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Abstract

An Aerodyne Aerosol Mass Spectrometer (AMS) has been utilised to provide on-line
measurements of the mass spectral signatures and mass size distributions of the ox-
idation products resulting from irradiating 1,3,5-trimethylbenzene (1,3,5-TMB) and a-
pinene, separately, in the presence of nitrogen oxide, nitrogen dioxide and propene in
a reaction chamber. Mass spectral results indicate that both precursors produce SOA
with broadly similar chemical functionality of a highly oxidised nature. However, sig-
nificant differences occur in the minor mass spectral fragments for the SOA in the two
reaction systems, indicating that they have different molecular composition. Nitrogen-
containing organic compounds have been observed in the photooxidation products of
both precursors, and their formation appeared to be controlled by the temporal variabil-
ity of NO,.. Although the overall fragmentation patterns of the photooxidation products
in both systems did not change substantially over the duration of each experiment, the
contribution of some individual mass fragments to total mass appeared to be influenced
by the irradiation time. The effective densities of the 1,3,5-TMB and a-pinene SOA par-
ticles were determined for various particle sizes using the relationship between mobility
and vacuum aerodynamic diameters. The effective density for the TMB-SOA ranged
from 1.35-1.40 g/cm3, while that for a-pinene SOA ranged from 1.29-1.32 g/cm3. The
determined effective densities did not show dependence on irradiation time. Results
suggest that further chemical processing of SOA takes place in the real atmosphere,
as neither the a-pinene nor the 1,3,5-TMB experimental results reproduce the right rel-
ative product distribution between carbonyl-containing and multifunctional carboxylic
acid species measured at ambient locations influenced by aged continental organic
aerosols.
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1 Introduction

Understanding the formation, composition and behaviour of ambient aerosol particles
is of critical importance due to their contribution to many important atmospheric pro-
cesses, such as cloud formation (Novakov and Penner, 1993; Cruz and Pandis, 1997;
Facchini et al., 1999a, b), visibility reduction (Macias et al., 1981; Vasconcelos et al.,
1994) and direct radiative forcing (Charlson et al., 1992). Also, results of epidemiologi-
cal studies indicate that exposure to ambient aerosol particles with aerodynamic diam-
eters less than 2.5 um is correlated with daily mortality and morbidity rates (Dockery et
al., 1993). However, to date, the climatic impact of aerosol particles is poorly quantified,
and the compounds that contribute to adverse health effects have not been established.
This is partly due to the fact that the chemical composition of ambient aerosol particles
has not been fully characterised, in particular its organic fraction. While organic aerosol
particles can be directly emitted into the atmosphere (e.g. biomass burning, combus-
tion processes), they can also be introduced by secondary organic aerosol (SOA) for-
mation. SOA formation occurs when volatile organic compounds undergo atmospheric
oxidation reactions, forming products that have low enough volatilities to form aerosol
via either nucleation or gas-to-particle partitioning to pre-existing particles (Odum et al.,
1996; Hoffmann et al., 1997; Kamens et al., 1999; Kamens and Jaoui, 2001). Volatile
organic compounds (VOCs) are emitted into the atmosphere from anthropogenic and
biogenic sources (Went, 1960; Odum et al., 1996; Seinfeld and Pandis, 1998; Klein-
dienst et al., 1999; Aschmann et al., 2002). Anthropogenic VOC sources comprise
organics such as alkanes, alkenes, aromatics and carbonyls, while biogenic sources
include organics such as isoprene, monoterpenes and sesquiterpenes. Aromatics as
well as monoterpenes are particularly important constituents of urban and regional at-
mospheric chemistry and most have been identified as SOA precursors (Odum et al.,
1996; Griffin et al., 1999; Kamens et al., 1999; Larsen et al., 2001).

In situ investigation of key physical and chemical processes during SOA formation
in the atmosphere is complicated by the vast number of species involved and their
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generally low concentrations. Hence reaction chambers are often used to study these
processes. A reaction chamber is a large confined volume in which sunlight or simu-
lated sunlight is used to irradiate mixtures of atmospheric trace gases (hydrocarbons,
nitrogen oxides, sulphur dioxide, etc.) in purified air. Reaction chambers can be used
to produce controlled atmospheres to investigate a range of physical phenomena from
the formation of gas-phase reaction products to the partitioning of semi-volatile com-
pounds between the gas and particle phase. Such experiments can be useful in under-
standing the chemical and physical parameters that control the formation of secondary
organic aerosols. A number of reaction chamber studies have investigated gas-particle
partitioning of products of photochemical reactions involving anthropogenic as well as
biogenic precursors. Much of the efforts have been made to quantify the aerosol for-
mation potential (aerosol yield) of small aromatic and natural hydrocarbon compounds
both in the absence and presence of seed aerosol particles (Odum et al., 1996, 1997;
Griffin et al., 1999; Kleindienst et al., 1999; Aschmann et al., 2002). Other studies
have attempted to identify the molecular composition of the oxidation products of an-
thropogenic and biogenic precursors, mainly aromatic and monoterpene compounds,
and have offered detailed reaction mechanisms for the formation of various chemical
species (Forstner et al., 1997; Glasius et al., 2000; Jang and Kamens, 2001; Larsen
et al., 2001; Griffin et al., 2002; Jaoui and Kamens, 2003; Kleindienst et al., 2004). In
most of the studies, aerosol particles were collected on filters, extracted with solvents
and then analysed off-line, using gas chromatography-mass spectrometry (GC-MS).
Only 10-30% of the mass collected and extracted could be identified on a molecular
level (Forstner et al., 1997; Cocker et al., 2001). More recently, online aerosol mass
spectrometers have been employed to characterise SOA particles formed from pho-
tooxidation or ozonolysis experiments in smog chambers (Bahreini et al., 2005; Liggio
et al., 2005; Gross et al., 2006).

Recent studies have reported that polymers and oligomers compose significant frac-
tions of SOA formed from the photooxidation of aromatic and biogenic compounds
(Gao et al., 20044, b; linuma et al., 2004; Tolocka et al., 2004). Kalberer et al. (2004)
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found that about 50% of the SOA mass, formed from the photooxidation of 1,3,5-
trimethylbenzene (1,3,5-TMB) in a reaction chamber, consists of oligomers with molec-
ular masses of up to 1000 daltons. Moreover, the formation of oligomeric molecules
has been reported as an important step in the SOA production by the reaction of a-
pinene and ozone in the presence of acid seed aerosol (Tolocka et al., 2004). The study
reported here follows on from Kalberer et al. (2004) and Baltensperger et al. (2005) and
employs an Aerodyne aerosol mass spectrometer (AMS) to provide on-line measure-
ments of the mass spectral signatures and mass size distributions of the oxidation
products resulting from irradiating 1,3,5-TMB (anthropogenic precursor) and a-pinene
(biogenic precursor), separately, in the presence of nitrogen oxide, nitrogen dioxide
and propene in a reaction chamber. Unlike most other studies, the objective is not to
provide detailed chemical speciation of the photooxidation products of both precursors.
This is due to the fact that the AMS does not utilise any means of chemical separation
prior to the vaporisation and ionisation of the particles (Jayne et al., 2000; Jimenez et
al., 2003b). Rather, this paper aims to study the change in the highly time resolved
chemical signatures of the products from each precursor as a function of irradiation
time, and to compare the chemical signatures and the densities of the SOA formed
from these two precursors. In addition, the study attempts to investigate the extent
of oxidation and oligomerisation of the aerosol-phase reaction products. Finally, the
implications of the photooxidation reactions carried out in this study on atmospheric
measurements are discussed by comparing the mass spectral signatures of the prod-
ucts of both precursors to mass spectra of ambient organic particulate measured in
relevant environments. Aerosol particles have been directly sampled from the reac-
tion chamber into the AMS, avoiding any artifacts (e.g. evaporation, adsorption, filter
contamination) usually associated with the off-line analysis methods.
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2 Experimental
2.1 Reaction chamber

Experiments were carried out in the indoor reaction chamber at Paul Scherrer Institute

(PSI). The PSI reaction chamber is a 27 m?® transparent Teflon® bag suspended in a
temperature-controlled housing. The radiation was generated by four xenon arc lamps
(4 kW each) selected to simulate the solar light spectrum and natural photochemistry.
The construction of the facility and its operation are described in more detail elsewhere
(Paulsen et al., 2005).

2.2 Instrumentation

An Aerodyne aerosol mass spectrometer (AMS) was used to provide on-line quanti-
tative measurements of the chemical composition and mass size distributions of the
non-refractory fraction of aerosol particles at a temporal resolution of two minutes. De-
tailed descriptions of the AMS measurement principles and various calibrations (Jayne
et al., 2000; Jimenez et al., 2003b), its modes of operation (Jimenez et al., 2003b)
and data processing and analysis (Allan et al., 2003a, 2004; Alfarra et al., 2004) are
available in recent publications. In brief, the instrument utilises an aerodynamic lens
(Liu et al., 1995a, b; Zhang et al., 2002, 2004) to produce a collimated particle beam
that impacts on a porous tungsten surface heated typically to 550°C under high vac-
uum (~1 078 Torr), causing the non-refractory fraction of the particles to flash vaporise.
The vapour plume is immediately ionised using a 70eV electron impact (El) ionisa-
tion source, and a quadrupole mass spectrometer (QMA 410, Balzers, Liechtenstein)
is used to analyse the resultant ions with unit mass-to-charge (m/z) resolution. A
beam width probe (BWP) was used during these experiments to infer non sphericity of
the particles through divergence of the particle beam arising from increases in the lift
forces on the particles. The BWP and its application have been described in detail by
Huffman et al. (2005).
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Total particle number concentration (diameter D,>3 nm) was monitored with a con-
densation particle counter (CPC, TSI model 3025). A scanning mobility particle sizer
(SMPS) consisting of a differential mobility analyser (DMA, TSI model 3071) and a
condensation particle counter (CPC, TSI model 3022) was used to measure particle
size distributions from 7 to 316 nm. A volatility tandem differential mobility analyser
(VTDMA) was used to measure the volatile fraction of size-selected particles as de-
scribed in previous publication (Kalberer et al., 2004; Paulsen et al., 2006). The fol-
lowing gas phase components were also measured: CO (AeroLaser AL5002), NO and
NO, (ML 9841A and Thermo Environmental Instruments 42C retrofitted with a pho-
tolytic converter), Oz (UV-photometer: Environics S300), the precursor hydrocarbons
and their oxidation products with a proton transfer reaction — mass spectrometer (PTR-
MS, lonicon). This paper primarily reports the AMS results, while most of the other
measurements are discussed in separate publications (Paulsen et al., 2005, 2006).

2.3 Experimental conditions

Three experiments were carried out in the reaction chamber using each of the precur-
sors, two of which were at “high” concentration and one was at “low” concentration.
Table 1 summarises the initial conditions for each experiment. The “high” concentra-
tion levels were chosen to provide good signal statistics for the AMS, whereas the low
concentration levels were chosen to be as close as possible to atmospherically rele-
vant concentrations, while taking into account instrument detection limits. The chamber
was purged with purified air and for at least 24 h before each experiment. Primary gas
components including precursor, nitrogen oxides, purified air and water vapour were
introduced into the chamber where they were allowed to mix for approximately 45 min
before the lights were turned on. Precursors were irradiated in the presence of NO,
and propene at nominally 50% relative humidity for durations between 8 and 20 h. NO,
were added primarily to facilitate the basic photochemical cycle involving O3 (Seinfeld
and Pandis, 1998; Giriffin et al., 1999; Finlayson-Pitts and Pitts, 2000), while propene
was used as a photochemical initiator to provide OH radicals at sufficient levels for the
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inception of the experiment (Odum et al., 1996; Forstner et al., 1997; Griffin et al.,
1999; Kleindienst et al., 1999).

3 Overview of secondary organic aerosol (SOA) formation

It is predicted from the traditional theory of SOA formation that the non-volatile and
semivolatile products from a photochemical reaction of an organic precursor accumu-
late with ongoing irradiation and when their gas phase saturation concentrations are
exceeded, they begin to condense on pre-existing particles or, in the absence of seed
aerosol particles, form new particles by homogeneous nucleation. The amount of a
product that partitions into the particle phase is the quantity in excess of its gas phase
saturation concentration (Odum et al., 1996). However, Pankow (1994a, b) suggested
that, once organics begin to condense and an organic layer forms on the particles, even
products whose gas phase concentrations are below their saturation concentrations
will partition a portion of their mass into this condensed organic phase. Nucleation,
condensation and subsequent adsorption and absorption of oxidation products lead to
particles that are almost completely organic in composition. The quantity of aerosol
produced in this case, estimated from the final aerosol volume after accounting for wall
losses, provides a measure of the SOA formation potential in a clean environment.

A representative time profile of the particles evolution during a “high” concentration
1,3,5-TMB experiment (experiment number 3, Table 1) is illustrated in Fig. 1. The total
particle number concentration (p cm'3) counted by the CPC, is shown in the top panel,
the nitrate-equivalent total mass loading (ug m'3) measured by the AMS (Jimenez et
al., 2003b) is presented in the middle panel and the bottom panel shows particle mass
size distribution measured as a function of its vacuum aerodynamic diameter. The lat-
ter has been defined elsewhere (Jimenez et al., 2003a; DeCarlo et al., 2004). The
brief gaps in the data are periods where zero particle filter samples and/or particle
density measurements were made. In general, the shapes of the time dependent num-
ber concentration and mass loading curves as well as particle mass size distributions
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were similar for all experiments, though their absolute values depended on the organic
precursor and its initial concentration.

Each experiment began with a nucleation event marked by the increasing number
concentration of particles, which then grew by condensation and coagulation as re-
flected in the increasing particle diameters. CPC data for the experiment in Fig. 1
show that particles grew to detectable sizes (>3 nm) about half an hour after the lights
were turned on and their number concentration increased rapidly to peak at about
35000 cm™° within another 40 min. During experiment number 3, the total mass load-
ing of particles increased with ongoing particle formation and condensational growth
and reached its maximum 3 h and 25 min after the start of irradiation, and then started
to decrease gradually due to the dominance of particle wall losses. Aerosol mass
concentrations can be corrected for wall losses based on the observed decay of the
particle number concentration, when particle formation has ceased to take place. This
is particularly important for particle and product yield studies, where the quantity of
aerosol produced in a clean environment is estimated from the final aerosol volume.
However, this is not the focus of this paper and therefore, data were not corrected for
wall losses. The delay between particle detection by the CPC and the AMS is due
to the difference in particle size detection limit of both instruments (3 nm for the CPC
and about 40 nm for the AMS). As a result the AMS could only provide information on
the particle growth and not nucleation, since the smallest particles that the AMS could
analyse had about a thousand times more mass than the initial nuclei (Zhang et al.,
2004). Gas phase measurements showed that ozone levels were below 1 ppb at the
beginning of each experiment and increased slowly as NO was converted to NO,, and
then increased rapidly and peaked at about 300 ppb as the NO mixing ratio decreased
to values below 1ppb. The gas phase data are discussed in more detail in separate
publications (Kalberer et al., 2004; Paulsen et al., 2005).
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4 Chemical signatures

One of the main objectives of this paper is to investigate the change of the chemical
signature (also referred to as the mass spectral signature) of the photooxidation prod-
ucts of both precursors as a function of irradiation time. This will be first discussed for
the products of each precursor followed by a comparison of their signatures at similar
time intervals. The two “high” concentration experiments for 1,3,5-TMB (experiments
2 and 3, Table 1) resulted in similar mass spectra and SOA concentrations. This was
also true for the two “high” concentration experiments for a-pinene (experiments 4 and
6, Table 1). Moreover, the chemical signatures of the “high” and “low” concentration
experiments of a-pinene (experiments 4 and 5, Table 1) were similar. On the other
hand, low signal to noise levels in the ‘low’ concentration 1,3,5-TMB (experiment 1,
Table 1) did not allow a useful comparison with the “high” concentration 1,3,5-TMB ex-
periments. As a result, it is important to note that all spectra discussed in this paper
for the photooxidation products of 1,3,5-TMB and a-pinene are from the “high” con-
centration experiments 3 and 4, respectively, in Table 1. It is also worth noting that
the reported chemical signatures are for the growing (>40 nm), not nucleating (~3 nm),
particles in each case. Figure 2 shows mass spectra of the aerosol-phase photooxida-
tion products of 1,3,5-TMB (panels a—c) and a-pinene (panels d—f) averaged for one
hour each after 3, 5 and 8h of irradiation (for example, the spectrum after 3h is an
average from the start of hour 2 to the start of hour 3). All spectra are normalised to
the sum total of all mass fragments, providing a quantitative fractional contribution of
each mass fragment to the total measured signal.

4.1 Discussion of the chemical signatures of the photooxidation products of 1,3,5-
TMB and a-pinene

The mass spectra of the photooxidation products of both 1,3,5-TMB and a-pinene are
characterised by a very intense mass fragment at m/z 43, contributing about 18 and
13%, respectively, to the total produced signal in each case. This fragment arises,
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typically, from either saturated hydrocarbons in the form of (C3H7), or from oxidised,
carbonyl-containing compounds (e.g. aldehydes and ketones) in the form of (CH;CO™),
which is more likely to be the case in this study. It was suspected that a possible reason
for the domination of mass fragment 43 in both mass spectra was the use of propene
in all experiments as a source of radicals. The photooxidation of propene is known to
produce compounds like acetaldehyde and acetic acid, which produce mass fragment
43 as one of their main fragments upon ionisation by a 70eV El source (McLafferty
and Turecek, 1993). However, further experiments were conducted in the absence of
propene where m/z 43 remained the most dominant fragment in the spectra.

Mass fragment 44 corresponds to the CO, fragment and laboratory experiments
have shown that it arises, along with at least a similar amount of mass fragment 18
(H,O"), from decarboxylation of oxo- and di-carboxylic acids (Alfarra, 2004), as well
as highly oxidised compounds such as fulvic acid, which represents an example of
humic-like substances. In many cases however, the mass fragment 18 also contains
large contributions from gas phase water, sulphate and other species. To retrieve the
total organic mass loading, the contribution of water resulting from decarboxylation at
m/z 18 is set equal to m/z 44 based on laboratory results with pure compounds per-
formed in argon, where the interferences to m/z 18 are eliminated (P. Silva, Utah State
University, personal communication). As a result, there is no independent informa-
tion about the mass spectral signature of the observed organic in these experiments
at m/z18. The two fragments together contribute up to at least 12 and 16% to the
total signal that is produced from the aerosol products of 1,3,5-TMB and a-pinene,
respectively. The contributions of m/z43 and 44 indicate that the particles produced
from the photooxidation of both precursors are highly oxidised in nature and are dom-
inated by carbonyl-containing and multifunctional carboxylic acid species. This is in
agreement with previous reaction chamber studies, where highly oxidised chemical
classes including di-, keto-, and hydroxy-keto- carboxylic acids in addition to ketones,
keto-aldehydes, hydroxy-keto-aldehydes and hydroxy-ketones have been reported, in
different concentrations and distribution patterns, as photooxidation products of aro-
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matic and monoterpene compounds (Forstner et al., 1997; Glasius et al., 2000; Jang
and Kamens, 2001; Larsen et al., 2001; Jaoui and Kamens, 2003; Kleindienst et al.,
2004).

Mass fragments 15, 27 and 29 are signatures of the short carbon chains CHg, C2H§
and CZH;' , respectively, which most likely form part of the carbon structure of the ox-
idised compounds discussed above. They contribute a total of about 14 and 13% to
the total produced signal from the products of 1,3,5-TMB and a-pinene, respectively.
In addition, m/z 29 is likely to have contributions from the HCO™ fragment arising from
carbonyl-containing compounds.

A large number of low-intensity fragments account for the rest of the produced sig-
nal. These fragments typically contribute less than 3% each to the total produced
signal from each precursor, but are clearly observable above the background. Figure 3
displays the mass spectra shown in panels (a) and (d) in Fig. 2 on a logarithmic scale
in order to better illustrate the distribution patterns of the low-intensity mass fragments
in each case. The relatively low contributions of these fragments to total signal do not,
necessarily, indicate that they are insignificant in terms of their chemical signature. It
is likely that many of their parent molecules are thermally unstable at the vaporisation
temperature of the AMS (550°C), and they are readily converted into smaller forms be-
fore being ionised. This may, as a result, enhance the intensity of the small fragments.
However, this does not rule out a second possibility, whereby the photooxidation prod-
ucts yield these low mass fragments directly as major ionisation products.

4.2 Chemical signatures as a function of irradiation time

The time resolved mass spectra of the 1,3,5-TMB products (panels a—c in Fig. 2) ap-
pear to have highly similar fragmentation patterns, implying that the chemical signature
of the products does not markedly change overall with irradiation time. This is also true
for mass spectra of the a-pinene products (panels d—f in Fig. 2). This finding was fur-
ther examined through a detailed inspection of hourly averaged mass spectra through-
out the duration of each experiment (not shown in Fig. 2). In order to quantify these
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similarities, the hourly averaged mass spectra from Fig. 2 measured at 5 and 8 h were
compared to those measured at 3 h of irradiation time for each precursor. Pearson’s r
values of 0.99 and 0.98 for the 1,3,5-TMB comparisons and 1.00 and 0.99 for the a-
pinene case were found and are shown in Fig. 4, confirming that the chemical signature
of the photooxidation products of each precursor after 5 and 8 h of irradiation time does
not appear to significantly change from that after only 3 h of irradiation. This indicates
that once particles are formed, it is unlikely that long periods of irradiation lead to a sig-
nificant change in the particle chemical signature measured by the AMS under these
conditions. However, evidence of oligomerisation has recently been reported under
the same conditions, showing an increase in the particle non-volatile fraction as well
as high molecular weight mass fragments (m/z>400) as a function of irradiation time
(Kalberer et al., 2004; Gross et al., 2006). On the other hand, the ratio of the volume
concentration (measured by the SMPS) and the mass concentration (measured by the
AMS) remained constant over the time of the experiment, even though the AMS only
reports mass fragments up to m/z 300. Therefore it is likely that the large molecules
break into fragments mainly below m/z200 upon volatilisation and ionisation in the
AMS.

Although the overall fragmentation patterns of the photooxidation products from both
precursors did not change substantially over the duration of each experiment (i.e. the
order of magnitude of the fractional contribution to the total mass by individual mass
fragments after 5 and 8 h remained as it was after 3 h of irradiation), the contribution
of some individual mass fragments to total mass appeared to be influenced by the
irradiation time. The effect of irradiation time on the fractional contribution of individual
mass fragments to the total mass after 5 and 8 h relative to that after 3 h of irradiation
is shown in Fig. 5 for both precursors, and was calculated for the mass spectra shown
in Fig. 2 by comparing the percentage change, D, of each mass fragment at 5 and 8 h
compared to that observed at 3 h using the following expression:

MS;,, - MS
D(%):(—’;\‘”S 3h)-100 (1)
3h
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Where MS,,, refers to the mass spectra after 5 and 8 h and MS;,, to the mass spectra
after 3 h of irradiation in Fig. 2.

Figure 5 shows that the fractional contributions of some mass fragments to total sig-
nal increase with irradiation time. For example, the fractional contribution of m/z 44
(COE from highly oxidised acidic compounds), appears to increase after 8 h of irradi-
ation by about 50% and 25% relative to its contribution after 3h of irradiation in the
cases of 1,3,5-TMB and a-pinene, respectively. These temporal changes are similar
to the increases observed in the low volatile fraction of the aerosol measured by the
VTDMA in these experiments and those reported by Kalberer et al. (2004). Interest-
ingly, the fractional contributions of larger mass fragments, such as m/z 127, 140 and
155 in the 1,3,5-TMB case and m/z 100 and 156 in the a-pinene case, appear to in-
crease after 8 h of irradiation by as much as 100% and 75%, respectively, indicating
that the significance of larger mass fragments increases with irradiation time. Although
the actual contributions of these mass fragments to total signal are very low, this could
be indirect evidence for the formation of large molecules in both systems. On the other
hand, Fig. 5 shows that the fractional contributions of other mass fragments to total
signal appear to decrease with irradiation time. It is possible that these changes are
due to either oxidation of the molecules in the aerosol over time, or other particle-phase
reactions such as aldol condensation or other oligomerisation mechanisms.

4.3 Comparison of the chemical signatures of the photooxidation products of 1,3,5-
TMB and a-pinene

Another objective of this study is to compare the mass spectral signatures of the pho-
tooxidation products of a typical anthropogenic (1,3,5-TMB) and a biogenic (a-pinene)
precursor. The mass spectra in Fig. 3 illustrate that the chemical signature of the prod-
ucts from both precursors, after equal periods of irradiation, are broadly similar. Both
spectra are dominated by mass fragment 43 and, to a lesser extent, mass fragment 44
representing highly oxidised classes of compounds containing carbonyl and carboxylic
acid functional groups.
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Because of the extensive fragmentation caused by electron impact ionisation and
the similarity in mass spectra of compounds in the same chemical classes, most mass
fragments appear to be present in the mass spectra of the SOA produced from both
precursors. A detailed study of the mass spectra in Figs. 2 and 3 shows, however,
that differences do exist between both chemical signatures. For example, m/z 43 con-
tributes about 17% to the total signal produced from 1,3,5-TMB, while it contributes
13% in the a-pinene case. On the other hand, mass fragments in the 50 to 100 m/~z
range appear to be more pronounced in the a-pinene case. Another consistent differ-
ence is in the 53/55 and 67/69 mass fragment ratios, where the smaller mass fragment
appears to be always higher in the 1,3,5-TMB spectra, while the opposite is true in the
a-pinene case. Furthermore, mass fragments 74, 96, 135, 136 and the ion series 95,
109, 123 appear to be more strongly associated with 1,3,5-TMB, and mass fragments
58, 83, 115, 139, 141, 167 and 199 with a-pinene. More differences in the chemi-
cal composition of the SOA formed from both precursors can be drawn from Fig. 5.
It shows that the mass fragments that have increasing fractional contribution to total
signal as a function of irradiation time are distinctly different for each precursor. These
mass fragments include 59, 74, 87, 101, 127, 140 and 155 in the case of 1,3,5-TMB
and 73, 100, 113 and 156 in the a-pinene case. Although it is not possible to exclu-
sively relate the individual mass fragments to specific chemical compounds, the above
observations indicate that the SOA produced from each precursor are likely to have
broadly similar chemical functionality given by the high abundance of m/z 43 and 44.
However, significant differences occur in the minor fragments for the SOA in the two
reaction systems, indicating that the precise molecular composition differs.

5 Formation of nitrogenated organic compounds

Mass fragments 30 and 46 observed with the AMS during atmospheric sampling have
been mostly interpreted as NO™ and No; from inorganic nitrate compounds (Allan et
al., 2003b; Jimenez et al., 2003b; Boudries et al., 2004). In this study, both fragments
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were observed in the mass spectra of the photooxidation products of both precursors
(Fig. 2). The temporal behaviour of both fragments was found to be very similar within
each of the experiments. This similarity is quantified in Fig. 6, where concentrations of
mass fragments 30 and 46 are correlated for each precursor. Both correlations have
high Pearson’s r values of 0.98 and 0.92 for 1,3,5-TMB and a-pinene, respectively.
However, their temporal behaviour is significantly different from other major fragments
observed. Once the NO, has been consumed the rate of change of these mass frag-
ments is controlled by wall losses only. This is not the case for other mass fragments
such as m/z43. This indicates that, in each case, both fragments are likely to have
the same chemical source.

Organic nitrates and nitro-compounds are possible candidates. Laboratory studies
showed that for inorganic nitrate salts, the ratio of mass fragments 30 to 46 varies
with the type of cation in each salt. For example, the 30/46 ratio is 2 to 3 for ammo-
nium nitrate, 11 for magnesium nitrate and 29 for sodium nitrate. In this study, the
30/46 ratio is 8 for the products of 1,3,5-TMB and 5 for the a-pinene case. The ra-
tio was constant over the duration of both experiments. The different values of the
30/46 ratios may imply that different nitrogenated compounds are formed from each
precursor. The formation of nitro organic compounds has already been reported in
a number of chamber studies. Forstner et al. (1997) presented a detailed mecha-
nism leading to the formation of nitro aromatic compounds from the photooxidation of
toluene in the presence of NO, and propene. Pathways for production of nitrophenolic
compounds from an ethylbenzene-OH adduct were also discussed. In a similar recent
study, Kleindienst et al. (2004) suggested that NO, addition to aromatic rings becomes
more significant at elevated concentrations of NO,, which is usually the case in envi-
ronmental chamber studies. It was explained that the NO, addition stabilises the ring
intermediate leading to the formation of nitro and di-nitro aromatic compounds. In a
third study of the same system, the contribution of alkyl nitrates (RONO,) or peroxya-
cyl nitrates (RC(O)OONO,) to the secondary organic aerosol formation was positively
verified using FTIR spectroscopy (Jang and Kamens, 2001). In addition, many mod-
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elling and experimental studies have examined and reported the formation of nitrate
compounds from the oxidation of a-pinene and other terpenes (Aschmann et al., 1998,
2002; Noziere and Barnes, 1998; Noziere et al., 1999; Kamens and Jaoui, 2001).
Mono- and di-alkyl nitrates, peroxyacetylnitrate (PAN) and PAN-related compounds
were among the reported gaseous and particle phase products in a modeling study
(Kamens and Jaoui, 2001; Jaoui and Kamens, 2003).

The time-resolved mass spectra in Fig. 2, as well as the time-varying relative frac-
tional contributions of individual mass fragments to total mass in Fig. 5 show that the
contributions of the mass fragments 30 and 46 to total signal decrease with time for
both precursors. The contribution of the sum of NO™ and NO; to the total signal starts
as high as 7% and decreases to about 3% after about 8 h of irradiation. This is likely to
be explained by the consumption of the gas phase NO, after only 3 and 5 h of the start
of 1,3,5-TMB and a-pinene experiments, respectively.

6 Formation of oligomers in the absence of oxidation

About 30 small carbonyls and acids have been recently measured in the gas and par-
ticle phase products of an identical 1,3,5-TMB photooxidation experiment to the one
discussed in this study (Kalberer et al., 2004). GC-MS and ion chromatography (IC)
were used to identify the oxidation products (Fisseha et al., 2004). Methylglyoxal, a
C,-dicarbonyl, was found to be one of the most abundant gas-phase photooxidation
products of 1,3,5-TMB (Calvert et al., 2002). Recent studies have suggested that ad-
ditional partitioning of carbonyls to the particle phase may occur via chemical transfor-
mation of the carbonyls to low volatility products (Tobias and Ziemann, 2000; Jang et
al., 2003; Gao et al., 20044, b; linuma et al., 2004; Tolocka et al., 2004; Liggio et al.,
2005). The hydration of the carbonyl followed by acid-catalysed oligomerisation or ac-
etal/hemiacetal formation in the presence of alcohol have been reported as a potential
mechanism for this transformation (Jang et al., 2003).

An aqueous solution of glyoxal is composed of a mixture of hydrated monomers,
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dimers and trimers forming acetals (Kalberer et al., 2004, and references therein).
Laser Desorption lonisation Mass spectrometry (LDI-MS) measurements of methyl-
glyoxal showed oligomers up to the nonamer with m/z=723. An LDl mass
spectrum of an equal-mass aqueous solution of methylglyoxal, formaldehyde, 3,5-
dimethylbenzaldehyde and pyruvic acid (all known “aerosol-phase” oxidation prod-
ucts of 1,3,5-TMB except formaldehyde, which is a “gas-phase” product) showed an
oligomer pattern similar to that produced from the photooxidation products of 1,3,5-
TMB in the range 400<m/z<900 (Kalberer et al., 2004). On this basis, Kalberer et
al. (2004) proposed a nonradical-induced acetal oligomerisation with methylglyoxal
as the main monomer unit, with the possibility that other carbonyls and carbonyl-
containing acids may also be incorporated into the oligomer. However, other oligomer
formation mechanisms are also possible. The oligomer fraction was quantified using
a volatility tandem differential analyser (VTDMA), which measures the size reduction
of the aerosol due to evaporation in a heater that has tube wall temperatures of 100,
150, and 200°C (Paulsen et al., 2006). Measurements showed that the particle vol-
ume fraction remaining at 100°C gradually increased from about 30% to 85% over 27 h
of irradiation (Kalberer et al., 2004). This increase in nonvolatile particle fraction was
mostly attributed to oligomer formation. Similar measurement trends were reported
at 150°C and 200°C. The VTDMA results of 1,3,5-TMB photooxidation products were
reproduced during the study presented in this paper and similar trends were also mea-
sured for the a-pinene photooxidation products (Paulsen et al., 2006).

In order to further investigate the role of the oligomerisation and photooxidation
processes in these experiments, organic particles were generated using solutions
of methanol and methylglyoxal, particle-free pure air, and a collision atomiser (see
Paulsen et al., 2006, for particle generation system description). The particles were
delivered into a 200 litre, opaque, carbon-impregnated, polyethylene plastic bag, in
the absence of NO,, propene and irradiation. The AMS and the VTDMA were used
to simultaneously measure the methylglyoxal particles over approximately 2h. The
VTDMA results using a heater wall temperature of 100°C showed that the remaining
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non-volatile particle volume fraction increased from 38% to 46% over 1.5h, giving a
rate of 4.7% h™" (a rate of 4.3% h~" was obtained for water and methylglyoxal, rates
were determined from a linear least-squares regression). A similar analysis of the lin-
ear portion of reaction chamber data (first 8 h, data from Kalberer et al., 2004) for high
and low concentration 1,3,5-TMB cases produced rates of 3.7% h™" and 3.1% h‘1,
respectively. These similar rates demonstrate that photochemistry is not required for
methylglyoxal to oligomerise. A similar VTDMA result revealed a slower oligomerisation
rate of 2.6% h~' when the same experiment was repeated using the four-compound
mixture of methylglyoxal, formaldehyde, 3,5-dimethylbenzaldehyde and pyruvic acid
reported in Kalberer et al. (2004).

Figure 7 shows the averaged mass spectra of the methylglyoxal particles (bottom
panel) and the oligomerisation products formed by the mixture compounds (top panel)
measured by the AMS. Although the molecular weight of methylglyoxal is 72, its mass
spectrum shows mass fragments up to m/z 133. This observation supports findings
of other studies regarding the presence of dimers and trimers in glyoxal solutions
(Kalberer et al., 2004, and references therein). A detailed investigation of the mass
spectra of methylglyoxal and the mixture at high time resolution showed no significant
change in the chemical signature of any of them with time. This is likely because
the oligomer shows the same fragmentation pattern in the AMS as the monomer
molecules. A comparison of the mass spectral signatures in Fig. 7 to that of 1,3,5-
TMB photooxidation products (Fig. 2, panel a) indicates some differences, such as the
absence of many of the low intensity mass fragments in the spectra in Fig. 7. The
compounds introduced into the bag are those proposed by Kalberer et al. (2004) as
possible candidates for 1,3,5-TMB SOA formation. Whilst they do indeed lead to the
formation of organic aerosol, the AMS fragmentation pattern observed is distinctly dif-
ferent from those measured from 1,3,5-TMB oxidation in the chamber. This appears
to be in line with the hypothesis of Kalberer et al. (2004) that additional photooxidation
products (e.g. other carbonyls) take part in the oligomerisation process.
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7 Determination of SOA density

The AMS provides a measure of the aerodynamic diameter of submicron particles in
the free-molecular regime, which is known as the vacuum aerodynamic diameter (D, ,)
(Jimenez et al., 2003a). The use of a differential mobility analyser (DMA) and an AMS
for parallel measurements of the mobility (D,,) and vacuum aerodynamic diameters
of aerosol particles have been reported to determine the effective density of aerosol
particles (DeCarlo et al., 2004; Bahreini et al., 2005). The effective density is simply
defined as the ratio of the vacuum aerodynamic to the mobility diameters (Jayne et al.,
2000; DeCarlo et al., 2004) and it is equivalent to the density of a spherical particle
but they can be significantly different when a particle is irregular in shape. The theory
and the mathematical formulae for different particle shapes have been reported and
discussed in detail by DeCarlo et al. (2004). In this study, a DMA was used to select
1,3,5-TMB and a-pinene SOA particles of different individual sizes, which were then
delivered, in series, into the AMS to measure their vacuum aerodynamic diameters.
Table 2 lists all the selected particle mobility diameters, their measured vacuum aero-
dynamic diameters and the corresponding effective densities. The effective density for
the 1,3,5-TMB SOA ranged from 1.35—-1.40 g/cm3, while that for a-pinene SOA ranged
from 1.29-1.32 g/cms. The results show that the effective density for both types of
SOA is independent of particle size, implying that it does not significantly change with
irradiation time for the experiments reported in this study.

Additional measurements were carried out using a beam width probe (BWP) in or-
der to investigate the morphology of the SOA particles formed from both precursors.
The results showed that both the 1,3,5-TMB and a-pinene SOA produced a highly
collimated and narrow aerosol particle beams. These results could be interpreted as
indirect evidence that the SOA particles produced from both precursors were spherical
in shape, and consequently the effective densities reported here are equivalent to the
SOA densities.
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8 Atmospheric implications

The lack of seed aerosol particles and the use of relatively high concentrations of
precursors and NO, mean that particles produced during this study are not expected
to have chemical signature identical to ambient particles. However, the irradiation of
1,3,5-TMB and a-pinene in the presence of NO, and propene may simulate the ambi-
ent photooxidation process of aromatic and biogenic precursors, respectively. In Fig. 8,
we present a compilation of mass spectra obtained from a number of AMS studies of
the ambient atmosphere in various environments, along with the mass spectra of the
photooxidation products of 1,3,5-TMB and a-pinene from this study (panels a and g,
respectively). The aim is to evaluate how the mass spectral signatures of the photoox-
idation products of 1,3,5-TMB and a-pinene observed in this study compare to mass
spectral signatures of the aerosol organic fraction measured in various environments
affected to varying degrees by anthropogenic or biogenic precursors.

All spectra in Fig. 8 are averaged over the duration of each experiment and are nor-
malised to show the fractional contribution of each mass fragment to the total organic
signal. The spectra in panels (b) and (c) are of the aerosol organic fraction at urban
(Slocan Park) and rural (Langley) locations, respectively, in the Lower Fraser Valley,
British Columbia, Canada, and were measured as part of the Pacific 2001 experiment
(Alfarra et al., 2004; Boudries et al., 2004). Panel (d) shows a mass spectrum of the
particulate organic fraction measured at the remote high-alpine location Jungfraujoch
(JFJ), Switzerland, during the second Cloud and Aerosol Characterisation Experiment
(CLACE2) in 2002 (Alfarra, 2004). The mass spectrum in panel (e) is from laboratory
generated fulvic acid particles. Fulvic acid has been shown to be a good model com-
pound to explain the chemical functionality of the water-soluble macromolecular group
of “humic-like substances” (HULIS), which have recently been found to contribute 20—
50% to the water-soluble fraction of organic aerosol at urban and rural sites, as well as
fog samples in Europe (Havers et al., 1998; Facchini et al., 1999a; Zappoli et al., 1999;
Decesari et al., 2000; Krivacsy et al., 2000, 2001). The mass spectrum in panel (f) is

7767

ACPD
6, 7747-7789, 2006

A mass
spectrometric study
of secondary organic

aerosols

M. R. Alfarra et al.

EG

(@


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/7747/2006/acpd-6-7747-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/7747/2006/acpd-6-7747-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

from a particle growth period following a nucleation event at the forest research station
at Hyytiala in Finland during the second Quantification of Aerosol Nucleation in the
European Boundary Layer experiment (QUEST 2) in 2003 (Allan et al., 2006).

In order to quantify the comparisons of the mass spectral signatures shown in Fig. 8,
the fractional contributions of the individual mass fragments to the total signal of the
organic particulates measured at the ambient locations were scatter plotted against
those of the 1,3,5-TMB SOA, a-pinene SOA and fulvic acid and the resulting Pear-
son’s R values are summarised in Table 3. The fact that two mass fragments (m/z 43
and 44) mostly dominate the mass spectra in Fig. 8 may lead to a bias in the linear
regression analysis reported here. For this reason, we have performed the analyses
on the whole mass spectra (m/z 10-300) and also on the mass fragments larger than
m/z45. Results show that the mass spectral signature of the humic-like substance
(fulvic acid) is significantly more similar to the spectral signatures of the organic par-
ticulates measured at the rural and remote alpine sites than to those of the urban and
freshly nucleated forest particles. This indicates that the major chemical functional
groups of the organic aerosols at the rural and remote sites are closely represented
by those of the humic-like substance. The results also reveal that the photooxidation
products of a-pinene have higher correlations than those of the 1,3,5-TMB with the
organic particulates measured at the ambient locations. The photooxidation products
of a-pinene show even higher correlations with the rural and the remote alpine sites for
the analysis performed on m/z larger than 45. The latter analysis suggests that with
the exception of the relative distribution of mass fragments 43 and 44, the a-pinene
SOA is similar in composition to the ambient organic aerosols measured at those sites.
This could be due to the reported higher aerosol formation potential of biogenic com-
pounds compared to those from anthropogenic sources (Odum et al., 1996; Giriffin et
al., 1999) and to the fact they are emitted in much more significant amounts into the
atmosphere. The total annual global emission of biogenic compounds has been esti-
mated around 825 TgCyr'1 (Fehsenfeld et al., 1992; Guenther et al., 1995), whereas
anthropogenic compounds have been estimated to account for less than 100 TgCyr'1
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(Hough and Johnson, 1991; Muller, 1992).

Inspection of the mass spectra in Fig. 8 reveals that either or both of m/z 43 and 44
are the most dominant fragments in all cases; contributing up to 20 % each to the total
organic signal. As discussed before, m/z 43 arises from the (CSH;) fragment of sat-
urated hydrocarbons in traffic-dominated environments and/or from the acetyl moiety
of carbonyl-containing compounds (CH;CO™) (Alfarra et al., 2004), which explains its
significant contributions to the mass spectra measured in the traffic-dominated urban
environment (panel b) and the biogenic compounds-dominated forest (panel f). On
the other hand, mass fragment 44 was observed to be the AMS signature of highly
oxidised compounds such as di- and multifunctional carboxylic acids. This finding has
been established as a result of direct comparisons of the laboratory-generated AMS
and standard NIST reported mass spectra of organic compounds representing various
classes, such as alcohols, aldehydes, oxo-aldehydes, ketones, esters, saturated and
aromatic hydrocarbons, phenols, PAHs, and hydroxy-, oxo-, mono-, and di-carboxylic
acids (Alfarra, 2004). The AMS spectra compared well to the NIST spectra in all cases
with subtle differences in fragment intensities. The only exception was found in the
oxo- and di-carboxylic acid case, where mass fragment 44 dominated the AMS spec-
tra, while it was nearly absent in the NIST data. Mass fragment 44 was also found
dominant in a laboratory-generated mass spectrum of fulvic acid (Fig. 8, panel €) a
humic-like substance containing poly-carboxylic acid groups. Carboxylic acids and
humic-like substances have been widely reported in processed organic particles mea-
sured in various locations (Havers et al., 1998; Facchini et al., 1999a; Zappoli et al.,
1999; Decesari et al., 2000; Krivacsy et al., 2000, 2001). This appears to be in agree-
ment with the mass spectra measured at the JFJ remote site (panel d) as well as the
Canadian rural location (panel c), both dominated by processed aerosol particles.

The urban organic mass spectrum in panel B is characterised by mass fragments
(41, 43, 55, 57, 69, 71,...) representing the ion series C,H,, ., and C,H;, _, and
separated by 14 mass units due to loss of CH,. This spectrum is typical of hydrocar-
bons and has been associated with primary organic particles emitted from combustion
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sources (mainly traffic-related) in various urban locations (Allan et al., 2003b; Alfarra
et al., 2004; Canagaratna et al., 2004). The spectrum also contains a more oxidized
organic fraction as indicated by the presence of m/z44. The emission of the primary
organic particles prevents a meaningful comparison with the mass spectral signature
of the photooxidation products of both precursors in the smog chamber.

The photooxidation products of a-pinene and 1,3,5-TMB appear to have mass spec-
tral signatures (panels g and a) more similar to that of the particle growth following a
nucleation event measured in a location dominated by biogenic emissions (panel f).
In all of the three spectra (a, f and g), the contribution of m/z 43 to the total organic
signal is higher than that of m/z 44, implying that the organic aerosols measured in
these three systems have more carbonyl-containing compounds (e.g. aldehydes and
ketones) than di- and multifunctional carboxylic acids. On the other hand, m/z 44 ap-
pears to be more dominant in the organic particulates measured at the rural and the
remote alpine locations (panels ¢ and d, respectively) compared to those measured
at the smog chamber. This suggests that neither the a-pinene nor the 1,3,5-TMB
experimental results reproduce the right relative product distribution between carbonyl-
containing and multifunctional carboxylic acid species measured at ambient locations
influenced by continental aged organic aerosol. These results may well imply that the
aerosols produced in the smog chamber represent a “young” SOA that is less aged
than the organic aerosols measured at some of ambient locations described here (the
contribution of m/z 44 to the total organic signal continues to increase as a function
of irradiation time in the chamber). These results also indicate that further chemical
processing takes place in the aerosol after the initial SOA formation. Other reasons
for the differences may be that the photochemical conditions in the chamber, including
the VOC/NO, ratio are different from those in the atmosphere; or that the complexity
of the precursor pool in the atmosphere gives rise to a change in the product distri-
bution in ambient aerosols compared to the chamber. More work is clearly needed to
understand this issue.
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Table 1. Summary of conditions at the start of each experiment.
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Experiment  Precursor Concentration (ppbv) NO (ppbv) NO, (ppbv) Propene (ppbv)
1 1,3,5-TMB 35 11 8 300
2 1,3,5-TMB 620 150 150 300
3 1,3,5-TMB 620 150 150 300
4 a-Pinene 160 94 77 300
5 a-Pinene 30 55 68 300
6 a—Pinene 160 59 67 300
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Table 2. Effective densities for different selected particle sizes of 1,3,5-TMB and a-pinene

SOA.
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1,3,5-TMB SOA
D,(nm) D,,(nm) Effective Density (g/cm3)

140 193 1.38
210 291 1.39
230 310 1.35
270 367 1.36
290 397 1.37
300 419 1.40

a-Pinene SOA
190 251 1.32
250 328 1.31
270 348 1.29
280 367 1.31
290 374 1.29
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Table 3. Pearson’s R values resulting from the correlations of the mass spectra in Fig. 8.

1,3,5-TMB a-Pinene Fulvic Acid
Allm/zs m/z>45 Allm/z’s m/z>45 Alm/zZ’s m/z>45
Urban 0.71 0.67 0.80 0.82 0.50 0.73
Rural 0.75 0.78 0.87 0.95 0.93 0.88
JFJ 0.73 0.79 0.85 0.94 0.94 0.86
Forest 0.80 0.64 0.86 0.82 0.54 0.78
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Fig. 1. Time profile of the evolution of particles during a “high” concentration 1,3,5-TMB experi-
ment (experiment number 3, Table 1), showing the total particle number concentration (p cm‘3)
counted by the CPC in the top panel, the total nitrate-equivalent mass loading (ug m'3) mea-
sured by the AMS in the middle panel and particle mass size distribution measured as a function
of its vacuum aerodynamic diameter in the bottom panel. Note that data is not corrected for
wall losses. The tail off in mass loading at the high sizes above the main mode is not due to
large particles, but results from high particle loads slowing the normally near instantaneous
vaporisation of particles.
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Fig. 2. Mass spectra of the photooxidation products of 1,3,5-TMB and a-pinene averaged for
one hour each after 3, 5 and 8 h of irradiation. All spectra are normalised to the sum total of _
all mass fragments, providing a quantitative fractional contribution of each mass fragment to
the total measured signal. The white bars at the bottom of individual mass fragments are the _

associated errors as described by Allan et al. (2003a).
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Fig. 3. A logarithmic scale presentation of the mass spectra shown in (a) and (d) in Fig. 2 in
order to better illustrate the distribution patterns of the low-intensity mass fragments produced
from the photooxidation of 1,3,5-TMB and a-pinene. The white bars at the bottom of individual
mass fragments are the associated errors as described by Allan et al. (2003a).
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Fig. 4. Comparison of the fragmentation patterns of the photooxidation products of 1,3,5-TMB
after 5 and 8 h with that after 3 h of irradiation. The plotted data are the fractional contributions
of each mass fragment to total signal as shown in Fig. 2. The grey colour scale is a function
of m/z number and the black line is the slope of unit gradient. An identical comparison of the
a-pinene data is also shown.
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mass fragments are errors propagated through Eq. (1).
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Fig. 6. Correlation of the nitrate-equivalent mass concentrations of mass fragments 30 (NO™)

NO," (ug m®)

and 46 (NO;) produced from the photooxidation of 1,3,5-TMB and a-pinene.
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Fig. 7. Mass spectral signatures of the oligomers formed in the absence of oxidation by methyl-
glyoxal, in the bottom panel, and the four compound mixture proposed by Kalberer et al. (2004),

in the top panel.
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Fig. 8. A compilation of AMS mass spectral signatures of SOA produced from 1,3,5-TMB
and a-pinene from this study (a) and (g), laboratory generated fulvic acid particles (e) and
organic particulate measured in the ambient atmosphere in urban (b) and rural (¢) locations in
British Columbia, Canada, the Jungfraujoch (JFJ) remote high-alpine location, Switzerland and

a forest in Finland (f).
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