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A vacuum ultraviolet free electron laser (VUV-FEL) photoionization aerosol mass spectrometer (AMS) has

been developed for online measurement of neutral compounds in laboratory environments. The aerosol

apparatus is mainly composed of a smog chamber and a reflectron time-of-flight mass spectrometer

(TOF-MS). The indoor smog chamber had a 2 m3 fluorinated ethylene propylene film reactor placed in a

temperature- and humidity-controlled room, which was used to generate the aerosols. The aerosols

were sampled via an inlet system consisting of a 100 mm orifice nozzle and aerodynamic lenses. The

application of this VUV-FEL AMS to the a-pinene ozonolysis under different concentrations reveals two

new compounds, for which the formation mechanisms are proposed. The present findings contribute to

the mechanistic understanding of the a-pinene ozonolysis in the neighborhood of emission origins of

a-pinene. The VUV-FEL AMS method has the potential for chemical analysis of neutral aerosol species

during the new particle formation processes.

1. Introduction

Atmospheric pollution is becoming a severe issue in the develop-
ing world as it causes severe health and traffic problems for
human society.1 The formation of molecular compounds and
their growth to larger sizes are critical to the nucleation of
atmospheric aerosol particles, which have important influence
on climate through indirect radiative effects.2–4 Precise measure-
ment of chemical compositions of molecular compounds and
their dynamical changes with environmental conditions is a
prerequisite for understanding the initial steps of atmospheric

aerosol formation. The key steps of atmospheric aerosol for-
mation occur in the size range below 2 nm, in which direct
detection of sub-2 nm aerosol species and their precursors has
been proven to be a challenging experimental target.3

Aerosol mass spectrometry (AMS) is an essential method for
real-time measurements of aerosols in both field and labora-
tory studies.5–31 Numerous efforts have been devoted to the
mass spectrometric study of charged species, for which the
detection is easy. In contrast, neutral species present major
experimental challenges because the absence of charge makes
the detection difficult. Various techniques were utilized to
ionize neutral aerosol species, such as chemical ionization,
70 eV electron impact, ultraviolet (UV), and vacuum ultraviolet
(VUV) lasers.6–12,14,17,18,20,22–25,28,29,31 Along with significant
advances in theoretical calculations, these studies provided
great insights into the sizes, structures, chemical compositions,
and other characteristics of charged and neutral aerosols.

Recently, a Dalian Coherent Light Source (DCLS) facility
has been developed,32 which delivers a VUV free electron laser
(VUV-FEL) with a continuously tunable wavelength in the
50–150 nm (8.3–24.8 eV) range. We have set up an infrared
spectroscopic apparatus with this VUV-FEL, which allows for
highly sensitive and size-selective photoionization of neutral
clusters.33–38 With this new technique, we find noncyclic three-
dimensional structure of water clusters begins to exist already at
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the pentamer with low finite temperature.35 With trimethyla-
mine–water as archetypical model bound by a single hydrogen
bond, we have been able to resolve the previously masked
coupling between the fluctuation of the hydrogen bond and the
stretch of hydrogen-bonded OH.37 In this work, we report the
construction of an aerosol apparatus of VUV-FEL photoionization
AMS (VUV-FEL AMS) and its preliminary applications to the
standard organic compound and the a-pinene ozonolysis.

2. Experimental method

Fig. 1 shows the schematic diagram of home-built aerosol
apparatus, which is mainly composed of a smog chamber
and a reflectron time-of-flight mass spectrometer (TOF-MS).
Both the source (with aerodynamic lens assembly) and TOF-MS
chambers were pumped using turbomolecular pumps
(Edwards, STPA1603C) with a dinitrogen pumping speed of
1600 L s�1. The differential chamber between the source and
TOF-MS chambers was pumped by a turbomolecular pump
(Edwards, STP301) with a dinitrogen pumping speed of 300 L
s�1. Note that one of us has constructed an aerosol apparatus
coupled to the Advanced Light Source (ALS) at Lawrence
Berkeley National Laboratory, which has multiple capabilities
(i.e., VUV light scattering, photoelectron imaging, and mass
spectroscopy).15 The different aspects of the present apparatus
with respect to the previous one are described here.

2.1 Construction and characterization of smog chamber

The smog chamber was established at the Dalian Institute of
Chemical Physics, Chinese Academy Sciences (hereafter
referred as the ‘‘DICP-CAS chamber’’), which had a volume of
2 m3 made of fluorinated ethylene propylene film (see ESI† for
details). O3 was produced by an ozone generator (BNP Ozone
technology Co., Model OZ-3G). The air dryer (Atlas Copco,
Model F11) was used to get rid of water. The concentrations
of NO/NO2/NOx, SO2, and O3 inside the reactor were measured
by Thermo Scientific Model 42i, 43i, and 49i analyzers, respec-
tively, and VOCs by proton-transfer reaction mass spectrometer
(PTR-QMS 3000, East & West Analytical Instruments, China).
Particle number concentrations and size distributions were

measured by a scanning mobility particle sizer spectrometer
(SMPS 3938NL76; TSI Incorporated, USA). The characterization
results of the DICP-CAS chamber were shown in Fig. S1–S7 in
ESI,† respectively. The wall loss rates of NO, NO2, and O3 are
4.09 � 10�4, 4.06 � 10�4, and 7.42 � 10�4 min�1, respectively,
which are all within the range of other chamber facilities
(Table 1).

The particle size distribution during the dark a-pinene
ozonolysis as a function of time is shown in Fig. 2. With the
injection of O3, the a-pinene ozonolysis happens rapidly and
results in the formation of secondary organic aerosol (SOA).
The SOA yield data obtained in the DICP-CAS chamber are
consistent with other chamber facilities (Fig. S7, ESI†).

2.2 Reflectron TOF-MS

A silicone tube (inside diameter size: 6.35 mm; length: 1 m) was
utilized to connect the reaction chamber and the MS chamber
coupled to the VUV-FEL beamline. The sampling flow was
about 0.1 L min�1. The full aerosol population was transported
by an aerodynamic lens assembly from the reaction chamber
into the MS chamber. The aerodynamic lens assembly was
similar to the ‘‘nanolenses’’ reported previously.43 A nozzle of
100 mm orifice was used to limit the aerosol flowrate into the
aerodynamic lens system. An aperture with a 4 mm diameter
was used to connect the source chamber and the differential
chamber of the MS, while an aperture with a 3 mm diameter
was used to connect the differential chamber and the TOF-MS
detection chamber. The distance between the exit of aerody-
namic lens assembly and the center of the photoionization

Fig. 1 Schematic view of aerosol apparatus based on a vacuum ultraviolet
free electron laser.

Table 1 Comparison of wall loss rates of DICP-CAS chamber with other
chamber facilities

Chamber name
Reactor
volume (m3)

Wall loss rates (min�1)

NO NO2 O3

GIG-CAS39 30 1.41 � 10�4 1.39 � 10�4 1.31 � 10�4

NCAT40 9 7.40 � 10�4 3.47 � 10�4 5.90 � 10�4

KNU41 7 3.78 � 10�4 4.48 � 10�5 6.47 � 10�5

Tsinghua42 2 3.83 � 10�5 4.17 � 10�5 6.07 � 10�4

DICP-CAS 2 4.09 � 10�4 4.06 � 10�4 7.42 � 10�4

Fig. 2 Temporal evolution of the particle size distribution during the dark
a-pinene ozonolysis. The initial conditions are as follows: a-pinene
(92 ppb), O3 (584 ppb), 295 K, relative humidity 2.6%, all blacklights off.
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region was 140 mm. For the present experiments, the com-
pounds were continuously introduced into the center of the
photoionization region of the TOF-MS.

The design of reflectron TOF-MS was a variant of the
Wiley-McLaren type.44 The extraction plates were powered by
a high-voltage direct current (DC) of 2950 V, by which the
charged compounds were deflected out of the particle beam
by the DC electric field. The neutral compounds were ionized
by VUV light in the center of the photoionization region of the
TOF-MS. The electric fields of the drift tube and the reflector
were shielded by a steel cylinder to avoid interfering with the
flight of ions. The ions were detected using a dual microchan-
nel plate (MCP). The transient signals from the MCP were first
amplified by a fast preamplifier (FEMTO, DHPCA-100) and
then sent to a dual 1 GHz multiscaler (FAST ComTec GmbH,
P7888-2) installed in a computer for real-time data collection.
A delay generator (Stanford Research Systems, DG645) was
utilized to control the timing sequence. The best resolution
of VUV-FEL AMS is about M/DM = 1800 (Fig. S8, ESI†).

2.3 VUV laser system

The VUV-FEL light was generated at the DCLS described
previously.33 The VUV-FEL was operated in high-gain harmo-
nic generation mode,45 in which a seed laser was injected to
interact with the electron beam in the modulator. Given the
proper optimization of the linear accelerator, a high-quality
beam with an emittance as low as B1.5 mm mrad, a pro-
jected energy spread of B1%, and a pulse duration of
B1.5 ps can be obtained. The VUV-FEL pulse was currently
operated at 20 Hz and can be tuned up to 50 Hz. The
maximum pulse energy of the VUV-FEL was B100 mJ per
pulse at 118 nm. An online VUV spectrometer was used to
record the spectral characteristics (wavelength, energy, time
profile) of every VUV-FEL pulse. In contrast with the tabletop
four wave mixing (FWM) VUV laser, the VUV-FEL has
two advantages, the wide range of tunable wavelength
(50–150 nm) and the high pulse energy, which can be seen
from Fig. 3 and 4 (vide infra). The pulse energy of the VUV-
FEL (B1014 photons per pulse) is about 6 orders higher than
that of the ALS synchrotron VUV (B108 photons per pulse).
However, the repetition rate of the VUV-FEL (10, 20, 25, and
50 Hz) is much lower than that of the ALS synchrotron VUV
(quasicontinuous, 500 MHz). These capabilities of the
VUV-FEL make it more suitable for the study of pulsed
samples. Concerning that the high pulse energy may lead
to saturation of photoionization, the VUV-FEL pulse energy
dependence of the signal is routinely measured to ensure
that the mass spectral intensity of a given species is linear
with photon flux.

To compare with VUV-FEL photoionization efficiency, a
tabletop FWM VUV light (118 nm) was generated by third
harmonic generation (355 nm) of a Nd:YAG laser (Nimma-
600) via Xe/Ar gas mixture at 1 : 10 relative concentration for
200 torr total pressure. The repetition rate and maximum pulse
energy of FWM 118 nm light was 20 Hz and B0.1 mJ per pulse,
respectively.

3. Preliminary results
3.1 Comparison of mass spectra of organic compound
ionized by the tabletop FWM and the VUV-FEL

The vanillin is taken as a model of organic compound for the
comparison of FWM and VUV-FEL photoionization efficiency.
The vanillin (499%) was purchased from Aladdin. The isopro-
panol was used as the solvent. The concentration of the vanillin
solution was 3.3 mmol L�1. The vanillin aerosols were gener-
ated with a traditional jet nebulizer by nebulizing the solutions
(Fig. 1). The flow rate of the nebulization was 3.5 L min�1.

Fig. 3 shows the mass spectra of vanillin ionized by the FWM
(118 nm) and the VUV-FEL (118 nm, 125 nm, 135 nm, and
145 nm). Note that the ionization energy of the vanillin is
8.31 eV (149.2 nm)46 and that of the isopropanol is 10.15 eV
(122.1 nm),47,48 respectively. With the FWM (118 nm) photo-
ionization (Fig. 3a), the molecular ion (m/z = 152, labeled with
‘‘vanillin+’’) of vanillin (C8H8O3) is weakly observed,46,49 while
the molecular ion (m/z = 60, labeled with ‘‘IPA+’’) of isopropanol
(C3H8O, IPA) is readily detected as well as the m/z = 44
signal.48,50,51 Note that the VUV photon energy at 118 nm
(10.51 eV) is about 2.20 eV higher than the ionization energy
of vanillin (8.31 eV), the photoionization could be saturated for
vanillin even with the FWM 118 nm light. With the VUV-FEL
118 nm photoionization of vanillin, the detector is found to be
readily saturated with the intense signal and its detection
threshold has to be reduced. Thus, the enhancement extent
for the vanillin+ signal intensity is not linearly dependent on
the high pulse energy of VUV-FEL, resulting in the difficulty of

Fig. 3 Mass spectra of vanillin ionized by the tabletop FWM (118 nm) and
the VUV-FEL (118 nm, 125 nm, 135 nm, and 145 nm). The peak labeled with
‘‘vanillin+’’ stands for molecular ion of the solute vanillin and ‘‘IPA+’’ for the
solvent isopropanol (IPA), respectively.
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direct assessment of the increase magnitude of vanillin signal.
While the wavelength and the pulse energy of VUV-FEL can be
tuned, the saturation of VUV-FEL photoionization could be
avoided.

When tuning the wavelength of VUV-FEL to 125 nm with the
VUV photon energy lower than the ionization energy of IPA, the
IPA+ ions disappear (Fig. 3c). In contrast with the VUV-FEL
118 nm mass spectrum, the intensities of the m/z = 15 and 44
fragments are substantially reduced at 125 nm and become
negligible at 135 nm and 145 nm, whereas the intensities of the
vanillin+ ions are virtually unchanged. Small amounts of the
m/z = 15 and 44 signals are also observed in the VUV-FEL
125 nm spectra where the photon energy is below the ionization
threshold of IPA. This suggests that the contribution for the
m/z = 15 (CH3

+) and 44 (CH2QCHOH+) fragments might be
mainly from the massive solvent isopropanol and minorly from
the solute vanillin, for which the fragmentation mechanisms
have been previously discussed in detail.48,50,51 These results
demonstrate that the tunable VUV-FEL allows for photoioniza-
tion of neutral compounds with high sensitivity and selectivity.

3.2 VUV-FEL photoionization mass spectra of a-pinene
ozonolysis

The oxidation of volatile organic compounds (VOCs) is a major
source of SOA, which is known to affect the Earth’s radiation
balance by scattering solar radiation and by acting as cloud
condensation nuclei.52,53 While monoterpene represents an impor-
tant family of VOCs, a-pinene is the most abundant monoterpene
in the atmosphere and its oxidation has attracted considerable
attention.54,55 The reaction of a-pinene with ozone has been
studied using various experimental techniques, such as gas chro-
matography, electron-impact mass spectrometry, chemical-impact
mass spectrometry, and Fourier transform infrared spectro-

scopy.56–63 The major products of pinonaldehyde, nor-pinonic acid,
and pinonic acid have been identified. Here, the a-pinene ozonolysis
is chosen as an example to demonstrate the capability of the
VUV-FEL AMS method for online characterization of neutral com-
pounds generated in the smog chamber. The a-pinene (499%) was
purchased from Aladdin.

Fig. 4 shows the VUV-FEL photoionization mass spectra of
the compounds generated from the a-pinene ozonolysis under
different concentrations, in which the size distribution for the
products is B100 nm, similar to that shown in Fig. 2. The
m/z = 126, 140, 154, 168, and 184 compounds are assigned on
the basis of the previous studies,57 and their identifications,
molecular structures, and formula are listed in Table 2. The
peaks below 90 Da, including those with m/z centered at 28, 43,
58, 70, and 84, could be attributed to the fragment ions of
compounds bearing hydrocarbon, carboxyl, hydroxy, and
ketone groups, similar to the results observed using
atmospheric pressure ionization mass spectrometry64 and
thermal-desorption dichloromethane-induced low-pressure
photoionization mass spectrometry.61 In addition, two new
peaks at m/z = 112 and 114 are observed. As exemplified by
the m/z = 114 peak, mass spectral intensity increases with the
increase of the concentration of a-pinene (Fig. 5). Better mass
spectral resolution is obtained at the 125 nm photoionization.
As shown Fig. 4d and e, the intensities of the peaks below 90 Da
in the 118 nm spectra are stronger than those in the 125 nm
spectra, in the price of the reduced intensities of the m/z = 140,
168, and 184 peaks, indicating that the peaks below 90 Da
could be ascribed to the fragments generated from the
m/z = 140, 168, and 184 compounds. The intensities of the
m/z = 112 and 114 peaks do not remarkably vary in the 118 nm
and 125 nm spectra, implying that the m/z = 112 and 114
compounds are not fragments produced during ionization.

Fig. 4 VUV-FEL photoionization mass spectra of the compounds generated from the a-pinene ozonolysis in the DICP-CAS chamber.
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The influence of the addition of the OH radical scavenger
(cyclohexane) on the a-pinene ozonolysis was investigated. As
shown in Fig. 6, the m/z = 112 and 114 peaks are remarkably
reduced to be negligible in the presence of the OH scavenger,
indicating that the OH is involved in the formation of the
m/z = 112 and 114 compounds. No obvious peaks are observed
in the VUV-FEL photoionization mass spectra of the com-
pounds generated from the pure a-pinene experiments
(Fig. S9–S11, ESI†), suggesting that the impurity of a-pinene
sample or the autoxidation product of a-pinene does not
contribute to the formation of the m/z = 112 and 114
compounds.

In order to understand the experimental mass spectra of
a-pinene ozonolysis, quantum chemical calculations were

carried out at the oB97XD/def2-TZVP level of theory using the
Gaussian 09 program.65 The formation mechanism of the
m/z = 112 and 114 compounds is proposed in Fig. 7. The 1 -

2 reaction (O3 cycloaddition process) is predicted to be highly
exothermic (61.6 kcal mol�1) with a very small barrier
(5.4 kcal mol�1) (Fig. 7), which is consistent with the previous
studies.62,66 The 2 - 3 reaction (C–C bond cleavage) is both
thermodynamically exothermic and kinetically facile with a
barrier of 21.5 kcal mol�1. The 3 - 4 reaction is intramolecular
hydrogen abstraction of H(CH2) by terminal O atom, which is
exothermic (21.7 kcal mol�1) with a barrier of 19.3 kcal mol�1.
The 4 - 5 reaction (CQC ozonolysis) is facile according to the
1 - 3 reaction, which is highly exothermic by 85.7 kcal mol�1.
The isomerization from 5 to 5a is exothermic by 23.1 kcal mol�1

with a barrier of 22.3 kcal mol�1, which is in accord with the
observation of peroxy species.63 The 5a - 6 reaction is hydro-
gen abstraction by OH with the O–O bond cleavage, which is
highly exothermic (100.1 kcal mol�1). Note that the energy for
the adduct of 5a and OH is lower than 5a by 5.0 kcal mol�1,
indicating that the barrier of the 5a - 6 reaction is
4.8 kcal mol�1. Compound 6 releases CO2 to produce 7, which
is predicted to be exothermic by 12.0 kcal mol�1 with a very
small barrier of 2.2 kcal mol�1. Compound 7 reacts with O2

to generate 8, which is calculated to be exothermic by
36.5 kcal mol�1.

Compound 8 donates O to the CQC bond of 1 with the
formation of 9, which is exothermic by 32.5 kcal mol�1 with a
barrier of 5.8 kcal mol�1. 9 reacts with O2 to form 10, which is
calculated to be exothermic by 30.1 kcal mol�1 with a barrier
of 12.1 kcal mol�1. The 10 - 11 reaction is hydrogen
abstraction by OH with the release of H2O, which is predic-
ted to be exothermic by 24.9 kcal mol�1 with a barrier of
0.9 kcal mol�1. The 11 - 12 reaction (CQC ozonolysis) is
facile according to the 1 - 3 reaction, which is highly

Table 2 Products identified in the reaction of a-pinene with O3 in the smog chamber

Molecular weight Identification Structure Formula

184 Pinonic acid C10H16O3

168 Pinonaldehyde C10H16O2

154 Norpinonaldehyde C9H14O2

140 3-Oxo-2,2-dimethylcyclobutyl-ethanone C8H12O2

126 3-Oxo-2,2-dimethyl-cyclobutyl-methanal C7H10O2

114 2,2-Dimethyl-3-hydroxyl-cyclobutanone C6H10O2

112 2,2-Dimethyl-1,3-cyclobutanedione C6H8O2

Fig. 5 The signal intensities of the m/z = 114 peak as a function of the
concentration of a-pinene. The mass spectra were measured at the
VUV-FEL 118 nm.
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exothermic by 104.8 kcal mol�1. Compound 9 abstracts
hydrogen from 1 to form 13, which is predicted to be
exothermic by 16.0 kcal mol�1 with a barrier of

2.5 kcal mol�1. The 13 - 14 reaction is facile according to
the 10 - 12 reaction, resulting in the formation of the m/z =
114 compound.

Fig. 6 VUV-FEL photoionization mass spectra of the compounds generated from the a-pinene (77 ppm) + O3 (2 ppm) reaction without/with OH-
scavenger. The compounds were ionized by the VUV-FEL at 125 nm.

Fig. 7 Proposed formation mechanism of the m/z = 112 and 114 compounds from the reaction of a-pinene with O3. Calculations were performed at the
oB97XD/def2-TZVP level of theory. Energies are listed in kcal mol�1, which are relative to a-pinene. The structures of 10 and 100 are shown in the dash-
lined square.
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It can be seen from Fig. 7 that the a-pinene (1) is involved in
the 8 - 9 and 9 - 13 reactions, suggesting that the higher
concentration of a-pinene is helpful for the generation of more
amounts of compounds 12 and 14. The proposed mechanism
thus supports the experimental observation of compound 12
(m/z = 112) and compound 14 (m/z = 114) under high concen-
tration of a-pinene. These results would help to understand
the complicated reaction mechanisms of the a-pinene ozono-
lysis nearby the emission origins with concentrated
a-pinene.53–55,60,61,63

4. Conclusion

We report the construction and characterization of an aerosol
mass spectrometer (AMS) of neutral compounds based on
photoionization using a tunable vacuum ultraviolet free-
electron laser (VUV-FEL AMS). The comparison of mass spectra
of vanillin ionized by the VUV-FEL and the tabletop four wave
mixing VUV indicates the sensitivity and selectivity of VUV-FEL
photoionization. The VUV-FEL photoionization mass spectra of
the a-pinene ozonolysis under high concentration of a-pinene
reveal two new compounds. The present findings contribute to
the mechanistic understanding of the complicated reactions
of the a-pinene ozonolysis nearby the original circumstances of
the emission of concentrated a-pinene. The VUV-FEL AMS
method presents a promising paradigm for the study of a wide
variety of neutral aerosol species.
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