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ABSTRACT: The two monoterpenes, Δ3-carene and α-pinene, have very
similar chemical structures, which leads to the assumption that the formation
of secondary organic aerosol (SOA) is also similar. This study aims to
investigate if the formation of SOA from ozonolysis of Δ3-carene and α-
pinene is actually analogous. This is addressed by conducting smog chamber
studies of Δ3-carene ozonolysis and comparing the results to similar studies of
α-pinene. Detailed offline analysis using ultra-high-performance liquid
chromatography coupled to mass spectrometry seeks to elucidate differences
in the product distribution between Δ3-carene and α-pinene. The
experimental findings are supported by quantum chemical calculations of
formation free energies of the first-generation oxidation products, cis-3-caric
acid and cis-pinic acid. The smog chamber studies and detailed offline analysis show a considerable difference in the SOA formation
from Δ3-carene and α-pinene. Δ3-carene produces higher SOA mass and larger particles, whereas α-pinene produces a larger number
of smaller particles. This indicates that Δ3-carene oxidation products tend to condense on already existing particles, whereas α-
pinene oxidation products to a larger degree contribute to new particle formation. The detailed offline analysis shows a much less
diverse product distribution in Δ3-carene SOA compared to α-pinene SOA. In addition, three dimers from Δ3-carene are identified
for the first time. The quantum chemical calculations indicate that cis-3-caric acid is expected to be more efficient in condensing on
already existing particles compared to cis-pinic acid, which is in good agreement with the experimental results.
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■ INTRODUCTION

Biogenic volatile organic compounds (BVOCs) are important
precursors for the formation of secondary organic aerosol
(SOA), which affects both climate1 and human health.2,3 Among
the most common BVOCs are monoterpenes, including α-
pinene, β-pinene, and Δ3-carene.4 While α- and β-pinene often
dominate the monoterpene fraction, other terpenes such as Δ3-
carene are also important in environments such as boreal forests
and pine forests. Δ3-carene is emitted in almost equal
proportions to α-pinene from Scots pine.5 While the temper-
ature dependence of SOA formation from the oxidation of α-
pinene has been investigated in several studies (e.g., refs6−8),
there are only few prior studies of SOA fromΔ3-carene albeit it is
a potentially important SOA precursor. Both Δ3-carene and α-
pinene are bicyclic C10H16 molecules composed of a six-
membered carbon ring with an endocyclic double bond with a
methyl substituent at the backbone. An important difference is
the secondary ring structure, where Δ3-carene has a three-
membered ring and α-pinene a four-membered ring (Scheme
1). A three-membered ring is more strained than a four-
membered ring, which causes it to be more reactive and
unstable.

Volatile organic compounds (VOCs) are oxidized by ozone,
hydroxyl radicals, nitrate radicals, and by autoxidation in the
atmosphere, which results in a diverse product distribution
including many chemical functionalities, for example, alcohols,
ketones, aldehydes, carboxylic acids, and dimers.2,9 SOA
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Scheme 1. Molecular Structures of Δ3-Carene and α-Pinene
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formation occurs when the volatility of the oxidation products
becomes sufficiently low and the products start to partition into
the particle phase.2,10

Ozonolysis is often the most efficient oxidation mechanism of
unsaturated BVOCs, which leads to the formation of products
with lower volatility.11−13 Ozone reacts with the endocyclic
double bond in bothΔ3-carene and α-pinene forming a primary
ozonide. The primary ozonide immediately decomposes while
opening the six-membered ring to form Criegee intermediates
and subsequently condensable carboxylic acids.13−15 Another
important oxidation pathway is autoxidation, where a
compound undergoes an intramolecular hydrogen shift creating
a hydroperoxide functionality and an alkyl radical. O2 readily
adds to the alkyl radical and forms a peroxy radical. This process
may be repeated several times and results in highly oxygenated
organic molecules, which have been studied for α-pinene (e.g.,
refs16−18). The oxidation products from the ozonolysis of Δ3-
carene and α-pinene are analogues and only differ in whether the
oxidation products contain a three-membered ring or a four-
membered ring, which suggests that the ozonolysis mechanism
of the two endocyclic terpenes may be similar but with
differences in formation routes and branching ratios of some
products.13,14 Such differences in formation routes and
branching may influence the formation of SOA from the two
monoterpenes. Small structural differences may also lead to
changes in saturation vapor pressures as the saturation vapor
pressures are closely related to the chemical structures. The
structure and number of hydrogen bonding functional groups
are very important for assessing whether the oxidation product
may undergo condensation or participate in new particle
formation.7,19,20 The small difference in the structure in
oxidation products from Δ3-carene and α-pinene is possibly
sufficient to change the saturation vapor pressures and thereby
affect condensation and new particle formation, which may lead
to differences in SOA formation from the two monoterpenes.
High-molecular weight (MW > 300 g mol−1) dimers of

monoterpene oxidation products have been suggested to play a
role in new particle formation21,22 and growth of atmospheric
aerosols and have been identified from α-pinene both in
laboratory generated SOA and ambient SOA (e.g. refs22−30).
Dimers have previously been denoted dimer esters,23,24 but
some dimers do not have an ester bond, and the overall term
“dimer” is used here for all covalently bonded dimers. The vapor
pressures of dimers are low enough for these dimers to be
classified as extremely low VOCs (ELVOC), which makes them
potential contributors to new particle formation.24 However, the
formation of dimers from Δ3-carene remains unexplored.
In model studies (e.g., refs 31 and 32), it is often assumed that

SOA formation from Δ3-carene and α-pinene is analogous
because of the similarity in the structure and ozonolysis
pathways. Jonsson et al. have made investigations showing
differences between the two monoterpenes,33 but surprisingly
and to the best of our knowledge, no chamber studies have
addressed whether Δ3-carene and α-pinene actually form SOA
according to this hypothesis. The focus of this study is to
investigate the effect of temperature on the formation of SOA
and the composition of SOA from dark ozonolysis of Δ3-carene
to have a sufficient foundation for comparing the SOA formation
from the two structurally similar monoterpenes, Δ3-carene and
α-pinene. The experimental work is supported by quantum
chemical calculations, which use inorganic seeds as an analogue
to particles.

■ EXPERIMENTAL SECTION

Smog Chamber Experiments. A series of dark ozonolysis
experiments of Δ3-carene was conducted in the Aarhus
University Research on Aerosol (AURA) smog chamber.
AURA consists of a ∼5 m3 Teflon bag suspended from a
metal frame in a 24 m3 cold room with temperature control
between−16 and 26 °C (257 to 299 K). Further descriptions of
the AURA smog chamber can be found in Kristensen et al.6 All
online instruments are placed outside of the chamber at room
temperature.
In the current study, the chamber was supplied with clean

background air from a zero-air generator (model 737−14, Aadco
Instruments, Inc.). Ozone was generated with an ozone
generator (model 610, Jelight Company, Inc.). Δ3-Carene
(Sigma-Aldrich, >98.5%) was added to the chamber by an
injection vial, which was flushed with heated (70 °C) N2 gas to
evaporate the liquid Δ3-carene. Temperature and relative
humidity were monitored in the middle of the chamber by a
probe attached to a transmitter (HygroFlex HF320, Rotronic
AG). Five additional temperature sensors (ADT7420, Analog
Devices) monitored the temperature at different locations in the
chamber. Concentrations of ozone and nitrogen oxides (NO
and NO2) were monitored by an UV photometric (O342
Module, Environnement S. A.) and a chemiluminescentmonitor
(AC32M, Environnement S. A.), respectively.
Throughout experiments, the particle phase was monitored

by a scanning mobility particle sizer (SMPS) system consisting
of a water-based condensation particle counter (CPC) (model
3788, TSI Incorporated) and an electrostatic classifier (model
3082, TSI Incorporated) equipped with a long differential
mobility analyzer (DMA) and a Kr-85 neutralizer (TSI 3077A)
measuring particles with diameters ranging from 10 to 420 nm.
The SMPS sampling time was 120 s with 100 s upscan, a 20 s
downscan, an aerosol flow rate of 0.6 L/min, and a sheath flow
rate of 6.0 L/min. The initial nucleation was monitored by the
CPC only and at the maximum number of particles, the CPC
was coupled to the DMA for the combined SMPS system for the
remainder of the experiment. The chemical composition of the
aerosol phase was measured with a high-resolution time-of-flight
aerosol mass spectrometer34 operating in V-mode with 1 min
averaging. The concentration of the precursor VOC was
monitored throughout the experiment using a gas chromato-
graph with a flame ionization detector (GC-FID, Agilent 7820A,
Agilent Technologies, Inc.) with a time resolution of ∼7 min.
After each experiment, particles were collected onto a
polytetrafluoroethylene (PTFE) filter (47 mm, 0.2 μm PTFE
filters, Advantec) for 30 min with a flow rate of∼21 L/min at 10
and 20 °C and a flowrate of ∼8 L/min at 0 °C for further offline
analysis. Particle samples were collected using a low volume
sampler equipped with an Amberlite XAD-4 coated denuder35

to strip gas-phase compounds. Filter samples were extracted by
orbital shaking in a 1:1mixture of acetonitrile andmethanol with
15 μL of 50 μg/mL camphoric acid as an internal standard in line
with previous work.23 The filters were cut into smaller pieces and
extracted using an orbital shaker (30 min, 1000 rpm). The filters
were extracted twice, the extracts were combined and filtered
with a Qmax PTFE hydrophobic (0.22 μm pore size, 13 mm
syringe filter). The extracts were dried under a gentle nitrogen
flow and reconstituted: first, in 200 μL of 10% acetonitrile in
Milli-Q water (<0.05 μS/cm, Millipore) and transferred to a vial
and second, in 200 μL of 50% acetonitrile in Milli-Q water. Both
reconstitutions were analyzed immediately after preparation.
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The samples were analyzed with an ultra-high performance
liquid chromatograph (UHPLC) (Dionex UltiMate 3000,
Thermo Fisher) coupled to the electrospray ionization source
of a quadrupole time-of-flight mass spectrometer (Compact,
Bruker). The HPLC stationary phase was an UPLC HSS T3
(AQUITY HSS T3, 2.1 × 100 mm, 1.8 μm; Waters). The
UHPLC method was based on a previous method.35 The mass
spectrometer was operated in negative ionization mode with the
following conditions: Nebulizer pressure at 2.0 bar, dry gas flow
at 10 L/min, dry gas temperature at 200 °C, capillary voltage of
3500 V, end plate offset of 500 V, and with a transfer time of 70
μs. AllΔ3-carene oxidation products identified in this work were
quantified with surrogate standards of α-pinene oxidation
products cis-pinic acid (Aldrich), cis-pinonic acid (Aldrich,
98%), and diaterpenylic acid acetate (DTAA, kindly supplied by
Y. Iinuma, TROPOS, Leipzig, Germany). All identified dimers
were quantified using DTAA as a surrogate according to
Kristensen et al.7

Calculations. Particles are lost to the wall of the smog
chamber during experiments leading to a decrease in the particle
mass concentration after the maximum is reached. Here, wall
loss corrections are calculated based on Pathak et al.36 It is
assumed that the wall loss rate is first order and that the particle
loss rate is independent of the size of the particles.36 The rate
constant, k, of the particle mass lost to the walls after the
formation of SOA has finished, is

[ ] = − · +M t k t Cln ( ) (1)

whereM(t) is the measured mass at time, t, and C is a constant.
To correct themeasured particle concentrations for the wall loss,
a correction term accounting for the loss is added to the
measured aerosol mass concentration36

∫= + ·t M t k M t tSOA( ) ( ) ( )d
t

0 (2)

A similar approach is used to correct all number
concentrations for wall loss. The mass concentration continues
to decrease after the maximum mass is reached as the particles
start to grow out of the particle size range of the SMPS. Figure S1
shows an example of a size distribution at the maximum mass
and 400 min later to illustrate that the largest particles with the
most mass grow out of the particle size range. All particle mass
and number concentrations in this work are wall loss corrected.
SOA yields are calculated based on Odum et al.37 and Pathak

et al.36 The aerosol yield, YSOA, is defined as the fraction of VOC
that is converted into SOA mass and is given as

=
Δ

Y
M

VOCSOA
SOA

(3)

whereMSOA is the aerosol mass concentration andΔVOC is the
amount of VOC that has reacted. Here, SOA yields are
calculated based on the theoretical maximum concentration (50
ppb) ofΔ3-carene, which is injected into the smog chamber, and
a minimum concentration of 0 ppb assuming that all Δ3-carene
is consumed when themaximum particle mass is reached. This is
done because the time resolution (one injection per 7−8min) of
the GC-FID is too low to use the measured concentrations of
VOC. In addition, the detection limit for Δ3-carene is ∼20 ppb.
The α-pinene SOA yields have been calculated likewise to
enable a comparison of the twomonoterpenes. Krechmer et al.38

has pointed out the importance of correction for gas-wall loss;
however, gas-wall losses of oxidation products are difficult to
assess in chamber studies with particle formation39,40 and have
thus not been implemented in this study.
Vapor pressures of all identified oxidation products from Δ3-

carene are estimated using the group contribution model,
EVAPORATION, developed by Compernolle et al.41

To further investigate the thermochemical properties of the
first-generation oxidation products cis-pinic acid and cis-3-caric
acid quantum chemical calculations were carried out. The
formation free energies of the cluster formation between the
organic acids themselves and with sulfuric acid were calculated
to simulate the affinity of the organic acids toward acidic aerosol
particles.
Geometry optimizations and vibrational frequency calcula-

tions of the studied molecular clusters were performed using
density functional theory (DFT) in the Gaussian 09, rev B.01
program.42 Based on benchmark studies43−45 of the binding
energies of atmospheric relevant clusters, the ωB97X-D
functional with a 6-31++G(d,p) basis set was applied. The
pinic acid cluster structures were taken from Elm et al.46 and the
pinic acid monomer is taken from Partanen et al.47 The sulfuric
acid−caric acid clusters were sampled using several thousands of
randomly generated guess structures based on the PM6method.
The identified cluster structures have been added to the
Atmospheric Cluster Database (ACDB).48 AsDFT using a small
basis set tends to have large errors in the calculated binding
energies, the single-point energies of the clusters were calculated
using DLPNO-CCSD(T0)

49,50 with an aug-cc-pVTZ basis set in
ORCA 3.0.3.51

Table 1 shows an overview of the Δ3-carene ozonolysis
experiments conducted in this study denoted 1.X. All α-pinene

Table 1. Experimental Conditions for the Δ3-Carene Oxidation Experiments (1.1−1.5) Conducted in this Work and for the α-
Pinene Oxidation Experiments (2.1−2.4) Conducted during the ACCHA Campaign7,17,a

maximum concentrations

exp.
ID VOC

VOC concentration
(ppb)

[ozone]0
(ppb)

average temperature
(°C)

average RH
(%)

number
(·104 cm−3)

mass
(μg m−3)

SOA
yield

1.1 Δ3-carene 50 213 18.3 ± (0.1) 7.7 ± (3.9) 6.8 75.2 0.27 this work
1.2 Δ3-carene 50 126 20.20 ± (0.03) 4.0 ± (2.6) 4.9 87.2 0.31 −
1.3 Δ3-carene 50 126 10.23 ± (0.03) 7.5 ± (3.3) 5.2 113.3 0.39 −
1.4 Δ3-carene 50 157 10.23 ± (0.04) 11.3 ± (3.5) 4.0 120.8 0.41 −
1.5 Δ3-carene 50 114 0.20 ± (0.15) 18.4 ± (3.5) 6.6 147.4 0.48 −
2.1 α-pinene 50 105 20 ± (1.1) 1.1 ± (1.3) 8.5 44.2 0.16 from 7
2.2 α-pinene 50 107 −0.3 ± (0.1) 6.9 ± (0.8) 18.9 66.0 0.23 −
2.3 α-pinene 50 100 20.1 ± (1.1) 2.4 ± (2.0) 7.4 50.3 0.17 −
2.4 α-pinene 50 105 0.0 ± (0.1) 8.7 ± (1.1) 26.0 77.5 0.26 −

aUncertainties are ± one standard deviation.
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experiments were performed as a part of the Aarhus Chamber

Campaign on Highly Oxidized Multifunctional Organic

Molecules and Aerosols (ACCHA)7 and are denoted 2.X. To

ensure that the ACCHA data could still be reproduced, an α-

pinene experiment was repeated and the new results were in line

with the previous results from the ACCHA campaign.

■ RESULTS AND DISCUSSION

Experimental Overview. Figure 1 presents an overview of
conditions and particle formation in experiment 1.2, 1.4, and 1.5
of ozonolysis ofΔ3-carene at all three investigated temperatures
(0, 10, and 20 °C). Figure S2 shows overviews for experiments
1.1 and 1.3. Subsequent to the injection of Δ3-carene, particles
immediately start to form and within minutes the maximum

Figure 1. Overview of experiments with ozonolysis of Δ3-carene conducted at 20, 10, and 0 °C, respectively. (A) Number concentration in particles
(cm−3) and particle mass concentration (μg m−3) are shown along with the mode diameter in nm and the O/C ratio. The grey panel at the end of the
experiments represents the time where particles were collected onto PTFE filters. (B) VOC concentration over time is shown (note the changed time
scale). (C) Physical parameters such as temperature in degree Celsius and relative humidity in percentage are shown along with the concentration of
ozone in ppb.
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particle number concentration is reached at all temperatures
(Figure 1A). The particle mass concentration starts to increase
together with the decrease in the particle number concentration.
After ∼500 min, the maximum particle mass concentrations are
reached at all temperatures (Figure 1A). The evolution in the
mode diameter shows that particles reach a stable size after
about 200 to 300 min at 20 and 10 °C; however, at 0 °C, the
mode diameter increases during the entire course of the
experiment. Throughout the experiments, the temperature is
constant, whereas a slight increase in the relative humidity (7%
at 20 °C) is observed (Figure 1C). The ozone and Δ3-carene
concentration show a decay consistent with the consumption in
ozonolysis of Δ3-carene (Figure 1B,C). After about 150 to 200
min, all Δ3-carene is expected to be consumed.
During the course of the experiment, the oxygen to carbon

(O/C) ratio of particles is almost constant at an O/C ratio of
∼0.4 (Figure 1A). The O/C ratio is often used as an indicator of
how oxidized organicmolecules in aerosols are.53 Figure 2 shows

a van Krevelen diagram, where the hydrogen to carbon (H/C)
ratio is plotted as a function of the O/C ratio. The ratios remain
almost constant throughout the experiments at all temperatures
and are located in the same area of the van Krevelen diagram.
The red dashed line in the van Krevelen diagram (Figure 2)
represents average ambient data from a coniferous forest from
Lee et al.52 The smog chamber generated Δ3-carene SOA agree
well with the average ambient data, which is consistent with

expectations asΔ3-carene is emitted from coniferous trees.5 The
carbon oxidation state of the products at all temperatures is
about −0.8 to −0.9, corresponding to monoterpene-derived
SOA from ozonolysis, which typically has a carbon oxidation
state of −1.1 to −0.5.54

SOA Yields and Particle Number Size Distributions.
The SOA yields (Table 1) illustrate a dependence on decreasing
temperature for Δ3-carene SOA. For Δ3-carene, the SOA yields
increase with decreasing temperature. This is because of
enhanced condensation of organics at lower temperatures and
is consistent with previous findings for other monoter-
penes.36,55−57 The SOA yields from Δ3-carene show good
reproducibility during repeated experiments, for example, for
experiment 1.3 and 1.4, the SOA yields are 0.39 and 0.41,
respectively.
The SOA yields of Δ3-carene are higher than the SOA yields

from α-pinene at all temperatures. At 0 °C, the SOA yield forΔ3-
carene is 0.48 compared to a SOA yield of only 0.23−0.26 for α-
pinene.Δ3-carene generally shows higher SOA yields compared
to α-pinene, which suggests that Δ3-carene is more efficient at
forming SOA. The SOA yield of α-pinene at 0 °C is more similar
to the SOA yield of Δ3-carene at 20 °C, which again illustrates
that SOA formation from Δ3-carene is more efficient.
Figure 3 shows the particle number size distributions for Δ3-

carene and α-pinene at 20 °C. Figure S3 shows additional
particle number size distributions for experiments conducted at
10 and 0 °C. From the particle number size distributions, it
appears that the particle formation from Δ3-carene reaches
larger particle sizes faster at lower temperatures. At 20 °C, the
particles from Δ3-carene reach a maximum mode diameter of
∼175 nm, at 10 °C, they grow even larger and reach a maximum
mode diameter of ∼225 nm. At 0 °C, the particles continue to
grow for the remainder of the experiment and reach a maximum
mode diameter of∼260 nm. This growth in size with decreasing
temperature may be attributable to enhanced condensation of
semivolatile organic compounds onto existing particles at lower
temperatures. The same trend is observed for α-pinene (Figure
S3). Furthermore, the particles formed fromΔ3-carene grows to
larger sizes compared to α-pinene. The number size
distributions indicate two additional particle size modes in
addition to the main mode at about 175−260 nm depending on
the temperature. Additional particle size modes have previously
been observed and are suggested to have originated from, for
example, different oxidation pathways or differences in new
particle formation.7,58

Figure 4 shows the number concentration and mass
concentration of particles from ozonolysis of both Δ3-carene
and α-pinene. For Δ3-carene, the highest number of particles is
produced at 0 °C, which is consistent with the expectations of an

Figure 2. van Krevelen diagram with the H/C ratio as a function of the
O/C ratio. The red dashed line represents ambient data from a
coniferous forest.52 The shaded area represents the estimated range of
data of± 0.2 in Lee et al.52 The cross symbols represent oxidation states
of known oxidation products from Δ3-carene (3-caric acid, 3-caronic
acid, and 3-caralic acid). The open circles represent average oxidation
states of α-pinene SOA from a previous study.7

Figure 3. Particle number size distribution plots for Δ3-carene and α-pinene experiments at 20 °C. The α-pinene data is from a previous study.7
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increasing number concentration at lower temperatures as the
saturation vapor pressures decrease with decreasing temper-
ature,36,55−57 thereby enhancing new particle formation. This is
also consistent with an increase in the nucleation rate at lower
temperatures as Simon et al.8 observe in α-pinene nucleation
experiments. The particle number concentrations for Δ3-carene
at 10 and 20 °C are comparable. Within the uncertainty of the
SMPS (10−20% on particle number concentration59), it is
consistent with the increasing number concentration with
decreasing temperature but with a smaller difference in number
concentration from 20 to 10 °C compared to the difference in
the number concentration between 10 and 0 °C.
Ozonolysis of Δ3-carene produces fewer particles compared

to ozonolysis of α-pinene (Figure 4). At 20 °C, the number of
particles formed from α-pinene (7.4 × 104 cm−3) exceeds the
number of particles formed from Δ3-carene (6.6 × 104 cm−3) at
0 °C. This indicates that new particle formation is more efficient
from α-pinene regarding the number concentration. This is in
contrast to previous laminar flow tube experiments with the
ozonolysis of Δ3-carene by Jonsson et al.,33 where a higher
number of particles were formed from the ozonolysis of Δ3-
carene compared to α-pinene.33 The laminar flow tube
experiment time33 is about 4 min, which is different from the
chamber experiment that exceeds 1000 min. Because particle
formation in the chamber happens on a time scale of minutes,
another more likely explanation for the contrasting observations
is the difference in the ozone-to-VOC ratio between the flow
tube and the chamber experiments. In Jonsson et al.,33 the

ozone-to-VOC ratio is ∼80 and in the AURA chamber, it is
∼2.5. The results of the present study are thus obtained at very
different conditions than those of Jonsson et al.33 A possible
explanation for the difference between Δ3-carene and α-pinene
could be that the nucleation of Δ3-carene oxidation products is
initially more efficient compared to α-pinene, but over time, new
particle formation from α-pinene becomes gradually enhanced
as the gas phase products are further oxidized (by OH radicals),
whereas Δ3-carene oxidation products to a larger extent
condense onto the existing particles.
The Δ3-carene maximum SOA mass concentrations are

reached after 250min at 20 °C, 375min at 10 °C, and 490min at
0 °C. The maximum mass concentrations are reached faster at
higher temperatures consistent with enhanced reaction rates at
higher temperatures. The particle mass concentration increases
with the decreasing temperature in accordance with expect-
ations. At colder temperatures, partitioning to the condensed
phase is favored along with more efficient nucleation, which
results in a larger particle mass because of both larger particles, a
higher number concentration, and enhanced partitioning to
many smaller particles as well. These results are consistent with
the laminar flow tube observations ofΔ3-carene ozonolysis from
Jonsson et al.33 and several smog chamber experiments with
other monoterpenes, for example, α-pinene.6,7 The maximum
SOAmass concentration is reached slower forΔ3-carene SOA in
comparison to α-pinene SOA. This is likely because the
ozonolysis rate for Δ3-carene is slower ((3.7 ± 0.2) × 10−17

cm−3 molecules−1 s−1)60 compared with the ozonolysis rate for
α-pinene ((8.4 ± 1.9) × 10−17 cm−3 molecules−1 s−1).61

Figure 5 shows a scatter plot of the Δ3-carene SOA mass
concentration versus the α-pinene SOA mass concentration at

20 °C along with a 1:1 line. It is clear that the SOA mass formed
from ozonolysis ofΔ3-carene is considerably higher than from α-
pinene for all measurement points during the experiments.
In summary, the ozonolysis of α-pinene produces a higher

particle number concentration than the ozonolysis ofΔ3-carene,
whereas Δ3-carene produces a higher SOA mass concentration.
This indicates that semivolatile oxidation products ofΔ3-carene
condenses on already existing particles, whereas α-pinene

Figure 4. (A) Number concentration for Δ3-carene (×) at all three
temperatures and for α-pinene (•) at 0 and 20 °C. (B) Mass
concentration for Δ3-carene (×) at all three temperatures and for α-
pinene (•) at 0 and 20 °C. In both plots, the colors represent the
temperatures, red representing 20 °C, yellow 10 °C, and blue 0 °C. The
α-pinene data is from a previous study.7

Figure 5. Mass concentration of Δ3-carene ozonolysis SOA as a
function of the mass concentration in μgm−3 of α-pinene SOA at 20 °C.
The color bar represents the experiment time. The α-pinene data is
from a previous study.7
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oxidation products to a larger degree participate in new particle
formation at the experimental conditions presented here.
Identification and Quantification of Δ3-Carene Oxida-

tion Products. Figure 6 shows the chemical composition of the
Δ3-carene SOA formed at 20, 10, and 0 °C analyzed by UHPLC-
qTOF-MS. In total, four carboxylic acids and three dimers were
identified in SOA from Δ3-carene. The carboxylic acids, cis-3-
caric acid, cis-3-caronic acid, and OH-3-caronic acid (10-
hydroxy-3-caronic acid), were identified by comparison with the
literature using the compound specific retention time, the
retention order,14 and mass spectral information, such as mass
and fragmentation patterns.62,63 Furthermore, a carboxylic acid
with MW 170 g mol−1, denoted MW170, was tentatively
identified as either 3-caralic acid or nor-3-caronic acid;14

however, it is not possible to differentiate between them using
UHPLC-qTOF-MS without authentic standards available.
Additionally, trace amounts of three other acids, 2-hydroxy-3-
caronic acid, cis-pinic acid, and a terpenoic acid with a MW of
188 g mol−1 denoted MW188 were detected. Both 2-hydroxy-3-
caronic acid and MW188 have previously been identified from
the oxidation of Δ3-carene.14,62 Typically cis-pinic acid is an
oxidation product observed from the oxidation of α-pinene;
however, previously a rearrangement from cis-3-caric acid to cis-
pinic acid has been reported.14 The four-membered ring in the
cis-pinic acid structure is considerably less strained than the
three-membered ring in cis-3-caric acid, and thus, cis-pinic acid is
energetically favored by 7.7 kcal mol−1 over cis-3-caric acid (at
the DLPNO-CCSD(T0)/aug-cc-pVTZ level of theory). Figure
6C shows that ∼50% of the SOA mass has been identified at 0
°C. The remaining compounds contributing to the particle
phase are likely less oxidized and untargeted during the offline
analysis. Figure 2 shows higher H/C ratios compared to the
identified oxidation products cis-caric acid, cis-caronic acid, and
MW170 which supports that the unidentified SOA fraction is

likely less oxidized. For α-pinene, there is a slight decrease in the
O/C ratio with decreasing temperature. This is consistent with
the decrease in the mass fraction of dimers with an O/C > 0.4
with decreasing temperature observed in Kristensen et al.7

The major ozonolysis product of Δ3-carene identified in the
particle phase is cis-3-caric acid. At 0 °C, the concentration of cis-
3-caric acid is 39.8± 0.7 μg m−3, at 10 °C it is 23.5± 0.2 μg m−3,
and at 20 °C it is 2.66± 0.03 μg m−3. The concentration of cis-3-
caric acid increases with decreasing temperature, which is
consistent with the temperature dependence of the SOA mass
concentration. This temperature dependence is observed for all
the identified acids. In contrast to the high concentration of cis-
3-caric acid at 0 °C, the corresponding concentration of cis-pinic
acid from α-pinene ozonolysis at the same conditions is only∼7
μg m−3.7 This is in good agreement with the larger SOA mass
concentration observed for Δ3-carene SOA compared to α-
pinene SOA and also the product diversity of α-pinene SOA.
Three dimers are tentatively identified in Δ3-carene SOA for

the first time. Scheme 2 shows the proposed molecular
structures of the novel dimers MW338, MW368, and MW400
(denoted according to their MW) formed by Δ3-carene
ozonolysis. MW368 is composed of two cis-3-caric acid units,
while MW400 consists of one cis-3-caric acid unit and one OH-
3-caronic acid unit. The proposed structure of MW338 is similar
to that of the α-pinene analogue suggested by Witkowski and
Gierczak.29 However, by looking at the subunits of the MW338
dimers, it is difficult to deduce how this product could be formed
in the atmosphere and thus other structures are likely. All the
identified dimers have an α-pinene analogue and are identified
by their characteristic MS−MS fragmentation patterns and
molecular masses. Figure S5 shows extracted ion chromato-
grams (EIC) and Table S1 shows characteristic ions in the MS−
MS spectra. The fragmentation patterns are in good agreement
with fragmentation patterns from α-pinene dimers with the

Figure 6. (A) Concentrations of the four tentatively identified carboxylic acids (in μg m−3) and the three tentatively identified dimers (in ng m−3) in
SOA formed from ozonolysis ofΔ3-carene at all temperatures. The temperatures are indicated by the color of the bar. The error bars are one standard
deviation from duplicate determination. (B) Total concentration of the observed oxidation products in μg m−3 at the three different temperatures. (C)
Mass fractions of the total concentration of oxidation products of the total SOA mass in the AURA smog chamber.
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same molecular mass.24 The most dominating dimer for Δ3-
carene is MW368, which is consistent with the prior
observations for dimer formation in α-pinene SOA.23 This
indicates that the formation of dimers from the two
monoterpenes is somewhat analogous. A large difference,
however, is that dimers contribute to ∼5−16% of SOA from
α-pinene ozonolysis,24 while the dimers from Δ3-carene
ozonolysis constitute a minor fraction (<0.1%) to the SOA
mass. This indicates that dimer formation in SOA from
ozonolysis of Δ3-carene contributes to a smaller degree
compared to dimers from α-pinene ozonolysis.
A noticeable result from the offline analysis of Δ3-carene

ozonolysis SOA is a less diverse product distribution compared
to α-pinene ozonolysis SOA as well as an increased
concentration of the identified oxidation products. Figure 7
shows the product distributions of α-pinene and Δ3-carene at 0
and 20 °C. Overall, seven carboxylic acids and three dimers were
tentatively identified in SOA from ozonolysis of Δ3-carene,
while for α-pinene, up to 16 different acids and as many as 30
dimers have been tentatively identified in ozonolysis SOA.6

Calculations of formation free energy of cis-3-caric acid supports
both the less diverse product distribution and the increased
concentration of cis-3-caric acid compared to cis-pinic acid (see
section below). The tendency of the initial Δ3-carene oxidation
products to condense causes the less diverse product

Scheme 2. Proposed Structures of Tentatively Identified
Dimersa

aMW338 is present as both isomers because it has been identified at
two retention times in the chromatogram. MW338 is analogous to the
α-pinene dimer with the same MW proposed by Witkowski and
Gierczak.29 MW368 consists of two cis-3-caric acid units. MW400
consists of one cis-3-caric acid unit and one OH-caronic acid unit.

Figure 7. Product distribution of oxidation products fromΔ3-carene and α-pinene at both 0 and 20 °C. The product distribution for α-pinene is much
more complex compared to that of Δ3-carene. DTA = diaterpenylic acid, DTAA = diaterpenylic acid acetate, and MBTCA = 3-methyl-1,2,3-
butanetricarboxylic acid. The α-pinene data is from a previous study.7
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distribution in contrast to the initial α-pinene oxidation
products, which tend to stay in the gas phase.
The temperature dependence of the concentration of the

identified oxidation products also indicates a more efficient
condensation in agreement with calculations. Regarding
MW368, this compound shows the same temperature depend-
ence as the carboxylic acids, suggesting that it is formed in the
particle phase or on the surface of the particles.64 This is in
contrast to a previous work indicating that dimers from α-pinene
ozonolysis form in the gas phase through cluster formation of
carboxylic acids or through Criegee intermediate reactions with
reactive species, for example, RO2.

24

Vapor pressures were estimated using the EVAPORATION
model41 for all identified oxidation products fromΔ3-carene and
the α-pinene analogues of these compounds. Table S2 presents
the estimated vapor pressures. For all oxidation products
classified as carboxylic acids, the vapor pressure is unaffected by
the small changes in the structure. For the dimers, however, the
vapor pressures of the dimer analogues are dependent on minor
structural changes. For MW338, the Δ3-carene analogue has a
lower estimated vapor pressure than the α-pinene analogue. For
MW368, the estimated vapor pressures are almost similar for the
analogues with the Δ3-carene analogue having a slightly lower
estimated vapor pressure. For MW400, the estimated vapor
pressures are again similar with the α-pinene analogue having a
slightly lower estimated vapor pressure than the Δ3-carene
analogue. Note that the differences in vapor pressure estimates
between dimers may fully or in part be related to the limitations
of the group contribution method in estimating vapor pressures
of multifunctional compounds.65 In general, compounds with
low vapor pressures partition to the particle phase more easily
compared to a compound with a higher vapor pressure that
tends to stay in the gas phase. Zuend and Seinfeld66 describe the
dimer from α-pinene consisting of a pinic acid unit and an OH-
pinonic unit (corresponding to MW400) as a nonvolatile
compound, which solely resides in the particle phase. The vapor
pressure of MW400 is in the order of 10−7 Pa at 20 °C. The
dimers identified from Δ3-carene all have vapor pressure of the
same order of magnitude or lower, which suggests that they also
exist solely in the particle phase. This indicates that dimers may
be important contributors to particle formation. A larger
number of dimers in higher concentration is found for α-pinene,
which suggests that it is efficient in new particle formation,
which is in good agreement with the number concentration
being higher for α-pinene compared to Δ3-carene.
Formation Free Energy of cis-3-Caric Acid and cis-Pinic

Acid. As illustrated by the experimental results, the minor
structural differences between the first-generation oxidation
products cis-3-caric acid and cis-pinic acid might lead to very
different properties in relation to particle formation. To shed
further light on this difference, their cluster formation free
energies were calculated using quantum chemical methods. The
formation free energies of cluster formation between the organic
acids themselves and with sulfuric acid is studied as a proxy for
the molecular interaction of the compounds with organic and
inorganic acidic particles, respectively. As the exact molecular
environment at the particle surface is unknown, the calculations
of the molecular interaction in the clusters studied here should
be regarded as a surrogate surface structure.64 This simplified
approach has commonly been applied, especially when studying
implications for heterogeneous catalysis at the particle interface
using quantum chemical methods.67,68 Figure 8 shows the
calculated cluster structures consisting of sulfuric acid (sa) and

pinic/caric acid. The corresponding calculated free energies (in
kcal mol−1, at 298.15 K and 1 atm) for forming the clusters are
presented in Table 2.

From Table 2, it is seen that the minor differences in the
carbon backbone of cis-pinic acid and cis-3-caric acid leads to
large differences in the calculated cluster formation free energies.
The formation free energy for forming the dimer cluster of two
caric acids (caric)2 is significantly more favorable (−9.9 kcal
mol−1) compared to the (pinic)2 cluster (−0.6 kcal mol−1), at
298.15 K. As shown in Figure 8, this difference is caused by the
fact that caric acid has two symmetric carboxylic acid groups,
which makes it capable of forming co-planar carboxylic acid-
carboxylic acid interactions in the (caric)2 cluster. This is not
possible in the case of the (pinic)2 cluster, as the cluster
formation is associated with a bend in the structure, forcing the
carboxylic acid−carboxylic acid interactions away from the
optimal co-planar orientation. Furthermore, in the (pinic)2
cluster the carbon backbone is in closer proximity with each
other, which will lead to a higher steric hindrance. These large

Figure 8. Calculated molecular structures of clusters consisting of
sulfuric acid (sa) with either cis-pinic acid (pinic) or cis-3-caric acid
(caric). Calculations are performed at the ωB97X-D/6-31++G(d,p)
level of theory. Color coding: green = carbon, red = oxygen, white =
hydrogen, yellow = sulfur.

Table 2. Calculated Formation Free Energies (in kcal/mol)
of the Investigated Sulfuric Acid−Pinic/Caric Acid Clustersa

cluster ΔG kcal mol−1

(sa)2 −5.9
(pinic)2 −0.6
(sa)1(pinic)1 −6.7
(sa)2(pinic)1 −12.7
(sa)1(pinic)2 −11.1
(sa)2(pinic)2 −21.9
(caric)2 −9.9
(sa)1(caric)1 −9.9
(sa)2(caric)1 −15.3
(sa)1(caric)2 −17.5
(sa)2(caric)2 −24.6

aCalculations are performed at the DLPNO-CCSD(T0)/aug-cc-
pVTZ//ωB97X-D/6−31++G(d,p) level of theory at 298.15 K and
1 atm.
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differences in formation free energies can be viewed as the
potential of the respective carboxylic acids to condense on the
surface of an existing organic containing acidic aerosol particle.
This illustrates that cis-3-caric acid is expected to be much more
efficient in condensing onto existing particles compared to cis-
pinic acid, which is in good agreement with the experimental
results presented here. It should be mentioned that this does not
mean that Δ3-carene necessarily will be more favorable in
forming new particles, as new particle formation is correlated
with the formation of covalently bound dimers21 with a lower
contribution from the monomers such as pinic/caric acid.
To further illustrate the potential of cis-pinic acid and cis-3-

caric acid to condense on inorganic acidic particles, the cluster
formation free energies between the two compounds and
sulfuric acid (sa) were calculated. It should be noted that sulfuric
acid is considered the main driver for atmospheric nucleation,
but in the AURA chamber, there should only be miniscule
amounts of sulfuric acid impurities present. Hence, sulfuric acid
will be many orders of magnitude lower in concentration
compared to the added VOCs. As presented in Table 2, the
formation free energies of the (sa)1−2(caric)1−2 clusters are in all
cases more favorable than the corresponding (sa)1−2(pinic)1−2
clusters. For instance, the calculated reaction free energy at
298.15 K for the clustering with sulfuric acid is significantly more
favorable for caric acid (−9.9 kcal mol−1) compared to pinic acid
(−6.7 kcal mol−1). Again, these findings can easily be
understood by inspecting the cluster structures, as shown in
Figure 8. The (sa)1(pinic)1 cluster is only capable of forming two
hydrogen bonds with sulfuric acid, where the (sa)1(caric)1
cluster forms four hydrogen bonds.
The calculated formation free energies (ΔGi+j) can be used to

calculate the evaporation rate (γ) of a given cluster (i, j) breaking
into its individual constituents i and j. The evaporation rate can
be calculated as

γ β=
Δ − Δ − Δ
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where βi,j is the collision coefficient calculated using kinetic gas
theory. Using the computed formation free energies from Table
2, it is evident that the (sa)1(pinic)1 cluster has an evaporation
rate which 170 times higher than the (sa)1(caric)1 cluster. In the
case of the (caric)2 cluster, the evaporation rate is seven orders of
magnitude lower than the corresponding (pinic)2 cluster. These
quantum chemical calculations illustrate that despite having the
same molecular formula and predicted vapor pressure, the
thermodynamic properties of cis-pinic acid and cis-3-caric acid
are very different. This shows that the O/C ratio might not be a
definitive metric for the vapor pressure of a given organic
compound and the exact chemical structure is also of high
importance. The fact that the early oxidation product cis-3-caric
acid favorably interacts with the existing organic/inorganic
acidic particles implies that it will efficiently be removed from
the gas phase before further oxidation can take place. As shown
in the experiments, this leads to a less diverse product
distribution. In contrast, the analogue oxidation product, cis-
pinic acid, is not as efficiently removed from the gas phase and
can undergo further oxidation, leading to a diverse spectrum of
oxidation products.
Overall, a considerable difference between the formation of

SOA from the two monoterpenes is illustrated both in the
difference in SOA mass and number concentrations, particle
size, and product distribution in the particle phase. The offline

analysis shows a much larger relative contribution of cis-caric
acid to SOA mass in comparison to the α-pinene analogue, cis-
pinic acid. While this may be related to cis-caric acid being
formed in a larger yield in theΔ3-carene ozonolysis than cis-pinic
acid in the α-pinene ozonolysis, the cluster formation free
energies also illustrate that cis-3-caric acid is efficiently removed
from the gas phase, whereas the α-pinene-derived analogue, cis-
pinic acid, tends to stay in the gas phase undergoing further
reactions before condensing.
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