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The detailed molecular composition of laboratory-generated secondary organic aerosols (SOA) during the highNO photooxidation of β-pinene (βP) was investigated using a novel thermal desorption dichloromethane-assisted
low-pressure photoionization mass spectrometry (TD-CH2Cl2-assisted LPPI-MS) technique. We found that protonated norpinone gave the highest signal intensity, which supported that assumption that this compound was
the key oxidation species responsible for promoting βP-SOA formation. In addition to the previously identiﬁed
monomers (i.e., 2,2-dimethylcyclobutyl-1,3-dicarboxaldehyde (m/z 140), pinene aldehyde (m/z 150), myrtenol
(m/z 152), (2,2-dimethyl-3-acetyl)-cyclobutylformate (m/z 156), pinene acid (m/z 166), and isomers of pinalic3-acid (m/z 170)), two additional nitrogen-containing species (i.e., C10 hydroxy nitrate and C10 carbonyl nitrate)
were also observed at m/z values of 214 and 216 in the mass spectrum of βP-SOA. Furthermore, the losses of 18
(H2O), 46 (NO2), and 64 (H2O + NO2) were attributed to the typical fragmentation pathways of the two nitrogen-containing species. Overall, these results not only contribute to an improved understanding of βP-SOA
formation, but they also indicate that TD-CH2Cl2-assisted LPPI-MS can be used as a novel detection means to
study SOA formation.

1. Introduction
β-Pinene (βP), one of the most abundant exocyclic monoterpenes in
the troposphere, comprises 17% of the estimated global monoterpene
emissions (Sindelarova et al., 2014). Owing to its high reactivity towards atmospheric oxidants and the signiﬁcant production of biogenic
secondary organic aerosols (BSOAs), a range of prior studies have focused on laboratory, ﬁeld, and modelling studies of βP-SOAs (Boyd
et al., 2015; Burkholder et al., 2007; Chen and Griﬃn, 2005; Nah et al.,
2016; Ng et al., 2017; Sarrafzadeh et al., 2016; Sato et al., 2016).
During the last decade, research into the chemical characterization,
yield, and formation mechanism of βP-SOA has seen signiﬁcant progress through laboratory chamber and atmospheric ﬁeld experiments
(Boyd et al., 2015; Nah et al., 2016). For example, it was found that the
atmospheric oxidation of βP through its reaction with OH radicals, O3,
and NO3 radicals results in a complex mixture of diﬀerent SOA products, including carbonyls, alcohols, and carboxylic acids (Boyd et al.,
2015; Fang et al., 2017; Hohaus et al., 2015; Kaminski et al., 2017;
Mutzel et al., 2016; Sato et al., 2016). In previous studies, numerous

low molecular weight (100–200 Da) products along with other heavier
dimers have been suﬃciently characterized and their corresponding
formation mechanisms proposed (Fang et al., 2017; Heaton et al., 2007;
Sato et al., 2016; Yasmeen et al., 2010). However, current models also
continue to underestimate the SOA masses observed during ﬁeld measurements, which may be due to the formation of unknown SOA products (Duporté et al., 2017).
Recently, NOx has attracted signiﬁcant attention due to its eﬀect on
SOA yields and compositions (Kroll et al., 2005; Kroll and Seinfeld,
2008; Sarrafzadeh et al., 2016; Ziemann and Atkinson, 2012). More
speciﬁcally, the high-NOx reaction tends to produce greater numbers of
volatile products for precursors bearing ≤10 carbon atoms (e.g., isoprene, α-pinene, and simple aromatics) and leads to the formation of
low volatility organonitrogen compounds in the case of larger precursors such as sesquiterpenes (e.g., longifolene and aromadendrene)
(Gentner et al., 2017; Kroll et al., 2006; Kroll and Seinfeld, 2008; Ng
et al., 2007; Sato et al., 2012; Yu et al., 2008). The formation of organic
nitrates thereby alters the total aerosol mass yield from secondary
sources (Boyd et al., 2015; Nah et al., 2016; Ng et al., 2017). However,
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few studies exist into the eﬀect of NOx on the βP-SOA components,
thereby illustrating the requirement for further characterization of the
molecular makeup of βP-SOA.
To gain additional insight into the temporal evolution and the
molecular makeup of the unknown βP-SOA constitution, the formation
of βP-SOA was investigated via photooxidation under high-NO concentrations in a laboratory chamber using a novel thermal desorption
dichloromethane-assisted low-pressure photoionization mass spectrometry (TD-CH2Cl2-assisted LPPI-MS) technique.

2.2. Experimental procedure
Prior to carrying out any measurements, the chamber was carefully
and repeatedly purged with high-purity N2 and evacuated using a vacuum pump until extremely low contaminant concentrations were
achieved (i.e., a particle number concentration of < 20 cm−3).
Following several ﬂushing and evacuation cycles, the chamber was
ﬁlled with high-purity synthetic air (i.e., 80% N2, 20% O2). βP (98%,
Sigma Aldrich) and H2O2 (50%, Xinlonghai Jinnan Co., Ltd) were employed as the SOA and the OH precursor, respectively. βP and H2O2
were added to the chamber by vaporizing known volumes of both
substances in a small piece of glass tubing (evaporation tubing) at
∼80 °C, and the vapor was rapidly transported into the chamber using
high-purity N2 at a rate of 10 L min−1. The decomposition of H2O2 at
80 °C could be ignored in this work because less than 5% H2O2 is decomposed at this temperature according to the work reported by Shang
et al. (2017). Subsequently, NO was introduced from a pressurized
cylinder (50 ppm, Huayuan Gas Chemical Industry Beijing Co., Ltd.)
following the addition of H2O2. A ﬂow rate of 0.3 L min−1 controlled by
a mass ﬂowmeter was used when introducing NO. was employed for the
introduced NO, and this was The use of a mixing fan during introduction of the reactants ensured suﬃcient mixing. This fan was switched
oﬀ ∼5 min prior to switching on the black lights and commencement of
the photooxidation process. The initial concentrations of βP and NO in
the chamber were calculated to be ∼450 and 500 ppb, respectively,
based on equations 1 and 2 shown in the Supporting Information. The
OH concentration was estimated to be 8.5 × 106 molecules cm−3 based
on the decay of βP and the reaction rate between OH radicals and βP
(kOH = 7.4 × 10−11 cm3 molecules−1 s−1) (Atkinson and Arey, 2003).
The mass spectra and temporal evolution of βP are shown in Figs. S3
and S4, respectively.

2. Materials and methods
2.1. Experimental setup
The experimental apparatus employed herein consisted of a sampling system, an environmental chamber system, and a detection
system. All experiments were performed in a 1.2 m3 Teﬂon chamber at
300 K under dry conditions (< 5% relative humidity). A diagram of the
chamber, which has been described elsewhere, is provided in the
Supporting Information (Fig. S1) (Zhang et al., 2019). The surface to
volume ratio of the Teﬂon chamber is ∼5.2 m−1, and the rate constant
of particle wall deposition loss was estimated to be ∼7% h−1 according
to the particle size-dependent correction method developed by
Takekawa et al. (2003). The cylindrical Teﬂon bag was surrounded by
20 ﬂuorescent black lights (320–400 nm, 60 W Philips/10R BL) and
aluminum sheets to achieve maximum reﬂectivity. The rate constant of
NO2 photolysis of the ﬂuorescent black light was estimated to be
∼0.24–0.49 min−1 based on previous studies (Takekawa et al., 2003;
Wang et al., 2014). A fan was installed at the bottom of the chamber to
guarantee suﬃcient mixing during the experiments.
A suite of instruments was used to characterize the gas and particle
phase products and measure both the particle mass and number concentrations. A scanning mobility particle sizer (SMPS; composed of a
Model 3081 diﬀerential mobility analyzer (DMA) and a Model 3010
condensational particle counter (CPC)) was employed to count the total
particle numbers > 3 nm and to measure particle size distributions of
13–740 nm. The total particle mass concentration was estimated from
the measured total aerosol volume assuming an SOA density of
∼1.4 g cm−3. The concentration and particle size distribution of βPSOA are shown in Figs. S6 and S7. The generated SOA particles were
sampled directly and characterized continuously using TD-CH2Cl2-assisted LPPI-MS. A full description of the LPPI-MS technique and its
functionality is given elsewhere (Sun et al., 2015). However, we herein
describe brieﬂy the aspects that are necessary to understand the potential of our novel approach. More speciﬁcally, a special low-pressure
cylindrical photoionizer and CH2Cl2 doping technology are the key to
our analytical process, as outlined in Fig. S2. The cylindrical photoionizer is composed of a vacuum ultraviolet (VUV) light source and a
photochemical ionizer. The VUV light source was generated using Kr
gas at a pressure of ∼330 Pa and with a 13.56 MHz radio frequency
power supply running at 60 W. The maximum output of the lamp was
∼5 × 1014 photon s−1 at 123.9 nm. Using this setup, the LPPI-MS
system exhibited a high sensitivity, a relatively fast response time, and a
low fragmentation of nonpolar species (i.e., monocyclic aromatics).
Following CH2Cl2 doping, the detector sensitivity of the LPPI-MS
technique to polar oxy-organic matter was improved by at least two
orders of magnitude, while CH2Cl2 itself generated minimal or no detectable ions (Shu et al., 2016; Yang et al., 2018). An aerosol ﬂow rate
of 132 mL min−1 and a CH2Cl2 ﬂow rate of 33 mL min−1 were found to
give the best peak intensities and stabilities for the (H2O)nH+ (protonated water clusters) and [OM + H]+ (protonated oxy-organic matter)
species. The concentration of CH2Cl2 in the Z-shaped stainless-steel
tubing was held constant at ∼720 ppm. A lab-built stainless-steel ﬁlter
thermal desorption (FTD) cell coupled with stainless-steel ﬁlter membranes was used for sampling the particle-phase species.

3. Results and discussion
3.1. Chemical characterization and formation of non-nitrate organic
constituents
We initially wished to examine the formation and characterization
of the non-nitrate organic constituents present in the product mixture
following the OH-initiated photooxidation of βP. As theTD-CH2Cl2-assisted LPPI-MS process generates [M+H]+ peaks for the parent ions,
products containing only C, H, and O appeared at odd m/z values. To
exclude interference from gas-phase products, the subtracted mass
spectra from the various experiments were recorded, as shown in
Fig. 1A. The peaks observed below 100 Da, including those with m/z
values of 31, 43, 59, 61, 69, and 83, were attributed to the fragment
ions of compounds bearing carboxyl, hydroxy, and ketone groups,
which was a similar result to that observed using atmospheric pressure
ionization mass spectrometry (Aschmann et al., 1998). In addition,
norpinone (m/z 139) was observed as the dominant product in the m/z
range of 130–200 during the OH-initiated photooxidation of βP. We
speculated that norpinone was mainly produced following oxidation of
the > C=CH2 moiety to a carbonyl group and corresponding loss of the
terminal carbon atom. Similarly, the protonated ion at m/z 121 was
assigned to the dehydrated form of norpinone. According to the previously reported βP oxidation products and the corresponding reaction
mechanisms, the weaker ion peaks at m/z 141, 151, 153, 157, 167, 169,
and 171 corresponding to protonated species were identiﬁed as 2,2dimethylcyclobutyl-1,3-dicarboxaldehyde (m/z 140), pinene aldehyde
(m/z 150), myrtenol (m/z 152), (2,2-dimethyl-3-acetyl)-cyclobutylformate (m/z 156), pinene acid (m/z 166), hydroxy-pinonaldehyde
(m/z 168), and isomers of pinalic-3-acid (m/z 170) (Fang et al., 2017).
To further verify that TD-CH2Cl2-assisted LPPI-MS could be used to
detect SOA components, protonated pinonic acid, one of pinene SOA
components, was observed in Fig. S5. In addition, it couldn't be excluded that these protonated ions may originate from the oligomers
2

Atmospheric Environment 211 (2019) 1–5

P. Zhang, et al.

Fig. 1. (A) TD-CH2Cl2-assisted LPPI-MS (positive mode) analysis of the non-nitrate SOA components after 2700 s photooxidation, and (B) their temporal proﬁles.

(Fig. S9).
The on-line TD-CH2Cl2-assisted LPPI-MS system was also considered
an appropriate method to observe changes in the chemical compositions of organic compounds over the course of SOA formation due to its
high time resolution (10 s). Thus, the temporal product evolution plot
shown in Fig. 1B was used to investigate formation of the various
oxidation products over time during the photooxidation process. As
indicated, the products observed at m/z values of 121, 135,139, 151,
and 153 exhibited similar temporal evolutions, with all beginning to
form in the initial stages of the photooxidation reaction, which suggests
that these species were ﬁrst-generation (FG) products that promoted the
formation and growth of new particles. Based on the observed products
formed over time and their temporal evolutions as shown in Fig. 1B, the
product ion peaks at m/z 149, 157, and 167 observed after 1000 s and
those at m/z 169, 183, 261, and 279 observed after 1700 s were assigned to second- (SG) and third-generation (TG) species, respectively.
These species mainly contribute to SOA growth via gas-particle partitioning during continuous photooxidation.

upon oligomer decomposition at high temperatures (Kolesar et al.,
2015).
Furthermore, based on a previous theoretical study of the OH-initiated gas-phase oxidation mechanism of βP, the protonated ion observed at an m/z of 183 was attributed to an unsaturated hydroxydialdehyde or unsaturated dihydroxy aldehyde (m/z182, C10H14O3)
(Vereecken and Peeters, 2012). It has been suggested that this product
formed through OH abstraction, a sequential H-shift, and subsequent
oxidation (Scheme 1). Other ion peaks at m/z values of 149 and 165
could not be assigned with certainty. In addition to the above SOA
constituents, a further two ion peaks were also observed at m/z 261 and
279. Both of these were tentatively assigned to be dimers because their
molecular weights were close to the dimer regions of monoterpene-SOA
components (Bateman et al., 2009; Kourtchev et al., 2016). Given the
similar temporal evolutions of the m/z 261 and m/z 169 signals, we
speculated that the species observed at m/z 261 was likely formed
through oligomerization reactions between hydroxy-pinonaldehyde
(m/z 168) and other components. Similarly, the dimer at m/z 279 may
result from the oligomerization reactions between the unsaturated hydroxydialdehyde or the unsaturated dihydroxyaldehyde (m/z 183) and
other species. To demonstrate the reliability of the experimental results,
two parallel experiments were conducted under the same conditions

Scheme 1. Proposed formation pathway for the dihydroxyaldehyde (Vereecken and Peeters, 2012).
3
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Fig. 2. TD-CH2Cl2-assisted LPPI-MS (positive mode) analysis of the organic nitrate components after 2700 s photooxidation.

4. Conclusions

3.2. Chemical characterization and formation of organic nitrate
constituents

To gain additional insight into the formation of secondary organic
aerosols (SOAs) from the high-NO photooxidation of βP, we utilized a
novel thermal desorption dichloromethane-assisted low-pressure photoionization mass spectrometry (TD-CH2Cl2-assisted LPPI-MS) technique to characterize βP-SOA components and measure the temporal
evolution of the predominant species. We found that norpinone (m/z
139) was the most abundant component, which proved that it was the
most important species in promoting SOA formation. In addition, a
number of SOA components were also observed in the regions corresponding to both monomeric and dimeric products. The protonated ion
peaks at m/z 141, 151, 153, 157, 167, 169, 171, and 183 were determined to be SOA monomers, and were further identiﬁed to be 2,2dimethylcyclobutyl-1,3-dicarboxaldehyde (m/z 140), pinene aldehyde
(m/z 150), myrtenol (m/z 152), (2,2-dimethyl-3-acetyl)-cyclobutylformate (m/z 156), pinene acid (m/z 166), hydroxy-pinonaldehyde
(m/z 168), isomers of pinalic-3-acid (m/z 170), and unsaturated hydroxy aldehyde (m/z 182). The products at m/z 261 and 279 were
tentatively assigned to two dimers formed by the oligomerization reaction of diﬀerent monomers (e.g., hydroxy-pinonaldehyde (m/z 168)
and unsaturated hydroxyaldehyde (m/z 182)). Moreover, a number of
nitrogen-containing monomers were also observed at m/z values of
108, 152, 168, 198, 214, and 216 using our TD-CH2Cl2-assisted LPPIMS procedure. The peaks observed at m/z 216 and 214 were identiﬁed
as protonated C10 hydroxy nitrate (C10H17NO4, m/z 215) and carbonyl
nitrate (C10H17NO5, m/z 213), respectively, while the peaks at m/z 108,
152, 168, and 198 were assigned as crucial fragments of both nitrate
products, thereby allowing their fragmentation pathways to be proposed. We expect that our results are of particular importance, as this
work not only contributes to a greater understanding of βP-derived SOA
formation, but also indicates that our novel TD-CH2Cl2-assisted LPPIMS technique has potential for application in the characterization of
complex SOA components and determination of their temporal

We then moved on to examine the organic nitrate constituents. In
terms of the nitrogen-containing species, signals were expected to appear at even m/z ratios following protonation. In addition, losses of 18
(H2O), 46 (NO2), and 64 (H2O + NO2) were consistent with the identiﬁcation of a multi-functional organic nitrate (Perraud et al., 2010),
and so fragmentation analysis allowed us to reach an improved understanding of the formation and molecular compositions of the organic
nitrate species. As shown in Fig. 2, even-numbered mass peaks were
observed at m/z values of 108, 152, 168, 198, 214, and 216 using TDCH2Cl2-assisted LPPI-MS, which originated from the nitrogen-containing products. The peak at m/z 216 was previously identiﬁed to be
protonate C10 hydroxy nitrate (C10H17NO4) (Auld and Hastie, 2011;
Hohaus et al., 2015), while those at m/z 198 and 152 originated from
fragmentation of the C10 hydroxy nitrate by loss of H2O (m/z 18) and
NO2+H2O (m/z 64), respectively. The m/z 214 peak was assigned to a
protonated C10 carbonyl nitrate (C10H15NO4), while that at m/z 168
corresponded to the loss of NO2 (m/z 46) from this species. Based on
previously described fragmentation pathways for protonated organic
nitrates (Burkholder et al., 2007; Perraud et al., 2010), further fragmentation of the m/z 168 ion peak through loss of either H2O + C2H2O
(m/z 60) or an acetic acid monomer (m/z 60) may result in the formation of the fragment observed at m/z 108. Previous experimental and
theoretical studies have shown that the C10 hydroxy nitrate products
were identiﬁed as two major multi-functional organic nitrates during
βP photooxidation at high NO concentrations (Aschmann et al., 1998;
Auld and Hastie, 2011). To further conﬁrm the identities of the organic
nitrate constituents, βP SOA formation as attempted in the absence of
NO. Fig. S8 shows a comparison of the components observed in the
presence and absence of NO. The obtained experimental results indicated that no nitrate constituents were observed in the absence of NO.
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evolutions. Further studies on these nitrate products and the unidentiﬁed dimers compounds would, however, be of particular interest.
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