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Abstract

We report the first time-dependent measurements of high molecular weight (up to
700 amu) gas-phase oxidation products from a-pinene ozonolysis in an aerosol cham-
ber under dry and low NO, conditions. Measurements of products having mole frac-
tions ranging from 107" to 107" were carried out with a chemical ionization mass
spectrometer (the Cluster CIMS). Most products that were correlated with number con-
centrations of the smallest particles measured (10-20 nm) had molecular weights in
the 430-560 amu range. Those products are proposed to be likely responsible for the
initial nuclei formation and the early growth of the freshly-nucleated particles based
on their high molecular weights and chemical identities, both of which suggest low
volatility compounds. Another group of oxidation products in the lower mass range of
140-380amu was well correlated with particles larger than 20 nm. We postulate that
those products contributed to the later growth of particles (i.e. larger than 20 nm in di-
ameter). Although particle nucleation in this study was primarily due to condensation of
oxidation products from a-pinene ozonolysis, the involvement of residual sulfuric acid
vapor in particle nucleation cannot be totally excluded.

1 Introduction

The formation of nanoparticles by nucleation of atmospheric trace gases can be a sig-
nificant source of cloud condensation nuclei (CCN). Accurate representations of the
indirect effect of aerosols on climate require better models for the chemical processes
responsible for the nucleation and growth rates that control the chemical properties
and concentration of CCN (Kuang et al., 2009; Merikanto et al., 2009; Yu and Luo,
2009; Kerminen et al., 2005; Laaksonen et al., 2005). Also, the assessment of poten-
tial human health risks linked to episodes of particulate matter pollution depends on the
size-resolved aerosol chemical composition (Breitner et al., 2011; Franck et al., 2011).
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There is hence a need to understand the physical and chemical processes responsible
for nanoparticle formation and growth in the atmosphere.

The last two decades have witnessed steady progress towards understanding the
formation mechanisms of atmospheric nanoparticles in the continental boundary layer
(Chen et al., 2012; Zhang et al., 2012; Kirkby et al., 2011; Bzdek and Johnston, 2010;
Kulmala et al., 2004). It is commonly accepted that atmospheric nucleation is a multi-
component process that involves both inorganic and organic trace species. One unique
species, gaseous sulfuric acid, is almost always found to be involved in the initial nuclei
formation and its concentrations are highly correlated with the formation rates of newly-
formed nanoparticles. However, typical sulfuric acid concentrations (1 0°-10’ cm'3) are
too low to account for the observed early rapid growth of atmospheric nanoparticles
(Paasonen et al., 2010; Boy et al., 2008; lida et al., 2008; Kuang et al., 2008; Riipinen
etal., 2007; Sihto et al., 2006; Stolzenburg et al., 2005; Weber et al., 1996, 1997, 2001).
Therefore, there must be other species that contribute to the early growth process, and
different processes may dominate in different atmospheric regimes. Laboratory exper-
iments and quantum chemical studies showed that both atmospheric acidic (e.g. car-
boxylic acids) and basic compounds (ammonia and amines) can enhance nucleation
rates at given sulfuric acid and water concentrations (Chen et al., 2012; DePalma et al.,
2012; Kupiainen et al., 2012; Yu et al., 2012; Zollner et al., 2012; Erupe et al., 2011;
Nadykto et al., 2011; Kirkby et al., 2011; Berndt et al., 2010; Metzger et al., 2010; Wang
et al., 2010; Zhang et al., 2004, 2009; Zhao et al., 2009; Kurten et al., 2008). Further-
more, recent chamber experiments and field observations showed that, in sulfur-rich
environments, nucleation can be explained by a simplified acid-base model through
the formation of electrically neutral sulfuric acid and amine and/or ammonia containing
clusters (Chen et al., 2012; Jiang et al., 2011). One recent study found that evapora-
tion of sulfuric acid from dimers and trimers (clusters that respectively contain two and
three sulfuric acid molecules plus unknown numbers of water and base molecules)
limits nucleation, and that the nucleation rate (i.e. the rate at which stable clusters are
produced) equals the tetramer formation rate (Chen et al., 2012).
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While significant progress has been made towards understanding the formation
mechanisms of atmospheric nanoparticles from sulfuric acid, much less is known
about nanoparticles formed from other precursor gases such as biogenic organic com-
pounds. A well-known example is the blue haze formation over forests, which has
been attributed to aerosols formed from biogenic volatile organic compounds (BVOCs)
(Went, 1960). Recent laboratory experiments showed that blue haze over forests can
be enhanced by the interaction between organic acids of biogenic origin and sulfuric
acid (Zhang et al., 2009). However, it is unclear whether BVOCs and/or their oxidation
products over forests can form nuclei without the direct involvement of sulfuric acid
vapor.

While little is understood about processes responsible for nucleation and the early
stages of growth from BVOC:s, it is known that organic compounds are significant or
even dominant constituents of ambient submicron aerosols globally (Jimenez et al.,
2009; Zhang et al., 2007), and many of these compounds have biogenic origins. For
example, products of terpene oxidation were observed to be significant components of
ambient submicron particles at various locations (Hyder et al., 2012; Wagener et al.,
2011; Yasmeen et al., 2010; Szmigielski et al., 2007; Cabhill et al., 2006; Herckes et al.,
2006). In forested areas where biogenic emissions dominate, with minimal influences
of anthropogenic pollution, BVOCs are hypothesized to play a more dominant role
than sulfuric acid vapor in the formation of initial nuclei (Paasonen et al., 2010). The
monoterpenes a- and B-pinene are among the most abundant terpenes globally, sec-
ond only to isoprene (Guenther et al., 1995). They react with atmospheric oxidants (e.g.
OH radicals and ozone) to form a variety of oxidation products, some of which are suf-
ficiently nonvolatile to form secondary organic aerosols. Some oxidation products such
as pinic acid and cis-pinonic acid from pinene ozonolysis have been identified in am-
bient secondary organic aerosols collected over forests (Hyder et al., 2012; Yasmeen
et al., 2010; Claeys et al., 2009; Szmigielski et al., 2007; Herckes et al., 2006).

Oxidation of a- and (B-pinene has been studied more than that of other monoter-
penes because of their ubiquity and their important roles in secondary organic aerosol
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formation. Most previous laboratory chamber studies focused either on the aerosol
yields or on identification of individual gas phase products and their yields (Perraud
et al., 2012; Chen et al., 2009, 2011; Lee et al., 2006; Berndt et al., 2003; Yu et al.,
1999). In these studies, many multifunctional oxidation products were identified in
both gas and particulate phases. The chemical composition of laboratory-generated
particles from ozonolysis of pinenes has been measured with off-line methods, and
oligomers were found to be the major constituents of secondary organic aerosols (Hall
and Johnston, 2011, 2012a, b; Heaton et al., 2007). Winkler et al. (2012) showed that
the chemical composition of nanoparticles generated from ozonolysis of a-pinene de-
pends on particle size: 10 and 20 nm particles were enhanced in low volatility carboxylic
acids, while 40 nm particles showed higher concentrations of carbonyl-containing com-
pounds and low molecular weight organic acids (Winkler et al., 2012). This finding
reveals the important role of the Kelvin effect in the growth of biogenic nanoparticles.
Viitanen et al. showed that gas-phase compounds with a mobility diameter of 1.4 nm,
corresponding to a molecular weight of ~ 355amu, were responsible for particle nu-
cleation from a-pinene ozonolysis in a chamber study using ion mobility spectrometry
(Viitanen et al., 2011).

Recently, Ehn et al. (2012) conducted chamber experiments of a- and (-pinene
ozonolysis. Naturally charged negative ions (ions that are produced from collisions of
air molecules with energetic particles, mainly galactic cosmic rays or radon) formed
during the ozonolysis were measured with a high resolution Atmospheric Pressure
interface-Time Of Flight mass spectrometer (APi-TOF) (Ehn et al., 2012). Most of the
ions were identified as clusters containing a negatively charged nitrate ion (NO;), the
latter of which serves as the reagent ion that makes ion detection possible for the
APi-TOF. Based on the ion spectra, the corresponding highly oxidized multifunctional
(HOM) neutral products were identified with an O/C ratio of 0.7—1.3. The HOM products
were proposed to be generated via formation of geminal diols and/or hydroperoxides in
the gas phase rather than in the aerosol phase. However, Ehn et al. (2012) only mea-
sured the steady state signals of the oxidation products; the time-dependent intensities
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of individual products that are related to the initial particle formation were not reported.
In addition, the concentrations of particles larger than 3 nm were found to be very low
(< 100m‘3) during the experiments. Hence no correlations between the HOM products
and newly-formed particles were reported in their study.

In this study, we measured gas-phase oxidation products from a-pinene ozonolysis
using the Cluster CIMS (Zhao et al., 2010). There are three major differences between
measurements in this study and those reported in Ehn et al. (2012)

1. Instead of measuring naturally charged ions, the Cluster CIMS measured ions
formed from chemical ionization of neutral oxidation products. The ion concen-
trations are thus much higher than those from naturally charged ions. Hence
the Cluster CIMS has enough sensitivity to measure the oxidation products
with a much shorter measurement cycle, which allows measurements of time-
dependent profiles during particle nucleation.

2. The average residence time used in this study (determined by the chamber vol-
ume divided by the total flow rate) is much longer than that in Ehn et al. (2012)
(~ 300min vs. 50 min), which allows growth of particles to larger sizes and accu-
mulation of sufficient concentrations of particles to be measured. Time-dependent
concentrations of both particles and gas phase oxidation products were mea-
sured for the entire experiments (typically 20 h) in this study, while only the steady
state concentrations of gas-phase oxidation products were measured in Ehn
et al. (2012).

3. Concentrations of measured oxidation products were estimated by directly apply-
ing the equation derived from chemical ionization (Zhao et al., 2010). The con-
centrations were determined by the relative abundances of the ions resulting from
ionization of the oxidation products and the reagent ions and thus avoid the high
uncertainties caused by estimating the lifetimes of the product ions (Ehn et al.,
2012).
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We report the first time-dependent concentrations of gas-phase oxidation products dur-
ing the entire process from initial nuclei formation and growth to the occurrence of
a later secondary nucleation event. The oxidation products were classified based on
their characteristic temporal profiles and the correlations between the product abun-
dances and the particle concentrations. Gas-phase oxidation products that likely lead
to the initial formation and growth of new particles were identified. The mechanisms of
the particle nucleation and growth products are discussed.

2 Experimental section
2.1 Experimental setup

The experiments were carried out in a 10m® continuous flow reaction chamber
shown in Fig. S1. These experiments were performed under dark conditions. Dry
(RH < 1%) zero air (model 737, Aadco Instruments Inc.) flowed through the chamber
at ~ 30Lmin'1, resulting in a mean residence time of about 5 h. Ozone was introduced
into the chamber by passing one half of the total zero air flow (15Lmin'1) through
a 4.5 cm inner diameter stainless steel tube containing a mercury lamp, which exposed
the air to UV light. Ozone concentrations were regulated by adjusting the length of
the mercury lamp that was in contact with the air flow. The vapor was added to the
remaining zero air flow from a gas cylinder containing 7 ppm a-pinene in nitrogen.
The a-pinene cylinder was prepared by introducing the liquid (Sigma-Aldrich, purity
> 99.5%) into an electro-polished aluminum cylinder and pressurizing with UHP ni-
trogen. The final a-pinene concentration was verified using gas chromatography with
flame ionization detection (GC-FID) and compared with a NIST-certified benzene stan-
dard. The a-pinene flow was initiated at least 10 h before ozone was added in order
to reach its steady state concentration of about 5-20 ppb. No attempt to remove OH-
radical from ozone-alkene reactions was made in these experiments. Several instru-
ments were used to monitor trace gases, gas-phase precursors and products, and par-
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ticles. A home-built Proton Transfer Reaction Mass Spectrometer (PTR-MS) monitored
the concentration of a-pinene and a limited number of volatile gas-phase products
(e.g. pinonaldehyde). Gas-phase species were also detected with the Cluster CIMS
(Zhao et al., 2010). A Scanning Mobility Particle Sizer (SMPS) measured particle size
distributions in the 10-350 nm size range with a ~ 5min measurement cycle. Typical
experiment times were about 20 h from the start of ozone addition until several hours
after the occurrence of a secondary particle formation event.

As a routine cleaning procedure, after each experiment high ozone levels (several
ppm) were introduced into the chamber with the zero air flow to oxidize residual organic
compounds. This air was used to flush the chamber and then vented into the labora-
tory exhaust. The background concentrations of gas-phase precursors and pre-existing
particles met the following criteria prior to each experiment unless otherwise specified:
< 10ppt for a-pinene, < 1ppb for ozone, and < 2cm™ for particles larger than 10 nm.
Concentrations of other trace gases such as NO, and SO, were not measured but
were expected to be low (< 0.1ppb) according to the zero-air generator specifications.
During one of the experiments, E1, background level exceeded the criteria presented
above. Prior to that experiment, which is described in detail below, there were de-
tectable levels of oxidized VOCs and a moderately high (~ 500m‘3) concentration of
10-20 nm diameter particles. Although E1 was not ideal in this regard, it is representa-
tive of all experiments performed for which the background criteria were met. Once the
a-pinene concentration reached steady state, ozone was introduced into the cham-
ber. In most experiments, the steady state ozone concentration was ~ 50-100 ppb.
The ozone was sampled from a port opposite the inlet using a UV photometric ozone
analyzer (Model 49, Thermo Scientific Inc.).

2.2 Cluster CIMS

A detailed description of the Cluster CIMS along with illustrative measurements can

be found in recent publications (Jiang et al., 2011; Zhao et al., 2010, 2011). Only

the aspects relevant to the present study are described here. The Cluster CIMS in-
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let was modified to allow interfacing to the chamber. The inlet was shortened to 50 cm,
which is half the length of the inlet used for ambient measurements. A sample flow
of 10Lmin~" was drawn from the chamber through a 1.25cm outer diameter Teflon
tube. The N, flow rate through the ion source was set to 1 Lmin~" to minimize sample
flow dilution. The reaction time for the reagent ions with the sampled products was
estimated to be ~ 0.2s. For most experiments, we generated nitrate ions (the reagent
ions) by introducing trace amount of nitric acid into the N, flow through the ion source
to measure gas phase oxidation products, similar to the detection scheme that was
employed in previous ambient measurements (Zhao et al., 2010). We also carried out
exploratory experiments to measure more gas phase oxidation products by employing
acetate, a less selective reagent ion (Veres et al., 2008, 2010). The Cluster CIMS ac-
quires the spectra in 100-700 amu range using a quadrupole mass spectrometer, with
a measurement cycle of about 10 min in length.

3 Results and discussion
3.1 Species pertinent to particle nucleation and growth

Three experiments (E1-E3) are discussed in this paper and their experimental con-
ditions are summarized in Table S1. Most of the data presented below are from E1;
similar results from E2 and E3 can be found in the Supplement. Ozone concentrations
increased linearly at a rate of 0.1-0.2 ppb min~" during the first three hours, and during
this period an intense new particle formation event occurred, as shown in Fig. 1a and
b for E1. Concentrations of the smallest measured particles (10-20 nm diameter) be-
gan to increase within 1 h after ozone was first introduced, and reached peak values of
about 200-250 cm™° after 0.5-1.5h (Fig. 1b, point c, for E1, see also Fig. S2b for E2
and Fig. S3b for E3). Evidence of a second particle formation event beginning at about
8-10h is also evident in all three experiments (e.g. Fig. 1b, point f). This probably oc-
curs because the surface area of particles decreased (Fuchs surface area in Figs. 1c,

9327

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiq | Jaded uoissnosig

ACPD
13, 9319-9354, 2013

Dependence of
particle nucleation
and growth

J. Zhao et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

1|


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/9319/2013/acpd-13-9319-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/9319/2013/acpd-13-9319-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

S2c¢, and S3c), allowing the concentrations of condensable species to build up until new
nuclei are formed and subsequently grow to detectable sizes (Kuang et al., 2010). We
cannot rule out the possibility, however, that these later nucleation events are affected
by other species that are produced later in the sequence of a-pinene ozonolysis reac-
tions. Evidence for periodic bursts of nucleation has previously been observed in other
studies (VanReken et al., 2006; McGraw and Saunders, 1984). In addition, at almost
the same time, a distinct bimodal particle growth pattern is formed with a minimum
number concentration observed at 150 nm diameter (Figs. 1a, S2a, and S3a). Similar
observations have previously been reported for the ozonolysis of isoprene (Kamens
et al., 1982).

Figure 2a shows correlations between the concentrations of 10-20 nm particles and
the oxidation products that are detected by the Cluster CIMS for which observed abun-
dances are higher than their background levels. Figure 2b shows correlations for par-
ticles larger than 20 nm. The correlations are separated into three groups, which are
shown in red (Category I), blue (Category Il), and gray (Category lll). The Category |
compounds are mostly in the range of 490—-630 amu, except for several in the ranges
of 300—400 and 430—480 amu, and are well correlated with the smallest particles de-
tected (10-20 nm) (correlation coefficients > 0.5 for most of Category | compounds
except for 480, 530, 558 and 560 amu); we infer that these compounds may be associ-
ated with particle nucleation. In the beginning of most experiments (in the absence of
ozone), the chamber is typically free of particles and hence near zero particle surface
area is expected. Without an aerosol source of condensation sink (i.e. not consider-
ing wall losses that are constant during the experiment), condensable products build
up rapidly upon ozone addition. Saturation ratios of those species increase quickly and
above a certain limit, homogenous nucleation and rapid growth occur. For E1, the back-
ground concentrations of 10—20 nm particles are associated with detectable Category
| products. Also a sharp increase of 10—20 nm particle concentration was observed
upon ozone addition. The Category Il compounds are in the 140-380 amu range and
are correlated with number concentrations of particles larger than 20 nm (correlation
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coefficients > 0.5); we infer that these compounds may be associated with particle
growth. Category Ill compounds are not correlated with the concentrations of particles
in either of those size ranges.

Figure 3a shows a time-series plot of the number concentration of 10—20 nm par-
ticles and the total concentration of Category | compounds. The concentration of in-
dividual Category | compounds follows a similar trend. Estimated concentrations of
the gas phase products were obtained by applying the previously measured mass-
dependent sensitivities of the Cluster CIMS and assuming an ion-molecule rate con-
stantof 2x 10" cm®s ™! and a reaction time of about 0.2 s (Zhao et al., 2010, ref. Fig. S4
for the mass-dependent sensitivities used to determine species concentrations). As
mentioned in Sect. 2.1, during E1 some Category | products were detected 1 h prior to
ozone addition. Nevertheless, for this and all other experiments (ref. Figs. 1a, b, S2a, b,
S3a, b), increases in the concentrations of 10—20 nm particles occurred about 0.5-1h
after the concentrations of Category | products were observed to increase. This time
delay may be associated with the time required for nuclei to grow to 10 nm, the minimum
size that was measured in this study. Once particle formation is observed, the Category
| compounds and 10—20 nm particles follow similar temporal profiles for about 2-3 h,
reaching peak concentrations almost at the same time (Fig. 3a, point c). Subsequently,
particle concentrations drop to near zero as nucleated particles grow beyond the 10—
20 nm diameter interval (point d), while concentrations of Category | compounds reach
approximately steady-state levels (point e). As the experiment continues past the 6h
mark, Category | compounds appear to be anti-correlated with the Fuchs surface area
(ref. Figs. 1c and 3a), increasing above the steady state-concentration at about 8 h,
reaching a secondary maximum at ~ 13h, and then decreasing during the second par-
ticle formation event. The number concentration of 10—20 nm particles follows a similar
trend: at about 8-10h, their concentration again starts to increase, reaching a sec-
ondary peak of about 30—40 cm™ at ~ 14h. The formation rate for 10nm particles
during the second event, J,q,m, Was much lower than for the first event (about 0.038

vs. 0.42¢cm™3 3’1, see Sl Section |l for a discussion of particle formation and growth
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rates). If Category | compounds were responsible for nucleation in both cases, their
lower concentrations during the second event would have led to lower nucleation rates.
As mentioned previously, the results from E2 and E3 were similar to those of E1. How-
ever, no obvious increase of concentrations of Category | compounds was found for E2
during the second particle formation event, probably due to a lower formation rate (see
Sl section Il) that requires a lower concentration (about 1.2 x 10" cm~2 for the steady
state concentration, Fig. S5).

Figure 3b shows the time-series plot of the total concentration of Category Il com-
pounds and the concentration of particles larger than 20 nm. Again, the concentration
of individual Category |l compounds follows a similar trend. These time series are dis-
tinctly different from those in Fig. 3a. Concentrations began to increase after ozone
was introduced, and concentrations of both the > 20nm particles and the Category Il
compounds reach peak values about 1h after the 10—20 nm particles and Category |
compounds reach their peak values, and decrease gradually thereafter. This suggests
that these products are later generation products of a-pinene ozonolysis. Figure 3c is
a time series plot for a typical Category Il compounds. These compounds increase
steadily throughout the 20 h experiment, which is likely due to the fact that their pro-
duction rate is only slightly greater than their loss rate. Category Il compounds are not
correlated with particle concentrations in any size interval. Because their appearance
is further delayed in time, we infer that Category Il compounds are still later genera-
tion products than Category Il compounds. Category Ill compounds might also result
from further heterogeneous oxidation of low volatility compounds such as Category |
compounds (Kroll et al., 2011). For example, particles might provide sufficient surface
area for heterogeneous reactions after 2 h when oxidant levels are high (Fig. 1b).

Figure 4a—f shows six spectra in which the estimated concentrations of the neu-
tral gas phase compounds are plotted versus molecular weight over the 100-700 amu
range during the period corresponding to points a—f in Fig. 1b. As explained above,
these compounds are classified as Category | (red), Il (blue), and Il (gray). Only peaks
whose concentrations were observably higher than background levels after addition of
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ozone, a total of 144 peaks (ref. Tables 1, S2 and S3), are shown in these spectra. The
background level of each peak was taken to be the average concentration from five
consecutive scans about 2 h prior to ozone addition. Most peaks appear in two mass
ranges: 200—400 amu and 490-630 amu. Figure 4c shows that concentrations of Cat-
egory | compounds reach peak values when the concentration of 10-20 nm particles
reaches the peak values (point c in Figs. 1b and 3a). Figure 4e shows the spectrum
of neutral compound concentration vs. molecular weight at the point where Category
| compounds drop to their lowest levels. The Category | concentrations again pass
through a second maximum when the concentration of 10—20 nm particles reaches the
peak during the second particle formation event; the representative spectrum at this
point is shown in Fig. 4f. Category | compounds can be further divided into 15 groups
of peaks as shown in Fig. 4c. Each group contains 1 to 5 peaks as illustrated in Ta-
ble 1. Ehn et al. (2012) used the APi-TOF to measure gas phase species formed under
the steady-state conditions during a-pinene ozonolysis, and identified the elemental
composition of certain products. As mentioned previously, most of the detected ions in
their chamber experiments have even m/z and were identified as clusters containing
an NO;. In those experiments, NO; formed in the chamber from reactions of residual
HNO; with other air ions such as O, provided an in situ source of reagent ions. Am-
bient measurements in Hyytiala showed that ions with odd masses were also present
during the day when ambient sulfuric acid concentrations were high and those ions
were attributed to species that contain an HSO, (Ehn et al., 2012). The Cluster CIMS
did detect about 13 odd m/z ions (about one third of the 44 ions in Table 1) in Category
| products. Because nitrate dimers were employed as reagent ions in chemical ioniza-
tion and nitric acid concentrations were elevated in the ionization zone, those odd m/z
ions were most likely from the addition of one more nitric acid (63 amu) to the even
m/z clusters (containing an NOy), for example, 557 amu from 494 amu, 621 amu from
558 amu etc. (Table 1). Our elemental composition assignments in Table 1 are based
on species identified by using high resolution mass spectrometry (Ehn et al., 2012).
Table 1 also shows the corresponding neutral formulae and their molecular weights, as
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well as their correlation coefficients with 10-20 nm particles. A few compounds having
correlation coefficients smaller than 0.5 (see column 7) are still included in Category |
compounds because their time-dependent concentrations follow similar trends as those
with correlation coefficients greater than 0.5.

Four HOM compounds (C4gH{40;, C4oH140g9, C1oH150g, C19H16011) in the Ehn
et al. (2012) study were identified as the most abundant products, clustering with the
reagent ion NO; with peaks at 308, 340, 342, and 372amu (Ehn et al., 2012). The
Cluster CIMS measurements also show that during particle nucleation those products
are among the most abundant. Based on their time-dependent profiles and their corre-
lation with particles, one (308 amu) belongs to Category Il and the rest (340, 342, and
372 amu) belongs to Category | compounds. The intensities of Category | compounds
in the 300—400 amu range are generally about twice those in the 490-630 amu range
(corresponding to neutral masses of 430-560 amu); however, after mass-dependent
sensitivities of the Cluster CIMS are applied (Fig. S4), the estimated concentrations of
the latter are much higher than the former (about 20 times) because the Cluster CIMS
sensitivities drop rapidly for ions larger than 400 amu (Zhao et al., 2010). The peak and
steady-state concentrations for the sum of Category | compounds are estimated to be
about 1.6 x 10® and 2.2 x 10" cm ™, respectively, predominately contributed from prod-
ucts in the 490-630 amu range (group 8—15 in Fig. 4c). Among them, there is one ion
in each group that has much higher concentration than the adjacent ions except group
10, which has high concentrations in the adjacent three peaks (524, 525, 526 amu)
(Table 1). The sum of the concentrations of those species comprises more than 70 %
of the total Category | products. We estimate the overall uncertainty in concentrations
of Category | compounds to be about a factor of 5, mainly influenced by the uncertainty
of the mass-dependent sensitivities in the high mass range (i.e. 400-700 amu) and the
estimated ion-molecule reaction time. Compared to ambient measurements, uncer-
tainties associated with background identification and subtraction are minor because
of low background levels relative to the signals after ozone addition (Jiang et al., 2011).
In comparison, a steady state concentration of about 10°-10" cm™° for the neutral HOM
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products was estimated in Ehn et al. (2012), significantly lower than those estimated in
this study under similar precursor concentrations but a much lower humidity (less than
1 %) than that in Ehn et al. (2012) (about 63 %).

3.2 Contribution of residual sulfuric acid vapor to particle nucleation

Figure 5 shows the time series plots of concentrations corresponding to the sulfuric acid
monomer (160 amu, Fig. 5b), dimer (195 amu, Fig. 5c), trimer (293 amu, Fig. 5d), and
tetramer (391 amu, Fig. 5e), along with the 10-20 nm and > 20nm particles (Fig. 5a).
The source of sulfuric acid was not known but it was likably attributed to reactions of
residual SO, with OH radicals that were generated during the ozonolysis. During the
intense formation event of 10-20 nm particles, sulfuric acid monomer concentrations
increased steadily but its maximum level (about 5.5 x 10°cm~2 at about 4 h) occurred
about 3.5 h after the peak concentration of the 10-20 nm particles. The concentration
of the cluster corresponding to 293 amu varied between 5 x 10* and 3x 10°cm ™. How-
ever, this ion is unlikely attributed to sulfuric acid trimers because concentrations of
ions associated with sulfuric acid dimers and tetramers were barely higher than their
background levels. Concentrations of the measured sulfuric acid clusters containing
2-4 H,SO, molecules were hence below the detection limits (< 2 x 10* cm‘s).
Sulfuric acid concentrations were estimated to be below 2.0 x 10°cm™ during in-
tense particle nucleation. We estimated an upper limit for sulfuric acid concentrations
of about 3x 10°cm™2, with a +50% uncertainty. At these concentrations, no nucleation
has been reported either in laboratory or ambient measurements. However, if the avail-
able measured nucleation rates are extrapolated down to sulfuric acid concentrations
of ~ 3x 10°cm™ observed in this study, an upper limit of about 0.3-0.5 cm>s7 " is ob-
tained (Chen et al., 2012; Zollner et al., 2012). We observed values of J,q,,,, of about
0.42 and 0.038cm™3s™", respectively, for the first and second events from the SMPS
measurements (Fig. 1a). The nucleation rates are not known because only particles
larger than 10 nm were measured. The SMPS measurements showed an initial modal
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growth rate of about 36 nm h~" for the first hour (between 1-2h in Fig. 1b) after detec-
tion of 10 nm particles. Subsequently, the modal growth rate decreased until it reached
a value of about 28 nmh~". If the growth of initial nuclei (from 1 to 10 nm) follows sim-
ilar trends, then a growth rate much larger than 36 nm h™' can be expected for that
size range. In addition, the condensation sink is low at the start of particle nucleation.
It is hence reasonable to assume that the nucleation rate is close to J;o,m (McMurry
et al., 2005) and falls within the extrapolated upper limit of the nucleation rate at the
measured concentration of residual sulfuric acid vapor in the chamber.

Although the total concentration of Category | products is several orders of mag-
nitude higher than that of the residual sulfuric acid vapor and the concentrations of
sulfuric acid clusters (dimers, trimers, tetramers etc.) were below the detection limit of
the Cluster CIMS, the role of sulfuric acid in influencing particle nucleation cannot be
totally ruled out. It is possible that particle nucleation is initiated by formation of sulfuric
acid clusters and the subsequent rapid growth is due to condensation of the oxidation
organic products. The growth rate enhancement factor, I, is the ratio of the observed
particle growth rate to the growth rate due to sulfuric acid vapor alone (Kuang et al.,
2010). A recent chamber experiment of a-pinene photo-oxidation (Riccobono et al.,
2012) showed that organic vapors contribute significantly even for particles close to
1.5nm (a growth rate enhancement factor /" of about 3) even at the sulfuric acid con-
centrations of mid-106cm™. A I" value of about 1600 was estimated for the first hour
after detection of 10 nm particles in the first event shown in Fig. 1a, which demonstrates
that organic products dominate particle growth.

3.3 Mechanisms for particle growth

Low volatility carboxylic acids (C8—-C10) have been identified in the particulate phase as
the major components of secondary organic aerosols formed from a-pinene ozonoly-
sis (Yasmeen et al., 2010; Claeys et al., 2009), including terpenylic acid (172 amu), cis-
pinonic acid (184 amu), and pinic acid (186 amu). Those carboxylic acids were found
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to be the major constituents of the 10 and 20 nm particles from a-pinene ozonoly-
sis in a flow reactor (Winkler et al., 2012). Winkler et al. estimated a saturation va-
por pressure on the order of 10~ atm or less for compounds responsible for growth
of particles between 4-30nm and 10~%atm for compounds responsible for growth of
particles larger than 30 nm, within the lower end of the previous measured saturation
vapor pressures of C8-C18 monocarboxylic acids (10'3 ~107" atm) (Cappa et al.,
2008; Tao and McMurry, 1989). We did not detect significant concentrations of car-
boxylic acid monomers in our gas phase measurements using nitrate dimer ion as the
reagent ion; instead, we observed highly oxidized high molecular weight compounds
such as Category | products, predominantly in the 430-560 amu range. The carboxylic
acid monomers detected in Winkler et al. (2012) are likely fragments of high molecular
weight compounds due to thermal decomposition of particulate species during resis-
tive heating of particles in the TDCIMS measurements (Hall and Johnston, 2012b). The
highly oxidized Category | products likely have even lower saturation vapor pressures
than those estimated in Winkler et al. (2012) due to their higher molecular weights and
higher oxygen contents. Hence they can partition into particles and help them grow to
overcome the Kelvin effect during the early stages of particle growth, as indicated by
their high correlations with the measured 10—20 nm particles. The total peak concen-
tration of Category | compounds is approximately 1.6 x 108cm™23, about a factor of 2
lower than what is required for growth of particles in the first hour after detection of
10 nm particles (see Sl section Ill). Considering the uncertainty of the concentration of
Category | products and the required concentration estimated for the observed growth
rate, it is possible that Category | products contribute to the rapid growth of particles in
the first hour after detection of 10 nm particles. Demonstrating this with certainty would
require identifying the composition of the initial nucleated particles.

The steady state concentration of all Category Il compounds is about 8 x 10° cm'3,
three times lower than Category | compound concentrations (~ 2.2 x 10’ cm™2). The to-
tal steady state concentration of both Category | and Il compounds is at least one order
of magnitude lower than required for the observed particle growth rates of 28 nm h',
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indicating that they are probably not the dominant species responsible for the growth
of larger (> 20nm) particles. The measured peak concentration of sulfuric acid vapor
is about 5 x 10°cm™2, several orders of magnitude lower than the minimum concentra-
tion required for particle growth rates of the first or second events (see Sl Section llI,
Table S5). We therefore conclude that particle growth is not significantly influenced by
sulfuric acid vapor in these experiments.

The nitrate dimer ion was used as the reagent ion for E1 and E2 in this study, and it
has high selectivity for ionization of the reaction products. Oxidation products with less
electronegativity might not be measured by the Cluster CIMS with the nitrate dimer
ion. An exploratory experiment (E3, Table S1) with acetate dimer ion as the reagent
ion was performed to measure less electronegative compounds. A much higher to-
tal steady-state concentration (about 6-8 x 10 cm‘3) of all products that arise from
a-pinene ozonolysis was measured. The identification of those products is not pos-
sible given the 1 amu resolution of the Cluster CIMS; however, it can be speculated
that those products might encompass compounds such as less electronegative car-
boxylic acids, esters, or even carbonyls that are present in the gas phase with much
higher concentrations and that might contribute more significantly to particle growth,
as observed in measurements by Winkler et al. (2012). Future studies will require si-
multaneous measurements in the gas and particle phases along with models that use
such information to explain the dependence of particle growth rate on gas-phase con-
centrations.

Our experiments were performed with NO, and H,O concentrations that are sig-
nificantly below typical ambient levels. Results from both chamber experiments (Ed-
dingsaas et al., 2012; Lee at al., 2011) and model simulations (Lane et al., 2008)
showed that the SOA yields are higher under low NO, conditions than under high NO,
conditions because of the change in the product distributions. Low volatility products
such as carboxylic acids were formed under low NO, conditions while more volatile
products such as carbonyls, alcohols, and organic nitrates are generated under high
NO, conditions. Similarly, water vapor plays important roles in the product distributions
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of terpene oxidation and hence affects the aerosol mass yields (Prisle et al., 2010; Jon-
sson et al., 2008; Fick et al., 2003). It is hence important to understand how humidity
and NO, affect the chemical processes responsible for particle nucleation and growth.

4 Summary

Chamber experiments of a-pinene ozonolysis with ambient levels of precursors were
performed under low NO, and dry conditions. The time-dependent concentrations
of gas-phase reaction products were measured with the Cluster CIMS using nitrate
dimers as reagent ions. The observable products were classified into two categories,
which we found were correlated with particle nucleation () and growth (ll). A third
category (lll) was not clearly correlated with either process, but could be lower molec-
ular weight decomposition products from the oxidation of Category | and Il species.
The nucleation-relevant products were found to be mainly in the high molecular weight
range, with molecular weights in the 430-560 amu range. The growth-relevant prod-
ucts, which were well correlated with concentrations of particles larger than 20 nm,
were in the 140-380 amu range. Measurements from this study suggest that for this
chemical system, organic compounds were likely responsible for nucleation, although
sulfuric acid vapor cannot be totally ruled out. The effects of NO, and humidity on the
formation of Category | products warrant further studies.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/9319/2013/
acpd-13-9319-2013-supplement.pdf.
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Table 1. Summary of all measured Category | products for E1: ion (m/z), peak concentration of
neutral species, cluster types, corresponding neutral identities, and correlation coefficients with

10-20 nm particles.

lon Peakconc.® Cluster  Corresponding neutral® Correlation
Group (m/z) (cm'3) typeb Mass(amu) Formula coefficient®
1 328  48x10° 1 266 CoH4,0, 0.65
1 330 1.9x10° NA 0.50
2 340  2.0x10° 1 278 C1oH140g 0.89
2 342 1.8x10° 1 CgH;,040 0.87
or CyoH160q
3 358  1.9x10° 1 296 C1oH16010 0.87
3 359 22x10° NA 0.53
4 372 1.1x10° 1 310 CioH14041 0.90
4 373  26x10° NA 0.63
4 374  6.3x10° 1 312 C1oH16014 0.84
5 432 49x10° NA 0.64
6 460  1.1x10° NA 0.66
7 478  9.2x10° NA 0.78
7 480 65x10° 1 418 CigHa6041 0.46
8 490  1.6x10° 1 428 C14H20015 0.69
8 492 1.7x10° NA 0.55
8 493  2.9x10° NA 0.84
8 494 1.9x10" 1 432 C1oH250+4 0.88
8 495  3.4x10° 2 0.76
8 496  2.3x10° NA 0.61
8 498  3.3x10° NA 0.67
9 510  8.6x10° 1 448 CuoH2,014 0.70
9 511 2.5x10° 2 0.72
9 512 2.1x10° NA 0.50
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Table 1. Continued.

lon Peakconc.? Cluster Corresponding neutral®  Correlation
Group (m/2) (cm"s) typeb Mass(amu)  Formula coefficient
10 523  1.8x10° NA 0.66
10 524  1.0x 10" 1 462 CuoH30012 0.68
10 525  8.3x10° 2 0.64
10 526  8.7x10° 1 464 CioH25013 0.74
10 530  3.0x10° 1 468 CigH25014 0.43
11 540  3.8x10° 1 478 CuoH30013 0.52
11 541 2.4 x10° 2 0.67
11 542  1.0x10’ 1 480 CuoH32043 0.87
11 543  3.9x10° 2 0.74
11 544  2.0x10° NA 0.56
12 556  6.4x10° 1 494 CooH30014 0.73
12 557  3.1x10° 2 0.68
12 558  3.5x10° NA 0.48
12 559  1.7x10° 2 0.57
12 560  2.0x10° NA 0.48
13 574  8.0x10° 1 512 CuoH32045 0.78
13 575  2.6x10° 2 0.56
14 588  1.3x 10" 1 526 CuoH30016 0.88
14 590  4.4x10° NA 0.73
15 620  1.4x10" 1 558 CooH30015 0.86
15 621 5.6 x 10° 2 0.67

& Concentration: background subtracted peak concentration (in cm‘a) at time c in Fig. 1b.

b Cluster types: type 1 contains an NO; (from Ehn et al., 2012); type 2 possibly contains an NO; -HNO;.
¢ From Ehn et al. (2012).
9 Correlation was performed with the concentration of 10—20 nm particles for time period t =0-10h in

Fig. 1b (f = 0 was defined as the time when ozone was added to the chamber).
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Fig. 1. Characteristics of particle formation from a-pinene ozonolysis for E1: (a) contour plot
of the particle size distribution measured with the SMPS in the 10-350nm diameter range;
(b) total number concentration of particles between 10 and 20 nm. Points a—f denote the corre-
sponding characteristic times as indicated below: a (t = —1.7h), background levels; b (t = 0h),
addition of ozone; ¢ (¢ = 0.5h), reaching peak concentrations of Category | products for the
first particle formation event; d (f = 2.6h), disappearance of almost all 10-20 nm particles; e
(t = 3.9h), approaching steady state concentration of Category | products; f (t = 12.9h), reach-
ing peak concentrations of Category | products for the second particle formation event (see text
for ;he dtgfinition of Category | products); (c) estimated time-dependent Fuchs surface area (in
um-cm™).
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Fig. 2. Coefficients of correlation between gas phase oxidation products and particles for E1:
(a) with 10-20 nm particles; (b) with particles larger than 20 nm. Color codes: red — Category
| products; blue — Category |l products; gray — Category Il products (see text for the definition
of the three categories). The correlations were performed between concentrations of products
and the number concentrations of particles for period ¢t = 0-10 h in Fig. 1b. The horizontal dash
lines indicate zero correlation coefficients.
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Fig. 3. Time-dependent total concentrations of the three category (I-lll) products measured
with the Cluster CIMS, along with the total concentrations of two category particles (10-20 nm
particles and particles larger than 20 nm measured with the SMPS for E1. (a) Category | prod-
ucts and 10—20 nm particles, points a—f correspond to times a—f in Fig. 1b; (b) Category I
products and particles larger than 20 nm; (c) Category Il
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Fig. 4. Time-dependent spectra of all category products between 100—700 amu measured with
the Cluster CIMS for E1. Panels (a)—(f) correspond to times a—f in Fig. 1b. Color codes: red —
Category | products; blue — Category Il products; gray — Category Il products. Number 1-15 in
Fig. 4c corresponds to different peak classifications (see text for details).
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Fig. 5. Time-dependent concentrations of ions corresponding to sulfuric acid and its clusters
containing up to 4 H,SO,, along with the concentrations of 10-20 nm particles and > 20nm par-
ticles for E1 ((b): 160 amu, monomer; (€): 195 amu, dimer; (d): 293 amu, likely organic species
other than trimer; (e) 391 amu, tetramer).
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