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Abstract The ozonolysis of cyclohexene is an important
model system for understanding the more complex reaction
of O; with monoterpenes; however, many previous studies
have come to qualitatively different conclusions about the
composition of the secondary organic aerosol (SOA)
formed in this system. In the present study, the composition
of the SOA produced by cyclohexene ozonolysis in the
absence of seed aerosols has been investigated online and
off-line using synchrotron-based thermal desorption/tun-
able vacuum ultraviolet photoionization time-of-flight
aerosol mass spectrometry (TD-VUV-TOF-PIAMS) in
conjunction with a custom-built smog chamber. On the
basis of the molecular ions observed by mass spectrometry
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at 11.5 eV, it was found that dicarboxylic acids, dialde-
hydes, and cyclic anhydrides are the predominant low
molecular weight components in the particle phase. The
results also indicated that TD-VUV-TOF-PIAMS coupled
with filter sampling is a potentially useful tool for the
investigation of SOA composition both in the field and in
the laboratory.
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1 Introduction

Cyclohexene, which is emitted from both natural and
anthropogenic sources, is one of the most abundant cyclic
alkenes in urban areas, which are known to produce aero-
sols upon atmospheric oxidation [1]. Previous studies have
shown that the major pathway to aerosol formation for
many cyclic alkenes such as cyclohexene involves reaction
with Os rather than with the OH radical [2, 3]. The kinetics,
gas-phase, and particle-phase products of the Os—cyclo-
hexene reaction have been the subject of many investiga-
tions over a long period of time (see, for instance, Refs.
[4-10], and the references therein). In general, the chemi-
cal composition of the particle-phase products of this
reaction, i.e., the secondary organic aerosol (SOA), has
often been analyzed using off-line techniques such as gas
chromatography—mass spectrometry (GC-MS), with the
SOA first being collected on the filter and then treated
using complex sample preparation procedures such as
elution, extraction, and concentration. However, it is well
known that a variety of components of organic aerosols
cannot be resolved using traditional GC-MS [11, 12], and
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the related time-consuming analytical protocols are prone
to contamination and losses during the collection and
extraction steps. Additionally, analyses based on traditional
MS methods utilizing laser photoionization or electron
impact ionization generally suffer from fragmentation of
the molecular ions, which generate a bewildering number
of mass peaks that are extremely hard to identify.

Recently, in an effort to fulfill the need for investigation
of the organic constituents emerging from atmospheric
oxidation in laboratory studies, aerosol mass spectrometers
(AMS) employing vacuum ultraviolet (VUV) photons
generated using synchrotron radiation (SR) as the ioniza-
tion source have been developed and have been used for
online characterization of the composition of SOA [13—15].
The “soft” VUV photoionization minimizes the fragmen-
tation in the particle mass spectra, allowing direct identi-
fication of the organics within the aerosol via their
molecular ions as well as via their ionization energies
(IEs), which are obtained from the photoionization effi-
ciency curves (PIEs) [15-17].

The coupling of synchrotron radiation photoionization
mass spectrometry with a smog chamber has been proven
to be a powerful tool to characterize the composition of
SOA and could provide important structural information
that is difficult to obtain using other techniques
[15, 18, 19]. In this study, we have reinvestigated the
cyclohexene—ozone system in an attempt to shed light on
the discrepancies existing in the literature concerning the
low molecular weight components in the SOA produced in
this system. The compounds in the aerosol phase were
investigated online using a recently developed thermal
desorption/tunable vacuum ultraviolet photoionization
time-of-flight aerosol mass spectrometer (TD-VUV-TOF-
PIAMS) combined with a custom-built smog chamber. In
addition, an off-line method employing filter collection
coupled with TD-VUV-TOF-PIAMS was tested to probe
the composition of the SOA produced by cyclohexene
ozonolysis for the first time, which may have potential
applications in both field and laboratory measurements of
atmospheric aerosols.

2 Experimental

The experimental apparatus was composed of a sam-
pling system, a main smog chamber system, and the
detection system. Detailed descriptions of the chamber
facility used in this study have been reported previously
[15, 18, 19], and only a brief summary is given here. Three
different types of experiments, namely, online, off-line,
and blank experiments, were performed in a custom-built
collapsible ~ 1500-L fluorinated ethylene propylene
(FEP) Teflon (Shanghai Plastics Research Institute,
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Shanghai, China) cylinder bag at 1 atm and ambient tem-
perature (~ 298 K) without using seed particles. Prior to
each experiment, the chamber was continuously flushed for
at least 2 h with purified compressed dry zero air, which
contained no particles and no detectable reactive hydro-
carbons, and illuminated with 12 fluorescent black lamps to
ensure that the concentrations of residual particles and
volatile organic compounds (VOCs) were lower than the
detection limits of the experiments. The zero air was dried
using a heatless air dryer (CKD HD-0.5, CKD Co., Ltd.,
Komaki, Japan). The humidity and temperature were con-
tinuously monitored during the experiments using a
humidity—temperature sensor (Vaisala, HMT330, Finland).
The relative humidity of the chamber was maintained at
about 15% for all the experiments. During the experiments,
the black lamps were switched off and the collapsible bag
was covered with a thick aluminum shell to avoid possible
photochemical reaction of the VOCs. In the online exper-
iment, ozone (~ 5 ppm) was injected into the chamber by
passing pure oxygen through an ozone generator (Pacific
Ozone Co., USA), and its concentration was monitored
online using an ozone analyzer (Model 49i, Thermo Fisher
Scientific, USA). Equimolecular cyclohexene (99%, TCI)
was injected into a glass bulb and flushed into the chamber
by a stream of purified air through Teflon lines. The size
distribution and number concentration of the SOA particles
in the chamber were measured with a differential mobility
analyzer (DMA; Model 3081, TSI) and an ultrafine con-
densation nucleus counter (CNC; Model 3776, TSI).
After initiation of the reaction, the aerosols produced in
the chamber were sampled through a 6-mm conductive
silicone tube and introduced into the TD-VUV-TOF-
PIAMS developed at the Atomic and Molecular Physics
Beamline (BLO9U) of the National Synchrotron Radiation
Laboratory (NSRL) in Hefei, China. The design of the TD-
VUV-TOF-PIAMS is similar to the instrument developed
at the Chemical Dynamics Beamline at the Advanced Light
source [15], and its functionality has been described else-
where [18, 20]. Briefly, the aerosols were introduced into
the source chamber via an aerodynamic lens system, which
provides high transmission efficiency for particles with
diameters ranging from 0.1 to 1.5 um. At the lens output,
the focused particle beam then passed through the differ-
ential chamber and was accelerated by the gas expansion.
Once transported into the ionization region of the detection
chamber, the particles collided with a temperature-con-
trolled cartridge heater and were promptly thermally
vaporized at an appropriate temperature. Subsequently, the
nascent vapor plume was irradiated with the tunable VUV
light produced by an undulator at Beamline BLOOU of
NSRL, which generated photons with energies of
7.5-22.5 eV. The photon energy resolution can be obtained
using the multistage photoionization chamber system
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described previously [21]. In the present experiments, the
resolving power (E/AE) of the 370 grooves mm ™' grating
as determined from the line shapes of the Rydberg reso-
nances of Ar" was above 2000 when the slit width was
adjusted to 80 um. Because the IE values of most organic
species lie below 11 eV, photons with an energy of
11.5 eV were used in the present study to ensure the
organic vapor could be ionized with minimal excess
internal energy and therefore minimal fragmentation. The
ions formed in the ionization region were then periodically
extracted by a pulsed repeller voltage (— 165 V, 2.5 us
pulse width and 18 kHz repetition rate) that was triggered
by a pulse generator (DG 535; Stanford Research System
Inc., Sunnyvale, CA, USA). The pulsed ions were subse-
quently transferred through the focusing lenses (900 V
focus voltage) and drift area (— 1000 V accelerating
potential) before being reflected by the retarding lenses
(460 V reflecting voltage). Finally, the ions were collected
and detected by a two-stacking microchannel plate (MCP)
detector. The resulting ion signals were passed through a
preamplifier (VT120C; EG&G ORTEC, Oak Ridge, TN,
USA) and collected with a multichannel scaler (FAST
Comtec p7888, Germany) to produce the photoionization
mass spectra. The mass resolution of the TD-VUV-TOF-
PIAMS was measured using the mass spectrum of urea
particles, which were produced by atomizing a solution of
0.3 gurea in 300 ml ethanol. The mass resolving power M/
AM was determined to be about 800 at m/z 60, which
allowed for the characterization of SOA mass spectra in
our experiments with unit mass resolution.

The off-line experiments were conducted in the same
chamber with the initial concentration of both cyclohexene
and O; being ~ 1 ppm. After the introduction of O3 and
cyclohexene into the chamber, the generated particles were
continuously analyzed by TD-VUV-TOF-PIAMS as well
as by the scanning electrical mobility spectrometer
(SMPS), which was composed of the DMA and CNC
mentioned above. After the completion of the reaction, the
aerosol was collected on a quartz-fiber filter with a 47 mm
diameter and 0.45 um pore size, which had been pre-
backed at 550 °C for 12 h before sample collection. The
aerosol was collected using a sample pump at a flow rate of
approximately 20 L min~' for 50 min, resulting in a total
sampling volume of ~ 1 m>. When the collection was
finished, the filter was placed into a sample vial filled with
50 ml of HPLC-grade acetone, which has been proven to
be an excellent solvent for SOA [18]. The sample vial was
wrapped in foil to prevent photolysis and left for 1 h before
being sonicated for 30 min. The solution was then filtered
using a 0.45-mm PVDF syringe filter and subsequently
transferred into a custom-built atomizer that was struc-
turally similar to the commercial Constant Output Atomi-
zer (TSI, Inc., model 3076) but with a smaller volume.

Polydisperse and dry particles were prepared by atomizing
the solution with N at a pressure of 1 atm and dried using
a diffusion dryer filled with silica gel. Finally, the particles
were introduced into the TD-VUV-TOF-PIAMS for mass
spectral analysis through conductive tubing T-junction,
with the excess aerosol being exhausted.

3 Results and discussion

In the present work, we present both online and off-line
mass spectrometric studies of the SOA formed from the
ozonolysis of cyclohexene in a smog chamber. Before the
introduction of the reactants, the entire sampling system
and the chamber were purged at least thrice using com-
pressed zero air. Figure la depicts the photoionization
mass spectrum of the zero air in the chamber before the
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Fig. 1 TD-VUV-TOF-PIAMS mass spectra of a zero air (back-
ground) before the injection of cyclohexene and ozone, b 6 min after
the injection of cyclohexene and ozone, and ¢ 30 min after the
injection of cyclohexene and ozone. All the mass spectra were
obtained at 11.5 eV with an acquisition time of 100 s for each
spectrum
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injection of the reactants at 11.5 eV; the higher-order
harmonics were suppressed by the rare-gas harmonic filter.
Because almost all the hydrocarbons and particles in the air
were eliminated by the zero-air generator and the high-
efficiency particulate arresting (HEPA) filter, the mass
spectrum shown in Fig. la was remarkably clean, and no
obvious mass peaks were observed in the range of
50-170 Da. The mass spectra were recorded from 0 to
300 Da during the experiments. Since no product with an
m/z below 50 has been reported in previous studies, and no
mass peak with an m/z larger than 170 has been found in
our experiments, in the following discussion, we present
the photoionization mass spectrum only in the mass range
of 50-170 Da. In this work, the vaporization temperature
of the heated tip was set at 400 K to maximize the
molecular ion signal and to minimize fragmentation caused
by providing excess internal energy to the molecules.
Once cyclohexene and ozone were injected into the
smog chamber, the reaction immediately started, and the
SOA particles reached a detectable size within a few
minutes of injection, as characterized by the SMPS. Fig-
ure 2a shows the time-dependent mass concentration of the
SOA particles resulting from the ozonolysis of cyclohexene
after ozone injection. Each point in the figure represents the
mass concentration of particles measured by the SMPS,
which was calculated from the size distributions and par-
ticle density. The mass concentration of the particles
increased rapidly after the injection of ozone, reached a
maximum at about 40 min, and then decreased, probably
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Fig. 2 a Time-dependent mass concentration of the SOA particles
resulting from the ozonolysis of cyclohexene. b Particle size
distribution of the SOA particles measured by the SMPS after
40 min of cyclohexene—ozone reaction
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due to wall loss and deposition. The size distribution of the
particles measured 40 min after the ozone injection is
shown in Fig. 2b. The mean diameter of the particles was
determined to be ~ 435 nm, and the particle number
concentration was ~ 1.08 x 10* cm™.

Figure 1b shows the mass spectrum of the particle
components sampled directly from the chamber after 6 min
of reaction with a data acquisition time of 100 s. It is
obvious that many mass peaks are presented in Fig. 1b,
including ions at m/z 56, 58, 60, 70, 80, 84, 86, 88, 96, 98,
100, 102, and 112, with the most intense peak at m/z 70.
These ion signals disappeared when the vaporization tem-
perature was set to 298 K or when the sampling was
stopped while the vaporization temperature was set to
400 K. In addition, the cyclohexene ozonolysis SOA
products filtered using a HEPA filter (99.99% retention
efficiency for particles and droplets > 10 nm) were ana-
lyzed online using TD-VUV-TOF-PIAMS when the
vaporization temperature was maintained at 400 K, and no
obvious mass peak was observed. It is thus confirmed that
these mass peaks do indeed arise from the SOA particles
rather than from the gas phase or from background con-
tamination. It is remarkable that most of the peaks were
observed at low molecular weight, unlike in previous
online measurements using a thermal desorption particle
beam mass spectrometer (TDPBMS) or laser-ionization
single-particle aerosol mass spectrometer (LISPA-MS), in
which a variety of fragments (below 50 Da) were observed
[6, 9]. By comparing the mass spectra measured at different
reaction times, Ziemann found that the composition of the
SOA produced in the ozone—cyclohexene system changes
significantly over the course of the reaction [6]. In this
study, the particle products were measured every 2 min by
the TD-VUV-TOF-PIAMS after the injection of the reac-
tants. As shown in Fig. lc, most of the mass peaks
observed in Fig. 1b became more intense after 30 min of
reaction, and new products at m/z 72, 82, 94, 110, 114, 116,
128, and 130 were detected. The main SOA products
observed in this study and the corresponding references are
listed in Table 1.

As mentioned above, the reaction mechanism, gas-
phase, and particle-phase products generated in the reaction
of cyclohexene and ozone have been studied by many
different techniques. The species at m/z 56 was also
detected by Hamilton and colleagues using comprehensive
gas chromatography with time-of-flight mass spectrometry
(GC x GC-TOF/MS) and was assigned as 2-propenal,
whose formation mechanism still remains unclear [8]. The
products at m/z 58 and 60 present at the beginning of the
reaction have been previously detected in negative-ion
spectra, but their structure cannot be identified. One pos-
sible candidate for the m/z 58 product is glyoxal, which is
the precursor of oxoacetic acid and is speculated to be
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Table 1 The main particle products of the ozonolysis of cyclohexene observed by TD-VUV-TOF-PIAMS

m/z  Formula Trivial name Structure References

56 C;H,0 2-Propenal X0 [8]

70 C4HO 2-Butenal AN [8]

72 C4Hs0 Butanal "o (8,9]

74 C3H0, Propanoic acid i [8,9]
C4H,00 Butanol on [8]

82 CsHqsO Cyclopentenone lf>=° [8]

84 C4H,0, 2(5H)-Furanone (if 0 [8]
CsHsO Cyclopentanone O [8]

86 CsH,00 Pentanal NS0 [5,7, 8]
C4Hq0, Butanedial s~ [5,8,9]
C4Hg0, Dihydro-2(3 H)-furanone (i‘/“” [8]

88 C4Hz0, 2-Butene-1,4-diol Ho~NAAM [8]
C,4H30, 4-Hydroxy-1-butanal HO 1O [5]
C,H;0, Butanoic acid /\)ll)\m. [8,9]

96  CgHzO Cyclohexen-2-one (=0 [8]
CsH40, Cyclopentendione %@’0 [8]

98 CeH,00 2-Methyl-cyclopentanone Q=° [8]
CeH,100 7-Oxobicyclo[4.1.0]heptane O)" [8]
CeH,00 Cyclohexanone O=° [8]
CeH,00 2-Hexenal SN0 [8]
Ce¢H,00 Cyclopentane carboxaldehyde % [8]

100 CeH .0 2-Hexanone /\/\[l/ [8]

CeH 20 Hexanal NN [8]
Ce¢H 20 Cyclohexanol O“’“ (8]
CsHgO, 1,5-Pentanedial OHCNNCHO [4,5,7,9]
CsHs0, Tetrahydro-2 H-pyran-2-one Q‘=" [8]
CsHs0,  Dihydro-S-methyl-2(3H)-furanone O 8]
CHO;  2,5-Dihydro-furandione oCF° 8]

102 CsHyO,  Pentanoic acid ey 8]
C4Hq0; 4-Oxo-butanoic acid Ot ~coon [5,9]

110 C4HsO, 2-Cyclohexen-1,4-dione "=®=° [8]

112 CeHs0, 1,2-Cyclohexadione Qf (8]

114 CHiO:  6,8-Dioxabicyclo[3.2.1]octane Oy 8]
C¢H,00, 2-Dydroxy-cyclohexanone C\CT: [8]
CeH100, 2-Oxepanone Y [8]
CeHiO:  Hexanedial S~~~ [4.5.7.8,9]
CsH;00;  Dihydro-2H-pyran-2,6-(3H)-dione U [8]

116  CHpO,  12-Cyclohexandiol Qe 8]
C¢H1,0, Hexanoic acid /\/\)O'\m. [8]
CsHg0; 5-Oxo-pentanoic acid OHCN"CO0H [6,7,9]

118 C4HO4 Succinic acid HOTf\i"" [5,6,38,9]
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Table 1 continued

COOH

CsH00; 2-Hydroxy pentanoic acid ~ [6]
CeH 40, 2-Butoxyethanol SN on [8]

128 CeHsO;  2-Oxo-pentanedial onc M o [7]
C7H 120, Formic acid cyclohexyl ester \=o [8]

130 CsH003 7.,8,9-Trioxabicyclo[4.2.1]nonane o [7]
CsH100; 2-Hydroxyglutaraldehyde nnc\/\)(:.“o [7]
CeH 005 6-Oxo-hexanoic acid "Lf\/\ﬂ"“ [4,6,8,9]
CsH100; 5-Oxo-pentyl formate oHENANcito [6]
CsHgO4 5-Oxotetrahydro-furan-2-carboxylic acid ‘\{7)0%" [8]

132 CsHsO4 5-Oxoperoxypentanoic acid ouc\/\)(l)\wﬂ [6]
CHOs  Glutaric acid " [4,5,6,8,9]

144 CsHsO4 4,6-Dioxohexanoic acid Hu/j("” [8]
CsHgO4 5,6-Dioxohexanoic acid "fﬁf\ﬁ("" [9]

160 CeHsOs  2-Oxoadipic acid wo0e_~ M coon [9]

formed through further reaction of the excited intermediate
OHC(CH,);CHCHOOH generated by isomerization of the
Crigee biradical [5]. In the case of the m/z 60 product, to
the best of our knowledge, the only plausible candidate is
acetic acid, which has been detected in the gaseous phase
[4]. The strongest ion signal at m/z 70 in Fig. 1b, ¢ was
identified as 2-butenal based on a previous study [8]. The
product with the molecular weight of 72 detected by both
online LISPA-MS and off-line GC x GC-TOF/MS method
was reported to be butanol [8, 9]. However, its formation
mechanism is not well understood. Based on previous
studies, the species at m/z 74 were assigned as propanoic
acid and butanol. It is interesting that some cyclic com-
pounds with molecular weights of 82, 110, and 112, which
previously had only been detected by the GC x GC-TOF/
MS method, were also observed in our experiments; these
were assigned as cyclopentenone, 1,4-cyclohexen-2-dione,
and 1,2-cyclohexanone, respectively. As far as we know,
the formation of these species is hard to rationalize from
known cyclohexene ozonolysis pathways, and they may be
formed through reactions within the aerosol phase, which
are still poorly understood. Two other isobaric compounds
with a cyclic structure, 2(5H)-furanone and cyclopen-
tanone, were detected both in this investigation and in a
previous study [8]. On the basis of known reaction mech-
anisms, we speculated that the latter may be generated by
cyclization of the biradical CH,(CH,);CO, which is formed
from the decomposition of the primary ozonide. It has been
proposed that the intermediate produced by isomerization
of the Criegee biradical can also lead to a C4 alkyl radical

@ Springer

that can generate 4-hydroxy-1-butanal and butanedial
through further reaction [5]. Accordingly, the products at
m/z 86 and 88 detected here may be assigned as butanedial
and 4-hydroxy-1-butanal, respectively. In addition, the m/
z 86 products have also been identified as pentanal and
dihydro-2(3H)-furanone, with the m/z 88 products being
identified as 2-butene-1,4-diol and butanoic acid based on
different analytical methods. For the ions at m/z 96, 98, and
100, the candidate compounds are more complicated, as
listed in Table 1, in which several isobaric and/or isomeric
species are given for each ion. Except for 1,5-pentanedial,
all the other species have only been detected by the
GC x GC method. A similar trend was found for the ions
at m/z 114 and 116 presented in Fig. 1c, which were mainly
composed of ring-containing compounds. These com-
pounds cannot be detected in traditional GC-MS even
coupled with newly developed derivatization methods,
possibly due to its limited resolving power for complicated
samples such as SOA. Among the products listed in
Table 1, we noted that cyclohexanol was also detected by
synchrotron photoionization measurements in the reaction
between OH radicals and cyclohexene [22], indicating that
it may be formed through oxidation of cyclohexene with
unscavenged OH radicals in the current experiment. The
species at m/z 128, which was previously detected as for-
mic acid cyclohexyl ester, may also involve the contribu-
tion of 2-oxo-pentanedial, whose formation mechanism has
been proposed, but has not been detected yet [7]. In the
case of m/z 130, five different compounds have been
assigned; the formation mechanisms of all these
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compounds have been proposed, with the exception of
5-oxotetrahydro-furan-2-carboxylic acid.

Figure 3 depicts the time-dependent signal intensities of
the SOA products at m/z = 58, 70, and 100 formed from
the ozonolysis of cyclohexene. Each point corresponds to a
mass spectrum obtained at 11.5 eV with an acquisition
time of 60 s. The ion intensity was obtained by integrating
the ion counts over the ion peak area. It is obvious that the
signal intensities of these products increased rapidly soon
after the introduction of the reactants. After a reaction time
of ~ 40 min, the intensities reached their maximum val-
ues, indicating the conclusion of the reaction, which is
consistent with the conclusion of a previous study [23].
Accordingly, the aerosol collection began at that time in
the off-line experiments. Meanwhile, in order to evaluate
the background contamination of the present method, a
blank experiment without the injection of cyclohexene was
run under the same conditions used in the off-line mea-
surement. As shown in Fig. 4a, only two peaks at m/z 58
and 59 were observed, which corresponded to the molec-
ular ion of acetone and its isotope. Therefore, the influence
of the background can be omitted in this study. Figure 4b
shows the mass spectrum of the particles generated by
atomizing the acetone extraction of the SOA formed in the

—O0— m/z=58
15004 o /z=70

1200 —

Relative Ion Intensity

O T I ] I L I T I T I L

0 20 40 60 80 100 120
Reaction Time (minutes)

Fig. 3 (Color online) Time-dependent signal intensities of SOA
products at m/z = 58, 70, and 100 formed from the ozonolysis of
cyclohexene. The mass spectra corresponding to each point were
obtained at 11.5 eV with an acquisition time of 60 s for each
spectrum

off-line experiment. Comparing this with Fig. lc, most of
the ions detected online were also observed as shown in
Fig. 4b, although the initial concentration of the reactants
for the latter was decreased by a factor of 5. In addition,
some new products emerged, such as the ion peaks at m/
z 118, 132, 144, and 160. According to previous studies,
the products with m/z 118 were assigned as succinic acid,
2-hydroxy pentanoic acid, and 2-butoxyethanol. The high
molecular weight products at m/z 132, 144, and 160 were
identified as multifunctional compounds of dicarboxylic
acids and oxocarboxylic acids. It is necessary to clarify at
this stage that the off-line method used at present is
somewhat limited by the lack of complete separation
between the particle- and gas-phase products. Compared
with the complicated particulate products, the gaseous
products generated in the ozonolysis of cyclohexene were
found to be mainly composed of 1,6-hexanedial, 1,5-pen-
tanedial, pentanal, formic acid, CO, and CO, [4]. Among
these products, 1,6-hexanedial, 1,5-pentanedial, and pen-
tanal have also been reported to be present in the aerosol
phase. Considering the collection time of 50 min, there is a
possibility that the gaseous products may be adsorbed on
the filter during the sampling process. At present, however,
this adsorption effect cannot be evaluated due to the lack of
experimental data. In general, most of the signals observed
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Fig. 4 TD-VUV-TOF-PIAMS mass spectra of particles generated by
atomizing a an acetone extraction of the zero air (background) and
ozone without the injection of cyclohexene and b an acetone
extraction of the SOA formed from the ozonolysis of cyclohexene.
Both the mass spectra were obtained at 11.5 eV with an acquisition
time of 100 s for each spectrum

@ Springer



162 Page 8 of 9

J. Chen et al.

in the TD-VUV-TOF-PIAMS can be assigned based on
their molecular weight and previous reports in the litera-
ture. However, some previously undetected products, such
as those at m/z 80 and 94, cannot be assigned at present.
One potential solution would be to carry out the experiment
to determine the ionization energies of the products
through PIE curves, which will be described in a forth-
coming paper.

4 Conclusion

We presented the first real-time online synchrotron-
based investigation of the SOA products formed from the
ozonolysis of cyclohexene by employing TD-VUV-TOF-
PIAMS coupled with a custom-built smog chamber. A
variety of mass peaks were observed in the photoionization
mass spectra at 11.5 eV, and their time-dependent signal
intensities were also obtained. The analysis of the chemical
composition of the SOA was carried out based on the
molecular weights of the components and the identification
of products in previous literature reports. The main prod-
ucts identified were multifunctional carbonyl compounds
such as dicarboxylic acids, dialdehydes, and cyclic anhy-
drides. A new off-line method using filter sampling cou-
pled with TD-VUV-TOF-PIAMS has been tested in the
same reaction system. Most of the ions present in online
mass spectrometry can be detected by the off-line method
with a lower concentration of reactants. It is believed that
this method may have potential use in the analysis of SOA
components in both laboratory and field studies.
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