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Abstract We present ambient observations of dimeric monoterpene oxidation products (C16–20HyO6–9) in
gas and particle phases in the boreal forest in Finland in spring 2013 and 2014, detected with a chemical
ionization mass spectrometer with a ﬁlter inlet for gases and aerosols employing acetate and iodide as
reagent ions. These are among the ﬁrst online dual-phase observations of such dimers in the atmosphere.
Estimated saturation concentrations of 10 15 to 10 6 μg m 3 (based on observed thermal desorptions
and group-contribution methods) and measured gas-phase concentrations of 10 3 to 10 2 μg m 3
(~106–107 molecules cm 3) corroborate a gas-phase formation mechanism. Regular new particle formation
(NPF) events allowed insights into the potential role dimers may play for atmospheric NPF and growth.
The observationally constrained Model for Acid-Base chemistry in NAnoparticle Growth indicates a
contribution of ~5% to early stage particle growth from the ~60 gaseous dimer compounds.

Plain Language Summary Atmospheric aerosol particles inﬂuence climate and air quality. We
present new insights into how emissions of volatile organic compounds from trees are transformed in the
atmosphere to contribute to the formation and growth of aerosol particles. We detected for the ﬁrst time
over a forest, a group of organic molecules, known to grow particles, in the gas phase at levels far higher
than expected. Previous measurements had only measured them in the particles. This ﬁnding provides
guidance on how models of aerosol formation and growth should describe their appearance and fate in
the atmosphere.
1. Introduction
Atmospheric oxidation products of biogenic volatile organic compounds (BVOCs) have been shown to be of
importance for the formation of secondary organic aerosol (SOA) mass [Hallquist et al., 2009; Heald et al.,
2008], new particle formation via nucleation [Kulmala et al., 2013; Riccobono et al., 2014], and the subsequent
growth of these particles to sizes relevant for cloud formation [Ehn et al., 2014; Tröstl et al., 2016; Yli-Juuti et al.,
2011]. Increased functionality leads to lower saturation concentrations (c*) of these oxidation products compared to their more volatile precursors and more likely drives them into the particle phase. Contribution to
nanoparticle growth requires effective c* of less than 10 3 to 10 2 μg m 3 [Donahue et al., 2011a].
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Important BVOC SOA precursors are monoterpenes [Heald et al., 2008] such as α-pinene (C10H16). They are
emitted from, e.g., coniferous trees [Guenther et al., 2006], and exhibit high reactivity. Monoterpenes are oxidized by hydroxyl radicals (OH), nitrate radicals (NO3), and ozone (O3) within minutes to hours of being
emitted into the atmosphere [Hakola et al., 2012]. Recent laboratory studies have shed light on formation
mechanisms and molecular composition of α-pinene oxidation products: they provide evidence for highly
oxygenated molecules (HOM) containing 8–10 or 17–20 carbon and 6–12 or 8–18 oxygen atoms (monomers
or dimers). Monoterpene-derived HOM can have extremely low volatilities (c* < 10 4.5 μg m 3, referred to as
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ELVOC), and contribute to nanoparticle formation, and nanoparticle growth in the early stages [Ehn et al.,
2014; Tröstl et al., 2016]. A pathway for HOM formation has recently been elucidated and attributed
to peroxyradicals (RO2) repeatedly undergoing autoxidation via intramolecular hydrogen abstraction
followed by O2 addition [Ehn et al., 2014; Jokinen et al., 2014; Mentel et al., 2015; Rissanen et al., 2015].
Additionally to oxidation, increasing carbon chain length is another, albeit less efﬁcient, mechanism for vapor
pressure lowering. Higher molecular-weight compounds have been identiﬁed as important mass contributors to SOA from α-pinene ozonolysis [Gao et al., 2004; Hall and Johnston, 2011; Kristensen et al., 2016;
Tolocka et al., 2004; Zhang et al., 2015]. These macromolecules are referred to as oligomers and range in size
from two C8–10 subunits (dimer) to up to three or even four such units. Observations suggest that the contribution to SOA mass is greater from dimer-like components than trimers, etc. [Kourtchev et al., 2016]. Proposed
molecular formulae of such oligomers reveal O:C ratios that put them close to or even into to the HOM category and are indicative of their low or even extremely low volatile nature [Gao et al., 2004; Iinuma et al., 2004;
Kristensen et al., 2014, 2016; Yasmeen et al., 2010]. As such, understanding their abundance and formation
mechanisms would aid in elucidating particle formation and growth mechanisms.
Various pathways have been suggested for the formation of dimers from α-pinene ozonolysis, including
those occurring exclusively in either the gas or condensed phases. Herein, we deﬁne dimers as accretion products of any two monoterpene oxidation products at varying processing stages. Proposed condensed-phase
formation pathways can be largely grouped into reactions of closed-shell (nonradical) monomers, e.g., gemdiol reactions, aldol condensation, peroxyhemiacetal and acetal formation, and esteriﬁcation [Camredon
et al., 2010; DePalma et al., 2013; Docherty et al., 2005; Hall and Johnston, 2011; Kristensen et al., 2013; Kroll
and Seinfeld, 2008; Müller et al., 2009; Tolocka et al., 2004; Witkowski and Gierczak, 2014; Yasmeen et al.,
2010]. Ziemann and Atkinson [2012] also mention the decomposition of hydroperoxides and peroxyhemiacetals as a source for carbonyls and esters. Noncovalent clustering of monomers (such as carboxylic acid
H-bonding) is another form of dimer formation [Claeys et al., 2009; DePalma et al., 2013; Zhao et al., 2009].
Particle-phase oligomerization reactions are often related to longer time scales [e.g., Yasmeen et al., 2010],
more processed SOA, and high precursor concentrations [Kourtchev et al., 2016]—the latter indicative of a
potential for laboratory experiments to be biased by high concentrations. The multitude of proposed formation pathways and dimer structures, sometimes even contradictory, are evidence for both the complexity of
the system as well as for our large knowledge gaps.
Gas-phase mechanisms have also been suggested for dimer formation. Among these are the abovementioned noncovalently bound carboxylic acid dimers, as well as RO2 self-reactions [Müller et al., 2009;
Zhang et al., 2015; Ziemann, 2002] forming, e.g., diacyl peroxides, and addition of stabilized Criegee intermediates (SCI) to RO2 [Zhao et al., 2015]. Rate constants and product yields for RO2 self-reactions are relatively
less well known, especially for large multifunctional RO2 such as those from monoterpene oxidation. Due to
the possibility of the SCI to react with water, the atmospheric relevance of this pathway remains uncertain
[Docherty et al., 2005; Zhao et al., 2015]. The very short time scales of ester dimer formation have led to the
suggestion of a gas-phase mechanism involving reaction of the SCI with other closed-shell oxygenated
VOC [Kristensen et al., 2014, 2016]. However, the observed increased formation at higher relative humidity
(RH) somewhat contradicts above-mentioned important reaction route of the SCI with atmospheric water
vapor. The dimer esters were only detected in the SOA produced from ozonolysis and were not observed
from OH oxidation of α-pinene, thereby supporting the potential link to SCI chemistry [Kristensen et al.,
2014]. In a later study, the authors observed an inﬂuence of OH scavengers on dimer formation and
concluded that OH radicals might enhance the formation of certain dimer esters [Kristensen et al., 2016].
Observations of HOM dimers in the gas phase have sparked renewed interest in the possibly signiﬁcant
involvement of dimers in new particle formation and growth. Evidence for the contribution to new particle
formation has been shown for monoterpene HOM dimers [Ehn et al., 2014; Kurtén et al., 2016; Tröstl et al.,
2016], but there are also indications that less oxygenated dimers may even play an important role due to their
low vapor pressures and actual detection in particles formed during nucleation experiments in the laboratory
[Kristensen et al., 2014; Zhang et al., 2015; Zhao et al., 2015].
One limitation of previous studies on such dimers is the lack of online (in situ) observations, in both the ﬁeld
and as part of chamber experiments, and the lack of simultaneous detection in the gas and particle phase. If
the mechanism of their production is governed by gas-phase chemistry, such as SCI reactions with other
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Figure 1. Time series of dimers in gas and particle phase measured in Hyytiälä, Finland, with a FIGAERO-CIMS employing
acetate (2013) and iodide (2014) as reagent ions. The grey backgrounds denote days with new particle formation events.

oxygenated VOC or self-reactions of RO2 formed from Criegee decomposition, then there should be a steady
state concentration of such dimers in the gas phase sustained by terpene oxidation and balanced by a
condensation sink to existing aerosol particle surface area, as well as other potential photochemical or
depositional loss processes.

2. Methods
We deployed a chemical ionization high-resolution time-of-ﬂight mass spectrometer with a ﬁlter inlet for
gases and aerosols (FIGAERO-CIMS) in the boreal forest in Hyytiälä, Finland, during spring 2013 and 2014.
Acetate and iodide (I ) were used as reagent ions in 2013 and 2014, respectively. For a description of measurement campaigns, instrumental setup, background determination, CIMS sensitivities, and measurement
uncertainties, see Text S1 in the supporting information [Aalto et al., 2001; Ehn et al., 2014; Hari and
Kulmala, 2005; Lee et al., 2014; Lopez-Hilﬁker et al., 2016, 2014, 2015; Schobesberger et al., 2016; Thompson
et al., 2017]. We report herein the ﬁrst online detection and quantiﬁcation of both gas and particle phase
compounds which have the same compositions as the dimers reported in previous studies, over a Finnish
boreal forest. We identiﬁed 62 (2013) and 58 (2014) ions with derived molecular formulae corresponding
to accretion products of any two monoterpene oxidation products (16–20 carbon atoms and 6–9 oxygen
atoms). The number of oxygen atoms largely excludes these dimers from the category of HOM deﬁned by
Ehn et al. [2014]; autoxidation is likely not the dominant formation mechanism. The list of dimers and a
discussion on their detection by both reagent ions and molecular formula assignments can be found in
Tables S1–S2 and Text S2 in the supporting information [Brophy and Farmer, 2015; Furgeson et al., 2011;
Hakola et al., 2012; Jokinen et al., 2016; Lopez-Hilﬁker et al., 2016, 2015; Phillips et al., 2013; Richters et al.,
2016; Veres et al., 2008; Yatavelli et al., 2015].

3. Results and Discussion
3.1. Ambient Observations: Dimers in Gas and Particle Phases
Figure 1 shows the time series of the sums of dimers in the gas and particle phases for the 2013 and 2014
campaigns, with median values of 0.005 (gas-phase 2013), 0.001 (gas-phase 2014), 0.01 (particle-phase
2013), and 0.01 μg m 3 (particle-phase 2014). We assume the mass concentrations to be likely higher than
reported here due to uncertainties in dimer transmission in the instrument [Ehn et al., 2014; Lopez-Hilﬁker
et al., 2016], except for the 2013 gas-phase data where background removal may be incomplete (Text S1).
Given that the measurements span two different years with slightly different periods, different measurement
heights (below/above canopy), and different ion chemistries, it is remarkable that measured concentration
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levels of dimeric gases and particle
compounds are of the same order
of magnitude between the two
campaigns and even similar in the
case of particle-phase dimers. This
also indicates robustness of the
dimer measurement toward different
ion chemistries. A comparison of
particle-phase dimer concentrations
and total organic aerosol concentrations measured by an Aerosol
Chemical Speciation Monitor (ACSM)
and Aerosol Mass Spectrometer
(AMS) is given in Figure S1 in the
supporting information.
Figure 2. Molar mass versus c* for all dimer compounds. Circles: c* calculated based on the method by Donahue et al. [2011b]. Diamonds: c*estimated based on compounds’ maximum desorption temperature Tmax
[Lopez-Hilﬁker et al., 2014]. Measured gas-phase average concentrations of
the dimers (squares) are color coded by their O:C ratio. The outlier in the 2014
1
data set, C18H34O8I (M = 378.2 g mol without I ), has a Tmax that varies
signiﬁcantly during the campaign. Its derived c* is very uncertain.

Interestingly, the sum of dimers in
the gas phase exhibits a different
temporal pattern, with a more distinct diel variation than that of the
particle-phase dimers (Figure S2).
The gaseous dimers show a maximum in the early afternoon and a
minimum in the early morning hours. This 24 h temporal evolution is similar to that of O3 and OH, indicative
of photochemical oxidation of monoterpenes for dimer formation [Kontkanen et al., 2016]. The dimers in the
particle phase exhibit a much less distinct diel variation than the gaseous dimers. In 2014, the particle phase
data generally show more variation in the 2 h medians across the whole campaign and a slight increase in
concentrations during the day, likely inﬂuenced by higher monoterpene emissions and oxidation rates in
May compared to April.
Median dimer particle fractions (Fp, concentration in the particle phase/sum of concentrations in the gas
and particle phase) are 0.53 and 0.90 for 2013 and 2014, respectively. Theoretical values of Fp can be
estimated by using the gas/particle partitioning model by Pankow [1994] with organic aerosol mass
concentration, activity coefﬁcient (assumed to be unity), vapor pressure of the compound over the pure
component, the gas constant R, and environmental temperature as inputs. The very low vapor pressures
of the dimers (see calculation of c* in the next section) inferred from their molecular formulae yield
theoretical Fp values close to 1, independent of the method of vapor pressure calculation. The discrepancy
between empirical and modeled Fp values suggests equilibrium partitioning not to be the governing process for the distribution of dimers between the gas and particle phases. This, together with measured concentrations of dimers in the gas phase that are of the same order of magnitude as the concentrations in
the particle phase, the differences in diurnal evolution of dimers in the gas and particle phases, and the
very low inferred vapor pressures (making evaporation at ambient temperatures unlikely), are indicative
of a dimer formation mechanism in the gas phase.
3.2. Dimer Formation in the Gas Phase
To estimate c* of the various dimers, we used (i) the thermodynamic framework for organic aerosol mixtures
developed by Donahue et al. [2011b] based on empirical data of organic aerosol O:C ratios and volatility
and (ii) the compounds’ temperatures Tmax at which their desorption signals reach a maximum. Tmax is
linearly related to an effective enthalpy of vaporization in the FIGAERO and can be used to estimate c*
[Lopez-Hilﬁker et al., 2014] (Figure S3). c* for all dimer compounds measured in the gas phase during 2013
and 2014 are plotted in Figure 2 versus the molar mass of the respective compound. The data points of
the measured concentrations are color coded by the compounds’ elemental O:C ratio, which greatly inﬂuences their volatility. The desorption temperature-derived c* are in general higher by ~2 orders of magnitude
than the c* calculated by the method of Donahue et al. [2011b]. This is in line with recent ﬁndings about
group-contribution methods likely to underestimate the saturation vapor pressure of atmospheric oxidized
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molecules [Kurtén et al., 2016]. The average gas-phase concentrations of the individual dimeric compounds
measured in Hyytiälä are also plotted in Figure 2 for comparison.
The gas-phase concentrations for all but one of the dimers were well above the calculated or desorptioninferred c*. This suggests that either these dimers are not in gas-particle equilibrium, for example, because
there is a local gas-phase production mechanism that maintains a disequilibrium, or that there are substantial
errors in our c* estimates. We rule out orders of magnitude overestimates in the measured mass concentrations as that would violate collision-limited product ion formation. The c* estimates do not take differences of
molecular structures into account, which may cause errors in the c* [Pankow and Asher, 2008]. To investigate
the inﬂuence of molecular structure on vapor pressure, we chose two example dimers from the Hyytiälä 2013
data set: C17H26O8 and C19H28O7. C17H26O8 has a composition consistent with pinyl-diaterpenylic ester
detected in the particle phase previously in ﬁeld and laboratory studies [Kristensen et al., 2014, 2013] and
suggested to be formed through gas-phase reactions of the SCI. In contrast, Müller et al. [2009] assigned
C17H26O8 based on their laboratory MS/MS particle-phase spectrum to either a hydroperoxyhemiacetal or
a peroxyhemiacetal. Peroxyhemiacetal formation is largely regarded as a particle-phase mechanism [Tobias
and Ziemann, 2000]. C19H28O7 was identiﬁed as pinonyl-pinyl ester [Kristensen et al., 2014, 2013; Müller
et al., 2009] but could also be a diacyl peroxide from RO2 self-reactions [Rissanen et al., 2014; Ziemann,
2002]. c* estimates for the different isomers of C17H26O8 and C19H28O7 using four different methods
[Compernolle et al., 2011; Myrdal and Yalkowsky, 1997; Nannoolal et al., 2008; Pankow and Asher, 2008] do
not allow a conclusive statement; they may be esters or a peroxyhemiacetal in the case of C17H26O8 (for
details see Text S3 [Barley and McFiggans, 2010; Donahue et al., 2011b; Kurtén et al., 2016; Topping et al.,
2016], Table S3, and Figure S4).
Dimer ester formation in the gas phase has been related to reactions of the SCI with RO2 and/or closedshell VOC; however, Docherty et al. [2005] and Zhao et al. [2015] question the atmospheric importance of
such reactions due to the high reaction constant of the SCI with atmospheric water vapor. At the same
time, Kristensen et al. [2014] showed higher gaseous dimer concentrations with higher RH and explained
this effect by increased stabilization of the CI; however, this effect could not be observed for the
particle-phase dimers in the ﬁeld [Kristensen et al., 2016]. No clear trend was observed for our ambient data
for both 2013 and 2014.
Despite indications for ester formation involving the SCI, a conclusive statement on the formation pathway of
the dimers that we observe in the boreal forest in Finland by using two different ionization chemistries for
CIMS cannot be made. Regardless of formation pathway, our data show that these dimers formed in the
gas phase may contribute to the growth of newly formed particles, which are the most signiﬁcant contributor
to particle number concentrations in this environment [Nieminen et al., 2014]. In the following, we will discuss
the behavior of dimers in both gas and particle phases during new particle formation (NPF) events and their
potential importance for the growth of newly formed particles.
3.3. Potential Role of Dimers in New Particle Formation and Growth
In total, eight NPF events were observed during the 2013 and seven NPF events in 2014 (for an explanation of
choice of NPF and non-NPF days see Text S4 and Figures S5a and S5b). We observe differences in patterns of
diel evolution of dimers in gas and particle phases for days with and without NPF (Figures 3a and 3b). During
NPF days, the particle-phase concentrations of dimers are slightly lower compared to those during non-NPF
days, consistent with a lower condensation sink, a prerequisite for NPF. Overall, the diel pattern of particlephase dimers during NPF event days is relatively ﬂat. The gas-phase dimers exhibit a clear diel pattern, with
minimum concentrations at night and maximum concentrations after noon. OH and O3 exhibit very similar
diel patterns; it can be assumed that the dimeric compounds presented here result from the oxidation of
monoterpenes by these oxidants. During nonevent days, we observe a slight maximum of particle-phase
dimers at noon; the decrease in the afternoon can be explained by increases of the boundary layer height
during the day. The gas-phase diurnal pattern for the nonevent days, on the other hand, shows less of an
increase during midday compared to the NPF event days.
Aerosol particle surface area is a determinant in new particle formation and presumably also largely inﬂuences the observed diel patterns of dimers in both gas and particle phases. The decrease of particle surface
area prior to NPF events allows for a buildup of gaseous dimers; during nonevent days, when background
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Figure 3. Diel patterns (deviation from the daily median) of dimers in the particle and gas phases for days (a) with and
(b) without NPF. Lines: median values per time of day, include both the 2013 and 2014 data. Shaded areas: 25th and
75th percentiles, respectively. (c) Mean difference in dimer gas-phase concentrations for days with NPF between the time
of day when particle growth starts to dominate over number increases and the time right at the beginning of NPF. For the
nonevent days, the same time intervals were chosen.

aerosol surface concentrations are relatively higher, the low-volatile dimers formed in the gas phase
experience a larger condensation sink for a similar production rate. We have also seen earlier that
partitioning into the particle phase might be limited by gas-to-particle mass transfer. Figure 3c shows the
averaged differences in gas-phase concentrations of dimers between the time of day when particle
growth starts to dominate over number increases and the time right at the beginning of an NPF event. For
the nonevent days, the same time intervals were chosen. These differences are always positive, i.e.,
gaseous dimer concentrations increase between early morning and afternoon hours. During NPF events in
both years, dimer vapor concentration increases are on average a factor of ~2 higher, while measured
total particle surface areas are a factor of 1.5 to 2 lower than on non-NPF days, suggesting that the gasphase source terms of the dimers were relatively constant, but the lower condensation sink increases the
dimer vapor concentrations, which ultimately inﬂuence the growth of particles during NPF.

Figure 4. MABNAG results for the NPF event on 5 May 2014: modeled dry
particle mass fractions of the compounds constrained by measurements
(organic compounds grouped according to c*) as a function of particle size.
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We investigated the potential
dimer contribution to NPF in more
detail by using the Model for
Acid-Base chemistry in NAnoparticle
Growth (MABNAG) (for an explanation including uncertainty estimation
see Text S5 [Epstein et al., 2010; YliJuuti et al., 2013]). Figure 4 shows
the modeled mass fractions of the
compounds constrained by measurements as a function of particle size
for the NPF event on 5 May 2014
(ammonia, water, sulfuric acid, and
the dimers and four groups of
organic compounds grouped according to their inferred c*). The results
show a contribution of dimers
formed in the gas phase to particle
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mass of ~5% (range 1–14%; for details see Text S5). This contribution is for particles with a diameter of
~60 nm, or after ~5 h of particle growth. At the end of such 5 h growth phases, DMPS and AMS usually
measured particle mass concentrations of ~1 μg m 3 for both 2013 and 2014, which translates into a dimer
condensation rate of ~0.01 μg m 3 h 1. The model predicts condensational growth for nucleation mode particles only and does not consider the full particle size distribution. Thus, closure with the particulate dimers
measured by the FIGAERO-CIMS cannot be evaluated because the measurements are based on particles with
a diameter smaller than 2.5 μm deposited on the ﬁlter. The cubic dependence of mass on diameter leads to a
masking of the chemical composition of smaller particles by larger particles. Earlier, we had shown that
during NPF event days, we measured a net increase of ~0.005 (0.002) μg m 3 in gas-phase dimers in 2013
(2014), corresponding to ~0.0005 (0.0002) μg m 3 h 1. Under the assumption that condensation is the only
sink for gaseous dimers, and neglecting dilution due to boundary layer height increases or degradation by
photolysis or other unknown processes, these numbers indicate that at least 95% of dimers formed in the
gas phase directly contribute to particle growth.

4. Conclusions and Implications
The deployment of the FIGAERO-CIMS in the boreal forest in Hyytiälä, Finland, during spring 2013 and 2014
allowed for some of the ﬁrst simultaneous online molecular-level measurements of atmospheric oxygenated
VOC, both gaseous and particle-bound. We identiﬁed ~60 compounds in both phases with inferred molecular
formulae corresponding to dimers of monoterpene oxidation products. Measured concentrations in the gas
phase are of the same order of magnitude as those in the particle-phase and exhibit different diel patterns.
Together with the very low inferred vapor pressures of the dimers, the measured abundance indicates a gasphase formation mechanism with subsequent condensation and contribution of the dimers to particle mass.
Frequent new particle formation events during the measurements in Hyytiälä in 2013 and 2014 allowed the
investigation of the importance for the dimers formed in the gas phase for the growth of newly formed particles. Modeled growth rates constrained by FIGAERO-CIMS measurements show good agreement with
observed particle growth rates and indicate that the ~60 dimeric compounds can contribute ~5% of the mass
of sub-60 nm particles.
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The molecular formulae and inferred vapor pressures of the dimers put them in the range of ELVOC, which
have been shown to explain nearly completely the organic mass added during the growth of newly formed
particles [Ehn et al., 2014]. However, the dimers observed in the current study have O:C ratios that do not
necessarily place them in the range of HOM as deﬁned above and are thus most likely not formed by autoxidation. It therefore seems that gas-phase dimer formation processes generally, including reactions of SCI
with closed-shell VOC and RO2 self-reactions, contribute a ubiquitous supply of large, low volatility, oxygenated organic compounds at concentrations (106–107 cm 3) capable of contributing to the growth of newly
formed particles into sizes where they become important for climate.
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