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Abstract

Secondary organic aerosols (SOAs) formed via the photooxidation of toluene and other aromatics are
major components of fine particles. A synchrotron radiation vacuum ultraviolet photoionization aerosol
mass spectrometer (VUV-PIAMS) was used to conduct online detection of the components of SOA
generated by toluene chamber simulation in this study. Mass spectra of SOA particles were measured
at a photon energy of 10.5 eV. The photoionization efficiency (PIE) curve of each ion peak within the
7.5-11.5 eV range was obtained, and then the qualitative analysis based on ionization potential (IP) was
utilized to determine the composition of SOA. Experimental results demonstrated that mass spectra of
toluene SOA primarily contained peaks at m/z = 64, 72, 94, 106, 108, and 122, with IPs of 8.92+0.03,
9.63+£0.03, 8.53+0.03, 9.45+0.03, 8.28+0.03, 8.93+0.03, and 9.26+0.03 ¢V, respectively. Combined
with theoretical calculations and offline measurements of ultraviolet-visible absorption spectroscopy
and electrospray ionization mass spectrometry, it was determined that furan, methylglyoxal, phenol,
benzaldehyde, 2-methylphenol, 4-methylphenol, and benzoic acid were the major components of toluene
SOA. Based on the areas of the mass peaks, methylphenol, benzaldehyde, benzoic acid, methylglyoxal,
phenol, furan, and unidentified components accounted for 21.4%, 17.1%, 15.7%, 14.3%, 12.9%, 11.4%
and 7.2% of the measured components, respectively. The obtained results provide new information
for studying the photooxidation mechanism of toluene. VUV-PIAMS overcomes cumbersome
sample preparation procedures, potential secondary contamination, and other shortcomings of offline
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measurements, making it a useful tool for measuring the compositions of SOA and revealing their

formation processes.

Keywords: toluene, secondary organic aerosol, synchrotron radiation, photoionization, reaction mechanism

Introduction

Benzene, toluene, and other aromatic hydrocarbon
compounds emitted from sources like vehicle exhaust,
industrial production, and the use of solvents such
as paints and adhesives are typical representatives of
anthropogenic atmospheric pollutants [1, 2]. Benzene,
toluene, ethylbenzene, and xylene (BTEX) account
for approximately 60-75% of atmospheric aromatic
compounds [3, 4]. Toluene is the most abundant aromatic
hydrocarbon and also a common harmful environmental
pollutant in the atmosphere. It has certain toxicity itself,
can reduce the function of the central nervous system,
cause hormonal imbalance between men and women,
slow and abnormal fetal development, and has potential
impacts on fertility [5, 6]. In addition, toluene emitted
into the atmosphere mainly undergoes photooxidation
reactions with OH radicals to generate secondary
organic aerosol (SOA) [7-9], which can diminish
atmospheric visibility [10, 11] and pose a threat to
human health [12, 13]. The research on its chemical
composition and formation process has attracted
widespread attention.

The atmospheric photooxidation process of toluene
with OH radicals has often been experimentally
simulated in a smog chamber. SOA was collected with
filters or impactors, extracted with organic solvents, and
then detected offline by gas (or liquid) chromatography-
mass spectrometry, infrared spectroscopy, etc. [7-9,
14]. Also, aerosol mass spectrometers with ionization
sources such as electron bombardment and laser
desorption ionization were utilized to detect the
components of SOA online [15-17]. But the above
methods had certain limitations. Offline methods
required cumbersome sample preparation procedures
and might cause secondary contamination, while
aerosol mass spectrometers produced a large amount
of fragment ions during measurement. For the complex
products generated by toluene photooxidation, the
obtained mass spectra of SOA mainly consisted of
fragment ion peaks [14, 18]. Thus, “soft ionization” is
extremely necessary for the measurement of chemical
components of SOA [18].

Synchrotron radiation is the electromagnetic
radiation emitted tangentially by charged particles
moving at near-light speeds during curved motion,
characterized by high intensity, broad spectral range,
and excellent collimation [19]. With its high photon
density, synchrotron radiation in the vacuum-ultraviolet
(VUV) region serves as a photoionization source
capable of achieving single-photon ionization [19-21].
A synchrotron radiation VUV photoionization aerosol
mass spectrometer (VUV-PIAMS) can be utilized for

the detection of aerosols in real-time. VUV-PIAMS
employs aerodynamic lenses to focus aerosol particles,
which undergo adiabatic sonic expansion to generate
a collimated particle beam. This beam strikes the heated
metal plate, causing the components of the aerosol
particles to volatilize into gas and enter the ionization
chamber, where the gas is ionized after crossing
the VUV synchrotron radiation beam perpendicularly.
The generated ions are detected using a reflection
time-of-flight mass spectrometer, and the chemical
composition of particles is determined by analyzing the
mass spectra [20, 22-24].

VUV ionization is a single-photon ionization
technique. When the energy of the photon is higher
than the ionization potential of the sample molecule,
the molecule can absorb the energy of a single photon
and lose an electron to obtain the molecular ion,
which basically achieves “soft ionization” [19-21].
Therefore, the mass spectra obtained by VUV-PIAMS
measurements primarily consist of molecular ion peaks
of the sample molecules. In addition, by scanning the
wavelength of synchrotron radiation, a photoionization
efficiency (PIE) curve for each peak was obtained, and
molecular structural information of the tested sample
was determined from the ionization potential [20-24].
Thus, a smog chamber and VUV-PIAMS were
combined to online measure the chemical components
of SOA particles generated by the photooxidation of
toluene in this study. The verification was carried out
by combining quantum chemical calculations and
offline measurements of ultraviolet-visible absorption
spectroscopy and  electrospray ionization mass
spectrometry. Based on the measured component
information, the photooxidation mechanism of toluene
was explored, which provides a basis for investigating
the chemical processes of toluene and other aromatic
hydrocarbons in the atmosphere.

Materials and Methods
Materials

Toluene (>99%), hydrogen peroxide (30%), and
methanol (>99%) were provided by Aladdin Reagent
(Shanghai) Co., Ltd. Argon (>99.9%) was purchased
from Nanjing Special Gas Factory Co., Ltd.

Online Detection of Toluene Fine Particles
Referring to our previous experimental method [17],

0.1 mol/L toluene solution was prepared (toluene was
dissolved in 2% methanol water solution) and atomized
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with an Aerosol Generator (TSI 9302, TSI Corporation,
USA) to generate aerosol particles, which passed through
the silica gel drying tube to form toluene fine particles
with a size in the range of 0.1-2 um and the concentration
of approximately 200 pug/m?. The online measurement of
toluene fine particles was performed with VUV-PIAMS
at Hefei National Synchrotron Radiation Laboratory.
As shown in Fig. 1, fine particles were focused into a
collimated particle beam via an aerodynamic lens. The
particle beam then collided with the heated metal plate
(180°C) to volatilize and form gas, which then entered
the ionization chamber and was ionized by synchrotron
radiation. The formed ions were detected by a reflection
time-of-flight mass spectrometer. The mass spectra of
toluene were measured by adjusting the photon energy
of the synchrotron radiation to 10.5, 13.0, and 15.5 eV,
respectively. During the experiment, the filtered argon
gas pressure was 436 Pa, the beam source chamber
(SC) pressure was greater than 10! Pa, the vacuum in
the ionization chamber was maintained at 1.3x10"* Pa,
and the mass spectrometry sampling time was 100 s.
The monochromator was scanned with a step size of
0.03 eV over the 7.5-11.5 eV range, and the obtained
signal was normalized using a silicon photodiode to
acquire a photoionization efficiency (PIE) curve [22, 24,
25]. Benefiting from the high photon flux and stable soft
ionization characteristics of the synchrotron radiation
vacuum ultraviolet light source, the VUV-PIAMS
system exhibited superior anti-interference performance.
The signal-to-noise ratio (SNR) of stable molecular ion
peaks of detected products was 50-200.

| Exhaust |‘ Pump

Formation and Online Detection
of Toluene SOA

Experiments were performed in a home-made
chamber device. As displayed in Fig. 1, this device
was mainly composed of an injection system, a
Teflon chamber, and a detection system. The injection
system was composed of a clean air generation device,
a gas distribution platform, etc., to prepare the gas of
the required concentration for the experiment in the
Teflon chamber. The Teflon chamber was made of
FEP-Teflon material with a thickness of 75 pm. It was
approximately cylindrical in shape, with a volume of
850 L and a surface area to volume ratio of 6.5 m™.
Twelve ultraviolet lamps (with radiation wavelengths of
300-400 nm) were installed around the Teflon chamber.
The detection system was equipped with an HMT 333
sensor (Vaisala, Finland), gas chromatography with
flame ionization detector (GC-FID, 7820A, Agilent
Technologies, USA, SNR greater than 100), scanning
mobility particle size analyzer (SMPS, 3080L DMA,
3775 CPC, TSI Corporation, USA, stable SNR above
100) and other instruments to measure the temperature,
humidity, gas and particulate matter concentrations in
the Teflon chamber [16, 25, 26]. Before each experiment,
SMPS and GC-FID were calibrated according to the
method provided in the Supplementary Information.

Each experiment was carried out in triplicate, with
relative humidity and temperature regulated at 37+3%
and 25+1°C. Similar to our previous experiments [16,
25, 26], after cleaning the Teflon chamber, about one-
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Fig. 1. Schematic diagram of a smog chamber coupled with a vacuum ultraviolet photoionization aerosol mass spectrometer.
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third of the volume was filled with clean air. Then, 1
uL of toluene and 10 pL of hydrogen peroxide solution
were successively added to the liquid vaporization bottle
in the gas distribution platform. After vaporization,
the gaseous toluene and hydrogen peroxide mixture
was filled into the chamber, followed by further filling
to full volume with clean air. Subsequently, UV lights
were switched on to illuminate hydrogen peroxide,
generating OH radicals that initiated the photooxidation
reaction of toluene. Concentrations of toluene and SOA
particles were measured using GC-FID and SMPS.
After the illumination ended, the chemical composition
of SOA was detected online by VUV-PIAMS, just like
the detection of toluene fine particles as mentioned
above.
Offline Detection of Toluene SOA

After  the illumination  was completed,
toluene SOA particles were also collected onto a
polytetrafluoroethylene filter membrane (47mm, 0.2 pm
pore size, Sigma-Aldrich Corporation, USA). After 30 min
of ultrasonic treatment, the organic components were
extracted into 2% methanol water solution to obtain
the SOA extraction solution. The absorption spectra of
the SOA extraction solution in the 200-600 nm range
were measured using an ultraviolet-visible (UV-Vis)
spectrometer (UV-6100S, Mapada Instruments, China).
The SNR of full-spectrum scanning signals ranged
from 200 to 1000 under standard test conditions. Also,
the negative ion mass spectra of the SOA extraction
solution were detected by high-performance liquid
chromatography-mass spectrometer (LC-MS, Agilent
1200 and 6320, Agilent Technologies, USA). Due to
the limitation of experimental conditions, no suitable
chromatographic column was found to separate the
organic components of toluene SOA extraction, and
MS/MS verification was not carried out. According to
the experimental results of Carlton et al. [27] and our
previous studies [16, 25, 28], the electrospray negative
ionization mode of LC-MS caused the sample molecule
to lose a hydrogen ion and generate a deprotonated
molecular ion peak ([M-H]"), thereby offering molecular
weight information for the sample component. This
could be used for qualitative analysis of the organic
components of the toluene SOA extraction solution.
Thus, the SOA extraction solution was measured with no
chromatography column attached, and was electrospray
ionized and detected directly. The mobile phase was
a mixture of methanol and ultra-pure water (volume
ratio of 1:1) with a flow rate of 0.20 mL/min. The LC-
MS employed electrospray ionization to measure the
mass spectra of the SOA extraction solution, with the
scanning range of 5~1700 amu and SNR maintained at
50-500 [16, 25, 28].

Results and Discussion

Mass Spectrographic Analysis
of Toluene Fine Particles

Most chemical constituents of SOA have ionization
energies ranging from 8.0 eV to 10.2 eV [23, 29]. The
synchrotron radiation photon energy of 10.5 eV is
slightly above this range, which enables efficient single-
photon ionization for the majority of SOA species
with high ionization efficiency (=80%). For organic
compounds with ionization energies between 10.2 and
10.5 eV (trace organic components of SOA), a moderate
ionization efficiency (40-60%) is obtained. However,
organic compounds with ionization energies greater than
10.5 eV (non-SOA components) cannot be ionized. Also,
photon energy of 10.5 eV is a typical soft ionization
condition. Photon energy higher than 11 eV will cause
severe molecular fragmentation and generate numerous
fragment ions, complicating component identification
and quantification. In contrast, energy below 10.0 eV
fails to ionize some SOA components with relatively
high ionization energy, leading to signal loss [22, 24,
25, 29]. Thus, 10.5 eV was specifically selected for SOA
measurements.

The VUV beamlines at Hefei National Synchrotron
Radiation Laboratory were optimized for the 10-11
eV range, with high flux and minimal higher-order
harmonic contamination. In our previous experiments,
by adjusting the energy of synchrotron radiation
photons, it was also found that 10.5 eV synchrotron
radiation photons could ionize the organic components
of SOA with minimal fragment generation [22, 24,
25]. To further confirm this and conduct a comparative
analysis of chemical components of toluene SOA,
toluene fine particles were first measured using VUV-
PIAMS in real-time. As displayed in Fig. 1, particles
passed through the aerodynamic lens, collided with the
heated metal plate to volatilize into gas, and entered
the ionization chamber. Subsequently, photoionization
was carried out using synchrotron radiation photons
with energies of 10.5, 13.0, and 15.5 eV, respectively,
and the obtained mass spectra are shown in Fig. 2.
When the photon energy was 10.5 eV, the molecular ion
peak (C.H;, m/z = 92) and the protonated molecular
ion peak (C H,*, m/z = 93) of toluene were measured.
As photon energy continued to rise, toluene molecular
ions underwent photodissociation, producing fragment
ion peaks. Fragment peaks at m/z = 91 and 77 were
detected under the photon energy of 13.0 eV. When
the photon energy reached 15.5 eV, the intensities
of the m/z = 91 and 77 fragment peaks observably
increased. On the basis of the structure of the toluene
molecule, mass peaks with m/z = 91 and 77 might be
fragment peaks (C.H," and C.H,") produced by the
photodissociation of the toluene molecular ion peak,
losing a hydrogen atom and a methyl group, respectively.

Fig. 3 shows the PIE curve of the toluene molecule
ion (C H."). The PIE curve of the ion peak typically
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starts to rise from the baseline close to zero. Referring
to our previous experimental studies [22, 24, 25], the
“linear extrapolation method” was utilized to ascertain
the sample’s ionization potential (IP). The curve was
divided into a low-efficiency zone (where the ionization

efficiency approached zero) and a high-efficiency zone
(where the ionization efficiency significantly increased).
Linear fitting was performed on the high-efficiency
region, the fitted line was extended, and the intersection
point with the zero efficiency line was determined.
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Fig. 2. Mass spectra of toluene fine particles at an energy of a) 10.5 eV, b) 13.0 eV, and ¢) 15.5 eV.
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Fig. 3. Photoionization efficiency curve of toluene molecule ion (C H,").
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The photon energy corresponding to this intersection
point was the sample’s ionization potential. As
shown in Fig. 3, the ionization efficiency significantly
increased when the synchrotron radiation photon energy
exceeded 9.0 eV. The linear fit was performed on the
high-efficiency region, and the extended fitting line
intersected the zero efficiency line at the point of 8.83
eV. Therefore, the ionization potential of the toluene
molecule was determined to be IP(C H;")=(8.83+0.03)
eV. This value was relatively close to the IP obtained
by Lu et al. [30] using photoionization technology (PI)
(8.83 eV), by Klasinc et al. [31] with photoelectron
spectroscopy (PE) (8.79 eV), by Selim and Helal [32]
utilizing electron impact ionization (EI) (8.80+0.07 V),
and by Kobayashi et al. [33] based on charge transfer
spectroscopy (CTS) (8.91 eV). Based on the above
analysis, it could be concluded that when the photon
energy of the synchrotron radiation was 10.5 eV, toluene
and other organic compounds were ionized, and the
possibility of dissociation of the parent molecules was
minimized.

It is worth noting that the heated plate could induce
thermal decomposition, and some observed fragments
may originate from thermal desorption products.
Most SOA components (aromatics, carboxylic acids,
aldehydes, ketones, esters, and common oligomers)
have thermal decomposition thresholds (=180°C) under
vacuum and short residence times (<1 s) [34]. According
to the experimental results of Gloaguen et al. [35], Zhang
et al. [36], and our previous studies [22, 24, 25, 37], the
180°C heated plate does not induce significant thermal
decomposition of SOA components, and the observed
fragment ions exhibit identical ionization thresholds to
their parent molecules, demonstrating that fragments
were predominantly from soft VUV photoionization
rather than thermal desorption artifacts. To further
confirm this, the temperature of the heated plate was
set to 150, 180, and 210°C in sequence. The mass
spectra of toluene particles measured at a photon energy
of 10.5 eV, shown in Fig. Sl in the Supplementary
Information, were basically similar to those in
Fig. 2a), both showing only the main molecular ion peak
of toluene and no other fragment peaks. This confirmed
that under the condition of a heated plate at 180°C,
thermal decomposition was essentially not induced,
and the fragment ions detected in the experiment were
mainly generated by photoionization. Therefore, the
temperature of the heated plate was set to 180°C for
measuring the chemical components of toluene SOA in
this study.

Mass Spectrographic Analysis
of Toluene SOA Particles

Wall-loss correction is the prerequisite for measuring
the concentration of SOA. Based on our previous
experiments [16, 25, 26], the detailed explanation of how
wall-loss correction was offered in the Supplementary
Information. Particle wall loss was dependent on loss

coefficient & dcp(dp), which was related to particle diameter
(dp) as follows [38]:

kyy(d ) =ad" +c/d’

The parameters a, b, ¢, and d were obtained
from Fig. S2 shown in Supplementary Information
as 4.17x1015, 4.66, 10.18, and 0.75, respectively.
The concentration of SOA in the chamber was measured
using SMPS, and the wall effect was corrected according
to the above parameters. The variation of SOA mass
concentration with photooxidation time is shown in
Fig. 4. The reaction between toluene and OH radicals
produced semi- and non-volatile products, which formed
SOA after reaching their saturated vapor pressure. Some
toluene needed to be consumed within 15 minutes to
reach the saturation vapor pressure of the product;
therefore, the SOA concentration was only 7 pg/m?.
Then, the amount of gaseous products continued to
increase, and the SOA concentration swiftly rose from
28 pg/m? to 197 pg/m? during the 30-150 minute period.
Although no toluene was measured by GC-FID after
180 minutes, the SOA concentration detected by SMPS
reached 228 pg/m?. Subsequently, as the toluene reaction
was complete, the SOA concentration corrected for the
wall effect tended to stabilize [16, 25, 26]. Aerosol yield
is an important parameter in a chamber experiment.
The aerosol yield (Y) was defined as Y = AM /AROG,
where AM_ (ug/m’) was the mass concentration of
organic aerosol produced by the reaction, and AROG
(ng/m?) represented the gas concentration consumed by
the reaction [8, 9]. The yields of toluene SOA measured
in three experiments were 8.66%, 8.72%, and 8.69%,
respectively, with a standard deviation of 0.03%. At the
confidence level of 95%, the obtained yield of toluene
SOA was (8.69+0.07)%, which was comparable to the
yield of toluene SOA (8.5-11.4%) reported by Srivastava
et al. [8].

After 4 hours of photooxidation, chemical
components of toluene SOA were detected online
utilizing VUV-PIAMS. Fig. 5 illustrates the mass
spectra for toluene SOA obtained at a synchrotron
radiation photon energy of 10.5 eV. The ion peaks
generated by ionization of SOA constituents were more
abundant, and compared to Fig. 2, mass peaks such as
m/z =58, 64, 72, 74, 88, 94, 106, 108, 122, and 138 were
newly added. This indicated that new photooxidation
products had formed. Because of the relatively weak
intensity of some peaks (m/z = 58, 74, 88, and 138), PIE
curves for these peaks could not be acquired. The PIE
curves for m/z = 64, 72, 94, 106, 108 and 122 obtained
in the 7.5-11.5 eV range were displayed in Fig. 6. Based
on our previous experiments [22, 24, 25], the following
steps were adopted to qualitatively analyze the chemical
components of toluene SOA: (I) By combining the
m/z value of each peak and molecular weight (Mw)
of the possible product generated by the reaction of
toluene with OH radicals, the possible organic products
corresponding to each mass peak were qualitatively
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inferred. (2) For the PIE curve, the “linear extrapolation
method” was utilized to ascertain the sample’s IP, and it
was compared with the IP of the speculated component
provided by previous literature studies to determine
the product information. Different organic compounds
have different IP values. The obtained IP could be
used to qualitatively determine the organic product and
infer its structure [20, 21]. (3) The IP of the speculated
component was achieved through quantum chemical
calculations, and then compared with the experimentally
measured and previously reported values to further
confirm the product information.

The mass peaks at m/z = 64, 72, 94, 106, 108, and 122
shown in Fig. 5 had m/z values equal to the molecular
weights of furan, methylglyoxal, phenol, benzaldehyde,
methylphenol, and benzoic acid produced by the reaction
of toluene with OH radicals. These were speculated to
be molecular ion peaks for these products. The IPs of
components corresponding to m/z = 64, 72, 94, 106 and
122 were measured to be (8.92+0.03) eV, (9.63+0.03) eV,
(8.53+0.03) eV, (9.45+0.03) eV, and (9.26+0.03) eV,
respectively (see Fig. 6(a-d) and f)), which were
consistent with the IPs for furan, methylglyoxal, phenol,
benzaldehyde, and benzoic acid reported by Klapstein
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Fig. 4. Corrected concentration of toluene SOA versus photooxidation time.
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Fig. 5. Mass spectra of toluene SOA particles at an energy of 10.5 eV.
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[39], Reed and Brand [40], Watanabe [41], Behan et al.
[42], and Klasic et al. [31] (see Table 1). Thus, mass
peaks with m/z = 64, 72, 94, 106, and 122 were identified
as furan, methylglyoxal, phenol, benzaldehyde, and
benzoic acid molecular ion peaks. It is worth noting
that the PIE curve of the m/z = 108 ion peak presented
a stepped pattern. The high-efficiency regions for each
step were fitted linearly, and the intersection point of the
extended fitting line with the zero efficiency line (or the
parallel line of the zero efficiency line) was obtained,
resulting in two IPs of (8.28+0.03) eV and (8.93+0.03) eV
(see Fig. 6¢)). The IP of 2-methylphenol was measured
to be (8.24+0.02) ¢V by Maier and Turner [43], while
the IP of 4-methylphenol was determined to be 8.97 eV
by Crable and Kearns [44]. It could be inferred that the
m/z = 108 ion peak corresponded to the two isomers
of 2-methylphenol and 4-methylphenol. It should be
noted that other mass peaks might also contain isomeric
components. However, for the PIE curves of the other
peaks shown in Fig. 6, only one IP was measured, which
might be because the concentration of the corresponding
isomeric component was too low and its IP could not be
measured.

To further confirm the composition information
of toluene SOA, theoretical calculations on the IPs of
components were conducted. According to the theory of
quantum chemistry, the IP of an organic compound (R)
can be calculated using the following formula [20-22]:

R—>R " +e

IP(R) =E,(R*) ~E,(R)

where E (R) and E (R) represent the energies of the
organic compound (R) and its molecular ion (RY),
respectively. Based on the computational methods
developed in our previous studies [22, 24, 25], systematic
conformational searches were first performed for the
neutral organic compound (R) and its molecular ion (R")
using the MMFF94 molecular mechanics force field [45].
All low-energy conformers within 10 kJ/mol relative to
the global minimum were screened out for subsequent
quantum chemical calculations. The geometries
of all qualified conformers were fully optimized at

®B97X/6-31+G(d,p) with Gaussian 09 [46]. Vibrational
frequency analysis was carried out at the same
theoretical level to verify that all optimized structures
correspond to true energy minima (no imaginary
frequencies), and harmonic vibrational frequencies as
well as unscaled zero-point vibrational energies (ZPE)
(E,,.) were simultaneously obtained. Subsequently,
high-precision single-point energy (ECCSD(T)) calculations
were conducted at the CCSD(T)/cc-pVTZ level on the
most stable conformers from geometry optimization. A
standard scaling factor of 0.9806 was used to account
for anharmonicity and systematic errors in the harmonic
approximation. The accurate energy values of E (R)
and E (R") were computed as: E = ECCSD(T)+EZPE*0'9806'
Then, the ionization potential of the organic compound
(IP(R)) was determined by calculating the difference
between the two (E (R")-E (R)) [24, 25].

The ®B97X/6-31+G(d,p) method yielded relative
energies with an uncertainty of +(0.5-1.0) kJ/mol [47],
while the CCSD(T)/cc-pVTZ method presented a typical
uncertainty of +(1-2) kJ/mol for small-to-medium
organic molecules [48]. The uncertainty introduced by
ZPE scaling and correction was less than +0.5 kJ/mol
[49]. Thus, the overall combined uncertainty of the
present computational scheme was estimated to
be £(1.7-3.5) kJ/mol. Such calculation errors were
acceptable and did not affect the reliability of the
ionization potential results in this study. As shown
in Table 1, the calculated IPs of furan, methylglyoxal,
phenol, benzaldehyde, 2-methylphenol, 4-methylphenol,
and benzoic acid were in good agreement with the
values from previous literature [31, 39-44] and the IPs
measured in this study. This further confirmed that
peaks at m/z = 64, 72, 94, 106, 108, and 122 refer to
molecular ion peaks of these reaction products.

Offline Verification of Toluene
SOA Particle Components

According to the theoretical calculations by Suh
et al. [50] and the experimental results of Li et al. [7],
Srivastavad et al. [8], Lin et al. [51], and Jang et al. [52],
the OH radicals initiate the photooxidation of toluene
via methyl hydrogen abstraction and addition reactions

Table 1. lonization potential of m/z = 64, 72, 94, 106, 108 and 122 obtained by experiment (Exp.), theoretical calculation (Cal.),

and the possible formulas and species information for these ion peaks.

M/z Formula Species Exp. (eV) Cal. (eV) Reference (eV)
64 CHO Furan 8.92+0.03 8.91 8.90 [39]
72 CH,0, Methylglyoxal 9.63+0.03 9.65 9.60+0.06 [40]
94 CH.O Phenol 8.53+0.03 8.52 8.50+0.01 [41]
106 CHO Benzaldehyde 9.45+0.03 9.48 9.49 [42]
108 CHO 2-Methylphenol 8.28+0.03 8.27 8.24+0.02 [43]
[ 4-Methylphenol 8.93+0.03 8.92 8.97 [44]
122 CHO, Benzoic acid 9.26+0.03 9.32 9.3 [31]
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to the benzene ring. As shown in Fig. 7, after the OH
radicals extracted a methyl hydrogen atom, the oxygen
molecule promptly added to the carbon atom to form the
peroxy radical. This peroxy radical then reacted with
NO and the oxygen molecule to produce benzaldehyde.
Under the initiation of the OH radicals, benzaldehyde
could further react with the oxygen molecule to generate
benzoic acid [7, 8, 52]. OH radicals were mainly added
to the ipso, ortho, and para carbon atoms of the methyl
group, forming ipso-OH-toluene, ortho-OH-toluene, and
para-OH-toluene adducts. The ipso-OH-toluene adduct
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could dealkylate and lose a methyl substituent on the
benzene ring to generate phenol. Meanwhile, oxygen
molecules extracted the hydrogen from the carbon atom
associated with the OH group in ortho-OH-toluene and
para-OH-toluene adducts to yield 2-methylphenol and
4-methylphenol [7, 8, 51, 52].

In addition, an oxygen molecule could be added to
the ipso carbon atom of the methyl group in the ortho-
OH-toluene adduct to form ortho-OH toluene peroxy
radical (RO,), whose oxygen atom was extracted by
NO to produce ortho-OH-toluene alkoxy radical (RO)
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Fig. 6. Photoionization efficiency curves of a) m/z =64, b) m/z= 72, ¢) m/z= 94, d) m/z = 106, ¢) m/z = 108, and f) m/z = 122.
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Fig. 7. Suggested mechanism of the reaction of OH radicals with toluene to form phenol, benzaldehyde, methylphenol, and benzoic acid.

(see Fig. 8a)). The oxygen atom of the alkoxy radical
could attack the carbon on the benzene ring, forming a
wheelchair-shaped intermediate that underwent a series
of reactions to generate furan and methylglyoxal. Also,
the ortho-OH toluene peroxy radical could involve
the formation of a bicyclic radical with an O-O bridge
across the benzene ring, to which an oxygen molecule
was added to generate a bicyclic peroxy radical
subsequently. The formed bicyclic peroxy radical
reacted with NO to produce bicyclic alkoxy radical,
which underwent cleavage of O-O bond and C-C bond
of benzene ring to yield methylglyoxal and 2-butenedial
[7, 8, 51, 52]. Therefore, furan, methylglyoxal, phenol,
benzaldehyde, methylphenol, and benzoic acid were
major photooxidation products of toluene. They were
ionized to form mass peaks at m/z = 64, 72, 94, 106,
108, and 122 as illustrated in Fig. 5.

According to the research results of Molteni et al.
[53] and Dong et al. [54], the H-transfer and cyclization
reactions jointly promoted the autooxidation reaction
of toluene. As illustrated in Fig. 8a), for the ortho-
OH toluene peroxy radical formed by the reaction of
toluene with the OH radical and oxygen, the hydrogen
on the carbon atom adjacent to the peroxy group was
transferred to the terminal oxygen atom of the peroxy
group, and the oxygen molecule immediately attached
to the carbon atom, undergoing the cyclization reaction
to form a bicyclic radical subsequently. This bicyclic
radical continued to react with the oxygen molecule

to produce a bicyclic peroxy radical, which further
reacted with the HO, radical to generate low-volatility
highly oxygenated organic molecule (HOM) products.
It is worth noting that the generated methylglyoxal
and other dialdehydes could undergo acid-catalyzed
hydration and oligomerization reactions to form
oligomer products. As shown in Fig. 8b), the acid-
catalyzed hydration reaction of methylglyoxal generated
diol products, which underwent self-reactions to yield
a cyclic dimer. This cyclic dimer could further lead to
oligomerization reactions to produce cyclic trimers,
tetramers, and other oligomer products [7, 55]. Owing
to HOMs and cyclic oligomer products having lower
volatility and higher ionization energy [20], the
molecular ion peaks of these lower volatility products
could not be detected using VUV-PIAMS in this study.
Future experiments can increase the temperature
of the metal plate and the photon energy of the
synchrotron radiation to measure these lower volatility
products.

UV-Vis absorption spectra of the toluene SOA
extraction solution are shown in Fig. 9. There were
no absorption peaks in the visible light range of 400-
600 nm, but there was a strong band at 210 nm. This
band was a characteristic absorption produced by the
n—7* transition of the carbonyl group [27]. In addition,
there was a characteristic absorption peak of a phenolic
compound near 277 nm [56]. These confirmed that
phenolic and carbonyl products were major components
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Fig. 8. Suggested mechanism of the reaction of OH radicals with toluene to form furan, methylglyoxal, highly oxygenated organic

molecules, and oligomer products.

of toluene SOA. The negative ion mass spectra for the
SOA extraction solution displayed in Fig. 10 contained
strong ion peaks with m/z = 63, 71, 93, 105, 107, and
121. As suggested by Carlton et al. [27], electrospray
negative ionization mode could offer molecular weight
information about the sample components via the
deprotonated molecular ion peak ([M-H]). Based
on the suggested reaction mechanism and molecular
weight (Mw) information of the products formed

1.0

from the reactions of toluene with OH radicals shown
in Fig. 7 and Fig. 8, these ion peaks corresponded to
furan (Mw = 64, m/z = 63), methylglyoxal (Mw = 72,
m/z = 71), phenol Mw = 94, m/z = 93), benzaldehyde
(Mw = 106, m/z = 105), methylphenol (Mw = 108,
m/z = 107), and benzoic acid (Mw = 122, m/z = 121).
According to the online detection by VUV-
PIAMS and offline verification wusing UV-Vis
absorption spectroscopy and electrospray ionization
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Fig. 9. UV-Vis absorption spectra of the toluene SOA extraction solution.
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Fig. 10. Negative ion mass spectra of the toluene SOA extraction solution.

mass spectrometry, referring to the possible reaction
mechanisms of toluene with OH radicals, it could
be confirmed that furan, methylglyoxal, phenol,
benzaldehyde, methylphenol, and benzoic acid were
major components of toluene SOA. This was consistent
with product information measured in photooxidation
experiments of toluene performed by Li et al. [7],
Srivastava et al. [8], Lin et al. [51], and Jang et al. [52].
It is worth noting that the area of each ion peak in the
mass spectra of toluene SOA can roughly determine the
relative abundances of the products and the generated
quantity ratio of each product. The proportion of
the product corresponding to a certain ion peak can be
obtained by dividing the area of that ion peak by the total
area of all ion peaks [20, 22, 25]. Based on the area of
each ion peak in Fig. 5, it was found that methylphenol,
benzaldehyde, benzoic acid, methylglyoxal, phenol,
furan, and unidentified components accounted for
21.4%, 17.1%, 15.7%, 14.3%, 12.9%, 11.4%, and 7.2% of
the measured components, respectively. The generated
quantity ratio of methylphenol, benzaldehyde, benzoic
acid, methylglyoxal, phenol, and furan was 15: 12: 11:
10: 9: 8.

Although no new products or mechanisms were
identified, two isomers of 2-methylphenol and
4-methylphenol were first detected online in this study.
It is worth mentioning that Sato et al. [S7] have measured
the mass spectra of toluene SOA using an Aerodyne
aerosol mass spectrometer (AMS), which mainly
contained fragment peaks such as m/z = 18, 29, and 44
(see Fig. S3 in Supplementary Information), generated
from the dissociation of organic compounds like
aldehydes, ketones, and carboxylic acids. In contrast,
the mass spectra of toluene SOA measured by VUV-
PIAMS, shown in Fig. 5, mainly contained molecular
ion peaks of organic components. By combining the IP

obtained from the PIE curve displayed in Fig. 6, furan,
methylglyoxal, phenol, and other products were directly
identified.

ESI-MS provided protonated ion peaks for the
components of toluene SOA extraction (as shown in
Fig. 10), but it was unable to distinguish the isomeric
components corresponding to the mass peak. For
instance, for the deprotonated ion peak of m/z =
107, only methylphenol could be identified. On the
contrary, VUV-PIAMS detected a molecular ion peak of
methylphenol at m/z = 108, measured its PIE curve, and
obtained two IPs of (8.28+0.03) eV and (8.93+0.03) eV
(see Fig. 6¢)), corresponding to the IP of 2-methylphenol
and 4-methylphenol, respectively. It could be inferred
that the m/z = 108 ion peak corresponded to the
two isomers of 2-methylphenol and 4-methylphenol.
Compared to AMS and ESI-MS, VUV-PIAMS online
detection, as a “soft ionization” technology, could
minimize the possibility of dissociation for aerosol
component molecules by controlling the photon flux and
attaining molecular ion peaks of the components. By
scanning the synchrotron wavelength, the PIE curve was
obtained, and the structural information of the measured
components was obtained based on the ionization
potential. VUV-PIAMS can overcome cumbersome
preparation procedures, time-consuming processes,
potential secondary pollution, and other disadvantages
of offline detection. It is a useful tool for measuring the
chemical composition of SOA particles and revealing
their formation processes.

It should be noted that the total carbon mass of initial
toluene was partitioned into four components: residual
gaseous toluene, gas-phase oxidation intermediates,
particulate SOA mass, and chamber wall loss mass.
VUV-PIAMS primarily detected molecular ions with
minimal fragmentation, but it might miss highly
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oxygenated species (low volatility but poor ionization
efficiency at typical VUV energies) and gas-phase
oxidation intermediates that did not partition to the
aerosol phase. Furthermore, due to experimental
limitations, it was currently impossible to measure the
loss of toluene caused by the wall effect. Therefore,
carbon mass balance analysis and concentration
estimates were not conducted in this study. Subsequent
experiments can delve into carbon mass balance analysis
and product concentration measurements to further
determine the atmospheric mechanism of toluene
photooxidation.

Conclusions

VUV-PIAMS based on synchrotron radiation was
combined with a smog chamber to conduct online
measurement of SOA generated by the photooxidation
of toluene. The obtained mass spectra of toluene SOA
mainly presented ion peaks of m/z = 64, 72, 94, 106,
108, and 122. The PIE curve of each ion peak within
the 7.5-11.5 eV synchrotron radiation photon range
was measured, and thereby the ionization potential
of each mass peak was acquired. Through the
analysis of measured ionization potential, quantum
chemical calculations, offline measurements using
ultraviolet-visible ~ absorption  spectroscopy, and
electrospray ionization mass spectrometry, furan,
methylglyoxal, phenol, benzaldehyde, 2-methylphenol,
4-methylphenol, and benzoic acid were identified as
the main components of toluene SOA. Based on the
areas of the mass peaks, methylphenol, benzaldehyde,
benzoic acid, methylglyoxal, phenol, furan, and
unidentified components accounted for 21.4%, 17.1%,
15.7%, 14.3%, 12.9%, 11.4% and 7.2% of the measured
components, respectively. The generated quantity
ratio of methylphenol, benzaldehyde, benzoic acid,
methylglyoxal, phenol, and furan was 15:12:11:10:9:8.
VUV-PIAMS can minimize the formation of fragment
ions to the greatest extent possible. The ionization
potential of each mass peak is obtained through its
PIE curve, and the component structural information
can be analyzed; the isomeric components can also
be distinguished. VUV-PIAMS can overcome the
disadvantages of offline detection, which can be used for
the online measurement of SOA.
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