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Abstract Organosulfates (OSs), a key component of secondary organic aerosols (SOA), account for up to
one third of organic matter in the atmosphere. However, high molecular weight (HMW, 500–800 Da) OSs
in ambient aerosols are poorly characterized at a molecular level, due to experimental difficulties. With
Fourier transform‐ion cyclotron resonance mass spectrometry (FT‐ICRMS), we are able to identify more
than 8,000 OSs in wintertime aerosols in Beijing. We found that both the number and signal magnitudes of
HMW OSs with low H/C and O/C ratios and degrees of unsaturation were greatly enhanced during hazy
days, indicating that most HMW OSs were freshly formed during stagnant air pollution episodes. They are
most likely to be the oxidation products of semivolatility to low‐volatility precursors (e.g., polycyclic
aromatic hydrocarbons and fatty acids) and have showed a strong influence of anthropogenic emissions. The
molecular corridor analysis suggests that the high abundance of HMW aromatic‐like and aliphatic OSs
considerably decreases the volatility of organic aerosols in the urban atmosphere.

1. Introduction

Organic aerosols are important constituents of atmospheric particulate matter (Jimenez et al., 2009), which
can have a negative influence on air quality and climate change and potentially cause human health issues
(Ashworth, 2014; Ostro et al., 2007; Pöschl, 2005; Ramanathan et al., 2001). Secondary organic aerosols
(SOA), as one of the main constituents of organic aerosols in the Earth's atmosphere, are formed through
the oxidation, nitration, and sulfuration of volatile organic compounds (VOCs) as well as through aqueous
chemistry (Gilardoni et al., 2016; Hallquist et al., 2009; McFiggans et al., 2019). Organosulfates (OSs, esters of
sulfuric acid, ROSO3H) substantially contribute to the SOAmass, accounting for up to 30% of organic matter
(Tolocka & Turpin, 2012). Because of their polar and hydrophilic nature, OSs can influence the hygroscopic
properties of aerosols (Estillore et al., 2016). Recently, a number of studies have focused on the molecular
characteristics and formation mechanisms of OSs (Blair et al., 2017; Kundu et al., 2013; Lin, Yu, et al., 2012;
Surratt et al., 2007; Surratt et al., 2008; Tao et al., 2014), owing to their significant contribution to ambient
aerosols and their properties (e.g., hygroscopicity and light absorption).

OSs can be formed in both biogenic (Iinuma, Muller, Berndt, et al., 2007; Iinuma, Muller, Boge, et al., 2007;
Surratt et al., 2007; Surratt et al., 2008) and anthropogenic (Passananti et al., 2016; Riva et al., 2015; Riva
et al., 2016) SOA. In addition to the biogenically derived OSs, anthropogenically derived OSs have also
gained considerable attention in recent years, because they are considered as potential tracers for SOA
formed from anthropogenic VOCs. Long‐chain alkanes from vehicle emissions might be the precursors of
low unsaturated and oxidized OSs (Tao et al., 2014). Similarly, aromatic‐like OSs detected in Lahore,
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Pakistan, were suggested to have originated from industrial precursors (Kundu et al., 2013). OSs in urban
atmospheres are strongly affected by anthropogenic emissions and human activities.

Since the 2000s, severe haze events have frequently occurred in Beijing, China, as a consequence of the
intensive emission of air pollutants (Huang et al., 2014; Wang et al., 2014; Zhang et al., 2012). Lin, Yu,
et al. (2012) characterized OSs as a fraction of the humic‐like substances (HULIS) in aerosols collected in
the Pearl River Delta region by Orbitrap mass spectrometry (Orbitrap MS). Tao et al. (2014) used nanospray
desorption electrospray ionization high‐resolution mass spectrometry to analyze the molecular composition
of OSs in organic aerosols from Shanghai, China. However, they mainly focused on organic compounds with
molecular weights less than 400 Da; little is known about the molecular characterization, distribution, and
properties of highmolecular weight (HMW)OSs. These OSs are important constituents to HULIS in ambient
aerosols and are different from terrestrial humic and fulvic acids (Stone et al., 2009).

Fourier transform‐ion cyclotron resonance mass spectrometry (FT‐ICRMS) has high mass accuracy and
resolving power (Ohno et al., 2016; Qi & O'Connor, 2014). Compared with Orbitrap MS, substantially more
molecular formulas can be resolved from a complex mixture by FT‐ICRMS. Moreover, most formulas con-
taining nitrogen, sulfur, and/or phosphorus and HMW (>500 Da) compounds in the organic mixture are
only resolved at higher FT‐ICRMS resolutions (Hawkes et al., 2016). It is more conducive to the detection
of OSs. Quantification of the complete mass range distribution of OSs is beneficial to better understand
the atmospheric behaviors of organic aerosols at a molecular level.

In the present study, aerosol particles collected in Beijing during winter at different pollution levels were
analyzed using a FT‐ICRMS equipped with a 15.0 T superconducting magnet. Molecular characteristics of
HMWOSs were determined through accurate mass measurements, and their molecular‐level characteristics
and distribution under different air pollution conditions were discussed. The large fraction of aromatic and
aliphatic OSs was separated, to determine the importance of the contribution of anthropogenic precursors to
OSs. Moreover, OSs potential formation mechanisms and volatility characteristics were proposed and dis-
cussed. Our results highlight HMW OSs are an important fraction of aerosols in polluted urban areas and
are beneficial to better understand the atmospheric behaviors of SOA.

2. Materials and Methods
2.1. Sample Collection

Aerosol sampling was conducted on the rooftop of a building (8 m above ground level) at the Institute of
Atmospheric Physics, Chinese Academy of Sciences (39°58′28″N, 116°22′13″E), a representative urban site
in Beijing. Total suspended particle samples were collected on a 12‐hr basis from 18 January to 1 February
2012 (n= 29), including episodes of different air pollution levels (hazy‐day daytime, Hazy D; hazy‐day night-
time, Hazy N; slightly hazy‐day daytime, S‐hazy D; slightly hazy‐day nighttime, S‐hazy N; clean‐day day-
time, Clean D; and clean‐day nighttime, Clean N). The selection of samples at different air pollution
levels was mainly based on the anthropogenic aerosol extinction coefficients and organic carbon (OC) con-
centrations, shown in supporting information Figure S1. A high anthropogenic aerosol extinction coefficient
mainly occurred near the ground, lower than 0.6 km on hazy days, whereas it was between 0.6 and 1.2 km on
slightly hazy days. However, the value of the coefficient was 0 on clean days. The OC concentration of aero-
sols (Figure S1) was more than 50 μg m−3 on hazy days and within the range of 20 and 50 μg m−3 on slightly
hazy days, whereas it was below 20 μg m−3 on clean days. The sampling dates and the concentrations of
water‐soluble inorganic ions in aerosols are displayed in Table S1. All aerosol and field blank samples were
collected using a high‐volume air sampler with precombusted (6 hr in 450 °C in a muffle furnace) quartz fil-
ters (20 cm × 25 cm, Pallflex). They were stored at −20 °C until analysis.

2.2. Experimental Preparation and FT‐ICRMS Analysis

A small part of each sample (approximately 4.5 cm2) was extracted three times with ultrapure Milli‐Q water
in an ultrasonic bath for 10 min. The combined extracts were acidified by HCl solution, which were loaded
onto a Solid Phase extraction cartridge (Oasis HLB, Waters, USA). The majority of inorganic ions, low mole-
cular weight (LMW) organic molecules, and sugars were not retained by the cartridge (Lin, Rincon, et al.,
2012). The organic compounds retained on the cartridge were eluted using 12 ml of methanol, avoiding
incomplete elution. The eluate was immediately concentrated by a rotary evaporator and then redissolved
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in 4 ml of methanol for FT‐ICRMS analysis. Therefore, water‐extractable OSs were the primary focus of the
study due to water as the extraction solvent. The total organic carbon recovered by the cartridge treatment
accounted for about 66% of the water‐soluble organic carbon in aerosol samples.

The samples were analyzed with a Bruker Solarix Fourier transform ion cyclotron resonance mass spectro-
meter (Bruker Daltonik, GmbH, Bremen, Germany) equipped with a 15.0 T superconducting magnet and an
electrospray ionization (ESI) ion source. Samples were analyzed in the negative ionization mode and con-
tinuously infused into the ESI unit by syringe infusion at a flow rate of 120 μl hr−1. Ions were accumulated
for 0.1 s in a hexapole collision cell. The mass limit was fromm/z= 180 Da tom/z= 1,000 Da. Themolecular
weights of the compounds detected in our literature are all located within this interval. Two hundred scans
were averaged per spectrum, enhancing the signal‐to‐noise ratio and dynamic range. An average resolving
power (m/Δm50%) of over 400,000 atm/z ∼ 400 was achieved (Cao et al., 2016). Field blank filters were ana-
lyzed following the same procedure. Further details of the experiment setup can be found elsewhere
(Cao et al., 2016).

2.3. Data Processing

FT‐ICRMS spectra were recalibrated using an abundant homologous series of sulfur‐containing organic
compounds in the samples. Molecular formulas were assigned for peaks with a signal‐to‐noise ratio > 6,
unless otherwise specified, by allowing a mass error of 1.0 ppm between the measured and theoretically cal-
culated mass. A molecular formula calculator was used to calculate formulas with elemental compositions
up to 50 of 12C, 100 of 1H, 50 of 16O, 2 of 14N, and 1 of 32S atoms (Cao et al., 2016; Mazzoleni et al., 2012).
Several conservative rules were used as further restrictions for the formula calculation (i.e., the elemental
ratios of H/C < 2.5, O/C < 1.2, and S/C < 0.2, and the N rule for even electron ions) (Wozniak et al., 2008;
Zhang et al., 2016). The isotopic peaks were removed in this study.

ESI is sensitive to polar compounds, and the compounds shown in this study have a high ionization effi-
ciency (Lin, Rincon, et al., 2012; Ohno et al., 2016). On this basis and considering the fact that all of the spec-
tra were acquired under the same ESI‐MS (mass spectrometry) conditions, the peak magnitudes of the ions
could be compared by assuming that matrix effects were relatively constant in all samples. For convenience
of comparison of magnitudes among different spectra, the C16H29O9S1

− (m/z 397.15378) ion in the Hazy D
sample with 2.7 × 108 arbitrary units was defined as 100% (1 unit in reconstructedmass spectra in Figure S2).
It was the most abundant ion in arbitrary intensities among all samples, with a high degree of saturation. All
peak intensities in the samples were normalized by this ion.

2.4. Aromaticity Equivalent (Xc)

A double bond equivalent (DBE) ≥ 4 is a criterion for aromatic OSs; however, this description can be inade-
quate to explain the level of unsaturation of organic compounds with heteroatoms (e.g., O, N, and S) and to
identify whether a molecular formula is potentially a (poly)aromatic structure (Kourtchev et al., 2016;
Reemtsma, 2009; Tong et al., 2016; Yassine et al., 2014). Therefore, two parameters were developed in recent
years, the aromaticity index (AI) and Xc, to characterize (poly)aromatic compounds in highly complex com-
poundmixtures (Koch &Dittmar, 2006; Yassine et al., 2014). The AI has been applied to classify the aromatic
organosulfur compounds in previous studies (Blair et al., 2017; Wang et al., 2016). However, there are a large
number of alkylated aromatics in our present study that would be wrongly assigned as nonaromatic by the
AI classification (Tong et al., 2016). The improved parameter Xc was proposed to avoid such misclassifica-
tions (Yassine et al., 2014). Xc normally has values between 0 and 3.0, and it is calculated using equation 1:

Xc ¼ 3 DBE −mNo − nNsð Þ − 2
DBE −mNo − nNs

; (1)

If DBE ≤ mNoþ nNs; then Xc ¼ 0:

where n is the fraction of sulfur involved in the π‐bond structure of the compound, n = 0 will be for thiol,
sulfide, and disulfide chemical classes. For chemical classes including sulfoxides, sulfones, and sulfinic
and sulfonic acids, the O atoms in the S functional groups should not be counted, andm = 0 should be used.
m = 0 and n = 0 were used in Xc analysis in the present study. The expression 2.5 < Xc < 2.71 indicates the
presence of monoaromatics, and Xc > 2.71 indicates the presence of polyaromatics.
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2.5. Molecular Corridors and Parameterizations of Volatility

Accurate prediction of volatility is primarily based on the structural information of the organic compounds;
however, it is often difficult to obtain from field measurements. Li et al. (2016) predicted C0 as a function of
elemental composition, which is often determined by soft‐ionization high‐resolution mass spectrometry.
The parameter of log10C0 = f (nC, nO, nN, nS) to be applicable to the sulfur‐containing compounds can be
calculated as shown in equation 2:

log10C0 ¼ n0C − nC
� �

bC − n0b0 − 2
nCn0

nC þ n0
bC0 − nNbN − nSbS; (2)

where n0C is the reference carbon number; nC, nO, nN, and nS denote the numbers of carbon, oxygen, nitro-
gen, and sulfur atoms, respectively; bC, bO, bN, and bS denote the contribution of each atom to log10C0,
respectively; and bCO is the carbon‐oxygen nonideality (Donahue et al., 2011). The parameters obtained at
298 K in this work are the same as Li et al. (2016).

3. Results
3.1. General Molecular Characterization of OSs

Reconstructed ESI FT‐ICRmass spectra for all samples and amass scale‐expanded segment (m/z 545) for the
Hazy D sample are exhibited in Figures S2 and S3, respectively. In the mass spectra, the peak intensity is
mainly affected by the initial concentration and ionization efficiency of the neutral compound (Lin,
Rincon, et al., 2012). Thousands of sulfur‐containing formulas were assigned in the samples, and more than
95% of them contain only one sulfur atom. Compounds that present a number of oxygen atoms greater than
or equal to 4S (O ≥ 4S), which supports the assignment of one sulfate group in the molecules, were tenta-
tively regarded as OSs (Wang et al., 2016). The number of OSs contributed approximately 32% in
water‐soluble organic matter on hazy days and around 20% on clean days.

Figure S4 shows that both the total number and the arbitrary abundance of OSs were consistent with the OC
concentrations. For example, the highest formula number and abundance of OSs in Hazy D occurred on the
heavy pollution daytime when the OC concentration was the highest of the analyzed samples. More than
95% of OSs contain only one sulfur atom and more than four oxygen atoms, whereas there were a few com-
pounds with two sulfur atoms and more than eight oxygen atoms on hazy and slightly hazy days.

3.2. Variation in OSs at Different Air Pollution Levels

As shown in the mass spectra (Figure S2), both the number and the relative magnitudes of OSs are enhanced
with the deterioration of the air quality because of the increase of the initial concentrations of this class of
compounds, particularly in the high molecular mass range (>500 Da). A great number of HMW formulas,
about 1,500 OS compounds, were detected exclusively during hazy periods. Table S2 summarizes the num-
bers and the elemental composition of OSs in each sample. The average molecular weights increased from
Clean D (400 ± 80 Da) to Hazy D (500 ± 120 Da). To illustrate the differences, the molecular weight distribu-
tion of OSs in the samples representing different air pollution levels are displayed in Figures 1a to 1c and S5.
The molecular weights and carbon chain lengths of the OSs mainly ranged from 200 to 800 Da and C6 to
C40, respectively.

It is noteworthy that OSs in the present study showed higher molecular weights and wider carbon ranges
than those in previous studies. For example, Lin, Yu, et al. (2012) found that most of the intense OSs were
less than 450 Da, with carbon chain lengths less than C20, regardless of urban or rural atmospheric aerosols.
Other studies have reported that the majority of the observed OSs had molecular weights below 500 Da and
carbon chain lengths shorter than C24 in urban aerosols in Shanghai and Los Angeles (Tao et al., 2014) and
three megacities at the middle and lower reaches of the Yangtze River (Wang et al., 2016). This is reasonable
because on the one hand, the FT‐ICRMS (15 T) used in this study had a higher resolution than those in pre-
vious ones; on the other hand, HMW compounds accounted for a greater proportion of haze aerosols in
worse air pollution conditions, especially in North China Plain.

As the carbon chain length increased, the molecular weight increased. With the deterioration of air quality,
the formula weights and the number of carbon of OSs markedly increased, especially for the compounds
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with high DBE values. The molecular weight and carbon chain length was mainly distributed in the 200–
550 Da and C6–C30 ranges in the aerosol of Clean D, whereas the OSs molecular weight was between 200
and 700 Da, reaching to near 800 Da in the Hazy D samples. To investigate the differences of molecular
weight distribution, we summarized the molecular numbers in the different mass ranges in Figures 1d
and 1e. The number of small OSs slightly increased on the hazy days, from 800 compounds on clean days
to 1,200 compounds on hazy days, whereas there was a considerable increase in the HMW OSs on hazy
days, from about 200 compounds on clean days to 1,500 compounds on hazy days. The fraction of HMW
OSs was enhanced with the increase of air pollution, whereas the relative contribution of low molecular
mass was reduced. The HMW OSs contributed more than 50% of total formulas on hazy days, 35% on
slightly hazy days, and only 10% on clean days. These results suggest the presence of high alkylation on
hazy days. Unlike the aerosol sample on hazy days, the OS compounds on clean days had a higher
organic matter (OM)/OC ratio (Table S2) and lower molecular weight, possibly suggesting more efficient
oxidation (Altieri et al., 2009a, 2009b).

Figures 1f and 1g show the magnitudes and relative abundance of OSs in the aerosols, respectively. The
abundance of OSs with molecular weight < 500 Da was dominant, accounting for more than 70% among
all samples. Unlike the number of OSs, the magnitude of both HMW and LMW compounds sharply
increased with the deterioration of air quality, which were 3 times higher in hazy days than in clean days,
though the enhancement was more obvious for HMWOSs (nearly 10 times higher in hazy days than in clean
days). These findings indicate that a large amount of local precursor emissions play a major role in promot-
ing the formation of OS compounds.

Unlike the clean days, there was a dense distribution of OSs within the HMW region (Figure 1a) on hazy
days, particularly for those with high DBE values, that is, a high degree of unsaturation of a molecule.
Interestingly, the DBE values (0–22) of OSs detected in this study (Figure 2) were larger overall than those
in previous studies. Themajority of the observed OS compounds in the literature had low degree of unsatura-
tion, with DBE < 5 (Lin, Yu, et al., 2012; Tao et al., 2014; Wang et al., 2016). As the molecular weight
increases, a very large number of species, more than 1,000 OS compounds, with high DBE (>7) were found
on hazy days (Figure 3) but not on clean days. These OSs with distinctive characteristics of high unsaturation
are aromatic OSs from aromatic VOCs or polycyclic aromatic hydrocarbons (PAHs). Tremblay et al. (2007)
observed a loss of aromatic molecules, leaving molecules with low DBEs and molecular weight in water col-
umn dissolved organic matter (DOM) of a Brazilian estuary due to photodegradation during DOM transport.

Figure 1. Molecular weight distributions of OSs. (a–c) The molecular weight distributions of OSs in daytime samples from different pollution levels. The color bar
in (a) denotes the number of DBE, and the size of the symbols reflects the relative peak magnitudes of OSs on a logarithmic scale. (d and e) The number of OSs
under different pollution levels. (f and g) The magnitudes of OSs under different pollution levels. The color bar in (d) denotes the molecular weight.
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Analogously, the OSs on clean days had similar molecular composition characteristics, indicating that
photodegradation of OSs occurred, though the absence of HMW OSs may have been because of the low
emissions of precursors. In contrast, HMW OSs with high DBEs were only present on hazy days, possibly
suggesting that they were produced and influenced by numerous precursors from both local emissions
and regional transport, that is, fossil fuel combustion, biomass burning, and vehicle emissions. Previous
studies have shown that OSs can be reduced by controlling NOx and SO2 emissions from fossil fuel
combustion (Hettiyadura et al., 2019; Wang et al., 2018).

TheH/C andO/C ratios versus themolecular weight and the aromaticity equivalent (Xc) (Yassine et al., 2014)
under different air quality conditions are displayed in Figures 4 and S6. The aromatic‐like species (Xc > 2.5)
(Yassine et al., 2014) contributed greatly to the OSs in the Beijing aerosols. The H/C ratios decreased as the
Xc values increased. Aromatic‐like compounds had relatively low H/C ratios, particularly for the polyaro-
matic OSs (Xc > 2.71) (Tong et al., 2016; Yassine et al., 2014), most of which had H/C ratios less than 1.5.
The compounds with similar Xc values showed higher H/C ratios with increasing molecular mass, indicating
the occurrence of the alkylation process, especially on hazy days. Moreover, unlike samples taken on clean
days, there was a dense distribution of HMWOSmolecules on hazy days with lowH/C ratio (< 1.5), but high

Figure 2. DBE, C, and O number distributions of OSs. The size of the plots reflects the relative peak magnitudes of
molecular formulae on a logarithmic scale. The color of the symbols reflects different O number.
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Xc values (Figure 4), which might represent polyaromatic OSs.
Contrary to H/C ratios, the O/C ratios increased as the molecular
weight reduced due to the breakdown of carbon chain in the process
of oxidation (Kroll et al., 2011), which led to a decrease in the mole-
cular weight of the formulae. A great number of HMWOSs with rela-
tively low O/C ratio (< 0.5) were only observed on hazy days,
indicating fresh formation with a low degree of oxidation.

3.3. Comparison of the Daytime and Nighttime Aerosols

OSs were more abundant, and their molecules had longer carbon
chains in aerosols collected during the daytime (Figure 1 and Table
S2) than nighttime (Figure S5), possibly because of the effects of lar-
ger emissions of precursors to the alkylation or polymerization, espe-
cially on polluted days. Furthermore, the number fraction of HMW
compounds contributed 52% during the daytime, which reduced to
43% in the nighttime during the hazy period. Nonetheless, this trend
was not obvious in other periods with little day/night difference. A
considerable number of new OS compounds may be formed in the
daytime during haze events because of the emission of large amounts
of precursors.

Figure 5 shows a considerable overlap between a great deal of molecular formulae of OSs (>90%) during
both daytime and nighttime during the haze period. About 26% of OS molecular formulae were merely
found in the hazy daytime, while only 3% of OSs were observed only in the nighttime. It is worth noting that
all such HMW OSs in the nighttime samples can be found in the daytime ones, which potentially indicates

Figure 3. DBE versus molecular weight for OSs molecules on hazy and clean
days. DBE versus MW for OSs molecules in hazy days (gray triangle) and clean
day (red circle) samples. The size of the symbols reflects the relative peak
magnitudes of molecular formulae on a logarithmic scale.

Figure 4. The H/C and O/C ratios versus molecular weight with shading representing the Xc values. (a–c) The H/C ratios
and (d–f) O/C ratios of OSs, shown as a function of their neutral mass from Hazy D (a and d), S‐hazy D (b and e), and
Clean D (c and f) samples. The color bar denotes the Xc values. Gray data points indicate nonaromatic compounds
(Xc < 2.5), blue to green data (2.5 < Xc < 2.71) are monoaromatic compounds, and pink to black data (Xc > 2.71) include
PAHs. The size of the symbols reflects the relative peak magnitudes of OSs on a logarithmic scale.
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the importance of photooxidation to OSs formation during the daytime. Most of the nighttime compounds
coincide with those in the daytime samples, which may be because the majority of OS compounds in aero-
sols have a lifetime longer than one whole day (Lagzi et al., 2014). On the one hand, these compounds may
be produced locally through photochemical oxidation during daytime and retained in the atmosphere at
night because of the atmospheric inversion effect. On the other hand, some of them may be transported to
the sampling site during both the daytime and nighttime. Figure S7a and S7b show that they had similar
routes of air mass transport. Another reason could be that OSs are produced more efficiently through photo-
chemical oxidation during daytime than those produced via nighttime chemistry. The Van Krevelen dia-
grams presented in Figure 5 show that half of them have higher O*/C ratios ((O‐3S)/C, where (O‐3S)/C is
used instead of O/C to better illustrate the number of additional oxidized groups per carbon atom) (Wang
et al., 2016), which supports the importance of photochemical oxidation to the OSs formation during the
day (Figure 5a). To better illustrate different characteristics of compounds, Figures 4 and S6 demonstrate
the H/C and O/C ratios versus the distribution of MW and Xc during the daytime and nighttime, respec-
tively. There were more polyaromatic OSs (Xc> 2.71) with lowH/C ratio andmediumO/C ratio during hazy
day than at night. In contrast, compounds of this class slightly increased in the clean nighttime relative to
those during the daytime, and they had low H/C and O/C ratios. These findings also indicate that the com-
pounds in the daytime samples are more oxidative. Furthermore, the difference between the daytime and
nighttime samples on various pollution days may be affected by the discharge of pollution sources.

4. Discussion
4.1. Subgroups and Potential Impacts

On the basis of the observed differences of OSs among samples, we divided them into three main
classes, the criteria for which are shown in Table S3. Group A includes aliphatic OSs with DBE ≤ 2,
characterized by long alkyl carbon chains. (Jiang et al., 2016; Tao et al., 2014). Among Group A, OSs
with 3 < O < 7 were included in Subgroup A1, containing few or no additional functional groups, as

Figure 5. Van Krevelen diagrams for the OSs between day and night. (a) Van Krevelen diagrams for the OSs observed
in the Hazy D sample and Hazy N sample. Color coding indicates the compounds observed only in Hazy N sample
(green), only in Hazy D sample (red), and in both Hazy D sample and Hazy N sample (blue). (b and c) Venn diagrams
show the number and relative magnitude abundance of molecular formulae associated with OSs in the Hazy D and
Hazy N samples, respectively, and common formulae present at both samples. The size of the circles reflects the
relative ratio of molecular formulae identified in the samples.
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reported with carbon chain lengths of C8–C24 by Tao et al. (2014); those with O > 7 (up to 17) were
included in Subgroup A2, which have oxygen‐containing functional groups in addition to sulfate
moiety. Group B includes aromatic‐like OSs, defined by the Xc value. OSs with Xc values between
2.50 and 2.71 (indicative of monoaromatics) were included in Subgroup B1, while those having an
Xc > 2.71 (indicative of polyaromatics) were included in Subgroup B2 (Yassine et al., 2014). Group C
included the rest of the fraction, which has a moderate degree of saturation, being similar to the
characteristics of biogenic OSs.

The total number of three group formulas increased with the deterioration of air quality (Table S4). Figures 6
and S8 present the number and magnitude distribution of the three OS groups in the different mass ranges.
For the LMW OSs, both number and magnitude distribution of all classes were analogous to each other.
However, as the molecular weight of OSs increased, the HMW OSs (>400 Da) significantly increased with

Figure 6. Fractions of different subgroup OSs. (a and b) The number fractions of different subgroup OS compounds in the different mass ranges. (c and d) The
magnitude fractions of different subgroup OS compounds in the different mass ranges. The bins are 100 Da. Group A includes the aliphatic OSs with DBE
≤ 2 (Subgroup A1 with 3 < O < 7, indicative of poorly oxygenated OSs; Subgroup A2 with O ≥ 7, indicative of OSs being rich in oxygen‐containing functional
groups). Group B includes the aromatic‐like OSs, detected by the value of Xc. OSs with 2.5 < Xc < 2.71 (indicative of monoaromatics) refer to Subgroup B1,
while OSs with Xc > 2.71 (indicative of polyaromatics) refer to subgroup B2. Group C includes the biogenic OSs. (e) The proposed formation mechanisms of
different group OSs from experimental studies (Duporté et al., 2016; Passananti et al., 2016; Riva et al., 2015; Riva et al., 2016; Shang et al., 2016).
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the increase of air pollution, particularly for the aromatic‐like OSs (Group B). Our results demonstrate that a
great deal of HMWOSs was produced from during the haze event, suggesting a high oxidative capacity of the
troposphere in Beijing during haze periods even in winter (Huang et al., 2014).

The sum of Groups A and B OSs accounted for more than 90% of all samples (Figures 6b and 6d). Group A
OSs were primarily low‐degree unsaturated aliphatic OSs with low DBE values. Figure 7 shows that the OSs
with 0–2 DBEs had long and completely coherent carbon chains, with carbon atoms from 6 to 40, on heavy
pollution days. There were more consecutive molecular formula family series than those compounds found
by previous aerosol studies (Jiang et al., 2016; Tao et al., 2014). Moreover, each of them had high relative
magnitude, especially for the compounds containing less than 30 carbon atoms. Some of these OSs may have
been formed by long‐chain alkenes from vehicle emissions (Tao et al., 2014). It is worth noting that the
Subgroup A1 OSs are potentially derived not only from unsaturated but also from saturated straight‐chain
alkanes and fatty acids (Passananti et al., 2016; Riva et al., 2016; Shang et al., 2016; Tao et al., 2014; Zhu
et al., 2019). Conversely, possible precursors for Subgroup A2 OSs are possibly cyclic alkanes, polyatomic
acids, and even naphthenic acid (Riva et al., 2016). The formation of highly oxidized OSs, with the O/C ratios
greater than 1.0, is related to the presence of highly oxidized multifunctional organic compounds. They are
likely formed from the reaction of gas phase compoundswith acidic particle components (Mutzel et al., 2015).
Some proposed formation mechanisms and chemical structures of OSs are displayed in Figures 6e and 7,
respectively. The OSs in aerosols reported in particular studies (Meade et al., 2016; Passananti et al., 2016;

Figure 7. Molecular formulae distributions of O4S1–O15S1 class species. The C and DBE number distributions of O4S–O15S class species in the Hazy D sample.
The size of the symbols reflects the relative peak magnitudes of OSs on a logarithmic scale. The pink arrow points and molecular formulae in O8S1 class
species display the elemental composition of compounds as an example for all classes. The red markers are examples of the chemical construction of OSs
(Passananti et al., 2016; Riva et al., 2015; Riva et al., 2016).
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Riva et al., 2016; Zhu et al., 2019) were detected in the present study. Previous studies have suggested that
Group A compounds contributed approximately 3.3% of OSs at highly polluted regions (Passananti
et al., 2016; Shang et al., 2016). Recently, Zhu et al. (2019) have shown that OSs formed from the heteroge-
neous reaction between SO2 and unsaturated fatty acids accounted for 7%–13% sulfur of the CHOS com-
pounds. However, the number and magnitude contribution of Group A to total OSs was up to 20% and
40% in Beijing ambient aerosols, respectively, which was much higher than previous estimations. This could
be because some additional precursors and formation mechanisms may exist in the polluted urban area,
which warrants further chamber or ambient measurements.

The aromatic‐like OSs (Group B) were the most abundant of all detected OSs, contributing about two thirds
of OSs in our samples, though their relative magnitudes were lower than those of aliphatic OSs. Ma
et al. (2014) also reported that aromatic‐like OSs represented up to two thirds of the OSs identified in
Shanghai, emphasizing the potential importance of aromatic OSs in urban areas, especially during fall
and winter. However, except for the study by Riva et al., (2015) (Figure 6e), their formation mechanism
has not been reported so far. It is reasonable to consider that aromatic VOCs, mostly of anthropogenic origin,
are precursors to aromatic OSs (Atkinson, 2000; Baltaretu et al., 2009; Hamilton et al., 2005; Riva et al., 2015).
It should be noted that aromatic compounds can transform to aliphatic compounds via ring‐opening reac-
tions. Hydroxyl radicals can attack the aromatic compounds followed by hydroxylation or sulfation of the
resulting olefins.

The relative contributions of these three groups of OSs in each mass range were considerably different
(Figures 6 and S8). Both the abundance of aliphatic OSs (Group A) and biogenic OSs (Group C) decreased
as the molecular weight increased. However, the number percentage of aromatic‐like OSs (Group B) shifted
toward the higher molecular weight, particularly for the polyaromatic‐like OSs (Subgroup B2). For the
HMW compounds, the number and the magnitude abundance of aromatic‐like OSs contained more than
80% and 70% of all in each mass rang, respectively, especially on the hazy days. It should be noted that
HMWOSs with such a high degree of unsaturation and long carbon chain lengths have not previously been
reported. The large carbon range of C6–C40 suggests that polymerization reaction, such as dimerization and
oligomerization, is potentially an important OS formation process in the atmosphere when high concentra-
tions of precursors are present (Kalberer et al., 2004). The polymerization not only took place among OSs
molecules. Some of polymerization may occur in the precursors of OSs, then the products further react with
sulfates to form OSs with only one sulfur atom, as illustrated by Zhang et al. (2017). The OSs formed in this
process may have a relatively high molecular weight.

High percentages of aromatic‐like and aliphatic OSs suggest the importance of anthropogenic precursors to
OS formation in urban aerosols in Beijing. The long‐chain and cyclic alkanes and PAHs are hydrophobic,
whereas their surfactant properties will change after coupling with one or more hydrophilic functional
groups of sulfate. Therefore, these OSs may have a considerable impact on the hygroscopic properties of
ambient particles, which possibly play an important role in particle growth (Mutzel et al., 2015).
Moreover, the abundance of HMW OSs contributes to the low volatility of SOA in the urban atmosphere,
comparing to them in forest aerosols (Ehn et al., 2014). It is worth noting that the large fraction of
aromatic‐like OSs in urban aerosols is also likely to include unrecognized toxic components that may link
to environmental health issues (Jin et al., 2017).

4.2. Molecular Corridors and Volatility Characteristic

SOA evolution in the atmosphere is a complex process, which involves both chemical reactions and mass
transport in the gas and particle phases (Shiraiwa et al., 2013; Ziemann & Atkinson, 2012). Molecular corri-
dors, a two‐dimensional framework of volatility and molecular weight of SOA components constrained by
two boundary lines of low and high atomic O/C ratio, can help to constrain chemical and physical properties
in SOA evolution (Li et al., 2016; Shiraiwa et al., 2014; Shiraiwa et al., 2017). The upper and lower bounds of
the corridor are represented by n‐alkanes (CnH2n + 2) with O/C = 0 and sugar alcohols (CnH2n + 2On) with
O/C = 1. They reflect the decrease of volatility with increasing molecular weight. Figures 8a to 8c displays
the interdependence of volatility, molecular weight, and O/C ratio for the three different OS groups under
various air pollution conditions. OSs in our study were in the range from semivolatile organic compounds
(SVOC; 0.3 < C0 < 300 μg m−3, C0 as the pure compound saturation mass concentration) to extremely
low‐volatile organic compounds (ELVOC; C0 < 3 × 10−4 μg m−3) (Donahue et al., 2011; Murphy
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et al., 2014) with molecular weight higher than 300 g mol−1. More than 50% of the detected OSs were
ELVOC, particularly on hazy days. The volatility varied among the three OS groups. Aliphatic OSs had
the relatively higher volatility, followed by biogenic OSs and aromatic‐like compounds. This was mainly
due to the different molecular composition characteristics and chemical structures. Moreover, the
difference among them increased with intensifying urban air pollution. It is notable that many of
aromatic‐like OSs with low volatility were produced on hazy days, which would potentially influence the
physical properties of aerosols.

As shown in Figure 8f, the molecular corridor can be divided into three parts, as characterized by Shiraiwa
et al. (2014). The low O/C ratio corridor (LOC) is located close to the alkane line, populated by simple gas
phase oxidation products. In contrast, aqueous‐phase reaction and autoxidation products with high O/C
ratio (HOC) are often positioned in an “HOC corridor,” located near the sugar alcohol line. The intermediate
O/C ratio (IOC) corridor is the area between them. The three groups of OSs were dominantly located in the
LOC and IOCmolecular corridors, close to the alkane line. According to their locations in the molecular cor-
ridor, a fraction of them were possibly gas phase oxidation products, particularly the aliphatic OSs with rela-
tively low O/C ratio. For instance, OSs can be formed through sulfur dioxide reacting directly with
unsaturated compounds, such as fatty acids and long‐chain alkenes (Passananti et al., 2016; Shang

Figure 8. Molecular corridors and volatility characteristics. (a–c) Molecular corridors of molecular weight (M) versus volatility characteristic (saturation mass
concentration, C0) for OSs at different pollution levels. (d–f) Comparison of OSs in this study with those (Li et al., 2016) from urban aerosols (Lin, Yu,
et al., 2012; Ma et al., 2014; O'Brien et al., 2014; Tao et al., 2014), remote aerosols (Holzinger et al., 2010), fog (Mazzoleni et al., 2010), rain (Altieri et al., 2009a), and
cloud water (Zhao et al., 2013). The dotted lines represent linear n‐alkanes CnH2n + 2 (purple with O/C = 0) and sugar alcohols CnH2n + 2On (red with O/C = 1).
Molecular corridors consist of high, intermediate, and low O/C corridors (HOC, IOC, and LOC) (Shiraiwa et al., 2014). The small symbols correspond with
individual compounds identified in each structure, color coded by the atomic O/C ratio. The larger symbols denote the surrogate compounds with the mean values
of M, and C0 for each of the structural subclasses. The data points above the linear alkane line represent molecules with branched structures. The top right of
(e) represents three key reaction types of functionalization, oligomerization, and fragmentation of SOA products. The top right of (f) represents the characteristic
reaction pathways with most probable kinetic regimes (A, simple gas phase oxidation; B, particle‐phase dimerization; C, aqueous‐phase reaction; and D, gas‐ or
particle‐phase autoxidation).
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et al., 2016). In addition, a number of OSs with higher molecular weight, especially for more than 70% of
aromatic‐like OSs, were likely produced through dimerization and oligomerization in the particle phase;
however, their specific formation mechanisms have not been widely reported (Riva et al., 2015).
Furthermore, with the deterioration of air pollution, more HMW OSs were generated in the particle phase.
These results indicate that on hazy days, with the increase of pollutant concentration and the change of reac-
tion conditions, dimerization and oligomerization of OSs were considerably enhanced in the particle phase.
Large amounts of OSs with high molecular weight and low volatility may have been produced by these reac-
tions, which affect the physical and chemical properties of aerosols and also influence the chemical reactions
in the particle phase.

OSs have been frequently identified in ambient aerosols (Holzinger et al., 2010; Lin, Yu, et al., 2012; Ma
et al., 2014; O'Brien et al., 2014; Tao et al., 2014), atmospheric water (Altieri et al., 2009b; Mazzoleni
et al., 2010; Zhao et al., 2013), and deposited sediment (Zhang et al., 2016) in recent studies. As shown
in Figures 8d and 8e, OSs reported in previous studies in fog (Mazzoleni et al., 2010), cloud (Zhao
et al., 2013), or rain (Altieri et al., 2009b) were rarely found in Beijing OSs in our work, possibly because
of the different chemical reactions among the different environments. Compounds in atmospheric water
with aqueous‐phase reactions were highly oxidized and were located in the HOC corridor, close to the
sugar alcohol line. Conversely, the main reactions occur in the gas or particle phases for OSs in aerosols,
which fall into the LOC molecular corridor. Moreover, unlike the remote environment (Holzinger
et al., 2010), OSs in urban aerosols had a higher molecular weight and lower volatility, potentially due
to increased dimerization and oligomerization reactions. It should also be noted that compared with
the OSs reported previously in urban aerosols (Lin, Yu, et al., 2012; Ma et al., 2014; O'Brien et al., 2014;
Tao et al., 2014), OSs in the current study had higher molecular weight and lower volatility and degree of
oxidation, especially on hazy days.

5. Conclusions

The results of this study demonstrate that a high number of HMW OSs with low volatility was produced in
aerosols with increased air pollution level, which was underestimated in urban area previously. As themole-
cular weight increases, the range of carbon chain length in the OSs also increases, leading to a larger family
of series. One plausible explanation is the enhancement of dimerization and oligomerization in the particle
phase, leading to ELVOC formation. Moreover, numerous OSs are aliphatic and aromatic compounds,
potentially generated from anthropogenic precursors affected by the urban emissions. The characterization
of HMWOSs in this study will benefit the understanding of the properties, formation pathways, and impacts
of OSs in aerosols. In addition, these results also indicate that further laboratory investigations into the for-
mation mechanisms of HMW OSs are needed.
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