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Abstract. Highly oxygenated compounds are important con-
tributors to the formation and growth of atmospheric organic
aerosol and thus have an impact on Earth’s radiation balance
and global climate. However, knowledge of the contribu-
tion of highly oxygenated compounds to organic aerosol and
their fate after condensing into the particle phase has been
limited by the lack of suitable detection techniques. Here,
we present a new online method for measuring highly oxy-
genated compounds from organic aerosol. The method in-
cludes thermal evaporation of particles in a new inlet, the va-
porization inlet for aerosols (VIA), followed by identification
of the evaporated highly oxygenated compounds by a nitrate
chemical ionization mass spectrometer (NO3-CIMS). The
method does not require sample collection, enabling highly
time-resolved measurements of particulate compounds. We
evaluate the performance of the method by measuring the
detection limit and performing background measurements.
We estimate a detection limit of below 1 ng m−3 for a sin-
gle compound and below 1 µg m−3 for SOA with the sam-
pling setup used here. These detection limits can be improved
upon by optimizing the flow setup. Furthermore, we detect
hundreds of particulate highly oxygenated compounds from
organic aerosol generated from different precursors. Our re-
sults are consistent with previous studies showing that the
volatility of organic compounds decreases with increasing
m/z ratio and level of oxygenation and that organic aerosol
consists of monomers and oligomeric compounds. By com-

paring the gas- and particle-phase compounds, we found in-
dications of potential particle-phase reactions occurring in
organic aerosol. Future work will focus both on further im-
proving the sampling design and on better understanding
the evaporation dynamics of the system, but already these
initial tests show that the VIA coupled to the NO3-CIMS
is a promising method for investigating the transformations
and fate of the compounds after condensing into the particle
phase.

1 Introduction

Atmospheric aerosol particles influence Earth’s climate by
scattering or absorbing solar radiation and by altering cloud
properties (Carslaw et al., 2013). Secondary organic aerosol
(SOA), formed in the atmosphere from gas-to-particle con-
versions, contributes a large fraction to the submicron tro-
pospheric aerosol (Jimenez et al., 2009). SOA is produced
by the oxidation of volatile organic compounds (VOCs), and
it is a complex system consisting of many individual or-
ganic compounds partitioning between the gas and the par-
ticle phase. Only a small fraction of the compounds within
SOA are identified, leading to large uncertainties in estimat-
ing the climate impacts of SOA (Hallquist et al., 2009; Gla-
sius and Goldstein, 2016).
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Recently, it was discovered that some VOCs form highly
oxygenated organic molecules (HOMs) via a process called
autoxidation (Crounse et al., 2013). These molecules are es-
timated to explain a large fraction of SOA formation due
to their low volatilities (Ehn et al., 2014; Kirkby et al.,
2016). While HOMs are extensively studied and observed
in the gas phase, their fate after condensing into the particle
phase is poorly characterized due to limitations in the mea-
surement techniques. Simply studying the condensing com-
pounds is not enough, owing to potential chemical reactions
taking place within the particles. These reactions can lead
to changes in the chemical composition and properties of
SOA, thus affecting its formation and evolution in the atmo-
sphere. It has been suggested that after condensation, HOMs
either remain in the particle phase without structural changes,
undergo fragmentation reactions, or undergo accretion reac-
tions (Mutzel et al., 2015; Bianchi et al., 2019). To improve
our understanding of the aerosol formation and growth pro-
cesses that influence Earth’s radiation balance and global cli-
mate, a suitable method for measuring the highly oxygenated
compounds from organic aerosol is needed.

Chemical ionization mass spectrometry is the main tool for
the detection of gas-phase oxygenated organic compounds
(Lee et al., 2014; Ehn et al., 2014; Riva et al., 2019b). In or-
der to make the particle-phase molecules detectable with a
mass spectrometer, they need to be converted to gas-phase
ions. Offline or semi-online thermal desorption methods
are commonly used to measure particle-phase compounds.
Smith et al. (2004) presented the thermal desorption chem-
ical ionization mass spectrometer (TDCIMS) for measuring
the composition of sub-20 nm aerosol. They use an aerosol
charger to collect ambient particles on a wire in an elec-
trostatic precipitator, which is then heated, and the evapo-
rated compounds are analyzed with a chemical ionization
mass spectrometer. Another instrument utilizing particle col-
lection, the filter inlet for gases and aerosol (FIGAERO)
(Lopez-Hilfiker et al., 2014), is used to analyze the aerosol
composition by collecting sample aerosol on a PTFE filter
and desorbing the collected sample with heated N2 flow.
In addition to these, thermal desorption is also utilized in
the chemical analysis of the aerosol online (CHARON) in-
let (Eichler et al., 2015). It consists of a gas-phase denuder
for removal of the gas-phase compounds, an aerodynamic
lens for particle collimation, and a thermodesorption unit for
particle evaporation. The evaporated compounds can be ana-
lyzed with low-pressure gas analyzers. The recently devel-
oped extractive electrospray ionization time-of-flight mass
spectrometer (EESI-TOF) (Lopez-Hilfiker et al., 2019) is
an online method for aerosol analysis without thermal des-
orption. In the EESI-TOF, the sample particles collide with
charged electrospray droplets, and the soluble compounds
are extracted and ionized as the electrospray solvent evap-
orates.

Here, we present an online thermal evaporation method
for measuring highly oxygenated compounds from organic

aerosol. The method includes a new inlet, the vaporization
inlet for aerosols (VIA), for particle evaporation and a ni-
trate chemical ionization mass spectrometer (NO3-CIMS) to
detect the evaporated highly oxygenated compounds. The
method does not require sample collection, enabling highly
time-resolved measurements of particulate compounds. Fur-
thermore, the VIA can be coupled to different gas-phase ana-
lyzers and aerosol instruments. In this study we first evaluate
the performance of the method, and then we demonstrate the
detection of particulate highly oxygenated compounds by ap-
plying the method to laboratory-generated organic aerosol.

2 Methods

2.1 Experimental setup

We performed a series of laboratory experiments to test the
performance of the new method with an experimental setup
shown in Fig. 1. In order to produce aerosol, either an envi-
ronmental chamber, an oxidation flow reactor, or an atomizer
was used. The chamber experiments were performed using
α-pinene as a SOA precursor, whereas the flow reactor ex-
periments were performed with different SOA precursors by
injecting a specific VOC into the reactor. As SOA precur-
sors we used two monoterpenes (C10H16), α-pinene and β-
pinene; a sesquiterpene, β-caryophyllene (C15H24); and an
alkane, n-decane (C10H22). The atomizer was used to pro-
duce sucrose particles from sucrose water solution. We used
sucrose (C12H22O11) to produce more chemically simplified
aerosol than SOA. The generated aerosol particles were di-
rected through the VIA, a new inlet that is discussed in detail
in Sect. 2.1.3, in which the gas-phase compounds were re-
moved from the sample air, and the thermal evaporation took
place. The evaporated highly oxygenated compounds were
detected by a NO3-CIMS, and the particle size distribution
was measured by a scanning mobility particle sizer (SMPS).
A high-efficiency particulate air (HEPA) filter in front of the
VIA was used to remove particles from the sample air for
background measurements. The bypass line was used to by-
pass the VIA and measure the non-heated sample air directly
by the instruments.

2.1.1 Oxidation flow reactor

We used a potential aerosol mass (PAM) oxidation flow re-
actor (OFR) (Kang et al., 2007; Lambe et al., 2011) in order
to oxidize VOCs into low-volatility vapors that form SOA.
The aim was to generate aerosol for characterization of the
VIA–NO3-CIMS system, not to investigate the aerosol aging
inside the flow reactor. The oxidation flow reactor is made
of stainless steel and has a volume of approximately 13 L.
The UV lamps inside the reactor operate at wavelengths of
185 and 254 nm, producing O3 from O2 and OH and HO2
from H2O. This highly oxidizing environment allows simula-
tions of atmospheric oxidation processes at accelerated rates
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Figure 1. Schematic of the experimental setup.

(Kang et al., 2007). We used dry air purified with a clean air
generator (AADCO, series 737-14, Ohio, USA) as a carrier
gas and to produce O3 in the flow reactor. In some of the ex-
periments we injected water vapor (RH 22 % to 33 %) into
the flow reactor to produce OH. The total flow through the
flow reactor was 10 L min−1, resulting in a∼ 1 min residence
time. The voltage of the UV lamps, controlling the intensity
of the lamps, was varied between 100 and 130 V. We gener-
ated different types of SOA by injecting four different VOCs
(α-pinene, β-caryophyllene, β-pinene, and n-decane) sepa-
rately into the flow reactor. The VOCs were injected continu-
ously into the flow reactor using a syringe pump at a constant
rate.

2.1.2 Environmental chamber

In addition to the oxidation flow reactor, we used an en-
vironmental chamber to generate SOA to define the detec-
tion limit of the VIA–NO3-CIMS system and to investigate
the differences between the gas- and the particle-phase com-
pounds. The chamber is made of Teflon, and it is 2 m3 in vol-
ume. Detailed information about the chamber is given in Riva
et al. (2019a) and Peräkylä et al. (2020). We injected clean
air, ozone generated by an ozone generator (Dasibi 1008-
PC), and α-pinene continuously into the chamber with a total
flow of 40 L min−1. The residence time in the chamber was
∼ 50 min. To increase the SOA mass loading in the cham-
ber, we used inorganic seed particles to provide a surface for
the gas-phase compounds to condense on. We used sodium
chloride seed particles instead of commonly used ammonium
sulfate to minimize evaporation from the seed particles in the
VIA. The seed particles were generated by atomizing sodium
chloride water solution and selecting 80 nm particles with
a differential mobility analyzer. We measured the α-pinene
ozonolysis gas-phase compounds by sampling directly from
the chamber without dilution and the particle-phase com-
pounds with the VIA according to Fig. 1.

2.1.3 VIA

The VIA consists of an activated charcoal gas denuder and
a thermal desorption unit. The denuder (Eichler et al., 2015)
removes the gas-phase compounds from the sample air, and
the thermal desorption unit initiates aerosol evaporation. The
desorption unit is 40 cm in length, and it is made of 1/4 in.
Sulfinert coated stainless steel tubing. The VIA is an in-
let originally designed for a Vocus proton-transfer-reaction
time-of-flight mass spectrometer (PTR-TOF) for online anal-
ysis of aerosol composition (Aerodyne Research Inc.). How-
ever, in this work we adapted the VIA to interface with a
NO3-CIMS. In our experiments, the temperature of the ther-
mal desorption unit was set between 25–300 ◦C. To main-
tain the performance of the activated charcoal denuder, we
regenerated it with heated clean air after each laboratory ex-
periment. The total flow through the VIA was 1.5 L min−1 in
the oxidation flow reactor experiments and 2 L min−1 in the
chamber experiments, resulting in residence times of 0.5 and
0.38 s inside the thermal desorption unit of the VIA when not
accounting thermal expansion effects. After the VIA, a dilu-
tion flow of 8 or 15 L min−1 of clean air was added to cool
down the sample flow before entering the instruments and to
provide sufficient flow for the instruments.

2.2 Instrumentation

2.2.1 NO3-CIMS

The nitrate-ion-based chemical ionization mass spectrome-
ter (NO3-CIMS) is selective towards low-volatility, highly
oxygenated compounds, and therefore we chose to use it
in this study to detect the evaporated compounds from the
particle phase. Importantly, the term “HOMs” (highly oxy-
genated organic molecules) has been used in many studies
to describe the group of compounds measured by the NO3-
CIMS, and the recommended definition for this term, as pro-
posed by Bianchi et al. (2019), is based on gas-phase mea-
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surements. While many of the compounds we detect with
the VIA are similar to the HOMs, there are enough differ-
ences that we opted to not use the term “HOM” to describe
the compounds detected here. In particular, the criteria re-
lating to compounds having been formed via autoxidation in
the gas phase and typically containing six or more oxygen
atoms are not valid (or it cannot be verified) for all observed
compounds in our study, as is shown later. We still describe
the compounds as highly oxygenated, but in practice we re-
fer to all compounds that we were able to detect with this
new setup. The NO3-CIMS consists of an inlet for chemical
ionization (CI) and an atmospheric pressure interface time-
of-flight (APi-TOF) high-resolution mass spectrometer (Jun-
ninen et al., 2010; Jokinen et al., 2012). The sheath flow of
the chemical ionization inlet containing nitric acid (HNO3) is
guided through an X-ray source, where HNO3 molecules are
ionized to nitrate ions. The nitrate ions are directed into the
sample flow, where they ionize the sample molecules either
via proton transfer reaction or via clustering of the sample
molecule to the nitrate ion (Jokinen et al., 2012; Hyttinen
et al., 2015). Highly oxygenated compounds are primarily
detected as clusters with NO−3 according to Eq. (1).

NO−3 +X
 NO−3 ·X (1)

After ionization, sample ions are guided into the APi-TOF,
where their signals and mass-to-charge (m/z) ratios are de-
termined. The signal intensity of highly oxygenated com-
pound X can be converted to a concentration by normalizing
the measured signal intensity (ions per second) with the total
measured reagent ion signal (ions per second), which cancels
out the unit. Then the normalized value is multiplied by the
calibration factor (cm−3), yielding the concentration of X in
cm−3, which describes the number of molecules of X in a
cubic centimeter of gas (Eq. 2; Jokinen et al., 2012).

[X] = Cx ·

(
X ·NO−3

)∑2
i=0(HNO3)i

(
NO−3

) , (2)

where [X] is the concentration of the measured compound,
the numerator describes the signal of compound X clustered
with the nitrate ion, and the denominator describes the sum
of reagent ion signals. Cx is a calibration factor, which is
determined in Sect. 3.2.

The instrument was sampling after the VIA with a flow
rate of 10 L min−1, through a ∼ 1 m long tube. Data were
recorded with a time resolution of 10 s. We processed the
NO3-CIMS data using the tofTools software package (Junni-
nen et al., 2010).

2.2.2 SMPS

We used a scanning mobility particle sizer (SMPS) to mea-
sure the particle size distribution before and after the parti-
cles were heated in the VIA. SMPS consists of a radioac-
tive charger (Ni-63) to charge the particles, a differential mo-
bility analyzer (DMA) to classify the particles according to

their electrical mobility diameter and a condensation parti-
cle counter (CPC; Model 3772 and 3750, TSI) to count the
particle number concentration. The SMPS measured parti-
cles from 10 to 500 nm in diameter with a scanning time of
∼ 130 s and a sample flow rate of 1 L min−1.

3 Performance and characterization of the method

3.1 Temperature profile and transmission efficiency of
the VIA

The VIA temperature is set with respect to the measured tem-
perature values from the outer surface of the thermal des-
orption unit. To investigate the temperature profile inside the
thermal desorption unit, we placed a thermocouple into dif-
ferent locations inside the unit and measured the tempera-
ture of the gas at different set temperatures and flow rates
(Fig. A1). The temperature profile inside the unit was not
uniform, as the gas was colder at the entrance than at the out-
let of the unit. The temperatures reported in this study are the
setpoint values of the thermal desorption unit of the VIA.

In our experiments, the residence time inside the desorp-
tion unit was 0.38 s or 0.5 s, and the time that the particles
were exposed to the set temperature at the outlet of the unit
was even shorter than the residence time. During the cali-
bration of the NO3-CIMS (discussed in the following sec-
tion), our measurements show that around 70 % of the ammo-
nium sulfate mass was evaporated at a set VIA temperature
of 300 ◦C. However, previous thermal denuder studies have
shown that ammonium sulfate particles completely evapo-
rate at 180 ◦C (Huffman et al., 2008; Hakala et al., 2017).
This suggests that the time particles spent at the set temper-
ature was too short for complete particle evaporation, and a
fraction of the mass remained on the particles.

The particle transmission efficiency of the VIA was mea-
sured by sampling indoor air through the VIA and measur-
ing the transmitted particle concentration with a condensa-
tion particle counter (CPC). The VIA was set to 25 ◦C, and
the total flow through the VIA was 1 L min−1. About 90 %
of indoor particles with diameters ranging from 10 to 200 nm
(mode at 20 nm) were transmitted through the VIA.

3.2 Calibration of the NO3-CIMS and detection limit
of the method

A simple method to calibrate the NO3-CIMS for highly oxy-
genated compound detection does not exist due to a lack
of suitable standards. We used sulfuric acid (H2SO4) to
determine the calibration factor, assuming that the sensi-
tivities of nitrate clusters to sulfuric acid and highly oxy-
genated compounds are equal. We generated ammonium sul-
fate ((NH4)2SO4) particles by atomizing ammonium sulfate
water solution. The particles were heated in the VIA set
at 300 ◦C, and the SMPS measured the size distribution of
ammonium sulfate particles before and after the particles
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were heated. The mass concentration of evaporated sulfuric
acid was calculated from the size distribution data, assum-
ing spherical particles with a density of 1770 kg m−3. The
fraction of sulfuric acid in ammonium sulfate particles was
considered in the calculation. The NO3-CIMS detected the
evaporated sulfuric acid (H2SO4) as H2SO4NO−3 and HSO−4
ions, and the sum of their signal intensities was converted
into mass concentration by applying different calibration fac-
tors (Fig. 2). The calibration curves are not as steep as the
1 : 1 line. This could be due to nucleation under a high con-
centration of sulfuric acid in the tubing between the VIA and
the NO3-CIMS. Nucleation would lead to a decrease in the
gaseous sulfuric acid, resulting in lower mass concentration
detected by the NO3-CIMS compared to the SMPS (which
simply measures the evaporation from the larger particles)
as a function of the evaporated sulfuric acid. Wall losses be-
tween the VIA and the NO3-CIMS will certainly also take
place, but this should to a first approximation be a constant
factor and as such becomes included in the calibration factor
(Jokinen et al., 2012). On average, the difference between
the concentrations measured by the SMPS and the NO3-
CIMS is smallest when a calibration factor of 2× 1010 cm−3

is used. Therefore, we decided to use the calibration fac-
tor of 2× 1010 cm−3 when converting the NO3-CIMS sig-
nals to concentrations. This value is close to the literature
calibration factor values that range between 1.1× 1010 and
1.89× 1010 cm−3 (Jokinen et al., 2012; Kürten et al., 2012;
Ehn et al., 2014). We acknowledge that our estimate comes
with a very large uncertainty and thus provides concentra-
tions of highly oxygenated compounds with large uncertain-
ties. Hence, we focus more on the qualitative than on the
quantitative analysis of the measured data.

We fit a linear regression model to the calibration curves,
resulting in y intercepts of 0.08, 0.17, and 0.25 ng m−3 for the
calibration factors of 1× 1010, 2× 1010, and 3× 1010 cm−3,
respectively (Fig. 2). Based on the calibration data, we esti-
mate a detection limit of below 1 ng m−3 for a single com-
pound (H2SO4). To evaluate the detection limit for bulk or-
ganic aerosol, we performed experiments in the environ-
mental chamber. We added ozone (33 ppb) and α-pinene
(120 ppb) to the chamber and observed aerosol formation
and growth by the SMPS as shown in Fig. 3. During this
event, the VIA sampled from the chamber at a set tempera-
ture of 230 ◦C, and the NO3-CIMS measured after the VIA.
The sample flow through the VIA was 2 L min−1, and a di-
lution flow of 8 L min−1 of clean air was added after the
VIA. When the SOA mass loading in the chamber was be-
low 0.5 µg m−3, the NO3-CIMS signals for compounds from
200–750 m/z started to increase. Therefore, with the crude
sampling setup used here, we found a detection limit of
well below 1 µg m−3 for organic aerosol. By applying a cal-
ibration factor of 2× 1010 cm−3, we estimate that the mass
concentration of the 200–750 m/z organic compounds was
0.15 µg m−3 when the total SOA mass was 0.5 µg m−3. This
detection limit of below 1 µg m−3 for organic aerosol is sub-

Figure 2. Correlation between the mass concentration of evapo-
rated sulfuric acid measured with the SMPS and the NO3-CIMS.
The signal intensities measured by the NO3-CIMS were converted
into mass concentration by applying calibration factors of 1× 1010,
2× 1010, and 3× 1010 cm−3. The 1 : 1 line represents the points
where the corresponding concentrations are identical. The solid yel-
low lines show the linear regression fits to the calibration curves.

stantially higher compared to the detection limit of below
1 ng m−3 that we estimated for sulfuric acid. Organic aerosol
potentially contains thousands of different compounds, and
its signal is spread out over a widerm/z range than the signal
of sulfuric acid, mainly explaining the difference between the
detection limits. Furthermore, the NO3-CIMS cannot detect
all of the compounds evaporating from SOA, whereas it can
detect a majority of the evaporated sulfuric acid. The VIA–
NO3-CIMS system can be operated in different ways, and
the detection limits obtained in this study are for the partic-
ular experimental setup presented in Sect. 2.1. The detection
limit could be improved upon by optimizing the sampling
setup, such as increasing the sample flow by using several
denuders in parallel and optimizing the mixing of the sample
and the dilution flow.

3.3 Background measurements

To show that the compounds detected by the NO3-CIMS
are evaporated from the particle phase, several background
measurements were conducted. Figure 4 shows a compari-
son between the background spectra and the particle-phase
spectra measured by the NO3-CIMS. The background spec-
tra (Fig. 4a, b, c, e) show a completely different pattern
than the particle-phase spectra (Fig. 4d and f), indicating that
the compounds detected by the NO3-CIMS are evaporated
from the particle phase. The background spectrum measured
through the HEPA filter (Fig. 4e) was recorded for each set
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Figure 3. SOA formation and growth from α-pinene ozonolysis observed by the SMPS. The blue line shows the aerosol mass concentration
measured by the SMPS. The gray markers show the sum of the NO3-CIMS signals for compounds from 200 to 750 m/z sampled through
the VIA set to 230 ◦C. The inset shows a zoomed region of the point where the NO3-CIMS started to detect compounds.

VIA temperature (25, 70, 120, 170, 230, and 300 ◦C) and
subtracted from the SOA evaporation spectra at the sampled
temperature.

4 Results and discussion

4.1 Application to organic aerosol

To demonstrate the detection of particulate highly oxy-
genated compounds with the VIA coupled to the NO3-CIMS,
we applied the described method to SOA generated from dif-
ferent precursors. The selected precursor reacted with ozone
in the oxidation flow reactor, leading to SOA mass loading
of 60 to 500 µg m−3 that was sampled through the VIA. The
VIA temperature was set to six different temperature stages
between 25 and 300 ◦C, and data were recorded for 10 min
for each temperature. The sample flow through the VIA was
1.5 L min−1, and a dilution flow of 15 L min−1 of clean air
was added after the VIA.

During the heating of SOA formed from α-pinene
ozonolysis, the NO3-CIMS detected oxygenated organic
compounds evaporating from the particle phase (Fig. 5).
These compounds can be divided into three classes ac-
cording to their m/z ratio: monomers (240–370 Th), dimers
(410–550 Th), and trimers (560–700 Th). Monomers include
mainly C9–10 compounds, dimers include mainly C19–20
compounds, and trimers include mainly C29–30 compounds
clustered with a nitrate ion. To better show the trimer re-
gion, we include the α-pinene ozonolysis SOA evapora-
tion spectra with a logarithmic y scale in the Appendix

(Fig. A2). The oxygen content of the identified evaporated
compounds varies between 4 and 15 oxygen atoms. Our re-
sults show that monomers start to evaporate at a set tem-
perature of 70 ◦C, dimers at a set temperature of 120 ◦C,
and trimers at a set temperature of 230 ◦C. The removal
of the gas-phase compounds before the VIA disturbs the
gas–particle equilibrium, potentially leading to evaporation
and detection of some organic compounds (mainly C5 com-
pounds) already at 25 ◦C. According to the SMPS data,
roughly half of the SOA mass evaporated at 120 ◦C, and
almost all (> 99 %) of the mass evaporated at 300 ◦C. The
dominating signals are C10H16O7, C10H16O6, and C10H14O8
for monomers; C18H30O8, C18H30O9, and C20H32O8 for
dimers; and C30H42O8 and C30H40O9 for trimers. A peak list
summarizing the elemental compositions and the m/z ratios
of the compounds evaporated with the highest signal intensi-
ties is provided in the Appendix (Table A1). Our findings are
consistent with previous studies showing that the volatility
of organic compounds decreases with increasing m/z ratio
and level of oxygenation (Kroll and Seinfeld, 2008; Peräkylä
et al., 2020) and SOA consisting of oligomeric compounds
(Lopez-Hilfiker et al., 2015; Zhang et al., 2017; Pospisilova
et al., 2020). The compounds detected with the NO3-CIMS
were identified using high-resolution analysis in order to sep-
arate the individual ions present at the same unit mass, as
shown in Fig. 6. The signal intensities of trimers and their
signal-to-noise ratios are lower compared to monomers and
dimers, yet trimer signals are clearly distinguishable from the
noise level. The majority of the monomers and dimers identi-
fied here have been detected in previous studies either in the
gas phase or in the particle phase (Ehn et al., 2014; Quéléver
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Figure 4. Evaporation spectra measured by the NO3-CIMS during
the heating of (a) only clean air, (b) only ozone, (c) only α-pinene,
(d) α-pinene SOA, (e) α-pinene SOA with a HEPA filter added in
front of the VIA (see Fig. 1 for the placement of the HEPA fil-
ter), and (f) sucrose particles. The sample flow through the VIA
was 1.5 L min−1, and a dilution flow of 15 L min−1 of clean air was
added after the VIA. The concentrations are the total aerosol mass
loadings in the VIA before dilution. A peak list of the main com-
pounds evaporated from α-pinene SOA in panel (d) is provided in
the Appendix (Table A1).

et al., 2019; Pospisilova et al., 2020), whereas the trimers
have not previously been observed in either phase. Our find-
ings suggest that the particulate compounds that have not pre-
viously been found from the gas phase are formed through
particle-phase reactions or through some other processes,
such as thermally induced processes within the VIA.

The monomers, dimers, and trimers are also evident in
the NO3-CIMS evaporation spectra of other kinds of SOA
(Fig. 7), demonstrating that the VIA coupled to the NO3-
CIMS is applicable to different organic species. The full
evaporation spectra for different SOA precursors are in-
cluded in the Appendix (Figs. A3–A6). Thermograms for
monomers, dimers, and trimers evaporated from different
kinds of SOA are shown in Fig. 8. The thermograms show an
identical pattern of optimal evaporation temperature increas-
ing with increasing m/z ratio until the signals start to de-
crease. The decrease in the signals is discussed in more detail
in Sect. 4.2. For each type of SOA, dimer signals reach the
highest values, suggesting that SOA contains more dimers

than monomers under the loadings and conditions used in
this study. However, previous studies have shown that in
the gas phase the monomer concentration is higher than the
dimer concentration (McFiggans et al., 2019; Simon et al.,
2020).

4.1.1 Comparison of the gas- and particle-phase
compounds

To further investigate the differences between the gas and
the particle phase, we performed additional experiments in
the environmental chamber. We injected α-pinene and ozone
into the chamber and measured the gas-phase compounds di-
rectly with the NO3-CIMS. Then, we injected NaCl seed par-
ticles with a diameter of 80 nm into the chamber to provide
a surface for the gas-phase compounds to condense on. We
measured the particle-phase compounds using the VIA set
to 230 ◦C and made a comparison of the a-pinene ozonol-
ysis gas- and particle-phase spectra (Fig. 9a). The sample
flow through the VIA was 2 L min−1, and a dilution flow
of 8 L min−1 of clean air was added after the VIA. Our re-
sults are consistent with previous work (Peräkylä et al., 2020)
showing that the majority of the compounds with an m/z ra-
tio larger than 300 Th condense efficiently into the particle
phase due to their low volatilities, and few of the compounds
with an m/z ratio smaller than 300 Th are found from the
particle phase. If the gas-phase compounds undergo conden-
sation into the particle phase without a structural change,
one would expect to see a similar signal distribution in the
gas and the particle phase, which is not observed here. In-
stead, the signal distributions are clearly different in the gas
phase compared to the particle phase, suggesting that the
condensed compounds are formed through particle-phase re-
actions or through some other processes within the VIA.
Furthermore, molecular-level differences between the gas-
and particle-phase compounds (Fig. 9b–d) suggest the occur-
rence of particle-phase reactions, which could lead to dimer
and other larger oligomer formation in the particle phase.
We do not estimate the partitioning of the compounds be-
tween the gas and the particle phase, as it is possible that the
compounds are transformed after condensing into the parti-
cle phase.

4.1.2 Contribution of highly oxygenated compounds to
SOA

Evaporated mass concentration from different kinds of SOA
and the atomized sucrose at the different temperature stages
are shown in Fig. 10. Concentrations measured by the SMPS
are calculated by assuming spherical particles with a den-
sity of 1400 kg m−3 for SOA and of 1600 kg m−3 for su-
crose. The NO3-CIMS signals were converted to mass con-
centration using a calibration factor of 2× 1010 cm−3 ob-
tained from the ammonium sulfate calibration we performed
(see Sect. 3.2). Compounds with an m/z ratio larger than
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Figure 5. NO3-CIMS spectra at 1 min averaging measured during α-pinene ozonolysis SOA evaporation at different temperatures. The total
SOA mass loading was 139 µg m−3 in the VIA before dilution. Note that the y axes are set to the same scale, and therefore the full peaks at
224 and 240 m/z are not visible in each spectrum. All molecules were detected as clusters with the nitrate ion.

Figure 6. (a) High-resolution mass spectrum measured at a set temperature of 230 ◦C at 1 min averaging during α-pinene ozonolysis SOA
evaporation. Monomer, dimer, and trimer mass ranges are highlighted with gray shading. The dashed lines show the mass ranges that are
zoomed in (b), (c), and (d). The high-resolution fits for peaks highlighted with red are shown in (e), (f), and (g). The black lines show the
total signal fitted to the measured signals in red. All molecules were detected as clusters with the nitrate ion.
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Figure 7. Evaporation spectra measured by the NO3-CIMS during
the heating of (a) β-caryophyllene SOA, (b) β-pinene SOA, (c) n-
decane SOA, and (d) α-pinene SOA. The VIA was set to 230 ◦C.
The concentrations are the total aerosol mass loadings in the VIA
before dilution. All molecules were detected as clusters with the
nitrate ion.

200 Th were included in the analysis. As noted in Sect. 4.1,
the removal of the gas-phase compounds before the VIA dis-
turbs the gas–particle equilibrium and could lead to evap-
oration of some organic compounds already at 25 ◦C. This
could explain the larger amount of evaporated mass detected
by the NO3-CIMS than the SMPS at 25 ◦C. Otherwise, the
NO3-CIMS detects a smaller fraction of the evaporated com-
pounds at lower temperatures compared to higher tempera-
tures. This is expected, as the NO3-CIMS is not able to de-
tect the least oxygenated compounds that evaporate from the
particles first. Under the conditions of our experiment, our
best estimate is that 10 % to 20 % of the total SOA mass was
highly oxygenated compounds that the NO3-CIMS was able
to detect. Previous studies of α-pinene ozonolysis have es-
timated that the contribution of condensing HOMs to total
SOA mass was 50 % to 70 % (Ehn et al., 2014; Roldin et al.,
2019). These studies were performed at lower SOA loadings
(10 µg m−3) than what we used in the current study. For SOA
loadings as high as those we used, we expect that the contri-
bution of highly oxygenated compounds to total SOA mass
would decrease due to partitioning of more volatile and less
oxygenated species to the particles. Given this effect, the un-
known particle-phase processes that can alter the SOA com-
position, and the large uncertainty in our quantification, our
estimate seems to be within a reasonable and plausible range.

More exact numbers will require further work to improve
both the sampling and the quantification of our new VIA–
NO3-CIMS design.

4.2 Limitations of the method

4.2.1 Thermal decomposition

Using thermal evaporation to transfer compounds from par-
ticle phase to gas phase has potential limitations, such as
thermal decomposition. Thermally unstable large molecules
may decompose to form smaller fragments upon heating.
These smaller fragments can then be detected, depending
on the used gas-phase analyzer. Lopez-Hilfiker et al. (2015)
measured acyl-containing compounds from α-pinene SOA
using FIGAERO and reported thermograms showing sec-
ondary modes at much higher temperatures than expected for
the specific molecular composition. These secondary modes
were most likely caused by larger compounds decomposing
to compounds with the same composition as the measured
compound. In our results, the decrease in the NO3-CIMS
signals after exceeding the optimal evaporation temperature
could be attributed to thermal decomposition. When the set
temperature was increased from 230 to 300 ◦C, the signals
of larger ions (> 500 Th) decreased the most. However, we
did not detect considerably large quantities of possible frag-
ments resulting from thermal decomposition of the larger
molecules. The total monomer signal decreased, and the sig-
nal of a few small ions (< 350 Th) increased. The products of
the decomposition are likely to be higher-volatility and less
oxygenated compounds that cannot be detected by the NO3-
CIMS, and thus they are not seen in our results. The role of
thermal decomposition in this system remains an important
topic for future studies.

4.2.2 Vapor loss within the VIA

Thermal decomposition might not be the only reason for the
observed signal decrease. Some compounds might begin to
evaporate closer to the VIA entrance at higher VIA temper-
atures compared to lower VIA temperatures, and thus they
have more time to collide with the surrounding walls and
be lost. Furthermore, mixing the 1.5 or 2 L min−1 sample
flow with 8 or 15 L min−1 clean air flow after the VIA can
lead to turbulence and increased losses of the highly oxy-
genated compounds between the VIA and the NO3-CIMS.
During the ammonium sulfate calibration of the NO3-CIMS,
we did not observe a signal decrease when the set temper-
ature was increased from 230 to 300 ◦C. However, accord-
ing to the SMPS data, around 50 % of the ammonium sulfate
mass was evaporated at 230 ◦C and around 70 % at 300 ◦C.
Due to this, the additional evaporation at 300 ◦C could com-
pensate the potential signal decrease. For the future exper-
iments, the transmission of the evaporated compounds from
the VIA to the NO3-CIMS needs to be improved to minimize

https://doi.org/10.5194/amt-16-1705-2023 Atmos. Meas. Tech., 16, 1705–1721, 2023



1714 E. Häkkinen et al.: Online measurement of highly oxygenated compounds from organic aerosol

Figure 8. Sum of the evaporated monomer, dimer, and trimer signals as a function of the set VIA temperature for different SOA evaporation
experiments.

Figure 9. Comparison of α-pinene ozonolysis gas- and particle-phase spectra (at a set temperature of 230 ◦C) measured by the NO3-CIMS.
(a) Unit mass resolution (UMR) spectra with 20 min averaging. (b, c, d) High-resolution peak fits. Gas-phase spectrum in blue and particle-
phase spectrum in gray. All molecules were detected as clusters with the nitrate ion.

the possible losses. Despite these limitations, the NO3-CIMS
coupled to the VIA is a promising method able to detect par-
ticulate highly oxygenated compounds, even oligomers that
are prone to thermal decomposition.

5 Conclusions

We present a method for measuring highly oxygenated com-
pounds from organic aerosol using thermal evaporation of
aerosol in the VIA followed by identification of the evap-
orated compounds by the NO3-CIMS. With the experimen-
tal setup used here, we estimate detection limits of below
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Figure 10. Mass evaporated from particles measured by the SMPS and the NO3-CIMS during SOA and sucrose evaporation at different
temperatures. A calibration factor of 2× 1010 cm−3 was used for the NO3-CIMS mass concentration calculations.

1 ng m−3 for a single compound and below 1 µg m−3 for
SOA. This can likely be improved by optimization of the
setup, such as increasing the sample flow through the VIA
and adding the dilution air as a sheath flow around the sample
flow to maximize the transmission of the evaporated com-
pounds from the VIA to the NO3-CIMS. We demonstrate
the detection of particulate highly oxygenated compounds
by applying the described method to SOA generated from
different precursors. Furthermore, we compare the gas- and
particle-phase compounds and see indications of oligomeric
compounds formed through particle-phase reactions within
SOA.

The VIA allows continuous online aerosol sampling, al-
lowing measurements of fast atmospheric processes. By cou-
pling the NO3-CIMS to the VIA, we can investigate the trans-
formations and fate of the highly oxygenated compounds af-
ter condensing into the particle phase with the same tech-
nique used to measure them in the gas phase. Furthermore,
the VIA can be coupled to different gas-phase analyzers in
order to gain information of the particulate compounds with
different volatilities. Further work investigating the potential
particle-phase reactions will increase our understanding of
the evolution and fate of organic aerosol.

Appendix A

Figure A1. Temperature profiles inside the thermal desorption unit
of the VIA for different set temperatures and flow rates.
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Table A1. Peak list of the main compounds evaporated from α-pinene SOA particles. Note that the mass of the molecules includes the nitrate
ion.

Monomers Dimers Trimers

Composition m/z Composition m/z Composition m/z

C7H10O4 220.0463 C18H28O7 418.1719 C28H34O8 560.2137
C5H6O6 224.0048 C17H26O8 420.1511 C29H36O9 590.2243
C8H12O4 234.0619 C19H28O7 430.1719 C30H40O8 590.2607
C5H6O7 239.9997 C18H28O8 434.1668 C28H34O10 592.2036
C8H10O5 248.0412 C17H26O9 436.1460 C29H38O9 592.2399
C8H12O5 250.0568 C19H28O8 446.1668 C28H38O10 596.2349
C7H10O6 252.0361 C19H30O8 448.1824 C29H36O10 606.2192
C8H12O6 266.0518 C18H28O9 450.1617 C30H40O9 606.2556
C9H12O6 278.0518 C17H26O10 452.1410 C29H42O10 612.2662
C10H16O5 278.0881 C20H30O8 460.1824 C27H40O12 618.2403
C8H12O7 282.0467 C19H28O9 462.1617 C28H44O11 618.2767
C8H14O7 284.0623 C20H32O8 462.1981 C27H42O12 620.2560
C9H12O7 294.0467 C19H30O9 464.1773 C29H36O11 622.2142
C10H16O6 294.0831 C18H28O10 466.1566 C30H40O10 622.2505
C8H12O8 298.0416 C17H26O11 468.1359 C29H38O11 624.2298
C10H14O7 308.0623 C20H30O9 476.1773 C29H42O12 644.2560
C10H16O7 310.0780 C20H32O9 478.1930 C29H44O12 646.2716
C10H14O8 324.0572 C18H28O11 482.1515 C30H46O12 660.2873
C10H16O8 326.0729 C20H30O10 492.1723 C30H44O13 674.2666
C10H14O9 340.0521 C19H28O11 494.1515 C30H46O13 676.2822
C10H16O9 342.0678 C20H32O10 494.1879 C29H44O14 678.2615
C10H16O10 358.0627 C20H32O11 510.1828 C30H48O13 678.2979

Figure A2. NO3-CIMS spectra measured during α-pinene ozonolysis SOA evaporation at different temperatures. Same figure as Fig. 5, but
with a logarithmic y scale to better show the trimer region.

Atmos. Meas. Tech., 16, 1705–1721, 2023 https://doi.org/10.5194/amt-16-1705-2023



E. Häkkinen et al.: Online measurement of highly oxygenated compounds from organic aerosol 1717

Figure A3. NO3-CIMS spectra measured during β-caryophyllene ozonolysis SOA evaporation at different temperatures. The sample flow
through the VIA was 1.5 L min−1, and a dilution flow of 15 L min−1 of clean air was added after the VIA. The total SOA mass loading was
252 µg m−3 in the VIA before dilution.

Figure A4. NO3-CIMS spectra measured during β-pinene ozonolysis SOA evaporation at different temperatures. The sample flow through
the VIA was 1.5 L min−1, and a dilution flow of 15 L min−1 of clean air was added after the VIA. The total SOA mass loading was 63 µg m−3

in the VIA before dilution.
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Figure A5. NO3-CIMS spectra measured during n-decane ozonolysis and OH oxidation SOA evaporation at different temperatures. The
sample flow through the VIA was 1.5 L min−1, and a dilution flow of 15 L min−1 of clean air was added after the VIA. The total SOA mass
loading was 240 µg m−3 in the VIA before dilution.

Figure A6. NO3-CIMS spectra measured during α-pinene ozonolysis and OH oxidation SOA evaporation at different temperatures. The
sample flow through the VIA was 1.5 L min−1, and a dilution flow of 15 L min−1 of clean air was added after the VIA. The total SOA mass
loading was 503 µg m−3 in the VIA before dilution.
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