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Abstract 26 

Oxygenated organic molecules (OOMs) are critical intermediates linking volatile organic 27 

compounds (VOCs) oxidation and secondary organic aerosol (SOA) formation. Yet the 28 

understanding of OOM components, formation mechanism and impacts are still limited, especially 29 

for urbanized region with a cocktail of anthropogenic emissions. Herein, ambient measurements 30 

of OOMs were conducted at a regional background site in South China in 2018. The molecular 31 

characteristics of OOMs revealed dominant nitrogen containing products, and the influences of 32 

different factors on OOMs composition and oxidation state were elucidated. Positive matrix 33 

factorization (PMF) analysis resolved the complex OOM species to factors featured with 34 

fingerprint species from different oxidation pathways. A new method was developed to identify 35 

the key functional groups of OOMs, and successfully classified the majority species into carbonyls 36 

(8%), hydroperoxides (7%), nitrates (17%), peroxyl nitrates (10%), di-nitrates (13%), aromatic 37 

ring-retaining species (6%) and terpenes (7%). The volatility estimation of OOMs was improved 38 

based on their identified functional groups and was used to simulate the aerosol growth process 39 

contributed by the condensation of those low-volatile OOMs. The results demonstrate the 40 

predominant role of OOMs in contributing sub-100nm particle growth and SOA formation, and 41 

highlight the importance of di-nitrates and anthropogenic products from multistep oxidation. 42 

Keywords: Oxygenated organic molecules (OOMs); Positive matrix factorization (PMF); 43 

Categorization scheme; Multifunctional oxidation products; Nanoparticle growth; Chemical 44 

ionization mass spectrometer (CIMS) 45 
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Synopsis 46 

A new categorization scheme is developed to characterize the oxygenated organic molecules 47 

observed in subtropical Hong Kong, revealing the dominant roles of the anthropogenic low-48 

volatile organic vapors in particle growth. 49 
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1. Introduction 53 

The atmospheric oxidation of volatile organic compounds (VOCs) is the critical tropospheric 54 

process in forming ozone (O3) and secondary organic aerosols (SOA), adversely affecting the 55 

human health and the climate1, 2. Substantial research efforts have been made to understand the 56 

key VOC precursors and oxidation mechanisms contributing to SOA formation3-5, and recent 57 

research advances were benefited from the development of high-resolution mass spectrometer (MS) 58 

techniques to detect low-volatile highly oxygenated organic molecules (HOMs)6, 7. Field and 59 

laboratory studies have revealed large amounts of HOMs, as the key intermediates in the oxidation 60 

process of biogenic VOCs, can condense irreversibly to contribute SOA formation7-11. More 61 

recently, oxygenated organic molecules (OOMs) with some less oxygenated species from 62 

anthropogenic VOCs were detected in polluted urban regions with abundant NOx, and also 63 

significantly contribute to SOA formation12-15. In addition, studies also suggested that that OOMs 64 

can be involved in the initial clustering process of new particle formation 16, 17, and play important 65 

roles in the subsequent growth of particles by condensation process18.  66 

The OOMs (including HOMs) formation mechanism has been probed in some field and laboratory 67 

studies. Autoxidation of peroxy radicals (RO2) has been recognized as the key step in the OOMs 68 

formation from various precursors7. Ehn et al., revealed the nocturnal HOM formation in the 69 

ozonolysis of α-pinene at a boreal forest site8, 19, 20. Guo et al. investigated the HOMs formation 70 

from the reaction of limonene with nitrate radical21. Wennberg et al.22, 23 summarized the isoprene 71 

oxidation process and reported the major production of C4-5-OOMs in the atmosphere. The 72 

oxidation of aromatics by OH radical have also been investigated in laboratory and theoretical 73 

studies24-31, and both the OH radical addition and H-abstraction processes are proved to be 74 

important in the oxidation process, producing ring-opening and ring-retaining OOMs, respectively. 75 
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Wang et al.32 measured the combustion exhaust of alkane in the air and found effective 76 

autoxidation of C6-10 alkanes in producing OOMs and contributing to urban organic aerosols. 77 

Despite increasing research efforts in OOMs formation mechanisms, most previous studies 78 

concentrated on a simple oxidation system in the chamber or clean environment. Few direct 79 

observations exist in urban atmosphere with a cocktail of complex anthropogenic pollutants, and 80 

the OOMs speciation, formation mechanism and impacts on SOA formation are still vague in the 81 

polluted urban environments. Recent field studies in several Chinese megacities revealed that 82 

abundant OOMs could be produced from anthropogenic VOCs, and can contribute 38-71% of 83 

observed SOA formation14, 15, 33 and promote the growth of newly formed nano-particles13. These 84 

results highlight the crucial roles of OOMs connecting the VOC oxidation and SOA formation in 85 

different environments and worth of further in-depth study. 86 

In addition to the precursor types and oxidants, temperature and NOx are also two essential factors 87 

affecting the OOMs formation and composition. Frege et al.34 found higher signals and more 88 

oxidized OOMs formed under higher temperature condition in the ozonolysis of α-pinene, 89 

suggesting the acceleration role of temperature on RO2 autoxidation process. Stolzenburg et al.35 90 

reported that although more oxidized OOMs were produced under high temperature condition, the 91 

simultaneously increased volatility of OOMs could offset such enhancement in condensation to 92 

some extent. A recent comparison on OOMs levels measured worldwide revealed the clear 93 

seasonal pattern of OOMs and that elevated solar radiation along with temperature promoted the 94 

OOMs formation36. In urban environments, high level of NOx could outcompete the autoxidation 95 

propagation reactions, affect termination pathway of RO2 radicals and also change the atmospheric 96 

oxidants (e.g., affect OH/HO2 radicals levels and produce NO3 radicals). It will eventually 97 

influence the OOMs products types, distributions, and contributions to SOA7, 37-41. Recent field 98 
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studies highlighted such suppression effects of NOx on the oxidation degree of OOMs in urban 99 

atmosphere in East China.12, 42 Moreover, though the molecular features of OOMs in terms of 100 

element numbers has been explored in previous studies 12, 14, 36, limited information is available on 101 

their multifunctional groups24, 30, 43, 44, which hinder the complete understanding of their 102 

atmospheric fates and impacts.  103 

To address research needs expressed above, comprehensive field measurements of OOMs were 104 

conducted at a coastal background site in Hong Kong during photochemical seasons in 2018. The 105 

molecular information of the measured OOMs were characterized in detail, and the impacts of 106 

different environmental factors on OOMs products distribution were investigated. Based on the 107 

positive matrix factorization (PMF) analysis, the key oxidation products and formation pathways 108 

were investigated, and a new classification scheme was developed to better categorize the complex 109 

OOMs molecules from different precursors and termination reactions. Applying the new approach, 110 

the volatility and OSc of measured OOMs was estimated and the size-dependent contribution of 111 

the OOMs on the particle growth rate was evaluated. 112 

2. Methodology  113 

2.1 Field measurement and instrumentation 114 

The field campaign was conducted at a coastal background site in Hong Kong from the autumn to 115 

winter (from 20th September to 8th October, and 1st November to 18th December) of 2018. The 116 

measurement site is located at the Cape D'Aguilar Supersite Air Quality Monitoring Station (CDSS, 117 

22.22°N, 114.25°E) of Hong Kong Environmental Protection Department (HKEPD), and stands 118 

on a cliff surrounded by the sea on three sides. The supersite is around 10 km away from the 119 

metropolitan area, and usually intercepts the aged urban plumes from Hong Kong and continental 120 
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outflows from South and East China. More detailed description of the monitoring site can be found 121 

in our previous work14, 45. 122 

A nitrate-based chemical ionization time-of-flight mass spectrometer (NO3-CI-ToF-MS) was 123 

deployed to measure the ambient OOMs and sulfuric acids. Briefly, ambient air at a flow rate of 124 

10 LPM was pulled into the chemical ionization chamber, where the OOMs were ionized by nitrate 125 

clusters and then measured by mass spectrometer. With the high mass spectral resolution (5200 at 126 

200Th), more than 1300 molecular peaks were identified using a newly developed approach based 127 

on binned positive matrix factorization (binPMF)46. The CI-ToF-MS was calibrated with sulfuric 128 

acid, the calibration factor of which was also applied to the measured OOMs, with the mass 129 

transmission corrections47. This is the preferred method in the present to calibrate the numerous 130 

and structure-unclear OOMs detected by nitrate-CI-ToF-MS48. Details of the instrument setup, 131 

calibration and transmission methodology were described in SI and our previous studies7, 47. 132 

During the campaigns, NO, NOx, O3, N2O5, particle size distribution, and meteorology 133 

information, were also concurrently measured at the site. Some un-measured species, including 134 

OH, HO2, NO3 radicals were simulated using an observation-based photochemical model built on 135 

Master Chemical Mechanism (MCM v3.3.1), and detailed information can be found in SI and our 136 

previous work45. 137 

2.2 Data analysis 138 

The identification of OOMs molecular information and formation mechanism with ambient data 139 

has been very challenging. PMF is a powerful receptor model and has been widely used to extract 140 

ambient pollutants with unclear formation pathways and profiles49. The model mathematically 141 

distributes the measured dataset to several constant profiles with the time-dependent variation, and 142 

potentially separate the OOMs with different structures and formation pathways. Here, the PMF2 143 
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developed by Paatore et al.50, 51 were used and a total of 967 concerned OOM species were input 144 

into the model. The signal error was estimated following Yan et al.’s method44. Solutions ranging 145 

from 3 to 20 were tested in the model. 6 factors solution were eventually selected as the optimized 146 

source solution based on the Q/Qexp and the up-to-date knowledge of gas-phase oxidation and 147 

OOMs formation. Details about the PMF analysis and solution diagnostics can be found in the SI. 148 

The carbon oxidation state (OSc) and volatility are two important metrics to represent the chemical 149 

and physical properties of OOMs. The OSc of the measured OOMs was calculated based on the 150 

identified functional groups. The volatility of different OOMs were also estimated using 151 

parameterization method proposed by Donahue et al52 and also the functional groups contribution 152 

method (simplified 𝑝
𝐿
𝑜  prediction method, SIMPOL.1) developed by Pankow et al.53 More 153 

detailed information is provided in the SI. The condensation of low-volatile OOMs and the 154 

equilibrium partitioning of semi-VOCs (SVOC) are two main driving forces that promote the 155 

particles growth. Here, we used the aerosol growth model and partitioning equilibrium function to 156 

quantify these two processes, respectively54, 55. The growth rate through condensation is obtained 157 

by, 158 

 
𝐺𝑅 =

2

𝜋𝜌𝑝𝑑𝑝2
𝑑𝑚𝑝

𝑑𝑡
=

2

𝜋𝜌𝑝𝑑𝑝2
∙ 𝜎𝑝 ∙ 𝑘𝑝 ∙ 𝐹𝑝 

Eq1 

where dp is the particle diameter, ρp is the particle density and dmp/dt is the mass flux onto the 159 

particle. The mass flux can be further calculated with the aerosol growth model, with σp the 160 

particle-vapor collision cross-section, kp the deposition rate of vapors at the surface and Fp the 161 

driving force. The contribution of SVOC through the gas-particle partitioning was estimated by 162 

the equilibrium function equation, as described in the SI. 163 
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3. Results and discussion 164 

3.1 Overview 165 

3.1.1 Molecular characteristics of OOMs 166 

A total of 967 OOMs species with m/z ranging from 50 to 400 were identified and analyzed in the 167 

present field study. Figure 1a shows the mass defect (MD) plot of measured compounds, which is 168 

most featured with a bulk of upward inclined molecule bands (shown as black arrows in Figure 169 

1a), representing a series of homologs that differed by -CH2. Then, the major OOMs species could 170 

be classified into several homologous series, i.e., CnH2n-4O4, CnH2n-2O5, CnH2n-2NO6, CnH2n-2NO7, 171 

CnH2n-2N2O8, and CnH2n-1N3O10 (n ranges from 4 to 11). Most of OOMs observed in this campaign 172 

contained zero to three N atoms (Figure 1a), and the non-nitrogen (CHO), one nitrogen (CHON), 173 

two nitrogen (CHON2) and three nitrogen (CHON3) species accounted for 35.2%, 44.5%, 18.0%, 174 

2.2% of total measured OOMs, respectively (Figure 1a). The proportion of nitrogen-containing 175 

OOMs in Hong Kong was similar to other urban measurements with abundant anthropogenic 176 

VOCs and NOx 12, 13, and was much higher than the results at rural forest site in Hyytiälä56, where 177 

predominant biogenic VOC and low NOx level (daytime median 0.30 ppbv)57 contributed more 178 

than 50% non-nitrogen OOMs. The contribution of autoxidation in OOMs formation can also be 179 

observed from the sequential O2 addition in the measured OOMs formula with downward inclined 180 

molecule bands (shown as blue arrow) in Figure 1a. 181 

The OSc of measured OOMs species as a function of carbon numbers is shown in Figure 1b. A 182 

clear belt from the lower-left corner to the upper-right corner can be seen, and similar pattern was 183 

observed in the oxidation experiments of α-pinene and isoprene, representing the life course of 184 

atmospheric VOCs oxidation ultimately towards CO2
58. Throughout the entire campaign, the OSc 185 
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of OOMs basically ranged from -2 to 2 with a campaign average of -0.148, which is comparable 186 

to observed values of -0.043 and -0.68 for OOMs in a forest site in Alabama and an urban site in 187 

Shanghai, respectively. The concentration weighted mean OSc increased with the decrease of 188 

carbon number, which is consistent with the negative relationship of OSc and nC in the definition 189 

equation. Compounds with higher OSc (>2) were not observed presumably because species with 190 

more than 3 adjacent carbonyl groups were thermodynamically or photochemically unstable, and 191 

would rapidly decompose to smaller nC species58. Compounds with lower OSc (<-2) species were 192 

insensitive towards the current equipment setup7. Besides, the volatility of measured OOMs 193 

represented by the dots color showed negative relationship with the OSc, suggesting that the 194 

OOMs with high OSc might contributed more to SOA formation via condensation.  195 

3.1.2 Temporal and diurnal variations  196 

The time series of measured OOMs and related parameters are shown in Figure S1. During the 197 

campaign, the OOMs concentration ranged from 3.12×107 to 7.90×108 molecules cm-3 with a 198 

campaign average of 2.53×108 molecules cm-3, which was much higher than the levels observed 199 

in several urban sites in Beijing (8.3×107
 molecules cm-3, Oct.-Nov. 2019), Shanghai (7.80×107

 200 

molecules cm-3, Nov. 2018), Nanjing (7.70×107
 molecules cm-3, Nov. 2018) during the similar 201 

season14, 59, but comparable to the levels observed in Beijing in summer (1.6×108 molecules cm-202 

3)36. The latitude of Hong Kong is lower than these regions, which endows Hong Kong a stronger 203 

solar radiation and higher temperature condition to promote the OOMs formation (Table S1). 204 

During the monitoring period, air masses influenced this regional background site were mainly 205 

from continental flows from south and east China (Figure 2a), dominated by air masses originated 206 

from East China sea (52%) and Eastern China (36%), with a small fraction of air flow from the 207 
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South China sea (12%) only in the autumn. The photochemical age of the air masses was estimated 208 

by -Log10(NOx/NOy)
60, and was much higher for ECS (21.2 h) and EC (21.1 h) air masses than the 209 

SCS (2.5 h, Figure S2a). The transport of aged urban plumes and continental flows would affect 210 

the precursors and atmospheric oxidation conditions at the regional background site, and thus the 211 

OOMs concentration and composition. As shown in Figure 2b, the measured OOMs concentration 212 

and proportion of nitrogen species in the oceanic air flows was the lowest (1.05×108
 molecules/cm3, 213 

45.5%), with less fraction of high C and O content species (Figure S3, 4), while the continental air 214 

masses clusters carried abundant precursors (Figure S2c) and longer photochemical age (Figure 215 

S2a), leading to 1.9-2.9 times higher OOMs concentrations and more OOMs species with high C 216 

and O content. In addition, the proportions of CHON, CHON2 and CHON3 OOMs in EC and ECS 217 

clusters were comparable but 13%, 4% and 0.2% respectively higher than the marine air masses 218 

(Figure S2b).  219 

The diurnal pattern of measured OOMs is shown in Figure 2c. The OOMs concentration peaked 220 

at around 12:00 LT, then decreased slowly in the afternoon, and kept at a considerable level at 221 

night. Due to the short lifetime of OOMs (less than 1 hour via only condensation loss7), their 222 

variation would be largely affected by the oxidant levels. The morning increase and noon peak of 223 

OOMs was correlated with the simulated OH radicals, suggesting the important role of 224 

photochemical oxidation and OH-initiated oxidation process in OOMs formation. However, the 225 

slow decreasing trend of OOMs in the afternoon, along with the considerable levels in the evening, 226 

indicate the potential vital roles of ozone and NO3 oxidations in OOMs formation, which is also 227 

supported by the better correlation of nocturnal OOMs and NO3 radicals (Figure S5). The observed 228 

diurnal pattern of OOMs in Hong Kong was similar to the previous studies in several urban sites 229 

(like Beijing, Shanghai, and Nanjing in China)14, 36, 61, 62, but different from that observed in some 230 
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boreal forest sites (i.e., Hyytiälä forest in Finland and Landes forest in French), where OOMs 231 

peaked in nighttime and were dominated by the monoterpene derived-OOMs56, 63. 232 

3.2 Influence of environmental factors on OOMs formation 233 

As discussed above, environmental factors including temperature, solar radiation and NOx levels 234 

can affect the OOMs formation and composition. The solar radiation and temperature are usually 235 

coupled primary factors influence the degree of photochemical reactivity. Figure 3a compares the 236 

OSc distribution of OOMs concentration measured in the two phases. The fraction of high OSc 237 

OOMs species were higher in the first phase in accordance with higher temperature and solar 238 

radiation (26 °C and 150 W/m2), whereas more OOMs distributed in lower OSc bins in second 239 

phase (21 °C and 91 W/m2). Though the higher temperature would promote elevated biogenic 240 

emissions and result in change of precursors profiles and OOMs composition, the trends observed 241 

here could be possibly attributed to the accelerated RO2 autoxidation process with the increase of 242 

temperature, which promotes the OOMs production with higher OSc. It was reported that a 20 K 243 

increment of temperature could increase 5-fold high of autoxidation reactions rates of RO2
41. 244 

Previous chamber studies observed higher total signals and more highly oxidized OOMs at higher 245 

temperature conditions 34, 35, 62. As also shown in Figure S6, with the increase of solar radiation, 246 

the fraction of higher OSc species increased, proving that active photochemistry promotes the 247 

OOM formation and influence the composition and distribution. A recent study compared the 248 

ambient OOMs measurement at different location and seasons also suggested a consistent increase 249 

trends of OOMs concentration with temperature and global radiation36. Therefore, the formation 250 

of more highly oxidized OOMs is favored with higher temperature and solar radiation under 251 

similar precursor conditions. 252 
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The OSc distribution of OOMs under different NOx conditions is shown in Figure 3b. The OSc 253 

fractions presented a Gaussian distribution pattern and peaked between -0.5 and 0.1. With the 254 

increase of NOx, the OSc distribution of OOMs shifted from the high value to low value. As an 255 

important terminator for RO2 reactions, NOx can affect the branching ratio between the 256 

unimolecular autoxidation and bimolecular termination reactions, and terminate the RO2 radical 257 

in the early stage of autoxidation, thereby hindering the further oxidation and formation of higher 258 

OSc OOMs38, 41. Though NOx suppressed the high OSc species formation, the concentration of 259 

OOMs elevated with the increase of NOx (Figure S7). In polluted conditions, the high NOx was 260 

always accompanied by high levels of anthropogenic VOCs as the key OOMs precursors, which 261 

would result in more OOMs formation. 262 

Figure 3c,d exhibits examples of the above-mentioned impacts on specific OOMs formation. 263 

C7H11NOx (x=6, 8, 10, 12, 14) were reported as a series of α-pinene or aromatics oxidation 264 

products with increased autoxidation steps64. The ratio of higher oxidation degree products, 265 

C7H11NOx (x=8, 10, 12, 14), to C7H11NO6 was used here to evaluate their relative increasement 266 

and the influence of temperature and NOx on the autoxidation process. The ratios show an obvious 267 

increase trend towards higher temperature and lower NOx, and similar patterns were also observed 268 

for other groups of OOMs. The results demonstrate the acceleration of autoxidation and higher 269 

OSc products formation under elevated temperature condition but the suppression effects under 270 

high NOx conditions, though both temperature and NOx showed positive relations with overall 271 

OOMs concentrations. 272 

3.3 PMF analysis on characterizing the complex OOMs species  273 

In view of the complex OOMs composition and formation pathways, PMF analysis was performed 274 
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to separate the measured OOMs species into different factors and to infer the plausible sources and 275 

formation pathways. A 6-factor solution was selected as a proper solution based on diagnostics of 276 

the solutions, evolution of multiple PMF solutions, interpretability and current knowledge of 277 

atmospheric oxidation processes. The detailed information on PMF diagnostics is provided in the 278 

SI. The mass spectra profiles of the resolved factors are shown in Figure 4, and detailed discussion 279 

of each profile is presented below. 280 

Factor 1: The fingerprint peaks of this factor are species with four oxygen or two nitrogen atoms, 281 

including C7H10O4, C5H6O4, C8H12O4 and C6H10O8N2, which are characterized with double bond 282 

equivalent (DBE) ≥ 3. The DBE of typical alkene and alkane are generally ≤ 2, and it is hard for 283 

them to form products with DBE of 3. Thus, aromatics are the most likely precursors for these 284 

species. In the traditional OH-initiated oxidation mechanism of aromatics (Figure S8), the OH 285 

radical would firstly add to benzene ring to generate phenol or bicyclic peroxy radical (BCP-286 

peroxy). Subsequently, the BCP-peroxy could be either terminated directly by NO, NO2, RO2 287 

radicals and HO2, or produce bicyclic alkoxy radical (BCP-oxy) via reacting with NO. BCP-oxy 288 

could further react with O2 to produce the ring-retaining O4 carbonyls products (containing C=O 289 

group; e.g., C6H6O4 in Figure S8) with DBE of four, and this carbonyl products could also be 290 

formed from another RO2 radical terminated reactions. The above mechanism could explain the 291 

formation of those O4 carbonyls with six or more carbon atoms. However, some C5 species were 292 

observed in the benzene-OH oxidation system in recent chamber experiments and could not be 293 

deduced 28, 30. Xu et al.29 proposed a new ring-breakage pathway, in which 14% BCP-oxy could 294 

undergo CO-loss and O2 addition in the ring opening process and result in the formation of a more 295 

saturated C5 radicals in benzene oxidation process. Following this pathway, the newly generated 296 

RO2 radical (with 1 less C atom) could continue to react with NO and O2, or another RO2 radical, 297 
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forming the ring-opening O4 carbonyls products with DBE of three (e.g., C5H6O4 in Figure S8), 298 

namely the fingerprint peaks in this factor. This factor presented relative constant levels in both 299 

daytime and nighttime, and only a small trough at noon. The diurnal variability of this group seems 300 

influenced by complex parameters and are not well understood currently, requiring further research. 301 

Daytime factor 2: The second factor was a daytime factor with peaks around 15:00 LT. This factor 302 

was dominated by some five oxygen OOMs in the series of CnH2n-4O5 (n=6-9) and CnH2n-2O5 (n=5-303 

8). Based on the above discussion on aromatics oxidation mechanism (Figure S8), the CnH2n-4O5 304 

series with the DBE of 3 are most likely the ring-retaining hydroperoxides (containing -COOH 305 

group; e.g., C6H8O5 in Figure S8) from the termination reaction of BCP-peroxy with HO2. 306 

Compared with CnH2n-4O5 (n=6-9) series, the CnH2n-2O5 (n=5-8) series have one-degree lower DBE 307 

and one less nC, which could be the ring-opening hyperoxides from the CO-loss pathway and 308 

terminated by HO2 (e.g., C5H8O5 in Figure S8).  309 

Daytime factor 3: This factor was a daytime factor with double peaks appearing at around 12:00 310 

LT and 18:00 LT, respectively. The high level of OH radicals in the noontime should be responsible 311 

for the noon peak, while the urban plumes in the evening rush hour and NO3 radicals should be 312 

responsible for the dusk peaks. The profile was mostly featured by species with six oxygen and 313 

one nitrogen, such as the series of CnH2n-5NO6 (n=7-10), CnH2n-3NO6 (n=5-10) and CnH2n-1NO6 314 

(n=4-9), with DBE of three, two and one, respectively. Following the discussion above and 315 

oxidation mechanism in Figure S8, the fingerprint species with 1N in this factor are likely 316 

contributed by NO termination pathway of RO2 from different precursors. For example, CnH2n-317 

5NO6 (n=7-10), with three unsaturation degrees, were possibly the ring-retaining nitrates 318 

(containing -ONO2 group; e.g., C6H7NO6 in Figure S8) generated from the termination reaction of 319 

BCP-peroxy with NO. The CnH2n-3NO6 (n=5-10) series, with one level lower in DBE, could be the 320 
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ring-opening nitrates from the CO-loss pathway in aromatics oxidation and then terminated by NO 321 

(e.g., C5H7NO6). The oxidation of alkene and alkane were likely responsible for the formation of 322 

more saturated CnH2n-1NO6 (n=4-9) species. In the ambient environment, RO2 radical generated 323 

from the oxidation of alkenes (such as isoprene) and alkanes could also produce these fingerprint 324 

peaks (e.g., C5H9NO6 and C6H11NO6 in Figure S9 and S10).  325 

Daytime factor 4: This factor shows a clear daytime peak at noon and is mainly characterized by 326 

species with seven oxygen and one nitrogen, including the series of CnH2n-5NO7 (n=6-9) and CnH2n-327 

3NO7 (n=5-8) with DBE of three and two, respectively. Compared to the fingerprint species of 328 

CnH2n-5NO6 in daytime factor 3, the series of CnH2n-5NO7 (n=6-9) in this factor have same DBE 329 

but one more O atom, and are likely the ring-retaining peroxyl nitrates (containing -OONO2 group) 330 

from the termination reaction of BCP-peroxy with NO2 (e.g., C6H7NO7 in Figure S8). Similarly, 331 

the intermediate RO2 radicals of CnH2n-3NO7 (n=5-8) were possibly generated from BCP-peroxy 332 

ring-breakage with CO-loss pathway, followed by termination reaction with NO2 to form the 333 

peroxyl nitrates with one C less (e.g., C5H7NO7 in Figure S8). In addition, C5H9NO7 with DBE of 334 

one also showed a high fraction in this factor and is likely the peroxyl nitrate formed from the 335 

isoprene and alkane oxidation (Figure S9).  336 

Daytime factor 5: This factor was identified as the di-nitrates factor with one afternoon peak at 337 

15:00 LT and another evening peak presented around 18:00-22:00 LT. The fingerprint molecules 338 

of this factor contain two nitrogen atoms, including the series of CnH2n-2N2O8 (n=6-10) and 339 

CnH2nN2O8 (n=6-9) with DBE of one and zero, respectively. The afternoon peak could be mainly 340 

attributed to the multi-generation OH oxidation products, in which di-nitrates are second-341 

generation products form further oxidation of first-generation nitrates and peroxyl nitrates. It is 342 

consistent with the delay of afternoon peak appearance of di-nitrates factor compared to factors 343 
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dominated by peroxyl nitrates and nitrates (daytime factor 3 and 4). The dusk peak was mainly 344 

contributed by the NO3 oxidation, either the products from NO3-initiated first generation RO2 345 

terminated by NOx, or second-generation NO3 oxidation of first-generation nitrate and peroxyl 346 

nitrate products.  347 

Nighttime factor 6: The biogenic factor showed a broad nighttime peak with an increasing trend 348 

after sunset and a decreasing trend after sunrise (6:00 LT), indicating the important role of 349 

nocturnal chemistry in their formation. A series of C10H13-19N0-2O5-8 accounted for high fraction in 350 

this profile and they were the typical oxidation products of the terpenes observed in chamber and 351 

field experiments19, 65. The terpenes could be oxidized by NO3 radicals and O3
66 and then 352 

contributed to the C10 N-containing OOMs formation (Figure S11). Similar nighttime factors 353 

dominated by C10 terpenes oxidation has been observed at a boreal forest site44. Most fingerprint 354 

molecules observed in this factor are nitrous OOMs, and are consistent with the nighttime BVOC 355 

factors identified in suburban Nanjing with higher fraction of organic nitrates12. It is worth noting 356 

that these C10H13-19N0-2O5-8 molecules also presented in the daytime factors (e.g., daytime factor 357 

3), and part of them could be formed from daytime OH-initiated reactions.  358 

3.4.  A simplified categorization scheme for OOMs  359 

Though the PMF analysis is powerful in extracting information from complex ambient data with 360 

prior unknown chemistry and processes, the diagnostics of the solutions and factor interpretation 361 

can be very effort- and time-consuming. Thus, inspired from the characteristics of above PMF 362 

factors, a simple classification method was developed to identify the key functional groups and 363 

termination reaction pathways of measured OOMs in this study. The new method categorizes the 364 

OOMs according to the revealed characteristics of fingerprint peaks in each factor, as summarized 365 

in Table S2. Though the concentration of those multi-generation oxidation products with more O 366 
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atoms were very low and not clearly discussed in the PMF analysis, they are also accounted and 367 

can be classified in the scheme. In brief, the non-nitrogen species with DBE of 2 and 3 and O 368 

atoms of 2n+4 (n=0,1,..) are classified as carbonyls, and the non-nitrogen species with DBE of 1-369 

3 and O atoms of 2n+5 (n=0,1,..) are classified as hydroperoxides. For the 1N OOMs with DBE 370 

of 1-3, the species with O atoms of 2n+6 (n=0,1,..) and 2n+7 (n=0,1,..) are classified as nitrates 371 

and peroxyl nitrates, respectively. The species with DBE ≥ 4 were recognized as aromatic ring-372 

retaining species, which was not resolved in PMF results but they could be easily identified and 373 

distinguished from others. The OOMs with 10 C atoms was categorized as terpene-derived OOMs. 374 

Although we could not exclude the possibility of some C10 species from aromatics or aliphatic 375 

precursors, the majority OOMs (>80%) in this group should be related to terpene considering its 376 

relatively higher concentration (154 ppt), higher oxidation rates than other precursors at this 377 

background site, and good consistency with the peak list from previous chamber and field studies 378 

(Table S3).  It should be noted that this approach is more suitable for application in similar 379 

environmental conditions as the present study, and uncertainties may still exist in this simplified 380 

approach because the complexity of the processes and chemical reactions in the real atmosphere. 381 

As shown in Figure 5a, a total 66% of measured OOMs species can be categorized into these 382 

seven groups: carbonyls (7%), hydroperoxides (7%), nitrates (17%), peroxyl nitrates (10%), 383 

terpenes (7%), di-nitrates (12%) and aromatic ring-retaining species (6%). The nitrates accounted 384 

for the highest proportion, which echoes another measurement in suburban Nanjing that reported 385 

organic nitrates as the dominant OOMs in the daytime12. Terpenes-derived OOMs were the 386 

dominant species in boreal forest sites in Europe 67-69, and only contributed 7% to the OOMs 387 

formation in Hong Kong, reflecting the significant differences in OOMs composition between 388 

urban and remote areas.  389 
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3.5 OOMs volatility estimation based on the classified results 390 

Due to the lake of molecular information on functional groups, the volatility of OOMs were usually 391 

estimated by parameterization method in previous studies with assumptions in the fixed types and 392 

distribution of functional groups13, 14, 52. In the above analysis, the functional groups in the 393 

observed OOMs are largely affected by oxidation pathways and might be different from the 394 

assumptions (Table S4), leading to uncertainties in OOMs volatilities estimation in the real 395 

atmosphere. Based on the OOMs categorization in the present study, the functional groups in the 396 

OOM molecules were roughly identified (detailed information is shown in SI), and OOMs 397 

volatility can then be estimated with the SIMPOL.1 method53 (Figure 5b). The results show that 398 

most of carbonyls, hydroperoxides, nitrates, peroxyl nitrates and aromatic ring-retaining species 399 

are SVOC and intermediate VOC (IVOC) with total proportion of 82%, 75%, 82%, 86% and 58%, 400 

respectively. In contrast, most of di-nitrates and terpenes-derived OOMs are extremely low-401 

volatility organic compounds (ELVOC) and low-volatility organic compounds (LVOC) with the 402 

proportion of 78% and 70%, respectively.  403 

The ELVOC, LVOC, SVOC and IVOC accounted for 8%, 20%, 51% and 20% of the measured 404 

OOMs, respectively. Compared with results estimated from parameterization method of Donohue 405 

et al.52, the ELVOC decreases by 5% but IVOC increases by 5%, while the LVOC and SVOC are 406 

similar, suggesting the possible overestimation in ELVOC and underestimation in IVOC by the 407 

parameterization method (Figure S12a). The volatility of each category OOMs calculated by two 408 

methods are compared in Figure S12b. For the improved volatility estimation with functional 409 

groups information, the mean volatility of all OOMs increase by 0.67 order of magnitude, with 410 

2.3, 4.4, 1.1, 3.2, and 1.4 order of magnitude increase for carbonyls, hydroperoxides, nitrates, 411 

peroxyl nitrates and terpenes respectively, but 0.7 and 2.8 order of magnitude decrease for aromatic 412 
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ring-retaining species and di-nitrates. The discrepancy is mainly due to the roughly assumption of 413 

constant relative fraction of limited oxygenated functional groups (such as -OH and C=O groups) 414 

and underestimation of -OOH and different nitrate groups. More studies have recognized the 415 

important role of -OOH groups formed from autooxidation step in OOMs8, which is also 416 

demonstrated in the present study. The more counts of -OH group rather than -OOH group in 417 

OOMs would result in underestimation of volatility in parameterization methods, and the neglect 418 

of the nitrate groups in di-nitrates, -NO2 group on aromatic ring-retaining species and aromatic 419 

rings would lead to overestimation of their volatilities. Though uncertainties still exist in the 420 

multifunctional groups identification in this simple classification approach, our attempts provide 421 

some new insights and feasible routes to improve the volatility estimation of complex OOMs in 422 

real atmosphere. 423 

3.6 Contribution of OOMs to particles growth  424 

The low volatile nature of the OOMs make it vulnerable to partition and condense onto particle 425 

phase, thus contributing to particle growth and SOA formation. During the campaign, we observed 426 

several cases (e.g., 29th November, 17th December and 19th December 2018) with relative high 427 

concentrations of OOMs accompanied with clear particle growth process, mainly under the 428 

influences of continental transport flows. The growth of newly formed particles started at the same 429 

time when OOMs peaked at noon, implying that OOMs may play a significant role in the particle 430 

growth process. Based on the improved volatility estimation, the irreversible condensation of 431 

OOMs and gas-particle equilibrium partitioning were calculated to evaluate the OOMs 432 

contribution to particles growth rate (GR). 433 

As shown in the new particle formation and growth case from 13:00 on 17th December to 10:00 434 
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on 18th December 2018 (Figure 6a), the particle mobility diameter grew from 20 to 70 nm in 435 

around 20 hours. Given the initial mobility diameter, the temporal evolution of particle size growth 436 

was estimated from the aerosol growth model, and the simulated results exhibit good agreement 437 

with the observed particle growth pattern, demonstrating the dominated role of OOMs in this 438 

particle growth case from 20 to 70 nm. The size-dependent condensation contribution of different 439 

OOMs groups and sulfuric acid on the particle GR is shown in Figure 6b. With the increase of 440 

particle diameter from 15 to 700 nm, GR of particles decreased from 2.7 nm/h to 0.9 nm/h. In 441 

contrast to the more predominant role of sulfuric acid on particle growth of newly formed particles 442 

(< 3 nm)13, the condensable organic species contribute more exceeding role in the particle growth 443 

of larger particles. This is also consistent with our previously reported dominant contribution of 444 

OOMs to SOA formation, in which the irreversible condensation of observed OOMs can explain 445 

68% of SOA growth rate.14 446 

Di-nitrates and aromatic ring-retaining species were the two most important contributors to GR 447 

with a fraction of 44.0% and 10.4%, though their concentration only accounted for 14.0% and 6.3% 448 

of the measured OOMs during the case period. The contribution of carbonyls, hydroperoxides, 449 

nitrates, peroxyl nitrates, terpenes and sulfuric acid to GR were 3.5%, 4.0%, 2.7%, 1.2%, 4.4% 450 

and 0.1%, respectively. The unclassified OOMs also have a large (30%) contribution to the growth 451 

rate. Though the functional groups cannot be identified in this group, but the key feature of those 452 

molecules still indicates their anthropogenic nature, mostly from aromatic and aliphatic precursors. 453 

Meanwhile, the contribution of SVOCs via equilibrium partitioning was negligible in contributing 454 

the particle growth. Another two NPF and growth cases were also examined (Figure S13) and 455 

showed similar results. Moreover, for comparison we also simulated the particle growth in the case 456 

using the volatility derived from parameterization method (Figure S14), and the simulated results 457 
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apparently overestimate the GR compared to the observed particle growth. The results demonstrate 458 

the value of the developed classification scheme for OOMs characterizations. Further efforts are 459 

still warranted to better elucidate the OOMs and formation pathways at the molecular level under 460 

different precursors, oxidants, and environmental conditions. The quantitative information of the 461 

multifunctional groups is crucial for better evaluating the contributions of OOMs on particle 462 

growth and SOA formation, demonstrating the value of the developed classification scheme for 463 

OOMs characterizations.  464 

Overall, this study provides a comprehensive molecular analysis of the composition, variation 465 

characteristics, and formation pathways of oxygenated organic molecules (OOMs) formed from a 466 

cocktail of anthropogenic precursors in an urbanized region. The findings offer new molecular-467 

level insights shed light into the formation and fate of OOMs in the polluted atmosphere, and 468 

improve our understanding of the complex VOC oxidation and secondary pollution formation in 469 

polluted urban regions, which has important implications for the development of air pollution 470 

mitigation strategies. 471 

  472 
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Figures 473 

 474 

Figure 1. a) Mass defect plot of the oxygenated organic molecules (OOMs) identified from the 475 

NO3-CI-ToF-MS measurements in the field campaign in Hong Kong. The dots are colored with 476 

the nitrogen numbers and scaled by the concentration. The dots connected by arrow lines represent 477 

the homologs. b) The OSc distribution of OOMs as a function of carbon number (nC). The dots 478 

are colored with the OOMs volatility and scaled by the concentration. The black circle denotes the 479 

concentration-weighted mean OSc of measured OOMs for each carbon number. Some OOMs 480 

precursors labelled by gray symbols are also shown for reference. 481 

 482 
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 483 

Figure 2. (a) The map of 72h backward footprint (100m) retroplume and trajectories arriving at 484 

the monitoring site simulated with the Hybrid Single-particle Lagrangian Integrated Trajectory 485 

(HYSPLIT). (b) Comparison of measured OOMs concentration and non-nitrogen and nitrogen-486 

containing fractions under different air mass trajectory clusters. Detailed setting of HYSPLIT 487 

footprint retroplume can be found in the SI. (c) Diurnal patterns of the measured OOMs, ozone, 488 

and estimated OH and NO3 radicals during the campaign in Hong Kong. The OH radical and NO3 489 

are simulated with an observation-based photochemical box model based on MCM 3.3. The lines 490 

represent the median values, and the areas denote the 75th and 25th percentile of the data, 491 

respectively. 492 
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 493 

Figure 3. The impact of temperature and NOx on OOMs OSc and formation. a) The OOMs OSc 494 

distribution in Autumn and winter, the bar was colored with OOMs OSc degree. b) The OOMs 495 

OSc distribution in different NOx conditions. c,d) A specific example, C7H11NO6,8,10,12,14 series, to 496 

show the influence of temperature and NOx on products with different autoxidation steps. 497 
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 498 

Figure 4. The profiles and diurnal patterns of PMF factor. The fingerprint peaks of each factor are 499 

highlighted, and their formulas are also marked. The three lines in the diurnal plot represent median 500 

values, 25th and 75th percentiles,  501 

  502 
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 503 

Figure 5. (a) The proportion of OOMs species that categorized by the new metrics in Table S2. (b) 504 

The comparison of volatility distribution calculated with new method and parameterization method. 505 

  506 
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 507 

Figure 6. A particle formation and growth case observed during the campaign to evaluate the 508 

OOMs contributions to the particle growth rate. (a) The upper panel shows the measured particle 509 

distribution in a NPF case during 17th-18th December 2018, and the lower panel displays the 510 

temporal evolution of measured particle mobility diameter (red dots) and simulated particle size 511 

(line). Error bar represents the maximum uncertainty introduced by the assumption of the extreme 512 

parameter Xi,p (the mass fraction of OOMs species in the particle phase) in the aerosol growth 513 

model. (b) The contribution of classified OOMs groups on particle growth rate as a function of 514 

particle size.  515 
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ToF-CIMS settings, calibration and transmission 27 

Settings: The nitrate-based Tof-CIMS (Aerodyne Research) was used to measure the OOMs 28 

in this study. The instrument consists of a time-of-flight mass spectrometer coupled to a 29 

chemical ionization source which ionizes sampled molecules with nitric acid1. Detailed 30 

description of the instrument can be found in our previous studies2, 3.Briefly, the ambient air 31 

was sampled to the instrument with a flowrate of 10LPM through a 2.5m long stainless-steel 32 

inlet. Then, the sampled molecules will be ionized in the ion-molecule reaction (IMR) chamber 33 

by the nitrate cluster ions in the sheath flow, which consists of purified airflow (20L/min) and 34 

nitric acid stream (5ml/min). The reagent ions of nitrate cluster were produced by irradiation 35 

with a PhotoIonizer X-Ray (Model L9491, Hamamatsu, Japan). Finally, the ionized OOMs 36 

would be extracted into the ToF and determined based on the flight times in the mass 37 

spectrometer. 38 

Calibration: Sensitivity calibration was performed with sulfuric acid by following the method 39 

developed by Kürten et al..4 Briefly, a known concentration of OH radicals is generated from 40 

the photolysis of water with a 185 nm UV lamp, and then reacts with excessive SO2 to produce 41 

the sulfuric acid standard gas to fed into the inlet of Tof-CIMS. The calibration coefficient is 42 

obtained as follows, 43 

 
[𝐻2𝑆𝑂4] = 𝐶𝐻2𝑆𝑂4

× 𝑆𝐿𝐻2𝑆𝑂4
× ln (1 +

[𝐻𝑆𝑂4
−] + [𝐻𝑆𝑂4

− ∙ 𝐻𝑁𝑂3]

∑ [𝑁𝑂3
− ∙ (𝐻𝑁𝑂3)𝑛]2

𝑛=0

) 
1 

where [H2SO4] is the concentration of sulfuric acid standard gas. Species in the brackets are 44 

the concentrations of primary ions and target ions detected by the ToF-CIMS. 2, 3 The 45 

calibration factor considering the inlet diffusion loss, (CH2SO4 SLH2SO4) is determined to be 46 

9.88 × 10-9 molecule cm-3 in this study. Due to the unknown structures and unavailable standard 47 

substances of detected OOMs, the calibration factor of sulfuric acid was also applied to OOMs, 48 
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by assuming a similar ionization efficiency as suggested by previous studies5. 49 

Transmission: As mass discrimination effect highly affects CIMS quantification, the 50 

perfluorinated heptanoic acid with high electronegativity6, was used to obtain the mass-51 

dependent transmission efficiency of the instrument. Based on the conservation relationship of 52 

consumed primary ions and charged monomer, dimer and trimer of perfluorinated heptanoic 53 

acid, the transmission efficiency of the instrument is fitted as follow, 54 

 
𝑇𝑖 = 0.0022 + 1.01 × 𝑒−(

𝑚𝑖−114.08
366.18

)
2

 
2 

where T is the mass-dependent transmission efficiency and m is the mass of the detected ions. 55 

Finally, the OOMs concentration is derived from the following equation after taking account 56 

of both transmission efficiency and calibration coefficient. 57 

 [𝑂𝑂𝑀𝑖] = 𝐶𝐻2𝑆𝑂4
×

1

𝑇𝑖
× ln (1 +

∑ [𝑂𝑂𝑀𝑖 · (𝐻𝑁𝑂3)𝑛 · 𝑁𝑂3 + 𝐻𝑁𝑂3 · (𝑂𝑂𝑀𝑖 − 𝐻)−]1
𝑛=0

∑ [𝑁𝑂3
− ∙ (𝐻𝑁𝑂3)𝑛]2

𝑛=0

) 3 

Positive matrix factorization  58 

PMF model settings: Positive matrix factorization (PMF) is a powerful analysis method to 59 

extract sources of pollutants with different time evolution.7 The model establishes a mass-60 

balance among a mn data matrix X and factors time series G, factor profiles F, and residue 61 

matrix E, as described in the formula below, 62 

 𝑋𝑖,𝑗 = ∑ 𝐺𝑖,𝑝𝐹𝑝,𝑗 + 𝐸𝑖,𝑗

𝑝

 
4 

where i and j refer to the indices of the row and column of the data matrix, respectively. p is 63 

the factor solution. Using the least-square algorithm, the model runs to seek the minimum Q, 64 

defined as 65 
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𝑄 = ∑ ∑(

𝐸𝑖,𝑗

𝜎𝑖,𝑗
)2

𝑛

𝑗=1

𝑚

𝑖=1

 
5 

where σ is the error estimation of the data matrix. 66 

With the focus on the OOMs species, some unrelated and unconcerned peaks are excluded from 67 

the prepared PMF data matrix, including nitrophenols, contaminations, chlorides, bromides, 68 

iodides and sulfides. The presence of high concentrations of nitrophenols may dominate the 69 

PMF results. Thus, considering the distinct properties of the nitrophenols, they were studied 70 

separately in our previous work2 and are excluded from following analysis in this study. 71 

Fluorinated contaminations emitted from tubing are also removed. The chlorides, bromides, 72 

iodides and sulfides are not the concerned species in this study and are also excluded from the 73 

data matrix. The formulas of the excluded species are listed in Table S5. In addition, the missing 74 

values in the data matrix are replaced with 5th percentile of the corresponding species. 75 

The uncertainties of OOMs data and error estimation are crucial for the PMF analysis. The 76 

error matrix is estimated from the method suggested by Yan et al. 8, as follow, 77 

 
𝑆𝑖,𝑗 = 𝜎𝑖,𝑗 + 𝜎𝑛𝑜𝑖𝑠𝑒 = 𝑎

√𝐼

√𝑡
+ 𝜎𝑛𝑜𝑖𝑠𝑒 

6 

where σi,j is the uncertainties resulted from counting statistics and is related to data integration 78 

time t and signal strength I. The σ i,j is further corrected with an experiment obtained 79 

empirically constant a (1.28)8. σnoise is the standard deviation of the instrument noise and is 80 

calculated as 0.035 according to laboratory result of Yan et al.8.  81 

PMF solution diagnostics:  82 

Choosing the proper factors solution is the most critical step to interpret the PMF result. The 83 

evolution of PMF solutions is examined to facilitate the choosing of optimized factors. A total 84 
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of 3 to 20 factors are iterated with the PMF model, and the interpretation for the solution 85 

evolution of first 9 factors are summarized in Table S6. In the initial solution with three factors, 86 

an obvious CHO, CHON and CHON2 factors are observed according to their fingerprint peaks. 87 

In the four-factor solution, a night-time factor emerges and is identified as monoterpene and 88 

isoprene mixed factor for the presence of C5 and C10 fingerprint peaks. With the evolution of 89 

the solutions, the CHON and CHO factors are further separated in the five-factor and six-factor 90 

solutions, and the four-oxygen (O4), O5, O6 with 1N, O7 with 1N, monoterpene and isoprene 91 

mixed (MT, iso mixed), and 2N factors are obtained. Although more factors allow the model 92 

to explain more OOMs, it also may force the model to split the physically meaningful factor 93 

into unrealistic factors8. When the solution is pushed to seven-factor, a O6 with 2N factor is 94 

split from previous 1NO6 and 2N factors. Generally, the CHON and CHON2 OOMs are 95 

different generation products. Their combination may imply the over-split in seven-factor 96 

solution. In the evolution of higher solutions, more over-split factors identified as unrealistic 97 

factors as shown in the profiles. Thus, from the perspective of PMF solution evolution, the six-98 

factor are most suitable solution, with the richest profiles and the least over-split. 99 

Besides the solution evolution analysis, the values of Q/Qexp and max rotational matrix (RotMat) 100 

are another two important metrics to mathematically evaluate the solution.9 The Q is the sum 101 

of squared, scaled residuals and Qexp is the expected mean value of Q. The PMF2 uses the least 102 

squares method to solve the bilinear model, and Q therefore follows the chi-square distribution 103 

and its degrees of freedom equals to the Qexp, which is given by10, 104 

 𝑄𝑒𝑥𝑝 = 𝑚 · 𝑛 − 𝑝 ∙ (𝑚 + 𝑛) 7 

where p is number of factors, m and n are the row and column number of data matrix X, 105 

respectively. For a CIMS dataset, mn >> p(m+n), so Qexp≈mn. As the residuals of the 106 
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bilinear model, the Q generally shows a decrease trend in the solutions iteration as additional 107 

factors would fit more of data. Furthermore, the sharp drop of Q implies that the additional 108 

factor explained the data significantly and is often treated as a sign to determine the solutions7. 109 

The max RotMat represents the highest rotational freedom case in a solution, and the high value 110 

points should be rejected for its large rotational ambiguity11. 111 

The Q/Qexp and max RotMax variation over solutions from 3 to 20 is shown in Figure S16 112 

Mathematical diagnostics of PMF solutions, including values of Q/Qexp, the maximum value 113 

of rotation matrix (RotMat) versus the number of factors (Fpeak=0), and explained fraction of 114 

each solution. (Fpeak=0). The model doesn’t have the solution for 9, 10, 14, 15, 16, 17 factors. 115 

For the rest solutions, the Q/Qexp shows a decrease trend, ranging from 3 to 7. The high absolute 116 

values suggest the uncertainties of the data could be underestimated due to the different 117 

instrument configuration compared to Yan et al.8, and the Q/Qexp trend should be more 118 

meaningful to determine the minimum factor number. A large drop of Q/Qexp on 3 to 4 factors 119 

and clear increase of explained data variation from 90 to 93% indicate that at least four factors 120 

are needed to explain the data. The 10, 14 and 16 factors exhibit a rapid max RotMat increase 121 

and are thus rejected from further analysis. Combined with previous solution evolution analysis, 122 

the six-factor are finally chosen as a better solution with 93.9% of data explained. 123 

For a certain factors solution, the solution matrix (G and F) is not unique due to the existence 124 

of linear transformations of factor time series and factor profiles, such that， 125 

 𝐺𝐹 = 𝐺𝑇𝑇−1𝐹 8 

where T is a transformation matrix and T-1
 is its inverse. The influence of the multiple solutions 126 

is called the rotational ambiguity10. In PMF2, once the best number of factors is determined, a 127 

subset of possible solutions is explored via different Fpeak. The Figure S17a shows the Q/Qexp 128 
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variation over Fpeak from -1 to 1 for 6 factors solution12. The model doesn’t have the solution 129 

for Fpeak of -1, -0.8 and 1. For the rest Fpeak, their Q/Qexp values almost keep constant, ranging 130 

from 5.14 to 5.16, which implies the rotational ambiguity for six-factor solution is negligible. 131 

The factors time series and profiles of different Fpeak are also compared and show minor 132 

difference. Finally, the Fpeak of 0 was chosen as the solution. For the six factors solutions, six 133 

seed runs ranging from 0 to 20 with an interval of 4 were also performed to test the consistency 134 

of the solution and the result is shown in Figure S17b. The model doesn’t have the solution for 135 

seed run of 8. For the rest seeds run, they show good consistencies in both Q/Qexp (5.14-5.16) 136 

and explained variation (93.9%-94.1%), indicating the small model uncertainty. 137 

OOMs carbon oxidation state (OSc) and volatility estimation 138 

The carbon oxidation state (OSc) is an ideal metric to quantify the oxidation degree of organic 139 

species in the atmosphere and is defined as follows, 140 

 𝑂𝑆𝑐 = − ∑ 𝑂𝑆𝑖

𝑛𝑖

𝑛𝐶
𝑖

 
9 

Where OSi is the oxidation state associated with element i, and ni/nC is the molar ratio of 141 

element i to carbon. Based on the categorization scheme, the identified OOMs (except terpenes) 142 

OSc were calculated with their functional groups and carbon numbers. A group OSc oxidation 143 

state of −1 was used for -OH, -OOH, -ONO2, -OONO2, and -NO2 groups, and a group OSc 144 

oxidation state of −2 was used for carbonyls group. 145 

For terpene-derived OOMs and unidentified OOMs, their OSc were calculated following 146 

Massoli et al. from eq 1. 147 

 𝑂𝑆𝑐 = 2 ×
𝑛𝑂

𝑛𝑐
−

𝑛𝐻

𝑛𝑐
− 5 ×

𝑛𝑁

𝑛𝑐
   10 

where nO, nC, nN and nH are the numbers of elements in the OOMs formulas. 148 
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Volatility is an important parameter to reflect the ability of OOMs to condense/partition on 149 

particle phase. In previous studies3, 13-15, the semi-theoretical parameterization method 150 

developed by Donahue et al13. was widely used to evaluate the OOMs volatility, which assumes 151 

that the majority anthropogenic OOMs consists of multifunctional groups including organic 152 

acid terminal and an even combination of hydroxyl and carbonyls along the backbone, and 153 

nitrate groups, as below.  154 

 
𝑙𝑜𝑔10𝐶∗(300𝐾) = (25 − 𝑛𝐶) ∙ 𝑏𝐶 − (𝑛𝑂 − 2𝑛𝑁) ∙ 𝑏𝑂 − 2 ∗ [

(𝑛𝑂 − 2𝑛𝑁) ∙ 𝑛𝐶

𝑛𝐶 + 𝑛𝑂 − 2𝑛𝑁
] ∙ 𝑏𝐶𝑂 

11 

where nC, nO and nN are the numbers of carbon, oxygen, and nitrogen in OOMs formulas, 155 

with bC=0.475, bO=2.3, and bCO=-0.3. 156 

Mohr et al. further improved the parameterization method to reflect the extensive of proxy 157 

groups (-OOH) in the monoterpene-OOMs produced from the autooxidation process16, as 158 

follows: 159 

 
𝑙𝑜𝑔10𝐶∗(300𝐾) = (25 − 𝑛𝐶) ∙ 𝑏𝐶 − (𝑛𝑂 − 3𝑛𝑁) ∙ 𝑏𝑂 − 2 ∗ [

(𝑛𝑂 − 3𝑛𝑁) ∙ 𝑛𝐶

𝑛𝐶 + 𝑛𝑂 − 3𝑛𝑁
] ∙ 𝑏𝐶𝑂 − 𝑛𝑁 ∙ 𝑏𝑁 

12 

where bC=0.475, bO=0.2, bCO=0.9, and bN=2.5. 160 

The functional groups contribution method (simplified 𝑝
𝐿
𝑜  prediction method, SIMPOL.1) 161 

developed by Pankow et al.17 is a more explicit theoretical method for predicting organic 162 

molecules volatility, but the application was limited for OOMs due to the lack of exact 163 

functional groups information. The method assumes that the organics volatility is determined 164 

by the linear combination of contributions from parent hydrocarbons and multiple functional 165 

groups. The logarithm value of the saturated vapor pressure (𝐶𝑖
∗) of compound i is defined by,  166 

 𝑙𝑜𝑔10𝐶∗(300𝐾) = (25 − 𝑛𝐶) ∙ 𝑏𝐶 + ∑ 𝑣𝑘,𝑖𝜏𝑘
𝑘

 13 
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where bC=0.475, and 𝑣𝑘,𝑖 is the number of groups of type k in i, 𝜏𝑘 is the group contribution 167 

term for group k and is given in Table S4. In the present study, the Mohr and SIMPOL.1 168 

methods are used to estimate the volatility of monoterpene-OOMs and those OOMS with 169 

identified functional groups respectively, while Donahue’s method was used for other detected 170 

OOMs. In addition, the OOMs volatility at ambient temperature is obtained by correcting the 171 

temperature effect3 with equations below, 172 

 
𝑙𝑜𝑔10𝐶∗(𝑇) = 𝑙𝑜𝑔10𝐶∗(300𝐾) +

∆𝐻𝑣𝑎𝑝

𝑅𝑙𝑛(10)
(

1

300
−

1

𝑇
) 

14 

in which, the evaporation enthalpy ∆𝐻𝑣𝑎𝑝 is obtained with following equation. 173 

 ∆𝐻𝑣𝑎𝑝[𝑘𝐽 𝑚𝑜𝑙−1] = −5.7 ∙ 𝑙𝑜𝑔10𝐶∗(300𝐾) + 129 15 

 174 

Deduction of OOM functional groups for different categories 175 

Both the termination functional groups and those functional groups formed in the reaction 176 

process should be considered in volatility estimation of OOMs. The multi-functional groups 177 

might consist of several combination ways. Based on PMF and mechanism analysis in section 178 

3.3 in main text and Figure S8, Figure S9, Figure S10, Figure S11, here we assume that except 179 

di-nitrates and terpenes, other groups of OOMs were mostly first-generation products from 180 

hydrocarbon oxidation to simplify the structure information. OOMs structure are deduced and 181 

shown in Table S4. Specifically, besides the C=O group, the carbonyls with DBE of 3 are most 182 

likely the ring-opening products from aromatics and additionally contained one C=O, one C=C 183 

and two -OH groups (e.g., No.2 in Figure S15 formed via the pathway 5 in Figure S8). The 184 

carbonyls with DBE of 2 are considered as oxidation products from alkenes or alkanes and may 185 

additionally contain one C=C, one -OH group and at least one -OOH group (e.g., No.1 in Figure 186 

S15 formed via the pathway 1 in Figure S9). The hydroperoxides, nitrates and peroxyl nitrates 187 
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could contain at least one -OOH, one nitrate (-ONO2) group, one peroxyl nitrate (-OONO2) 188 

group, respectively. For those three categorizes, the OOMs with DBE of 3 are the ring-retaining 189 

oxidation products from aromatics and shall also contain one C=C, one -OH group, two non-190 

aromatic rings (e.g., No. 5, 8, 11 in Figure S15 formed via pathway 2, 3, 4 in Figure S8, 191 

respectively); the species with DBE of 2 might be generated from aromatics oxidation as the 192 

ring-opening species with one more C=O, one more C=C, and two more -OH groups (e.g., No. 193 

4, 7, 10 in Figure S15 formed via pathway 6, 7, 8 in Figure S8, respectively); the species with 194 

DBE of 1 might also contain one C=C, one -OH group and more than one -OOH groups (e.g., 195 

No. 2, 3, 4 in Figure S15 and formed via pathway of 2, 3, 4 in Figure S8). The remaining 196 

oxygen atoms in the OOM species are assumed to be presented as the -OOH group considering 197 

the efficient autoxidation processes in all types of OOMs formation. The ring-retaining species 198 

mainly referred to phenols and shall contain one aromatic ring, one nitro group (-NO2) and one 199 

-OH group with remaining oxygen atoms evenly distributed between the -OH and -OOH 200 

groups (e.g., No. 12, 13 in Figure S15). The di-nitrates included two -ONO2 groups with 201 

remaining oxygen atoms in -OH groups (e.g., No. 14, 15, 16 in Figure S15). The main 202 

functional groups of terpenes derived OOMs were -OOH and -ONO2 groups as suggested by 203 

previous chamber studies (e.g., No. 17 in Figure S15)14. For those OOM molecules not 204 

classified into those groups will still follow the parameterization method assumptions.  205 

Aerosol growth model 206 

To calculate the OOMs mass flux onto the particles, an aerosol growth model developed by 207 

Tröstl et al.14 is used to mathematically simulate the OOMs condensation process. The OOMs 208 

are firstly grouped into different volatility basis set (VBS) bins, where the saturation 209 

concentration of adjacent bins is ten times different18. The OOMs in every VBS bin are treated 210 

like single surrogate species having the properties of the averaged mass and concentration of 211 
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the OOMs in same bin. In the simulation model, the over-saturated part will condensate on the 212 

particles in the collide process, and the net mass flux can be calculated as, 213 

 𝑑𝑚𝑝

𝑑𝑡
= 𝜎𝑝 ∙ 𝑘𝑝 ∙ 𝐹𝑝 

16 

where 𝜎𝑖,𝑝 is the collision cross-section of particles and vapors, 𝑘𝑖,𝑝 is the vapors deposition 214 

rate at the surface, and 𝐹𝑖,𝑝 is the condensation driving force. 𝜎𝑖,𝑝 is calculated by σi,p =215 

π/4(dp + di)
2 with dp the particle diameter and di the diameter of OOMs in VBS bins. ki,p 216 

is positively related to center mass velocity of particles and vapors (vi,p) and is also corrected 217 

with the mass accommodation coefficient αi,p and non-continuum dynamic factor βi,p. The 218 

driving force is calculated as follows, 219 

 𝐹𝑖,𝑝 = 𝐶𝑖
𝑣 − 𝑎𝑖,𝑝

′ 𝐶𝑖
0 = 𝐶𝑖

𝑣 − 𝑋𝑖,𝑝𝛾𝑖,𝑝𝐾𝑖,𝑝𝐶𝑖
0 17 

where 𝐶𝑖
𝑣  and 𝐶𝑖

0  are vapors ambient concentration and their saturation concentration, 220 

respectively. 𝑎𝑖,𝑝
′  is the activity of specie i at the particle phase surface, containing the Raoult 221 

term (𝑋𝑖,𝑝𝛾𝑖,𝑝 ) and the Kelvin term (𝐾𝑖,𝑝 ) to account for the particles mixture effect and 222 

curvature effect respectively. In the Raoult term, 𝑋𝑖,𝑝 is the condensed-phase mass fraction in 223 

a certain size particle, which is also the main source of uncertainty in the model calculation. 224 

𝑋𝑖,𝑝 cannot be measured directly due to the current technology limitations. Here, we adopt the 225 

values from chamber results of Tröstl et al. 14 and substitute the extreme 𝑋𝑖,𝑝 values into all 226 

VBS bins to derive the lower and upper boundaries of model’s uncertainties. 227 

In addition, a parametrization method to estimate the growth rates of sulfuric acid was used 228 

following Stolzenburg et al.19, 229 
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 𝐺𝑅 𝑜𝑓 𝑆𝐴(𝑛𝑚 ℎ−1) = [2.73 ∗ 𝑑𝑝(𝑛𝑚)−0.75 + 0.54] ∗ [𝐻2𝑆𝑂4(𝑐𝑚−3) ∗ 10−7] 18 

Gas-particles partitioning equation 230 

Due to the high volatility, the SVOC in the gas and particle phases could quickly reach an 231 

equilibrium state through the gas-particle partitioning equation as follows 20, 232 

 
𝑓𝑖

𝑠 =
1

1 +
𝐶𝑖

∗

𝐶𝑂𝐴
𝑠

 
19 

where 𝐶𝑖
∗ is the vapors effective saturation concentration and 𝐶𝑂𝐴

𝑠  is the concentration of 233 

organic aerosol. In this study, new particle formation (NPF) cases were selected, and the 234 

temporal evolution of the particle mobility diameter was compared with the simulated results 235 

to evaluate the OOMs contribution to the particles growth rate.  236 

MCM inputs 237 

The reaction mechanisms of pollutants were extracted from MCM 3.3.1 website 238 

(http://chmlin9.leeds.ac.uk/MCM/roots.htt), and the observed NO, NO2, SO2, O3, CO, N2O5, 239 

RH, T, JNO2, benzene, toluene, xylene/ethylbenzene, isoprene, propene, propane, butane, 240 

pentane, i-butane, i-pentane, particle nitrate, organic aerosol, and surface area of aerosol were 241 

input into the model every 10 minutes to constrain the simulation. The simulation period was 242 

from 8 November to 3 December and a 48-hour spin-up time was used in the MCM model. 243 

The simulated concentrations of OH, HO2, and NO3 radicals were output every minute. The 244 

average peak concentrations of OH and HO2 radicals were 1.02×106 and 3.09×108 molecule 245 

cm-3 and peaked at 11:00 LT and 13:00 LT, respectively. NO3 radical as a nocturnal oxidant 246 

showed the highest concentration of 1.70×108 molecule cm-3 at 20:00 LT. The detailed model 247 

description could be found in our previous studies.2 248 

HYSPLIT model setting for footprint retroplume 249 
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To further estimate the influence of transportation and source regions on the observed OOMs, 250 

a footprint analysis was performed with a Lagrangian dispersion (HYSPLIT) model. The model 251 

setting is similar to a pervious study also conducted in Hok Tsui site21. The Kantha-Clayson 252 

scheme was used to compute vertical turbulence. In each simulation, 3000 particles were 253 

released at a height of 100m above the ground level at the site in an hour and backward in time 254 

for a 72h period. The position of released particles were calculated using a 3-D particle 255 

horizontal and vertical method every three hours during the campaign. The particle residence 256 

time within each vertical layer was calculated according to the particle spatial distribution. The 257 

simulated region was gridded with a spatial resolution of 0.1° in latitude by 0.1° in longitude; 258 

the domain covers 70° in longitude and 50° in latitude with the center located at the Hok Tsui 259 

station. Following a method developed by Stohl et al.22 we calculated the residence time at 260 

100m altitude to get a “footprint” retroplume of released air particles, which represents the 261 

distribution of probability or residence time of a simulated air mass. The footprint retroplumes 262 

shows consistent overall transport patterns with the cluster analysis of backward trajectories. 263 
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Figures 264 

 265 

Figure S1 Time series of OOMs and related parameters including temperature, radiation, 266 

ozone, NOx and particle size distribution. 267 

 268 

Figure S2 a) Photochemical ages of three clusters estimated with -log(NOx/NOy)23. b). The 269 

proportion comparison of CHO, CHON, CHON2, CHON3 OOMs in different clusters. c). 270 

The concentration of OOMs precursors in three clusters. 271 
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 272 

Figure S3 The carbon distribution of OOMs in three clusters. 273 

 274 

Figure S4 The oxygen distribution of OOMs in three clusters. 275 

 276 

Figure S5 The correlation plot of OH, NO3 radicals and OOMs 277 
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 278 

Figure S6 The OSc distribution of measured OOMs under different a) temperature and b) 279 

solar radiation conditions 280 

  281 

Figure S7 The OOMs concentration varied with NOx levels.  282 
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 283 

Figure S8 Chemical schematics of benzene oxidation by OH radicals.284 

 285 

Figure S9 Chemical schematics of isoprene oxidation by OH radicals. 286 

 287 
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 288 

Figure S10 Chemical schematics of cyclohexane oxidation by OH radicals. 289 

 290 

 291 

Figure S11 A simplified schematic of terpene oxidation mechanism by NO3 radicals. 292 
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  293 

Figure S12 a) The comparison of ELVOC, LVOC, SVOC and IVOC distribution calculated 294 

with new method and parameterization methods. b) The comparison of species average 295 

volatility calculated with new method and parameterization methods, respectively. 296 
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 297 

Figure S13 Another two particle formation and growth cases observed during the campaign, 298 

and were used to evaluate the OOMs contribution to the particle growth rate with new 299 

method. The labels and markers are the same in Figure 5. The OOMs contribution via 300 

equilibrium partitioning is insignificant, as shown by the red lines on top of the condensation 301 

contributions in Figure S13 b.  302 
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 303 

 304 

Figure S14 OOMs contribution to the particle growth in the same case in Figure 5, using 305 

volatility data estimated from the parameterization method. The labels and markers are the 306 

same in Figure 5. 307 
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 308 

Figure S15 The examples of chemical structure of selected OOMs in Table S4 309 



S23 

 

  310 

Figure S16 Mathematical diagnostics of PMF solutions, including values of Q/Qexp, the 311 

maximum value of rotation matrix (RotMat) versus the number of factors (Fpeak=0), and 312 

explained fraction of each solution. 313 

 314 

Figure S17 a) Values of Q/Qexp versus Fpeak for the six-factor solution. b) Five seeds run for 315 

the 6 factors solution. 316 

 317 
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 318 

Tables 319 

Table S1 The mean temperature and theoretical global radiation of five sites 320 

Sites Period 
OOMs 

concentration 
molecules/cm3 

Mean 
temperature 

 °C 

Mean theoretical 
global radiation1 W/m2 

Hong Kong Sep–Nov 2019 2.53×108 24.3 557 

Shanghai Nov-2018 7.80×107 13.9 485 

Nanjing Nov-2018 7.70×107 13.0 491 

Beijing Oct–Nov 2019 8.30×107 12.1 428 

Beijing Jul–Aug 2019 1.60×108 28.6 604 

1Only daytime (7:00-17:00 LT) data was used to calculate the average theoretical global 321 

radiation of the sites. 322 

Table S2 The metrics for OOMs classification 323 

Categories nC nN DBE nO 

Carbonyls >=4,≠10 0 2,3 4,6,8,10,12,14 

Hydroperoxides >=4, ≠10 0 1,2,3 5,7,9,11,13,15 

Nitrates >=4, ≠10 1 1,2,3 6,8,10,12,14,16 

Peroxyl nitrates >=4, ≠10 1 1,2,3 7,9,11,13,15,17 

Aromatic ring-retaining 

species 

>=6, ≠10 0,1 >=5 any 

>=6, ≠10 1 4 any 

>=6, ≠10 0 4 1,2,3 

Terpene1 10 0,1,2 any any 

Di-nitrates >=4, ≠10 2 any any 

1The OOMs with 10 C atoms was categorized as terpene-derived OOMs. Please be noted a 324 

small fraction of aliphatic and aromatic-derived OOMs may also be categorized as terpenes.325 
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Table S3 The C10 terpene products reported in previous studies 326 

Species 

 

Concentration,   

molecules/m3 

Reference 

C10H15O6N1 1495829  Shen et al. 24 

C10H18O8N2 1041096  Luo et al. 25 

C10H16O8N2 893120  Shen et al. 24 

C10H15O8N1 850181  Luo et al. 25 

C10H15O7N1 821767  Luo et al. 25 

C10H17O6N1 708587  Luo et al. 25 

C10H14O9 647231  Luo et al. 25 

C10H17O7N1 641890  Luo et al. 25 

C10H17O10N3 533552  Liu et al. 26 

C10H16O10N2 492237  Luo et al. 25 

C10H17O8N1 393955  Luo et al. 25 

C10H10O4 364370  
 

C10H19O6N1 339914  
 

C10H14O5 290387  Luo et al. 25 

C10H15O10N1 277571  Luo et al. 25 

C10H15O9N1 274790  Luo et al. 25 

C10H14O6 272431  Jokinen et al. 27 

C10H16O6 268858  Luo et al. 25 

C10H18O9N2 259964  Faxon et al. 28 

C10H16O5 253283  Luo et al. 25 

C10H14O9N2 225593  Luo et al. 25 

C10H17O9N1 219120  Luo et al. 25 

C10H16O8 202085  Luo et al. 25 

C10H20O7N2 187257  
 

C10H16O7N2 185693  Liu et al. 26 

C10H14O7 176416  Luo et al. 25 

C10H13O7N1 173264  Guo. et al. 29 

C10H17O11N3 159597  
 

C10H19O10N3 158415  
 

C10H18O10N2 148379  Luo et al. 25 

C10H17O10N1 147448  Luo et al. 25 

C10H14O10N2 142346  Luo et al. 25 

C10H16O4 140422  Guo. et al. 29 

C10H14O4 135858  Guo. et al. 29 

C10H15O10N3 135703  
 

C10H19O9N3 133602  
 

C10H19O8N1 133502  
 

C10H13O8N1 119191  Luo et al. 25 

C10H14O8N2 116364  Guo. et al. 29 

C10H18O6 99797  
 

C10H19O7N1 96796  
 

C10H18O7 85075  
 

C10H7O3N1 80477  
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C10H18O6N2 78932  
 

C10H17O5N1 77922  Luo et al. 25 

C10H11O6N1 75652  
 

C10H11O8N1 73656  
 

C10H12O7 72570  
 

C10H16O11N2 70783  
 

C10H18O4 70485  Guo. et al. 29 

C10H12O9 66472  
 

C10H14O11N2 61214  Luo et al. 25 

C10H18O5 60121  Guo. et al. 29 

C10H19O9N1 56948  
 

C10H20O6 56391  
 

C10H13O6N1 50907  Guo. et al. 29 

C10H13O12N1 50887  
 

C10H13O5N1 50195  
 

C10H12O8 47553  
 

C10H18O11N2 46433  Luo et al. 25 

C10H16O13 46202  Luo et al. 25 

C10H19O11N1 43701  
 

C10H23O11N1 42618  
 

C10H21O6N1 42269  
 

C10H13O11N1 40695  Luo et al. 25 

C10H19O11N3 39446  
 

C10H12O9N2 34666  Guo. et al. 29 

C10H16O12N2 34598  
 

C10H16O7 33506  
 

C10H20O9N2 32525  
 

C10H22O11N2 31430  
 

C10H13O10N1 31314  
 

C10H14O13 30749  Luo et al. 25 

C10H11O7N1 29819  
 

C10H21O10N1 29505  
 

C10H10O10N2 28893  
 

C10H13O11N3 28844  
 

C10H21O10N3 28403  
 

C10H20O10N2 25356  
 

C10H9O10N1 25171  
 

C10H20O11 23315  
 

C10H19O12N1 22939  
 

C10H20O9N1 19203  
 

C10H13O10N3 18205  
 

C10H21O7N1 18027  
 

C10H20O8 17966  
 

C10H17O4N1 17848  
 

C10H9O11N1 9279  
 

C10H20O5 6466  
 

327 
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Table S4 The functional groups of classified OOMs in different categories 328 

Species DBE nO 

Functional groups (contribution to volatility) 

Notes Example C=O 

(-1) 

C=C 

(-

0.105) 

-OH 

(-2.3) 

-OOH 

(-2.3) 

Non-

aromatic 

ring (-

0.0104) 

Aromatic 

ring 

(-0.675) 

-ONO2 

(-2.5) 

-OONO2 

(-2.5) 

-NO2 

(-2.15) 

Carbonyls 

2 any 1 1 1 1 + extra O/2 0 0 0 0 0 
extra O only present in 

the -OOH group 
11 

3 any 2 1 2 extra O/2 0 0 0 0 0 
extra O only present in 

the -OOH group 
2 

Hydroperoxides 

1 any 0 1 1 2 + extra O/2 0 0 0 0 0 
extra O only present in 

the -OOH group 
3 

2 any 1 1 2 1 + extra O/2 0 0 0 0 0 
extra O only present in 

the -OOH group 
4 

3 any 0 1 1 1 + extra O/2 2 0 0 0 0 
extra O only present in 

the -OOH group 
5 

Nitrates 

1 any 0 1 1 1 + extra O/2 0 0 1 0 0 
extra O only present in 

the -OOH group 
6 

2 any 1 1 2 extra O/2 0 0 1 0 0 
extra O only present in 

the -OOH group 
7 

3 any 0 1 1 extra O/2 2 0 1 0 0 
extra O only present in 

the -OOH group 
8 

Peroxyl nitrates 

1 any 0 1 1 1 + extra O/2 0 0 0 1 0 
extra O only present in 

the -OOH group 
9 

2 any 1 1 2 extra O/2 0 0 0 1 0 
extra O only present in 

the -OOH group 
10 

3 any 0 1 1 extra O/2 2 0 0 1 0 
extra O only present in 

the -OOH group 
11 

Aromatic ring-

retaining species 

=nC-

2 
any 1 0 

1+ 

extra 

O/3 

extra O/3 0 1 0 0 nN 

extra O evenly 

distribute in the -OOH 

and -OH group 

12 

>nC-

2 
any 0 

DBE-

4 

1+ 

extra 

O/3 

extra O/3 0 1 0 0 nN 

extra O evenly 

distribute in the -OOH 

and -OH group 

13 
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Dinitrates 

0 any 0 0 
extra 

O 
0 0 0 2 0 0 

extra O only present in 

the -OH group 
14 

1,2,3 6 0 DBE 0 0 0 0 2 0 0  15 

1,2,3 >6 0 
DBE-

1 

extra 

O 
0 0 0 2 0 0 

extra O only present in 

the -OH group 
16 

Terpenes any any          Tröstl et al.’s method 17 

Unidentified any any                   
Parameterization 

methods 
  

1Examples are shown in Figure S15329 
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 330 

Table S5 Peak list of nitrophenols, contamination, chloride, bromide, iodide and sulfide 331 

Nitrophenols Contaminations Cl, Br, I, S containing species 

C6H5O3N1 C2H1O2F3 C7H4O3F12 H2O4S1 H1O6N1S1 C2H5O7Cl1 

C7H7O3N1 C6H6O1N2F5 C2H3F3 C6H4O3N1Cl1 C2H2O1Br2 H2O9N2S1 

C6H4O5N2 C3H1O2F5 C5H3F9 H1Cl1 C5H1O2N2Cl1Br1 C4H7O9N1S1 

C7H6O5N2 C4H1O2F7 C6H2F12 H1O5S1 C2H1O2Cl3 C5H6O1Cl1Br1 

C8H9O3N1 C5H2O2F8 C7H2O2F12 C2H2O2Cl2 C1H4O3S1 H4O8S2 

C6H5O4N1 C3H4O3F4 C5H3O1F11 H1O4S1 C3H6O6Cl2 H2O8N1S1 

C8H8O5N2 C5H1O2F9 C1H4O1F2 H3O1Cl1 H4O5S1 H1O5S2 

C7H7O4N1 C4H2O4F6 C7H1O2F13 C6H3O3N1Cl2 C5H8Cl1Br1 C4H8O6Cl2 

C9H11O3N1 C4H2O2F6 C2H4O1F4 H1O6N2I1 C4H1O4Cl1 H2O10N2S1 

C8H9O4N1 C3H2O2F4 C6H3O1F13 C3H5O3Cl1 C3H1O3Cl1F2 C1O1S1 

C9H9O3N1 C6H3F11 C2H3O1F5 C3H3O3Cl1 C1H1Cl3 H1O2N1S1 

C6H4O6N2 C1H1F3 C3H3O3F5 C3H3O2Cl1 C6H6O4S2  

C7H5O3N1 C5H4O3F8 C2H2O2F2 C2H3O2Cl1 C6H7O7Cl1  

C9H11O4N1 C2H1O4F1  H2O6N1I1 C3H5O6N1Cl2  

C7H6O6N2 C4H4O4F4  H5O2Cl1 C3H5O6Cl1  

C10H13O3N1 C6H1O2F11  H1Br1 C4H7Cl3  

C6H6O7N2 C2H4O3F2  H1O3I1 C3H5O4Cl3  

C9H10O1 C3H1F7  H3O8S3 C4H2O3Cl2  

C7H8O7N2 C3H3F5  C4H5O4Cl1 C3H3O2Br1  

C7H7O8N3 C4H1F9  C3H4O2N1I1 C8H5O1Br1  

C6H5O5N1 C2H1F5   H1O7N1S1 C6H9O10Cl1   

  332 
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Table S6 The evolution of PMF factors 333 

Size of factor space 

3  4  5  6  7  8  9 

Fr.1 Id.2  Fr. Id.  Fr. Id.  Fr. Id.  Fr. Id.  Fr. Id.  Fr. Id. 

27.2  0N3  23.7  
MT, iso 

 mixed 
 15.0  0N  13.9  O5  13.7  O5  11.5  O5  12.9  

O4, O5, 1N, 

 2N mixed 

25.4  2N  19.5  0N  17.3  
MT, iso 
 mixed 

 15.9  O4  11.5  O4  13.0  O4,1N mixed  11.0  O4,1N mixed 

38.1  1N  20.2  2N  20.9  2N  14.7  
MT, iso  

mixed 
 15.6  NO6, 2N mixed  11.2  O4, NO6 mixed  10.1  O4,1N mixed 

   29.2  1N  23.1  NO6  20.4  NO6  12.9  MT, iso mixed  11.3  
O4, NO6, 2N  

mixed 
 11.9  1N, 2N mixed 

      17.1  NO7  16.8  NO7  15.1  NO7, 2N mixed  12.3  MT, iso mixed  9.1  O4,1N mixed 
         12.2  2N  14.1  NO6  12.9  NO6  9.7  MT, iso mixed 
            11.6  NO6, 2N mixed  10.0  NO6, 2N mixed  8.9  NO7, 2N mixed 
               12.9  NO7, 2N mixed  10.4  NO6, 2N mixed 
                  11.5  NO6, NO7 mixed 

9.3  Residuals   7.3  Residuals   6.6  Residuals   6.1  Residuals   5.4  Residuals   5.0  Residuals   4.5  Residuals 

1Fr. stands for the occupied fraction of the factors 334 

2Id. stands for the identified name of the factors 335 

3The factors are named with the atom numbers of carbon and nitrogen in the fingerprint peaks336 



S31 

 

References 337 

(1) Junninen, H.; Ehn, M.; Petäjä, T.; Luosujärvi, L.; Kotiaho, T.; Kostiainen, R.; Rohner, U.; 338 

Gonin, M.; Fuhrer, K.; Kulmala, M.; et al. A high-resolution mass spectrometer to measure 339 

atmospheric ion composition. Atmospheric Measurement Techniques 2010, 3 (4), 1039-1053. 340 

DOI: 10.5194/amt-3-1039-2010. 341 

(2) Chen, Y.; Zheng, P.; Wang, Z.; Pu, W.; Tan, Y.; Yu, C.; Xia, M.; Wang, W.; Guo, J.; Huang, 342 

D.; et al. Secondary Formation and Impacts of Gaseous Nitro-Phenolic Compounds in the 343 

Continental Outflow Observed at a Background Site in South China. Environmental science & 344 

technology 2022, 56 (11), 6933-6943. DOI: 10.1021/acs.est.1c04596. 345 

(3) Nie, W.; Yan, C.; Huang, D. D.; Wang, Z.; Liu, Y.; Qiao, X.; Guo, Y.; Tian, L.; Zheng, P.; 346 

Xu, Z.; et al. Secondary organic aerosol formed by condensing anthropogenic vapours over 347 

China’s megacities. Nature Geoscience 2022, 15 (4), 255-261. DOI: 10.1038/s41561-022-348 

00922-5. 349 
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