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Abstract. Biogenic organic precursors play an important role
in atmospheric new particle formation (NPF). One of the ma-
jor precursor species is α-pinene, which upon oxidation can
form a suite of products covering a wide range of volatilities.
Highly oxygenated organic molecules (HOMs) comprise a
fraction of the oxidation products formed. While it is known
that HOMs contribute to secondary organic aerosol (SOA)
formation, including NPF, they have not been well studied in
newly formed particles due to their very low mass concen-
trations. Here we present gas- and particle-phase chemical
composition data from experimental studies of α-pinene oxi-
dation, including in the presence of isoprene, at temperatures
(−50 and −30 ◦C) and relative humidities (20 % and 60 %)
relevant in the upper free troposphere. The measurements
took place at the CERN Cosmics Leaving Outdoor Droplets
(CLOUD) chamber. The particle chemical composition was
analyzed by a thermal desorption differential mobility ana-
lyzer (TD-DMA) coupled to a nitrate chemical ionization–
atmospheric pressure interface–time-of-flight (CI-APi-TOF)
mass spectrometer. CI-APi-TOF was used for particle- and
gas-phase measurements, applying the same ionization and
detection scheme. Our measurements revealed the presence
of C8−10 monomers and C18−20 dimers as the major com-
pounds in the particles (diameter up to ∼ 100 nm). Particu-
larly, for the system with isoprene added, C5 (C5H10O5−7)
and C15 compounds (C15H24O5−10) were detected. This ob-
servation is consistent with the previously observed forma-
tion of such compounds in the gas phase. However, although
the C5 and C15 compounds do not easily nucleate, our mea-
surements indicate that they can still contribute to the particle
growth at free tropospheric conditions. For the experiments
reported here, most likely isoprene oxidation products en-
hance the growth of particles larger than 15 nm. Additionally,
we report on the nucleation rates measured at 1.7 nm (J1.7 nm)
and compared with previous studies, we found lower J1.7 nm
values, very likely due to the higher α-pinene and ozone mix-
ing ratios used in the present study.

1 Introduction

Approximately half of the global cloud condensation nuclei
(CCN) are produced by nucleation (Merikanto et al., 2009;
Gordon et al., 2017). In particular, biogenic emissions of
volatile organic compounds (VOCs) play an important role
in the formation of aerosol particles. The chemical reactions
involving VOCs can lead to the formation of highly oxy-
genated organic molecules (HOMs), which can be described
as a class of organic compounds that are formed under at-
mospherically relevant conditions by gas-phase autoxidation
involving peroxy radicals (Ehn et al., 2014; Bianchi et al.,
2019). These compounds possess low-saturation vapor pres-
sures and are thus relevant for secondary organic aerosol
(SOA) formation, including new particle formation (NPF),
due to gas-to-particle partitioning.

Isoprene (C5H8) has the highest global emission rate, and
many studies have demonstrated the importance of isoprene
in terms of SOA formation (Surratt et al., 2006, 2007, 2010;
Paulot et al., 2009; Lin et al., 2012; Riva et al., 2016). α-
Pinene (C10H16), while less abundant, is one of the most
commonly observed and prominent contributors to biogenic
SOA due to its ability to form HOMs that nucleate on
their own under atmospheric conditions (Kirkby et al., 2016;
Tröstl et al., 2016). The formation of SOA has been well
studied in isoprene and α-pinene systems. The role of HOMs
in SOA formation and NPF has also been explored in α-
pinene and α-pinene with isoprene systems. However, much
less is known about the particle-phase composition of HOMs
in these systems and the specific controls particle formation
and growth rates, including as a function of temperature and
the ratio of isoprene to α-pinene.

Regarding α-pinene studies, Stolzenburg et al. (2018) re-
ported α-pinene dark ozonolysis experiments at +25, +5,
and−25 ◦C and showed that the rapid growth of organic par-
ticles is observed across these temperatures and that higher
T leads to a faster autoxidation, while lower T leads to an
increased partitioning due to decreased vapor pressures. Fur-
thermore, Simon et al. (2020) extended the study of α-pinene
gaseous oxidation products to even lower temperatures from
+25 to −50 ◦C, showing that the oxygen-to-carbon ratio
(O : C) and the yield for HOM formation decrease as the tem-
perature decreases, whereas the reduction of volatility com-

Atmos. Chem. Phys., 21, 17099–17114, 2021 https://doi.org/10.5194/acp-21-17099-2021



L. Caudillo et al.: Chemical composition of nanoparticles from α-pinene nucleation 17101

pensates for this effect by increasing the nucleation rates at
lower temperatures.

Kiendler-Scharr et al. (2009) presented observations at
15 ◦C of a significant decrease in particle number and volume
concentration by the presence of isoprene in an experiment
under plant-emitted VOC conditions. Subsequently, McFig-
gans et al. (2019) showed that isoprene, carbon monoxide,
and methane can each suppress aerosol mass and the yield
from monoterpenes in mixtures of atmospheric vapors. Re-
cently, a study by Heinritzi et al. (2020) revealed that the
presence of isoprene in the α-pinene system suppresses new
particle formation by altering the peroxy-radical termination
reactions and inhibiting the formation of those molecules
needed for the first steps of cluster and particle formation
(species with 19 to 20 carbon atoms).

Despite the difficulties in measuring the nanoparticle
chemical composition due to their very small mass, there
have been several efforts for designing and improving tech-
niques to face this problem. Some particle-phase studies ex-
ist that report the chemical composition of newly formed
nanoparticles. For instance, Kristensen et al. (2017), mea-
suring at −15 and +20 ◦C, showed an increased contri-
bution of less oxygenated species to α-pinene SOA parti-
cles formed from ozonolysis at sub-zero temperatures. Ye
et al. (2019) measured the particle-phase chemical compo-
sition from α-pinene oxidation between −50 and +25 ◦C
with the FIGAERO inlet (Lopez-Hilfiker et al., 2014). They
found that during new particle formation from α-pinene ox-
idation, gas-phase chemistry directly determines the compo-
sition of the condensed phase. Highly oxygenated organic
molecules are much more abundant in particles formed at
higher temperatures, shifting the compounds towards higher
O : C and lower volatilities. Additionally, some studies ad-
dressing the chemical composition, volatility, and viscosity
of organic molecules have provided important insights into
their influence on the climate (Huang et al., 2018; Reid et al.,
2018; Champion et al., 2019).

Here, we present the results from gas- and particle-phase
chemical composition measurements for a system where α-
pinene was oxidized to simulate pure biogenic new particle
formation at free tropospheric conditions in a range from
−50 to −30 ◦C. The data are further compared to the mixed
system of α-pinene and isoprene in order to better understand
the partitioning processes. The particle chemical composi-
tion was analyzed by a thermal desorption differential mobil-
ity analyzer (TD-DMA) (Wagner et al., 2018), coupled to a
nitrate chemical ionization–atmospheric pressure interface–
time-of-flight (CI-APi-TOF) mass spectrometer. This tech-
nique allows for a direct comparison between the gas and
particle phase as both measurements are using the identical
chemical ionization source and detector.

2 Methods

2.1 The CLOUD chamber at CERN and the
experiments

The measurements took place in the Cosmics Leaving
Outdoor Droplets (CLOUD) chamber at the European
Organization for Nuclear Research (CERN) during the
CLOUD14 campaign (September–November 2019). The
CLOUD chamber is a stainless-steel cylinder, with a vol-
ume of 26.1 m3, which has been built to the highest technical
standards of cleanliness (Kirkby et al., 2011; Duplissy et al.,
2016). By precisely controlling several parameters, such as
gas concentrations, temperature, relative humidity, ultravio-
let light intensity, and internal mixing, specific atmospheric
systems can be recreated in order to study the nucleation
and growth processes of aerosols at atmospheric conditions.
The biogenic gas concentrations, here α-pinene and isoprene,
can be regulated by using individual evaporator supplies, in
which dry nitrogen passes through the evaporator containing
the precursors in a liquid form, at controlled temperature.
In this way, the precursors are evaporated and diluted with
clean air to achieve the desired concentration in the chamber.
Ozone is introduced via a separate gas line. The chamber is
continuously stirred by two magnetically coupled stainless-
steel fans placed at the top and at the bottom of the cham-
ber to provide a homogeneously mixed system (Voigtländer
et al., 2012). In order to promote particle production from
ions, galactic cosmic ray (GCR) conditions can be achieved
by turning off the high voltage field (30 kV m−1). The equi-
librium ion-pair concentration in the chamber due to GCR is
around 700 cm−3 (Kirkby et al., 2016).

The experiments relevant for this work were done under
GCR conditions and in a flow-through mode with continu-
ous addition of the reactants, performed at −50 and −30 ◦C,
at low and high relative humidity to simulate pure biogenic
new particle formation at a range of free tropospheric condi-
tions. Isoprene and α-pinene precursor gases were oxidized
with O3 and ·OH (produced from O3 photolysis in the pres-
ence of H2O and UV light) to induce both dark ozonoly-
sis and photochemistry oxidation reactions. The α-pinene
level was between 1 and 8 ppbv, the isoprene level up to
30 ppbv, and O3 approximately 100 ppbv. The ozonolysis
of α-pinene was performed at −50 and −30 ◦C, while the
α-pinene+ isoprene experiment was performed at −30 ◦C
only. The experimental overview is discussed in more detail
in Sect. 3.1.

2.2 TD-DMA

The particle chemical composition was analyzed by a ther-
mal desorption differential mobility analyzer (TD-DMA)
coupled to a nitrate chemical ionization–atmospheric pres-
sure interface–time-of-flight (CI-APi-TOF) mass spectrom-
eter. The TD-DMA design and characterization have been
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described in detail by Wagner et al. (2018). This instrument
allows for the direct comparison between gas- and particle-
phase chemical composition as both measurements use the
same ionization scheme and mass spectrometer (the detec-
tion technique will be described in Sect. 2.3).

The TD-DMA uses an online and semi-continuous princi-
ple for the detection of the chemical composition of nanopar-
ticles. The particles are sampled from the chamber and
charged with an X-ray source; a specific size can be se-
lected, and immediately afterwards they are electrostatically
collected on a filament. Heating the filament after a defined
collection time evaporates the particles into a stream of clean
carrier gas (N2). The particle vapor is analyzed by the ni-
trate CI-APi-TOF mass spectrometer (Kürten et al., 2014).
In order to estimate the instrumental background, two heat-
ing profiles are recorded: the first heating cycle evaporates
all the particulate material collected; a second heating cycle
constrains the background due to the heating of the inlet line.
All reported particle-phase signals are corrected based on this
background measurement.

For the experiments that are reported in this work, a fila-
ment of platinum / rhodium (90 : 10) was used, and an inte-
gral, non-size-selective mode of operation was chosen in or-
der to maximize the mass of collected particles. For desorb-
ing the sample, an electric current was applied to the filament
and ramped linearly over a duration of approximately 1 min.
Due to the very low experimental temperatures, cold sheath
flows and isolated inlet lines were installed in order to avoid
drastic temperature changes between the CLOUD chamber
and the instrument. Evaporation of particulate material be-
fore the active heating should therefore not be substantial.

2.3 Nitrate CI-APi-TOF mass spectrometer

The gas-phase and the evaporated particulate material were
measured using a nitrate chemical ionization–atmospheric
pressure interface–time-of-flight (CI-APi-TOF) mass spec-
trometer, which has three major components: an atmospheric
pressure ion–molecule reactor, where the chemical ionization
takes place; an atmospheric pressure interface for transport-
ing the charged ions into the mass classifier; and a time-of-
flight mass classifier, where the ions are accelerated, sepa-
rated according to their mass-to-charge ratio, and detected
with a microchannel plate (Jokinen et al., 2012; Kürten et
al., 2014). The nitrate CI-APi-TOF mass spectrometer uses
nitrate reagent ions (HNO3)n NO−3 with n= 0–2, which
are created by an ion source using a corona discharge nee-
dle (Kürten et al., 2011). With this nitrate chemical ioniza-
tion technique, sulfuric acid, iodic acid, dimethylamine and
HOMs can be detected (Kürten et al., 2014; Simon et al.,
2016; Kirkby et al., 2016; He et al., 2021). HOMs are de-
tected because of the presence of functional groups such as
hydroperoxy (–OOH) or hydroxy (–OH), which provide the
hydrogen bonds required for clustering with the reagent ions.

Here the nitrate CI-APi-TOF mass spectrometer data for
the gas and particle phase have been corrected for back-
ground signals and the mass-dependent transmission effi-
ciency in the mass classifier (Heinritzi et al., 2016). The data
analysis and processing were performed using IGOR Pro 7
(WaveMetrics, Inc., USA), Tofware (Version 3.2, Aerodyne
Inc., USA) and MATLAB R2019b (MathWorks, Inc., USA).

2.4 Nucleation rates

The particle number size distribution between ∼ 1 nm and
1 µm is measured using a suite of particle counters namely a
particle size magnifier (PSM; Vanhanen et al., 2011), a con-
densational particle counter (CPC 3776, TSI), a nano scan-
ning mobility particle sizer (nano-SMPS 3982, TSI), and
a home-built long scanning mobility particle sizer (long-
SMPS). The PSM measures the size distribution between∼ 1
and 3 nm as well as the total particle number concentration
above a defined cutoff, 1.7 nm in this study. The CPC on the
other hand is used to measure the total particle number con-
centration above 2.5 nm. The nano-SMPS and long-SMPS
together cover the particle number size distribution between
6 nm and 1 µm. The same setup has been used in previous
CLOUD experiments; see for example Lehtipalo et al. (2018)
and Heinritzi et al. (2020).

The nucleation rate (Jdp), which is defined as the flux of
particles of a certain size, is calculated using the method pro-
posed by Dada et al. (2020); see Eq. (9) therein. For this
study, the formation of particles with a diameter ≥ 1.7 nm
is calculated (J1.7) using the derivative of the total concen-
tration of particles measured with the PSM while accounting
for size-dependent losses to the chamber wall, by coagulation
or via dilution. The error on J1.7 is 30 % based on run-to-run
repeatability (Dada et al., 2020).

3 Results and discussion

3.1 Experimental overview

An overview of the experiments performed at −30 and
−50 ◦C at low and high relative humidity is shown in Fig. 1.
The mixing ratio of ozone was stable at ∼ 100 ppbv for all
of the experiments reported in this work (not shown). In or-
der to represent pure biogenic new particle formation events,
no other trace gases were added to the chamber, and the lev-
els of SO2, NOx , and other trace gases were monitored to
remain always below the detection limits of the respective
measurement devices. By using the TD-DMA, particles were
collected in every NPF system (without resolving the particle
size); the shaded area in Fig. 1 refers to the period where the
particle collection took place.

The upper panel of Fig. 1 displays the size distribution
measured by the scanning mobility particle sizer (SMPS).
Four different experiments can be categorized as follows:
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Figure 1. Experimental overview for pure biogenic new particle formation. First panel: particle size distribution for four different experi-
ments: α-pinene+ isoprene at−30 ◦C and 20 % RH (αIP-30,20), α-pinene at−30 ◦C and 20 % RH (α-30,20), α-pinene at−50 ◦C and 20 %
RH (α-50,20), and α-pinene at−50 ◦C and 60 % RH (α-50,60). The color scale represents the log 10 of the normalized particle concentration
in cubic centimeters (cm−3). Second panel: particle number concentration in cm−3 measured by the PSM with a cutoff diameter of 1.7 nm
and CPC 2.5 nm. Third panel: mixing ratio in parts per billion by volume (ppbv) for the biogenic precursor gases, isoprene, and α-pinene.
Fourth panel: evolution of total HOM concentration in molecules per cubic centimeter (molec. cm−3), measured in the gas phase by the
nitrate CI-APi-TOF mass spectrometer. The HOM total is defined as the sum of C5, C10, C15, and C20 carbon classes, which are shown
as well. Ozone level is not shown though remains stable over the whole period at ∼ 100 ppbv. The shaded areas refer to the time when the
particles were collected using the TD-DMA.

1. α-pinene+ isoprene at −30 ◦C and 20 % RH (αIP-
30,20),

2. α-pinene at −30 ◦C and 20 % RH (α-30,20),

3. α-pinene at −50 ◦C and 20 % RH (α-50,20), and

4. α-pinene at −50 ◦C and 60 % RH (α-50,60).

The color scale in the upper panel of Fig. 1 indicates that
the newly formed particles appear in the smallest size chan-
nels of the SMPS soon after the concentration of α-pinene in
the chamber is increased. The experiments were performed
such that the particles grew rapidly to reach sizes of approx-
imately 100 nm, where they could potentially act as cloud
condensation nuclei (CCN) or ice nucleating particles (INPs)
and were used for further CCN and INP studies.

The second panel of Fig. 1 shows the particle number
concentration measured by the condensation particle counter
(CPC2.5 nm) and by the particle size magnifier (PSM) with
a cutoff diameter of 1.7 nm. A higher particle number con-
centration can be observed for the experiments α-50,20 and

α-50,60 at −50 ◦C, reaching ∼ 2× 105 cm−3. By comparing
the experiments at −30 ◦C, α-30,20, and αIP-30,20 a lower
particle concentration is observed for the system where iso-
prene is present. The reduction is approximately a factor of
3; this can be attributed to the suppression of the new particle
formation by isoprene oxidation. This is in line with the re-
sults of Kiendler-Scharr et al. (2009), who first reported the
decrease in particle number of the nucleated particles. The
effect of isoprene in terms of total HOM concentration in the
gas phase and on the measured nucleation rates will be dis-
cussed in more detail in Sect. 3.4.2.

The third panel of Fig. 1 shows the α-pinene and isoprene
mixing ratios. For all of the systems, α-pinene was between
1 and 8 ppbv, while isoprene was only present during exper-
iment αIP-30,20 up to 30 ppbv. The precursor gases were
measured by using a proton transfer reaction time-of-flight
(PTR-TOF) mass spectrometer (Graus et al., 2010; Breiten-
lechner et al., 2017), which is capable of measuring VOCs.

The bottom panel of Fig. 1 shows the total HOM con-
centration in the gas phase. Here, the total HOM concentra-
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tion is defined as the sum of C5, C10, C15, and C20 carbon
classes; these classes consider compounds with C2–C5, C6–
C10, C11–C15, and C16–C20, respectively, and considered as
a HOM such compounds with five or more oxygen atoms,
as suggested in Bianchi et al. (2019). The total HOM con-
centration was measured with a calibrated nitrate CI-APi-
TOF mass spectrometer (Kürten et al., 2012). Additionally, a
temperature-dependent sampling loss correction factor is ap-
plied. From the evolution of these traces, it can be observed
that C5 and C15 carbon classes have higher concentrations
(approximately by a factor of 2.5) in experiment αIP-30,20
compared with α-30,20, which can be explained by the pres-
ence of isoprene. However, possible fragmentation in the α-
pinene ozonolysis systems also can lead to some C5 and C15
compounds produced without the presence of isoprene.

3.2 Gas- and particle-phase chemical composition

Figure 2 shows the carbon distribution as an overview of
the compounds detected in gas and particle phase for a sys-
tem where only α-pinene was oxidized (α-30,20). C8−10
monomers (Fig. 2a) and C18−20 (Fig. 2b) dimers are ob-
served in the gas as well as in the particle phase. For instance,
some of the signals with the highest intensity correspond to
C10H16O3−9 and C20H32O5−13; in particular C10H16O6 and
C10H16O7 have an important presence in both phases. Over-
all, most of the compounds that are present in the gas phase
are detected as well in the particle phase, although their rel-
ative contribution to the total signal can differ between the
phases. The corresponding carbon distribution for the other
systems can be found in Figs. S1 and S2 in the Supplement.

3.2.1 Influence of isoprene on α-pinene system at
−30 ◦C and 20 % RH

Figure 3 shows mass defect plots of gas and particle phase
and the intensity difference between each phase at −30 ◦C.
Figure 3a and d display the gas and particle composition of
α-30,20, while the gas and particle composition of αIP-30,20
are shown in Fig. 3b and e, respectively. As both phases
were measured with the same instrument, they can be directly
inter-compared.

The intensity difference is calculated based on the normal-
ized signal (each single signal divided by the total signal for
each system and phase). Essentially, the normalized signal
can be understood as a measure of the fraction or contribu-
tion of every compound in the entire system. By looking at
the intensity difference in the gas phase (Fig. 3c), it can be
observed that some C5 and C15 contribute significantly more
in the system with isoprene added (αIP-30,20) that are not
as pronounced in the system where only α-pinene was ox-
idized (α-30,20). This observation can be attributed to the
presence of isoprene in the system. As described by Hein-
ritzi et al. (2020), C15 dimers are formed in the gas phase
when C10 RO q

2 radicals from α-pinene ozonolysis undergo

terminating reactions with C5 RO q
2 radicals from the isoprene

oxidation with ·OH. Additionally, C19 and C20 dimers con-
tribute more in the system where only α-pinene was oxidized
(α-30,20).

Figure 3f shows the intensity difference in the particle
phase. In contrast with what is observed in the gas phase,
the particle-phase effects seem more diverse. There is an in-
crease in the intensity difference for several species in the
system with isoprene (αIP-30,20), such as C4−5, C13−16,
and some C17−19 (see Fig. S1 in the Supplement). In par-
ticular, a distinct group of C15 compounds C15H24O5−10 and
C5H10O5−7 can be identified in the particle and in the gas
phase. A previous study has shown that isoprene can enhance
particle growth rates despite its negative effect on nucleation
(Heinritzi et al., 2020). The identification of C15 dimers in
nanometer-sized particles in the present study confirms this
with a direct measurement. The suppressing effect of iso-
prene on nucleation will further be discussed in Sect. 3.4.2.
However, isoprene can still contribute to the growth of parti-
cles by C5 or by C15 compounds. Additionally, these species
can be an important fingerprint to identify SOA formation
from a mixture of biogenic vapors containing isoprene.

For the experiments presented in this study, we report in
Table 1 the particle growth rates (GRs) determined from
the nano-scanning electrical mobility spectrometer (nSEMS)
size distributions. The growth rates in 3.2–8 and 5–15 nm
were calculated using the 50 % appearance time method de-
scribed in Stolzenburg et al. (2018). From the calculated
values in Table 1, we observe that GR3.2−8 nm for the α-
pinene+ isoprene system (αIP-30,20) at the first concentra-
tion stage is around 18 nm h−1 compared to ∼ 77 nm h−1 for
the α-pinene only system (α-30,20). This is a factor of ∼ 4
difference, while GR5−15 nm represents a factor of 2 to 3 dif-
ference between αIP-30,20 compared to α-30,20. From these
values, one would conclude that isoprene does not contribute
to the growth in the size range reported here. Nevertheless, by
looking at the aerosol mass concentration (see Fig. S3 in the
Supplement), the mass reached during the experiment αIP-
30,20 is identical in the presence and absence of isoprene at
−30 ◦C and 20 % RH. Reaching the same mass with a lower
number of particles for the experiment with isoprene (αIP-
30,20) compared to α-30,20 means that the growth rates at
larger sizes (> 15 nm) are higher in the presence of isoprene.
This is consistent with the fact that the particle size reached
in the presence of isoprene is higher. Most likely, isoprene
might enhance growth at larger sizes (> 15 nm) in the present
study.

3.2.2 Influence of relative humidity on α-pinene system
at −50 ◦C

Figure 4 shows mass defect plots for the pure α-pinene exper-
iments at −50 ◦C at low and high relative humidity: the gas
and particle phase of α-pinene at −50 ◦C, 20 % RH (Fig. 4a
and d), and the gas and particle phase of α-pinene at−50 ◦C,
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Figure 2. Carbon atom distribution and oxygen atom content in gas- and particle-phase molecules for α-pinene oxidation products at−30 ◦C
and 20 % RH (α-30,20). Both phases are measured with a nitrate CI-APi-TOF mass spectrometer, while the TD-DMA is coupled to it for
particle-phase measurements. (a) Carbon atom distribution C2−11 and (b) carbon atom distribution C12−20. The level of α-pinene was
between 1 and 8 ppbv, and the ozone level was stable at ∼ 100 ppbv. The intensities are normalized by the total signal in each system and
phase. Each color represents a specific number of oxygen atoms in the range of 3 to 16.

Table 1. Summary of the main parameters for four pure biogenic new particle formation experiments.

Experiment Isoprene α-pinene Isoprene-to- Ozone T RH HOM totala J a
1.7 Growth rate Growth rate Mass<15 nm/

[ppb] [ppb] monoterpene [ppb] [◦C] [%] [molec. cm−3] [cm−3 s−1] 3.2–8 nm 5–15 nm Massb
>15 nm

carbon ratio (R) [nm h−1] [nm h−1] [%]

αIP-30,20 13.71 0.95 14.4 98.58 −30 20 1.50e8 7.29 18.0 22.8 0.29/99.7
31.38 5.12 6.1 101.56 −30 20 3.04e8 10.10 n/a 39.0

α-30,20 ∼ 0 3.35 n/a 102.10 −30 20 2.20e8 23.76 76.9 77.1 0.11/99.9

α-50,20 ∼ 0 3.04 n/a 100.55 −50 20 6.72e7 51.24 41.1 42.0 0.26/99.7

α-50,60 ∼ 0 7.72 n/a 110.20 −50 60 8.00e7 79.17 63.4 78.4 0.09/99.9

a Run-to-run experimental uncertainties of HOMs is ± 20 %, and for J1.7 it is ± 30 %. n/a: not applicable. b Mass fraction of particles collected on the filament during the TD-DMA collection time, the
calculation of which is based on SMPS mass distributions.

60 % RH (Fig. 4b and e). In both gas and particle phase at
high and low RH, we detected C8−10 monomers and C18−20
dimers. C10H16O4−7 and C20H32O5−11 are the most promi-
nent signals (see Fig. S2 in the Supplement).

The relative humidity change from 20 % to 60 % does not
have a significant influence on the gas-phase composition at
temperatures of −50 ◦C (Fig. 4c), meaning that most of the
gaseous compounds detected contribute practically equal to
the total signal when the humidity changes over the reported
range. In contrast, there are changes in the particle-phase sig-
nal. The intensity difference (Fig. 4f) does not show a clear
humidity effect on the particle chemical composition; how-
ever, this comparison is based on the normalized signal (con-
tribution of every compound to the total intensity). When
looking only at the total intensity in the particle phase, we do
observe an increase by a factor of ∼ 3 in the total signal for
the system at high RH (α-50,60) compared with the system at

low RH (α-50,20). This observation can likely be attributed
to a change in the particle mass size distribution (see Fig. S3
in the Supplement), which indicates that at similar α-pinene
and ozone mixing ratio, and the same temperature, the par-
ticle mass concentration increases possibly due to the effect
of the relative humidity in the system. In addition, a possible
impact of relative humidity on particle viscosity can influ-
ence particle mass formed; studies by Grayson et al. (2016)
and Galeazzo et al. (2021) have reported lower viscosity with
higher SOA mass concentration along with RH dependence
of viscosity for organic particles.

Our findings are consistent with previous experiments.
Saathoff et al. (2009) observed that humidity has a signifi-
cant influence on α-pinene SOA yields for lower tempera-
tures. Cocker III et al. (2001) reported that the yield of SOA
at higher RH for α-pinene ozonolysis (relative to the sys-
tem at dry conditions) increases possibly due to the uptake
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Figure 3. Mass defect plots of gas and particle phase and the intensity difference between each phase. Both phases are measured with a
nitrate CI-APi-TOF mass spectrometer, while the TD-DMA is coupled to it for particle-phase measurements. (a) Gas and (d) particle phase
for α-pinene oxidation products at−30 ◦C and 20 % RH (α-30,20). (b) Gas and (e) particle phase for α-pinene+ isoprene oxidation products
at −30 ◦C and 20 % RH (αIP-30,20). The level of α-pinene was between 1 and 8 ppbv in both experiments, while isoprene was present only
in experiment αIP-30,20 reaching up to 30 ppbv. Ozone levels were ∼ 100 ppbv in both experiments. The symbol sizes in (a), (b), (d), and
(e) are the intensities normalized by the total signal in each system. The intensity difference in the gas phase (c) and in the particle phase (f)
is indicated as ((αIP-30,20)− (α-30,20)) / α-30,20. The color scale represents the difference in percent.

of water. One explanation for this observation could be that
the rate constant value of the α-pinene ozonolysis can be
affected by the RH (Zhang et al., 2018). Nevertheless, our
semi-continuous particle-phase measurements do not allow
any conclusions on the magnitude of the rate constants to be
drawn. Continuous particle-phase measurements under dif-
ferent RH conditions are required in order to better under-
stand the RH effect on the SOA formation.

In general, for the experiments presented in this work,
most of the compounds that are present in the gas phase
are detected as well in the particle phase, although the rel-
ative contributions to the total signal can vary depending on
the phase. The more oxygenated material in the gas phase,
specifically for C20 dimers with nO>13, is not observed in
the particle phase. This is probably because of their very low
concentrations and the difficulty to distinguish between real
particle signal and background. We conjecture that especially
at low temperatures this issue might be related to the fact
that at lower temperatures, the autoxidation process to form
HOMs is slower; therefore, the oxygen content and O : C de-
crease (Stolzenburg et al., 2018; Ye et al., 2019; Simon et al.,
2020). The low contribution of these compounds in the gas
phase might be reflected in the particle phase. Additionally,
the heating cycle that evaporates all the particulate material
collected on the filament can potentially result in the ther-
mal decomposition of some of the larger molecular-weight

compounds. Therefore, it is possible that a break-up of some
molecules occurs.

3.3 Volatility distribution of particle-phase compounds

Figure 5 shows the volatility distribution of the oxidation
products in the particle phase measured by the TD-DMA
for the experiments reported in this work (in linear scale
Fig. S4 in the Supplement). The volatility calculation was
done by using the parametrization introduced by Donahue
et al. (2011) and modified by Stolzenburg et al. (2018) and
Simon et al. (2020). It is expressed as the logarithm of the
saturation mass concentration, log10c

∗

i , in micrograms per
cubic meters (µg m−3), from the number of carbon and oxy-
gen atoms in the specific molecules. This approximation pa-
rameterizes the volatility of a molecule based on its func-
tional groups and a free parameter to distinguish between
monomers and dimers.

In Fig. 5 each volatility bin contains the summed inten-
sity of the oxidation products measured in the particle phase,
and it is normalized by the total signal. Most of the classes
are distributed over the range of the volatility values that are
displayed, and at lower temperatures, lower volatilities are
observed (experiments α-50,20 and α-50,60). This observa-
tion is due to the fact of the strong dependency between sat-
uration concentration and temperature. Essentially, there are
no significant differences between the experiments at−30 ◦C
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Figure 4. Mass defect plots of gas and particle phase and the intensity difference between each phase. Both phases are measured with a
nitrate CI-APi-TOF mass spectrometer, while the TD-DMA is coupled to it for particle-phase measurements. (a) Gas and (d) particle phase
for α-pinene oxidation products at−50 ◦C and 20 % RH (α-50,20). (b) Gas and (e) particle phase for α-pinene oxidation products at−50 ◦C
and 60 % RH (α-50,60). The level of α-pinene was between 1 and 8 ppbv, and ozone levels were∼ 100 ppbv in both experiments. The symbol
sizes in (a), (b), (d), and (e) are the intensities normalized by the total signal in each system. The intensity difference in the gas phase (c) and
in the particle phase (f) is indicated as ((α-50,60)− (α-50,20)) / α-50,20. The color scale represents the difference in percent.

(α-30,20 compared with αIP-30,20) or between the experi-
ments at −50 ◦C (α-50,20 compared with α-50,60), which
indicates that temperature is the main parameter affecting the
volatility distribution for the experiments reported here.

We classified the volatility bins according to the regimes
proposed by Donahue et al. (2012) and Schervish and
Donahue (2020) and calculated the corresponding frac-
tions (Table 2). Overall, the particle-phase-detected com-
pounds correspond mainly to low-volatility organic com-
pounds (LVOCs) and extremely low-volatility compounds
(ELVOCs) by explaining more than 80 % of the signals,
while ultralow-volatility organic compounds (ULVOCs) rep-
resent only a small fraction (between 6 % and 17 %). With
this parametrization, we are able to approximate the satu-
ration mass concentration for the particle-phase compounds
measured using the TD-DMA in the CLOUD chamber. For
this parametrization, we assume that the elemental composi-
tion is one of the main parameters to take into account.

3.4 Nucleation rates as a function of the total HOM
concentration

Previous CLOUD studies have reported nucleation rates
(J1.7 nm) as a function of the total HOM concentration from
α-pinene oxidation for different temperatures and gas mix-
tures (Kirkby et al., 2016; Heinritzi et al., 2020; Simon et al.,
2020). For the experiments discussed in the present study,
the nucleation rates have not been reported yet. For this rea-

son, Table 1 gives an overview of the experimental condi-
tions for the experiments α-30,20, αIP-30,20, α-50,20, and
α-50,60; it further includes the HOM total concentration and
derived J1.7 nm from the PSM data (see method description
in Sect. 2.4).

3.4.1 New particle formation on pure α-pinene
experiments

Figure 6 displays pure biogenic J1.7 nm vs total HOM concen-
tration at different temperatures for pure α-pinene (Simon et
al., 2020) in which it can be seen that the total HOM concen-
tration and their nucleation rates have a strong dependence
on the temperature. As the temperature decreases, the nu-
cleation rates increase strongly for a given HOM concentra-
tion. In other terms, the total HOM concentration needed to
reach the same nucleation rate can be up to 2 orders of mag-
nitude higher for +25 ◦C compared to −50 ◦C. As described
by Simon et al. (2020), this can be attributed to the reduction
in volatility with decreasing temperature. In other words, at
low temperatures, molecules with less oxygen content can
lead to the same nucleation rate as more highly oxygenated
molecules at higher temperatures. Additionally, Fig. 6 in-
cludes the data points at−30 and−50 ◦C from pure α-pinene
experiments reported in this study (α-30,20, α-50,20 and α-
50,60). However, it can be observed that they do not follow
the trend at their corresponding temperature.
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Table 2. Bin volatility fractions for the different experiments.

Experiment T RH ULVOCs ELVOCs LVOCs SVOCs IVOCs
[◦C] [%] [%] [%] [%] [%] [%]

αIP-30,20 −30 20 8.6 28.3 59.1 3.8 0.2
α-30,20 −30 20 5.9 44.1 48.1 1.9 0
α-50,20 −50 20 16.5 36.4 46.1 1.0 0
α-50,60 −50 60 13.8 50.6 34.8 0.8 0

Figure 5. TD-DMA volatility distribution of the measured ox-
idation products in the particle phase for four different experi-
ments: (a) α-pinene at −30 ◦C and 20 % RH (α-30,20), (b) α-
pinene+ isoprene at −30 ◦C and 20 % RH (αIP-30,20), (c) α-
pinene at −50 ◦C and 20 % RH (α-50,20), and (d) α-pinene at
−50 ◦C and 60 % RH (α-50,60). Every individual volatility bin in-
cludes the sum of the intensity for the oxidation products normal-
ized by the total signal in each system. Every individual volatility
bin is defined at 300 K, shifted, and widened according to their cor-
responding temperature. The color bands in the background indicate
the volatility regimes as in Donahue et al. (2012) and in Schervish
and Donahue (2020). The normalized intensity is dimensionless.
Nevertheless, it should be noted that the particle-phase signal is
given in normalized counts per second integrated over the evapo-
ration time (ncps/s).

For the pure α-pinene systems (α-30,20, α-50,20, and
α-50,60) and complementary pure α-pinene experiments at
+5 ◦C and at −10 ◦C, we have calculated the HOM yield as
described in Simon et al. (2020) and found that the result-

Figure 6. Pure biogenic nucleation rates of pure α-pinene at 1.7 nm
diameter against total HOM concentration at different temperatures.
The HOM total is defined as the sum of C5, C10, C15 and C20 car-
bon classes. Triangles represent galactic cosmic ray (GCR) condi-
tions, and circles represent neutral conditions. Data points at −50,
−25, −10, +5, and +25 ◦C are from Simon et al. (2020). The
points with orange marker on the background are the contribution
of this study (experiments α-30,20, α-50,20 and α-50,60). Solid
and dashed lines represent power-law fits to GCR and neutral con-
ditions. Bars indicate 1σ run-to-run experimental uncertainty. The
overall systematic-scale uncertainty of HOMs of+78 % and−68 %
is not shown.

ing values are higher than previously reported (see Fig. S5
in the Supplement). In order to investigate a possible reason
for this finding, we have chosen two representative experi-
ments at −10 ◦C and 80 % RH to 90 % RH with different
levels of α-pinene and ozone. Figure 7 shows the mass defect
plots for the gas-phase chemical composition of the oxida-
tion products. In one experiment (Fig. 7a) α-pinene and the
ozone mixing ratio were between 0.2 and 0.8 ppbv and 40
and 50 ppbv, respectively, while for the second experiment
(Fig. 7b) the mixing ratios were 2 to 3 ppbv and 100 ppbv,
respectively. From Fig. 7c, it can be concluded that the for-
mation of HOMs with low oxygen content is favored when
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Figure 7. Mass defect plots of gas phase for two different systems and the normalized difference between them. Gas phase is measured
with a nitrate CI-APi-TOF mass spectrometer. (a) α-Pinene oxidation products at −10 ◦C and 90 % RH at low level of precursor gases
and (b) α-pinene oxidation products at −10 ◦C and 80 % RH at high level of precursor gases. α-pinene was 0.2–0.8 ppbv and ozone ∼ 40–
50 ppbv in (a), and α-pinene was 2–3 ppbv and ozone ∼ 100 ppbv in (b). The symbol sizes and colors in (a) and (b) represent the intensities
normalized by the total signal in each system. (c) The difference between the normalized signals shown in (a) and (b) is represented by the
color scale.

the α-pinene and ozone mixing ratio are higher (relative to
the system at low levels of precursor gases). An explanation
for this is that the high concentration of RO2 enhances the
terminating reactions before the autoxidation can lead to high
oxygen content for the products. As the compounds with low
oxygen content tend to have higher saturation vapor pres-
sures, they do not contribute efficiently to new particle for-
mation. For this reason, a given total HOM concentration is
not unambiguously tied to a nucleation rate (even at constant
temperature). The magnitude of the precursor gas mixing ra-
tio (more specifically the full volatility distribution of the
products and not just the simple measure of total HOM con-
centration) also needs to be taken into account (see Fig. S6 in
the Supplement). In summary, the lower J1.7 nm values com-
pared with previous studies are very likely due to the higher
α-pinene and ozone mixing ratios used in the present study.
There are several compounds with low oxygen content that
contribute to the total HOM concentration in the gas phase,
while these do not contribute to the formation of new parti-
cles.

3.4.2 The influence of isoprene on new particle
formation

In order to make the present study comparable with other
studies that reported a suppression effect of isoprene on bio-
genic new particle formation, the values of the isoprene-to-
monoterpene carbon ratio (R) are also provided in Table 1.
Here and in previous studies, R is essentially the ratio be-
tween isoprene and α-pinene; for experiment αIP-30,20, R
is equal to 14.4 and 6.1 (for two steady-state periods in αIP-
30,20).

Figure 8 shows pure biogenic nucleation rates at 1.7 nm
against total HOM concentration at different temperatures
for the α-pinene and α-pinene+ isoprene systems (Kirkby

Figure 8. Pure biogenic nucleation rates at 1.7 nm diameter against
total HOM concentration at different temperatures for α-pinene and
α-pinene+ isoprene systems. The HOM total is defined as the sum
of C5, C10, C15, and C20 carbon classes. Triangles represent galac-
tic cosmic ray (GCR) conditions. Data points at+5 and+25 ◦C are
from Kirkby et al. (2016) and Heinritzi et al. (2020). Data points
at −25 ◦C are from Simon et al. (2020). The value of isoprene-to-
monoterpene carbon ratio (R) varies from 1.5 to 6.5 for Heinritzi et
al. (2020), and R is equal to 14.4 and 6.1 for this study. The points
with orange marker on the background indicate the contribution of
this work. Solid lines represent power-law fits to GCR conditions of
the systems with α-pinene only, and dashed lines are the power-law
fits of the systems with isoprene added. Bars indicate 1σ run-to-run
experimental uncertainty. The overall systematic-scale uncertainty
of HOMs of +78 % and −68 % is not shown.
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et al., 2016; Heinritzi et al., 2020; Simon et al., 2020). How
rapidly particles are formed in a pure biogenic system de-
pends strongly on the temperature and on the ion condi-
tions. In general, we observe increasing nucleation rates at
lower temperatures and at GCR conditions. The presence of
isoprene lowers the nucleation rate (relative to the pure α-
pinene system at similar conditions); this is known as iso-
prene suppression of new particle formation. In this regard,
there is a suppression on the new particle formation caused
by adding isoprene on an α-pinene system at −30 ◦C and
20 % RH. However, it has been reported that the suppression
effect is stronger when α-pinene is lower (and R is higher;
see Fig. S7 in the Supplement). For instance, in a plant cham-
ber experiment R = 19.5 resulted in no significant new par-
ticle formation (Kiendler-Scharr et al., 2009). Additionally,
in the Michigan forest with R = 26.4, NPF events did not
occur frequently (Kanawade et al., 2011). Lee et al. (2016)
reported observations of NPF suppression in a rural forest in
Alabama, where R = 2.0. However, one has to consider that
the suppression effect at a given value of R likely decreases
as temperature decreases and so does the saturation vapor
pressure of the oxidation products.

4 Conclusions

In this study, we demonstrated the suitability of a ther-
mal desorption differential mobility analyzer (TD-DMA)
coupled to a nitrate chemical ionization–atmospheric pres-
sure interface–time-of-flight (CI-APi-TOF) mass spectrome-
ter for measuring HOMs in newly formed nano aerosol parti-
cles. Together with the nitrate CI-APi-TOF mass spectrome-
ter, this setup is capable of measuring the gas and particle
phase, allowing for a direct comparison as both measure-
ments use the identical chemical ionization and detector.

For the pure biogenic NPF experiments performed at −50
and −30 ◦C in the CLOUD chamber at CERN, we detected
in the particle phase (diameter up to ∼ 100 nm) compounds
such as C10H16O3−9, and C20H32O5−13. Especially for the
system with isoprene added, C5 (C5H10O5−7) and C15 com-
pounds (C15H24O5−10) can be an important fingerprint to
identify secondary organic aerosol from this biogenic source.
Based on the elemental composition, we calculated the sat-
uration mass concentration, and according to the volatility
regimes, the particle-phase compounds correspond mainly to
low-volatility organic compounds (LVOCs), extremely low-
volatility compounds (ELVOCs), and ultralow-volatility or-
ganic compounds (ULVOCs).

We also showed that at −30 ◦C and an isoprene-to-
monoterpene carbon ratio R = 14.4 and 6.1, there is a reduc-
tion of the nucleation rate (compared to the pure α-pinene
system at similar conditions). In this way, isoprene sup-
presses NPF at −30 ◦C. Nevertheless, this suppression effect
can be stronger at higher temperatures and at high R.

Lastly, the lower J1.7 values compared with previous stud-
ies are very likely due to the higher α-pinene and ozone mix-
ing ratios used in the present study. There are several com-
pounds with low oxygen content that contribute to the total
HOM concentration in the gas phase, while these do not con-
tribute to the formation of new particles. For this reason, a
given total HOM concentration is not unambiguously tied to
a nucleation rate (even at constant temperature). The mag-
nitude of the precursor gas mixing ratio, and thus the full
volatility distribution, also needs to be taken into account.
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Supplementary Material 

 

Figure S1. Carbon atom distribution C2-11 and C12-20 and oxygen atom content in gas and particle phase molecules. Both phases are 
measured with a Nitrate CI-APi-TOF mass spectrometer, while the TD-DMA is coupled to it for particle phase measurements. (a) 
and (c) α-pinene oxidation products at -30 °C and 20 % RH (α-30,20), (b) and (d) α-pinene + isoprene oxidation products at -30 °C 5 
and 20 % RH (αIP-30,20). The level of α-pinene was between 1 and 8 ppbv in (a) (b) (c) and (d), while isoprene level reached up to 
30 ppbv in (b) and (d). Ozone level was stable at ~ 100 ppbv for all the experiments. The intensities are normalized by the total signal 
in each system and phase. Each color represents a specific number of oxygen atoms in the range of 3 to 16. 
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 10 
Figure S2. Carbon atom distribution C2-11 and C12-20 and oxygen atom content in gas and particle phase molecules. Both phases are 
measured with a Nitrate CI-APi-TOF mass spectrometer, while the TD-DMA is coupled to it for particle phase measurements. (a) 
and (c) α-pinene oxidation products at -50 °C and 20 % RH (α-50,20), (b) and (d) α-pinene oxidation products at -50 °C and 60 % 
RH (α-50,60). The level of α-pinene was between 1 and 8 ppbv and Ozone level was stable at ~ 100 ppbv for all the experiments. The 
intensities are normalized by the total signal in each system and phase. Each color represents a specific number of oxygen atoms in 15 
the range of 3 to 16. 
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Figure S3. Experimental overview for pure biogenic new particle formation. First panel: particle size distribution for four different 25 
experiments: α-pinene + isoprene at -30 °C and 20 % RH (αIP-30,20); α-pinene at -30 °C and 20 % RH (α-30,20); α-pinene at -50 
°C and 20 % RH (α-50,20) and α-pinene at -50 °C and 60% RH (α-50,60). The color scale represents the normalized mass 
concentration in µg m-3. Second panel: Particle number concentration in cm-3 measured by the PSM with a cut-off diameter of 1.7 
nm and CPC with a cut-off diameter of 2.5 nm. Third panel: Mass concentration in µg m-3 (obtained by integrating the normalized 
mass concentration from the SMPS). Fourth panel: Mixing ratio in ppbv for the biogenic precursor gases, isoprene and α-pinene. 30 
Fifth panel: Ozone mixing ratio in ppbv and relative humidity in %. The shaded areas refer to the time where the particles were 
collected using the TD-DMA. 
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Figure S4. TD-DMA Volatility distribution of the measured oxidation products in the particle phase for four different experiments 35 
(Figure 5 in linear scale): (a) α-pinene at -30 °C and 20 % RH (α-30,20); (b) α-pinene + isoprene at -30 °C and 20 % RH (αIP-30,20); 
(c) α-pinene at -50 °C and 20 % RH (α-50,20) and (d) α-pinene at -50 °C and 60 % RH (α-50,60). Every individual volatility bin 
includes the sum of the intensity for the oxidation products normalized by the total signal in each system. Every individual volatility 
bin is defined at 300 K, shifted, and widened according to their corresponding temperature. The color bands in the background 
indicate the volatility regimes as in Donahue et al. (2012) and in Schervish and Donahue (2020). The normalized intensity is 40 
dimensionless. Nevertheless, it should be noted that the particle phase signal is given in normalized counts per second integrated 
over the evaporation time [ncps. s]. 
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Figure S5. Yield of total HOM as a function of temperature for pure α-pinene systems. Data points at -50 °C, -25 °C, -10 °C, +5 °C 45 
and +25 °C are from Simon et al. (2020) and the data points with the orange shadows are the contribution of this study (α-30,20, α-
50,20 and α-50,60 and complementary pure α-pinene experiments at +5 °C and at -10 °C). The level of precursor gases from Simon 
et al., (2020) were 0.2 to 0.8 ppbv for α-pinene and 40 to 50 ppbv for ozone, while for experiments reported here (shown with orange 
shadows), the mixing ratios were 1 to 8 ppbv for α-pinene and 100 ppbv for ozone. 

 50 
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Figure S6. Volatility distribution of gas phase for two different systems and the normalized difference between them. Gas phase is 
measured with a Nitrate CI-APi-TOF mass spectrometer. Every individual volatility bin includes the normalized intensity difference 
(high-low)/low, which is calculated based on intensity of the system at high level of precursor gases (α-pinene was 2 - 3 ppbv and 55 
Ozone ~ 100 ppbv) and on the system at low level of precursor gases (α-pinene was 0.2 - 0.8 ppbv and Ozone ~ 40 - 50 ppbv). Every 
individual volatility bin is defined at 300 K, shifted, and widened according to their corresponding temperature. The lowest bin is 
an overflow bin (which contains the volatility bins with saturation concentration < -11 ug m-3.). The color bands in the background 
indicate the volatility regimes as in Donahue et al. (2012) and in Schervish and Donahue (2020).  
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 60 
Figure S7. Pure biogenic nucleation rates at 1.7 nm diameter against isoprene-to-monoterpene carbon ratio (R) at different 
temperatures. Triangles represent Galactic Comic Rays (GCR) conditions. Data points at +5 °C and +25 °C are from Heinritzi et 
al., (2020). The points with the orange shadows are the experiments reported in this study for α-pinene + isoprene oxidation products 
at -30 °C and 20 % RH (αIP-30,20).  
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