPC, TSI 3776) at the 

124 outlet of mist chamber, and no particle was detected from the output gas flow during the spraying 

125 process. For our experimental conditions, we initially added 20 mL bulk TA solution (0.05 mM TA 

126 + 2.5 mM NH4Cl, pH=6.2) into the mist chamber, and used a bubbler to generate humidified gas 

127 (i.e., air, N2, O2, etc.) as the spraying flow, which was adjusted by mass flow controllers (MFC) at 

128 a fixed flow rate of 2.5 L min−1. By maintaining the spraying process and with the droplets being 

129 recycled, TAOH in the solution is expected to accumulate overtime if OH(aq) radicals are formed in 

130 the microdroplet containing TA.  

131 As shown in Fig. 1B, we measured the time-dependent fluorescence emission spectra (excited at 

132 310 nm) of the bulk TA solution during the whole spraying period, and we observed clear TAOH 

133 fluorescence signal after 15 or 16 h spraying under five different gases, though the fluorescence 

134 intensity is different among them. When adding chloroethanol to the gas flow, humidified N2 flow 

135 passed through the headspace of a 120 mL bottle that was filled with 30 mL pure 2-chloroethanol 

136 solution, and carried the gaseous chloroethanol vapor as the spraying gas into the mist chamber. 

137 The chloroethanol concentration in N2 is estimated as 0.72% based on its vapor pressure. We note 

138 that the peak wavelength of TAOH fluorescence emission spectra has a small shift to ~440 nm in 

139 the chloroethanol experiment (Fig. 1B), which is likely due to the interference from chloroethanol 

140 as it can be partially dissolved in the solution water in the mist chamber during the spraying and 

141 droplet recycling process.  

142 Note that the bulk solution in the mist chamber was also evaporating due to the spraying flow, 

143 resulting in more concentrated TA and hence the observed shift in the baseline, as a higher TA 

144 concentration may cause larger fluorescence interference (see Fig. S2 and Text S2 for details). In 

145 our mist chamber experiments, usually 75−90% of the solution water was evaporated after 15 h 

146 spraying (with remaining liquid volume of 2−5 mL), corresponding to a liquid loss rate at 1.0−1.2 

147 mL h−1, and resulting in an exponentially increase of TAOH concentration overtime (Fig. 1B and 



 

S6 

148 Fig. S4A). Nevertheless, the water evaporating and TA concentrating process in the mist chamber 

149 would not have much influence on TAOH confirmation and quantification after 15 or 16 h spraying, 

150 as TA concentration is expected to increase up to a factor of 5−10. According to liquid loss rate for 

151 each mist chamber experiment, we estimated time-dependent remaining liquid volume and TA 

152 concentration. With TA fluorescence signal at 422 nm from different TA concentrations (Fig. S2B), 

153 we can subtract the background interference from TA. We finally calculate background-corrected 

154 time-dependent TAOH concentration and its molar amount (in nmol). As shown in Fig. S4, TAOH 

155 molar amount showed less non-linearity as a function of time than TAOH concentration, though 

156 both metrics represented the production flux of OH radical through mist chamber experiments. 

157 Compared with the pure N2 condition, we observed enhanced TAOH formation for experiments 

158 using N2O or chloroethanol as spraying gas, suggesting that the role of N2O and chloroethanol as 

159 electron scavenger was taking place. 

160  

161 Fig. S4 Background-corrected (A) TAOH concentration and (B) its molar amount as a function of 

162 time for the five mist chamber experiments. 

163 Text S5 Producing TA-containing microdroplet from a commercial atomizer 

164 To test whether our observations are dependent on the spraying procedure, we also used a 

165 commercial atomizer (TSI 3076) to atomize bulk TA solution (25 mM NH4Cl + 1 mM TA) to generate 

166 polydisperse aerosol droplets, with droplet sizes ranging from a few tens of nanometers to microns. 

167 As shown in Fig. S5A, the microdroplets were continuously impacted and collected as condensing 

168 liquid in 1 or 3 clean glass vessels (5 L) directly connected to the atomizer output, and then we 

169 transferred the liquid into a quartz cuvette for fluorescence analysis. Note that these atomizing 

170 experiments usually last for several hours, which makes it possible to accumulate enough 

171 condensing liquid volume in glass vessels that can be transferred into a quartz cuvette for 

172 fluorescence analysis. By using an Aerodynamic Particle Sizer (APS, TSI 3321), those large 

173 droplets produced from the atomizer showed slightly different size distribution depending on where 

174 the measurement was taken, but generally peaked at 1.5−3 μm with a broad size range (Fig. S5B).  
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175  

176 Fig. S5 Confirmation of OH(aq) production at the air-water interface of microdroplets produced from 

177 an atomizer. (A) Setup for producing aerosol droplets from 25 mM NH4Cl + 1 mM TA solution with 

178 different input gas (pure N2, O2, or air). (B) The size distribution of large droplets measured from 

179 the output of atomizer or condensing bottles. (C) Measured TAOH concentrations for microdroplets 

180 produced by atomizing 25 mM NH4Cl + 1 mM TA solution (pH=6.5) with different carrier gases 

181 (100% N2 vs. 80% N2 + 20% O2), collected as condensing liquid in the three tandem bottles as 

182 shown in (A). (D) Measured TAOH concentrations for microdroplets by atomizing 25 mM NH4Cl + 

183 1 mM TA solution at different pH (pH=6.5 or 9.0) with pressurized pure air of ~3 bar (~3.5 L min−1) 

184 as input gas, which was collected in one single 5 L glass vessel connected to atomizer output. 

185 We first atomized 25 mM NH4Cl + 1 mM TA solution (pH=6.5) using different carrier gases (100% 

186 N2 vs. 80% N2 + 20% O2), with a total gas flow of 3 L min−1 controlled by mass flow controllers 

187 (MFC), leading to an average residence time of aerosol droplets travelling through each glass bottle 

188 of ca. 100 s. We observed TAOH fluorescence signals in those microdroplets collected from 

189 different bottles under the two gas flow conditions mentioned above, with quantified TAOH 

190 concentrations shown in Fig. S5C. The TAOH concentrations in microdroplets generally showed 

191 an increasing trend with increasing residence time, except the bottle 3 under 100% N2 condition, 

192 which might be due to the changed droplet size distribution in this case. Nevertheless, the 

193 production of TAOH was enhanced by a factor of 3−5 in the presence of 20% O2, compared to pure 
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194 N2 condition. This is in good agreement with the mist chamber experiments (Fig. 1B), and further 

195 demonstrates the important role of O2 in interfacial OH(aq) production.  

196 Fig. S5D also shows that the TAOH concentrations in microdroplets are pH-dependent i.e., 141±

197 20 nM (n=4; pH=6.5) and 29 nM (n=1; pH=9.0) respectively, suggesting that the interfacial OH(aq) 

198 production might be more efficient under acid than alkaline condition. For this specific case, the 

199 atomizer output flow rate was measured at ~3.5 L min−1 under ~3 bar regulated pure air, providing 

200 an average residence time of ~86 s for those microdroplets in 5 L glass vessel. This yields a TAOH 

201 production rate of 1.64±0.23 nM s−1, and hence an OH(aq) production rate of ca. 5.2±0.7 nM s−1 

202 for microdroplets with average diameter of 2.6 μm at pH=6.5.  

203 Text S6 Aerosol droplet filter collection in chamber experiments and its extraction  

204 The setup for chamber experiment is shown in Fig. S6, where chamber aerosol droplets were 

205 collected onto a 47 mm quartz filter through a particle sampler, with a known sampling flow rate 

206 and duration. Fig. S7-S8 show the evolution of particle concentration and size distribution from 

207 three typical chamber experiments, marked with aerosol droplet injecting and filter sampling 

208 periods. After collecting chamber aerosols onto the filters, we first cut the full filter into small pieces, 

209 and then transferred into a vial (30 mL size) with 5 mL water (Optima® LC/MS grade, Fisher 

210 Scientific Inc.), which was then agitated for 60 min using an orbital shaker at 1000 rpm. After that, 

211 the extracts were filtered through a syringe on a 0.2 µm PTFE membrane (13 mm, product ID: 

212 4552T, Pall Corporation) to remove insoluble materials. The whole filter extraction and filtration 

213 process was completed within 24 h. Because high-frequency ultrasound can produce OH(aq) radical 

214 in the solution (4), we did not use any sonication during the filter extraction. The extracted liquid 

215 amount was usually 4.1−4.5 mL, which was then used for fluorescence analysis, and some samples 

216 were also analyzed with offline liquid chromatography (see Text S7). Based on the above 

217 procedures, we examined the filter extraction efficiency by adding known amount of TAOH 

218 standards onto the clean filters. Fig. S9 shows reasonably good performance for the filter extraction 

219 efficiency, which was calculated based on added molar amount and extracted molar amount of 

220 TAOH (measured TAOH concentration multiplying extracted liquid volume), with an average of 

221 ~90% from six trials.  
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222  

223 Fig. S6 Schematic of the setup for chamber experiments. All the chamber experiments were 

224 performed under high humidity (~76%) and room temperature (~23℃) condition.  
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225  

226 Fig. S7 A blank chamber experiment performed after a typical TA chamber experiment the next 

227 day, in which only NH4Cl droplets were injected (atomizing 25 mM NH4Cl solution). (A) Time series 

228 of total particle number and mass concentration (assuming density 1 g cm−3), with periods for 

229 aerosol injection and sampling of two filters. (B) Time-dependent particle number size distribution 

230 from SMPS measurement. (C) Fluorescence emission spectra (excited at 310 nm) measured for 

231 the two filters collected with chamber droplets and one clean blank filter (no aerosol loading) after 

232 water extraction. 
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233  

234 Fig. S8 Same as Fig. S7. (A) A typical chamber experiment (E2) where TA-containing droplets 

235 were injected (atomizing 25 mM NH4Cl + 1 mM TA). (B) A typical chamber experiment (E7) that 

236 injecting aerosol droplets containing both TA and adipic acid (atomizing 25 mM NH4Cl + 1 mM TA 

237 + 10 mM adipic acid). 
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238  

239 Fig. S9 Filter extraction efficiency for TAOH by adding known amount of TAOH standards onto 

240 filters. 

241 Text S7 Offline liquid chromatography measurements 

242 In order to complement the offline fluorescence measurements, some filter extracts were also 

243 analyzed by an ultra-high-performance liquid chromatography (UHPLC, Dionex Ultimate 3000, 

244 Thermo Scientific) coupled with high-resolution mass spectrometry (HRMS, Q-Exactive Hybrid 

245 Quadrupole-Orbitrap mass spectrometer, Thermo Scientific). HRMS was equipped with a heated 

246 electrospray ionization source (ESI), and spray voltage of −2.6 and 3.2 kV were applied for negative 

247 (−) and positive (+) ionization mode, respectively. The mass resolving power was 140,000 at m/z 

248 = 200, with the scanning range setting as m/z 50−750. External mass calibration for HRMS was 

249 performed on a daily basis using a 2 mM sodium acetate solution, which can provide a series of 

250 negative and positive adduct ions (with known m/z) in the range of m/z 50–750. The external mass 

251 calibration was completed until the error was below 0.5 ppm. 

252 The filter extracts from some chamber experiments (E1, E2, E3, E6, E7; see Table S1 for detailed 

253 description of experiment ID), TAOH standards (10 nM, 100 nM, 1000 nM), TA standards (0.1 µM 

254 - 100 µM) and water blank were injected for UHPLC-HRMS analysis, and the injection volume was 

255 5 µL. Analytes were separated using a Waters Acquity HSS C18 column (1.8 μm, 100 × 2.1 mm). 

256 The mobile phases were (A) 0.1% formic acid in water (Optima® LC/MS grade, Fisher Scientific 

257 Inc.) and (B) 0.1% formic acid in acetonitrile (Optima® LC/MS grade, Fisher Scientific Inc.). The 

258 gradient elution procedure used in this study is the same as that in our previous studies (5). Briefly, 

259 gradient elution was performed by the A/B mixture at a total flow rate of 0.3 mL min−1 for 22 min: 

260 0−2 min at 1% B, 2−13 min with a linear gradient to 100% B, 13−15 min held at 100% B, 15.0−15.1 

261 back to initial condition at 1% B, 15.1−22 min stabilized at 1% B.  
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262 Based on UHPLC-HRMS measurement from the TAOH standards (Fig. S10A, C, E), we quantified 

263 TAOH concentrations for filter extracts from some chamber experiments (E1, E2, E3, E6, E7), and 

264 overall good correlation was found between UHPLC-HRMS and fluorescence measurement (Fig. 
265 S10G). Similarly, we measured TA standards at different concentrations and established calibration 

266 curve for TA standards (Fig. S10B, D, F), which enables to further quantify TA concentration from 

267 filter extracts. Good correlation (R2=0.92) was also found between TA concentration in filters 

268 extracts and average chamber aerosol concentration during the corresponding filter sampling 

269 period (Fig. S10D), which is an expected result. This also indicates the robustness of our 

270 experiment procedures (e.g. generating TA-containing aerosol droplets, chamber measurement 

271 and filter sampling/extracting method) between different experiment runs. We notice that both TA 

272 and TAOH co-eluted at ~6.50 min under our LC conditions. However, this does not lead to 

273 misidentification due to the ultra-high resolving power of the mass spectrometer used (Fig. S10A-
274 D). Fig. S11-S12 show the chromatogram for selected ions from filter extracts (E6 and E7) with a 

275 mass tolerance of 10 ppm, and the data were processed and exported using the Xcalibur 2.2 

276 software (Thermo Scientific). 
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277  

278 Fig. S10 Extracted ion chromatograms (EIC) for (A) TAOH standards (m/z = 181.01425) and (B) 

279 TA standards (m/z = 165.01933), with a mass tolerance of 10 ppm. Mass spectra for (C) 1000 nM 

280 TAOH and (D) 10 µM TA eluting at ~6.50 min. Calibration curve for (E) TAOH standards (10 nM, 

281 100 nM and 1000 nM) and (F) TA standards (0.1 µM - 100 µM) using UHPLC-HRMS. (G) 

282 Comparison of quantified TAOH concentrations in selected filter extracts between fluorescence 
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283 spectrometry and UHPLC-HRMS. (H) Comparison between quantified TA concentrations in filter 

284 extracts and average aerosol concentrations in chamber during filter sampling period (data 

285 summarized in Table S1). UHPLC-HRMS was operated with a negative ionization mode. 

286  

287 Fig. S11 Offline UHPLC-HRMS chromatogram for the four filter extracts collected from chamber 

288 experiment (E6) with a negative ionization mode. The selected m/z values were 165.01933, 

289 181.01425, 145.05063 and 159.02990 for TA, TAOH, adipic acid and ketoadipic acid, respectively.  

290  

291 Fig. S12 Same as Fig. S11 but for chamber experiment (E7) 

0

4x105

8x105

In
te

ns
ity

 (c
ps

)

0

4x105

8x105

In
te

ns
ity

 (c
ps

)

0

4x105

8x105

In
te

ns
ity

 (c
ps

)

5 6 7 8
0

4x105

8x105

In
te

ns
ity

 (c
ps

)

Retention time (min)

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

5 6 7 8
0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

Retention time (min)

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0.5 1 1.5 2

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

Retention time (min)

0

1x108

2x108

In
te

ns
ity

 (c
ps

)

0

1x108

2x108

In
te

ns
ity

 (c
ps

)

0

1x108

2x108

In
te

ns
ity

 (c
ps

)

4 5 6 7
0

1x108

2x108

In
te

ns
ity

 (c
ps

)

Retention time (min)

Fi
lte

r 1
Fi

lte
r 2

Fi
lte

r 3
Fi

lte
r 4

TA
[C8H6O4-H]-

TAOH
[C8H6O5-H]-

Adipic acid
[C6H10O4-H]-

Ketoadipic acid
[C6H8O5-H]-

Fi
lte

r 1
Fi

lte
r 2

Fi
lte

r 3
Fi

lte
r 4

Fi
lte

r 5

Adipic acid
[C6H10O4-H]-

0

2x108

4x108

In
te

ns
ity

 (c
ps

)

0

2x108

4x108

In
te

ns
ity

 (c
ps

)

4 5 6 7
0

2x108

4x108

In
te

ns
ity

 (c
ps

)

Retention time (min)

0

2x108

4x108

In
te

ns
ity

 (c
ps

)

0

2x108

4x108

In
te

ns
ity

 (c
ps

)

TA
[C8H6O4-H]-

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

5 6 7 8
0

2x107

4x107

6x107

In
te

ns
ity

 (c
ps

)

Retention time (min)

Ketoadipic acid
[C6H8O5-H]-

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

0.5 1 1.5 2

0

4x104

8x104

In
te

ns
ity

 (c
ps

)

Retention time (min)

TAOH
[C8H6O5-H]-

0

1x105

2x105

3x105

In
te

ns
ity

 (c
ps

)

0

1x105

2x105

3x105

In
te

ns
ity

 (c
ps

)

0

1x105

2x105

3x105

In
te

ns
ity

 (c
ps

)

0

1x105

2x105

3x105

In
te

ns
ity

 (c
ps

)

5 6 7 8

0

1x105

2x105

3x105

In
te

ns
ity

 (c
ps

)

Retention time (min)



 

S16 

292 Text S8 Gas-phase analysis by PTR-ToF-MS and Vocus PTR-ToF-MS  

293 Both PTR-ToF-MS (PTR‐ToF 8000, Ionicon Analytik GmbH, Inns-bruck, Austria) and Vocus PTR-

294 ToF-MS (Tofwerk AG, Thun, Switzerland) have been widely used to monitor gas-phase species 

295 (6). PTR-ToF-MS has the benefit of being a more established instrument, while the newer Vocus 

296 PTR-ToF-MS has a much higher sensitivity and lower detection limit (7, 8). Both instruments were 

297 operated under H3O+ ionization mode. Since the aerosol droplet concentration in the chamber was 

298 high, a particle filter was used before the inlet of PTR-ToF-MS instruments to avoid source 

299 contamination.  

300 PTR-ToF-MS (PTR‐ToF 8000) was employed for E4 and E5 experiments to monitor gas-phase 

301 cyclohexane and 1-butanol concentration, with a sampling flow rate of 100 mL min−1 through a 

302 heated Silicon Steel tube (60 ℃ ) to minimize adsorption and loss of compounds. The detailed 

303 instrument operation and settings were described in our previous studies (9, 10). Briefly, the 

304 instrument was set to a drift‐tube pressure of 2.2 mbar, drift temperature of 60 ℃, source current 

305 of 4 mA, and drift voltage of 520 V, resulting in E/N (electric field strength to number density ratio) 

306 of approximately 120 Townsend (Td, 1 Td = 10−17 V cm2). These settings were optimized in order 

307 to have less than 5% impurities in the H3O+ signal. The raw data were recorded by TofDaq software 

308 (Tofwerk AG, Switzerland) and subsequently treated by PTR ‐ MS Viewer 3.2.8. The mass 

309 calibration of the spectra was performed via three ions with known mass (H3
18O+, m/z = 21.0221; 

310 NO+, m/z = 29.9974; C3H7O+, m/z = 59.0491), which were commonly used for internal calibration 

311 during data acquisition and post-processing. 

312 Gas phase cyclohexane was added in experiment E4 as the first trial experiment to test if there is 

313 OH(g) released from the aerosol droplets. However, no cyclohexane oxidation products were 

314 detected by PTR-ToF-MS in this experiment. This is probably due to the 1) low detection sensitivity 

315 for this version of PTR instrument; 2) the existence of TA in the aqueous phase that limits the 

316 release of OH(g); 3) large chamber dilution effect as ~10 L min−1 humidified clean air was supplied 

317 to offset the particle filter sampling flow in experiment E4. Therefore, Vocus PTR-ToF-MS was 

318 employed in two additional experiments (E11 and E12) to monitor cyclohexane and its oxidation 

319 products by taking advantage of its high sensitivity and low detection limit, and humidified clean air 

320 with minimum flow rate at ~3.5 L min−1 was supplied in these two experiments to minimize the 

321 chamber dilution effect. In addition, Vocus PTR-ToF-MS did not show dependence of the sensitivity 

322 with the high-water mixing ratio of samples (7), which is another advantage for Vocus PTR-ToF-

323 MS as all our chamber experiments were conducted under high RH conditions. More details about 

324 the Vocus PTR-ToF-MS are well described in previous literatures (7, 8). In this work, we operated 

325 the Vocus ionization source at a pressure of 2.0 mbar, and the raw mass spectra were recorded at 

326 a time resolution of 5 s. The raw mass spectra were averaged over 1 min and then analyzed by the 

327 software package “Tofware V3.2.3” (https://www.tofwerk.com/software/tofware/) under Igor Pro 
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328 7.08 environment (WaveMetrics, OR, USA). Tofware software enables mass calibration and 

329 molecular formula assignment, and isobaric ions can be clearly separated through high-resolution 

330 analysis. Fig. S13 shows examples of peak identification for cyclohexane (C6H13
+), cyclohexanone 

331 (C6H11O+) and cyclohexanol (C6H13O+) measured by Vocus PTR-ToF-MS.  

332  

333 Fig. S13 Full mass spectra and peak identification (insert) for cyclohexane (C6H13
+, m/z = 85.1017), 

334 cyclohexanone (C6H11O+, m/z = 99.0810) and cyclohexanol (C6H13O+, m/z = 101.0966) measured 

335 by Vocus PTR-ToF-MS from two chamber experiments (E11 and E12) 

336 Text S9 Chamber experiments with cyclohexane oxidation products 

337 In order to examine whether interfacial OH radical can induce oxidation chemistry for gas-phase 

338 compounds, we performed two additional chamber experiments (E11 and E12; Table S2) by 

339 injecting only cyclohexane and aerosol droplets (i.e., without TA in solution) into the chamber, and 

340 the gas-phase species were monitored by means of the Vocus PTR-ToF-MS instrument (Text S8). 

341 In experiment E12 (Fig. 3), we first injected ~1.1 ppm cyclohexane whose concentration decreased 

342 over time due to the dilution effect, as ~3.5 L min−1 humidified air flow was continuously supplied 

343 into the chamber. Subsequently, we atomized bulk solution (25 mM NH4HSO4, pH=1.85) and 

344 introduced aerosol droplet into the chamber, and we observed an immediate increase of both 

345 cyclohexanone and cyclohexanol. Note that the above processes in experiment E12 were under 

346 dark conditions precluding any photooxidation of cyclohexane.  
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347 Fig. S14 shows another related chamber experiment (E11; see Table S2) where we injected ~0.56 

348 ppm cyclohexane and NH4HSO4 aerosol droplets, but under both dark condition and UV irradiation 

349 separately. We observed the increase of both cyclohexanone and cyclohexanol signals when 

350 switching on UV irradiation, regardless of presence of aerosol droplet or not. This is an expected 

351 result because there is always gas-phase OH radical formation due to the photolysis of chamber 

352 background photochemical reactive compounds, and it also indicates that our peak assignment for 

353 these compounds (as shown in Fig. S13) was properly treated. More importantly, after injecting 

354 aerosol droplets in the dark, the cyclohexanol signal increased immediately, while the variation of 

355 cyclohexanone was not clear compared with the experiment E12 observed in Fig. 3, which is likely 

356 due to lower reaction rate as less cyclohexane was injected in E11. Both E11 and E12 experiments 

357 confirmed the formation of cyclohexane oxidation products after adding NH4HSO4 aerosol droplet, 

358 suggesting that the interfacial produced OH radical can indeed induce some oxidation chemistry 

359 for gas-phase species.  

360  

361 Fig. S14 A chamber experiment similar in Fig. 3 but at ~0.56 ppm cyclohexane and aerosol droplet 

362 (NH4HSO4) under both dark and UV irradiation conditions (E11 in Table S2). 
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364 Text S10 Calculation of TAOH and TA concentration in submicron aerosol droplet as well as 
365 TAOH production rate  

366 By combining SMPS measurements for the chamber aerosol droplet and fluorescence 

367 measurement for filter extracts, we derived the TAOH concentration and its production rate in 

368 submicron aerosol droplet for each filter in chamber experiments. The calculation formulas are 

369 shown in below: 

370 [TAOH in aerosol] =  moles TAOH
total aerosol volume

= [TAOHmeas] × extractvol ∕ 𝑓eff

PMvol × airvol
  (1) 

371 Residence timeavg = 1
2 × 𝑡aerosol injecting + 𝑡aerosol suspending + 1

2 × 𝑡aerosol sampling   (2) 

372 𝑃(TAOH) =
[TAOHin aerosol] 

Residence timeavg
   (3) 

373 Specifically, [TAOHin aerosol] was determined by the ratio of the TAOH molar amount on the filter (in 

374 nmol) and total aerosol volume retained by the filter. TAOH molar amount was determined from 

375 measured TAOH concentration from the filter extract ([TAOHmeas], in nM), the liquid volume from 

376 the filter extract (extractvol, usually 4.1−4.5 mL), and the filter extraction efficiency factor (feff) of 0.9 

377 as our best estimate to consider the TAOH lost during the filter extraction (see Text S6). Total 

378 aerosol volume was determined from average particulate matter (PM) volume concentration during 

379 filter sampling period (PMvol, in μm3 cm−3) multiplying the total sampling air volume (airvol, usually 

380 0.318 m3; see Materials and methods).  

381 The average residence time for the aerosol that was sampled onto the filter is a combination of half 

382 aerosol injecting period, full aerosol suspending period and half aerosol sampling period. The 

383 TAOH production rate (P(TAOH)) was calculated from the ratio of [TAOHin aerosol] and the average 

384 residence time. As mentioned in Text S7, we quantified TA concentrations for some filter extracts 

385 ([TAmeas]) using UHPLC-HRMS, and then we used the same way to derive TA concentration in 

386 submicron aerosol droplet ([TAin aerosol]). Table S1 summarizes the average residence time, PM 

387 mass concentration (converted from PMvol by assuming the aerosol density as 1 g cm−3), 

388 [TAOHmeas], [TAOHin aerosol], P(TAOH), [TAmeas] and [TAin aerosol] for each filter calculated with above 

389 Equations. 

390 Text S11 Calculation of OH(aq) uptake rates from gas-phase 

391 According to literature (11, 12), the uptake rate (Ruptake) of OH radicals from gas-phase to droplet 

392 can be theoretically calculated from steady state OH(g) concentration and mass transfer coefficient 

393 (kmt, in s−1): 

394 𝑅uptake = 𝑘mt × OH(g) = 𝑟2
d

3𝐷g
+ 𝑟d

3𝛼
2𝜋𝑀g

𝑅𝑇

―1
× OH(g)  (4) 
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395 where rd is the droplet radius, R is the gas constant (8.314 m3 Pa mol−1 K−1, 1 Pa=1 kg m−1 s−2), T 

396 is absolute temperature (296 K), Mg is the molecular weight (0.017 kg mol−1 for OH radical), and Dg 

397 is the gas-phase diffusion coefficient (in m2 s−1). α is the mass accommodation coefficient (α≤1), 

398 which represents the probability of a vapor molecule that hits the droplet interface to be transferred 

399 into the condensed phase.  

400 Both the gas-phase diffusion and mass accommodation are taken into account in the mass transfer 

401 coefficient (kmt). We adapted 2.17 ×10−5 m2 s−1 as Dg for OH radical, which was experimentally 

402 determined in previous literature (13). According to the IUPAC Task Group on Atmospheric 

403 Chemical Kinetic Data Evaluation (Data Sheet VI.A1.17 HET_H2OL_17; https://iupac-aeris.ipsl.fr/), 

404 the α value for OH radical (OH(g) + H2O(l)) is generally ranging from 0.1 to 1 but not yet satisfactorily 

405 determined, thus we assume α values of 0.1, 0.5 and 1 for the Ruptake calculation. The ambient OH(g) 

406 concentration is mainly driven by daytime photochemical process, with global tropospheric average 

407 OH(g) of ~1.09×106 molec cm−3 (14). We calculated Ruptake by assuming OH(g) concentrations of 

408 5×104, 2×105 to 1×106 molec cm−3. The nighttime OH(g) is mainly produced from ozonolysis of 

409 alkenes (15, 16). Holland et al. (17) found that the nighttime OH(g) was generally below the 

410 instrument detection limit, and they estimated an upper limit of 5×104 molec cm−3 as the average 

411 nighttime OH(g). A comparison of the OH production rate due to the gas-to-droplet OH uptake and 

412 spontaneous OH production at the interface suggests that the interfacial OH(aq) production may 

413 dominate over Ruptake at nighttime (see Fig. 4), which also highlights the importance of this 

414 interfacial chemistry in driving aqueous aerosol and cloud oxidation at nocturnal atmosphere. Note 

415 that our Ruptake calculation represents the maximum OH uptake rate, as the liquid-to-gas transfer 

416 process is not considered. 

417 Text S12 Bulk production of OH(aq) radicals from previous studies 

418 The bulk production of OH(aq) radicals was mainly driven by photochemistry and Fenton chemistry, 

419 including the photolysis of H2O2, NO3
−, NO2

− and Fe(OH)2
+ as well as Fenton and photo-Fenton 

420 reactions, and the OH(aq) bulk production rates largely depended on the concentrations of OH(aq) 

421 precursors (19). There are several studies (18-23) that collected authentic aerosols, cloud and fog 

422 water samples from various locations worldwide, and then determined the photochemical OH(aq) 

423 production rates through laboratory studies in combination with chemical composition analysis. 

424 Faust and Allen (18) reported the first OH(aq) bulk production rate of authentic cloud and/or fog 

425 water collected in U.S., which ranged from 8.89×10−11 to 8.33×10−10 M s−1 with an average of 

426 4.37×10−10 M s−1 (n=4). Arakaki and Faust (23) collected authentic continental cloud waters from 

427 Whiteface Mountain, New York, and they determined an average OH(aq) photoproduction rate of 

428 1.81×10−10 M s−1 (n=25). Anastasio and McGregor (19) characterized the aqueous-phase photo-

429 formation of OH radical from winter fog waters collected in Davis, California, resulting in an average 

430 OH(aq) bulk production rate of 9.17×10−10 M s−1 (n=9). Arakakia et al. (20) collected bulk aerosol 
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431 samples in Okinawa, Japan, and they reported the average OH(aq) photochemical formation rate of 

432 1.83×10−10 M s−1 (n=14) from aqueous extracts of aerosol particle. Bianco et al. (21) collected cloud 

433 water at the top of Puy de Dôme station (1465 m a.s.l.) in France, and they experimentally 

434 determined total OH(aq) formation rates ranging from 2×10−11 to 4×10−10 M s−1, with an average of 

435 9.07×10−11 M s−1 (n=36). Kaur and Anastasio (22) collected fog waters from Davis, California and 

436 Baton Rouge, Louisiana, and they determined an average OH(aq) photochemical production rate of 

437 3.33×10−10 M s−1 (n=8). In summary, based on to the above literature reports, the OH(aq) bulk 

438 production rates for authentic aerosol, cloud and fog water generally lie within the range 10−10−10−9 

439 M s−1.  
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Table S1 Summary of chamber aerosol residence time, median aerosol size and mass concentrations (average from SMPS measurements during 
filter sampling period with assumed density of 1 g cm−3), [TAOHmeas]/[TAmeas] in filter extracts, [TAOHin aerosol]/[TAin aerosol] and TAOH production rate 
(P(TAOH)) in aerosol droplets for each filter. All filter extracts (n=46) were analyzed by fluorescence spectrometry for [TAOHmeas] (Text S2), and 
some of filter extracts (n=17) were also analyzed by UHPLC-HRMS for [TAmeas] (Text S7). 
 

Expt 
ID 

Filter ID Res. 
time 

Median 
size 

Aerosol 
conc. 

[TAOHmeas] [TAOHin aerosol]  P(TAOH) in 
aerosol droplets 

[TAmeas] [TAin aerosol]  Experiment 
description 

　 　 min nm μg m−3 nM mM μM min−1 μM mM 　 
filter1 104.5 248 3042.4 357.3 1.53 14.6 76.8 328.6 
filter2 176.5 303 1563.5 193.3 1.74 9.9 44.2 398.4 
filter3 241 319 881.3 91.2 1.57 6.5 26.8 459.0 
filter4 306.5 329 493.3 43.3 1.13 3.7 N.A. N.A. 

E1 

filter5 370.5 332 275.3 27.8 1.55 4.2 N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 6.5) 

filter1 65 163 2564.6 392.1 2.30 35.3 55.2 323.2 
filter2 128 190 1603.9 130.2 1.22 9.5 38.5 360.9 
filter3 191 194 911.8 77.1 1.27 6.7 24.5 404.3 
filter4 255.5 185 468.5 29.9 0.89 3.5 N.A. N.A. 

E2 

filter5 319.5 173 222.3 9.0 0.59 1.8 N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 6.5) 

filter1 70.5 131 1387.8 100.7 1.09 15.5 62.6 678.1 
filter2 133.5 147 595.6 32.3 0.85 6.4 36.7 969.7 

E3 

filter3 196.5 145 192.8 18.2 1.42 

1.32±0.42 
(n=13) 

7.2 

9.6±8.4 
(n=13) 

N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 6.5) 

filter1 77 180 2939.6 289.9 1.45 18.8 N.A. N.A. 
filter2 139 210 1910.0 168.0 1.32 9.5 N.A. N.A. 
filter3 202 218 1159.5 173.4 2.20 10.9 N.A. N.A. 
filter4 264 217 675.4 115.0 2.68 10.1 N.A. N.A. 
filter5 327 211 388.8 66.2 2.38 7.3 N.A. N.A. 

E4 

filter6 389 202 216.8 35.1 2.55 

2.09±0.52 
(n=6) 

6.5 

10.5±4.0 
(n=6) 

N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 6.5); 
adding ~3.5 ppm 
gas-phase 
cyclohexane  

filter1 102 126 1205.5 39.7 0.52 5.1 N.A. N.A. 
filter2 166 143 510.4 50.0 1.54 9.3 N.A. N.A. 

E5 

filter3 228 141 156.3 13.2 1.29 

1.12±0.44 
(n=3) 

5.7 

6.7±1.9 
(n=3) 

N.A. N.A. 

1mM TA+25mM 
NH4Cl+10mM 1-
butanol (pH 6.5) 
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Expt 
ID 

Filter ID Res. 
time 

Median 
size 

Aerosol 
conc. 

[TAOHmeas] [TAOHin aerosol]  P(TAOH) in 
aerosol droplets 

[TAmeas] [TAin aerosol]  Experiment 
description 

filter1 96 185 1379.4 30.5 0.34 3.5 32.0 356.3 
filter2 158 201 743.8 22.0 0.44 2.8 18.6 375.9 
filter3 220 203 359.4 16.3 0.68 3.1 10.2 424.8 

E6 

filter4 282 201 163.4 6.6 0.59 

0.51±0.13 
(n=4) 

2.1 

2.9±0.5 
(n=4) 

5.0 453.2 

1mM TA+25mM 
NH4Cl + 3mM 
adipic acid (pH 6.6) 

filter1 96.5 188 1261.9 10.9 0.14 1.4 20.3 252.8 
filter2 159.5 203 686.8 8.3 0.19 1.2 11.2 251.7 
filter3 224 207 370.5 7.9 0.33 1.5 6.1 252.8 
filter4 287.5 211 209.2 4.0 0.30 1.0 3.6 274.1 

E7 

filter5 350 213 118.7 3.3 0.43 

0.28±0.11 
(n=5) 

1.2 

1.3±0.2 
(n=5) 

1.8 234.5 

1mM TA+25mM 
NH4Cl + 10mM 
adipic acid (pH 6.6) 

filter1 86.5 173 2381.0 208.1 1.28 14.8 N.A. N.A. 
filter2 148.5 199 1486.5 101.9 1.05 7.1 N.A. N.A. 
filter3 211.5 203 857.6 86.2 1.55 7.3 N.A. N.A. 
filter4 275.5 199 480.8 68.9 2.20 8.0 N.A. N.A. 
filter5 338.5 191 257.4 39.7 2.37 7.0 N.A. N.A. 

E8 

filter6 412 184 123.4 19.4 1.87 4.6 N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 5.0) 

filter1 86 172 1238.5 43.8 0.53 6.2 N.A. N.A. 
filter2 149 189 667.0 19.2 0.42 2.8 N.A. N.A. 
filter3 213 191 344.7 45.6 2.08 9.8 N.A. N.A. 

E9 

filter4 276.5 182 146.8 25.6 2.55 

1.59±0.71 
(n=10) 

9.2 

7.7±3.1 
(n=10) 

N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 5.0) 

filter1 92.5 203 1859.2 22.3 0.19 2.0 N.A. N.A. 
filter2 156.5 227 1105.6 13.1 0.19 1.2 N.A. N.A. 
filter3 218.5 237 634.3 9.9 0.24 1.1 N.A. N.A. 
filter4 281.5 240 362.8 6.9 0.30 1.1 N.A. N.A. 

E10 

filter5 344.5 246 216.9 6.1 0.44 

0.27±0.09 
(n=5) 

1.3 

1.3±0.4 
(n=5) 

N.A. N.A. 

1mM TA+25mM 
NH4Cl (pH 9.0) 
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Table S2 Summary of the two additional chamber experiments that injecting gas-phase 
cyclohexane and aerosol droplet (NH4HSO4), which was to explore whether interfacial OH radical 
can induce oxidation chemistry for gas-phase compounds 

Expt ID cyclohexane injected (ppm) PM injected (μg m−3) light conditions 

E11 ~0.56 ~4.8×103 UV irradiation and dark 

E12 ~1.1 ~1.0×104 dark only 
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