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Abstract. Numerous laboratory experiments have been perposition of the ambient sample from the boreal forest site
formed in an attempt to mimic atmospheric secondary or-reasonably well, with 72.32.5% @ = 3) and 69.H 3.0 %
ganic aerosol (SOA) formation. However, it is still unclear (» = 3) common ions, respectively. In contrast, large differ-
how close the aerosol particles generated in laboratory exences were found between the laboratory-generated BVOC
periments resemble atmospheric SOA with respect to theisamples and the ambient urban sample. To our knowledge
detailed chemical composition. In this study, we generatedhis is the first direct comparison of molecular composition
SOA in a simulation chamber from the ozonolysisaf  of laboratory-generated SOA from BVOC mixtures and am-
pinene and a biogenic volatile organic compound (BVOC) bient samples.
mixture containinga- and B-pinene, A3-carene, and iso-
prene. The detailed molecular composition of laboratory-
generated SOA was compared with that of background am-
bient aerosol collected at a boreal forest site (Hyytiald, Fin-1 Introduction
land) and an urban location (Cork, Ireland) using direct infu-
sion nanoelectrospray ultrahigh-resolution mass spectromeBiogenic volatile organic compounds (BVOCs) play an im-
try. Kendrick mass defect and van Krevelen approaches werportant role in atmospheric chemistry and give rise to sec-
used to identify and compare compound classes and distribuendary organic aerosols (SOA), which have effects on cli-
tions of the detected species. The laboratory-generated SOmate (Hallquist et al., 2009) and human health (Pope and
contained a distinguishable group of dimers that was not obDockery, 2006). SOA is formed within the atmosphere from
served in the ambient samples. The presence of dimers wagaseous precursors and gas-to-particle conversion processes.
found to be less pronounced in the SOA from the BVOC Laboratory chamber experiments have been performed for
mixtures when compared to the one component precursodiecades in an attempt to mimic atmospheric SOA formation.
system. The molecular composition of SOA from both the However, it is still unclear how close the aerosol particles
BVOC mixture anda-pinene represented the overall com- generated in laboratory experiments resemble atmospheric
SOA with respect to their detailed chemical composition.
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One of the major challenges is the identification of the The main objective of this work is to compare the de-
organic composition of the SOA, which is composed of tailed molecular composition of laboratory-generated SOA
thousands of organic compounds (Kanakidou et al., 2005)from oxidation of a single BVOCu(-pinene) and from a mix-
These compounds generally cover a wide range of polariture of four BVOCs, with samples of ambient aerosol from
ties, volatilities and masses (Goldstein and Galbally, 2007)urban and remote locations using chip-based direct infu-
and therefore it is difficult to find a single analytical tech- sion nanoESI-UHR-MS. In a preceding study, we examined
nique for their detailed chemical analysis at the molecu-aerosol samples from the boreal forest site Hyytiala, Finland,
lar level. Conventional chromatographic methods (gas chroand determined that a dominant fraction of the detected com-
matography (GC) and liquid chromatography (LC)) are notpounds are reaction products of a multi-component mixture
capable of resolving the highly complex mixtures with a of BVOCs (Kourtchev et al., 2013). In the present study, we
wide variety of physicochemical properties. Moreover, com-compare the composition of these field samples with SOA
monly used mass spectrometers, which are often used as dgenerated in chamber experiments from the ozonolysis of
tectors following chromatographic separation, do not havex-pinene and of BVOC mixtures containing four species
sufficient mass-resolving power to distinguish and differen-(«- and g-pinene, A3-carene, and isoprene) that are most
tiate all the compounds present in the complex mixture ofabundant in Hyytidld's environment. The laboratory experi-
organic aerosol. Ultra-high resolution mass spectrometersnents were performed under conditions (e.g. relative humid-
(UHR-MS) (i.e. Fourier transform ion cyclotron resonance ity (RH), aerosol seed, and BVOC ratios) resembling those at
MS and Orbitrap MS) have a mass resolution power that is athe boreal sampling site during the summer 2011 period. To
least 1 order of magnitude higher (L00 000) than conven- the best of our knowledge this is the first direct comparison
tional MS and thus have the potential for solving this prob- of the molecular composition of laboratory-generated SOA
lem. Direct infusion electrospray ionisation (ESI)-UHR-MS from the BVOC mixtures and ambient samples.
has been successfully applied for the analysis of both ambi-
ent and laboratory-generated SOA and facilitated the charac-
terisation of hundreds of species with individual molecular 2 Materials and methods
formulae (Nizkorodov et al., 2011). Despite the high analyti-
cal throughput of direct infusion MS, this method is prone to 2.1 Atmospheric simulation chamber
artefacts such as changes in the ionisation efficiency of an an-
alyte due to the presence of “matrix” compounds in the com-Experiments were carried out in an atmospheric simulation
plex organic mixtures (P&schl, 2005). For instance, sulfateschamber described in detail elsewhere (Thiner et al., 2004).
nitrates and ammonium salts are important constituents of atBriefly, the chamber is a cylinder made of fluorine—ethene—
mospheric aerosols (Péschl, 2005) and once injected into thpropene (FEP) Teflhfoil with a volume of 3.91 . It was
ESI source can cause ion suppression, adduct formation angperated at 296 2 K using purified air at 0.1-1 mbar above
a rapid deterioration of instrument performance (Dettmer etatmospheric pressure. The experiments were performed at
al., 2007). NanoESI-MS, which generally produces smaller60-68 % relative humidity produced from bubbling puri-
droplet sizes and analyte flow in the electrospray (Schmidt efied air through heated water. The humidity and tempera-
al., 2003), can substantially reduce interference effects fromure were measured using a dew point meter (DRYEAP
inorganic salts. Moreover, it provides better sensitivity to- DM70 Vaisala). Fans installed at both ends of the cham-
wards a variety of analytes in samples containing relativelyber were used during the first 5min of the reaction to pro-
high levels of salts (Juraschek et al., 1999; Schmidt et al.yide rapid and uniform mixing of the reactants and prod-
2003) and decreases source contamination (Schmidt et alucts. Between experiments the chamber was cleaned by in
2003) compared to conventional ESI sources. troducing about 1 ppm of ozone into the chamber and flush-
To date, most laboratory experiments reproducing atmo4ing with purified air at a flow rate of 0.15%min~1. The
spheric SOA formation have been performed using a singleexperiments were performed with neutral ammonium sul-
organic precursor (e.gx- or B-pinene or isoprene) while fate ((NH;)2SO4, Sigma-Aldrich, 99.99 %) seed particles,
in the atmosphere a wide range of precursors contribute tgroduced using an atomiser and dried before introduction
SOA, which results in a more complex SOA composition into the chamber. Aerosol seed particles were subjected to
compared to the one-precursor laboratory systems. Althouglkrypton-85 (Kr-85) charge neutraliser before introduction to
there are a few studies where oxidation of volatile organicthe chamber. Seed particle concentrations for each experi-
compound (VOC) mixtures were performed, their main goalment are shown in Table 1. Cyclohexane at a molar con-
was to investigate SOA formation, yields (VanReken et al.,centration 1000 times higher than the BVOC precursors was
2006; Jaoui et al., 2008; Hao et al., 2009, 2011; Kiendler-used to scavenge OH radicals produced from ozonolysis of
Schar et al., 2009; Mentel et al., 2009; Hatfield and Huff the reactants. BVOCs (i.@-pinene, 8-pinene, A3-carene
Hartz, 2011; Waring et al., 2011) and specific products (Jaouand isoprene) were introduced into the chamber by flow-
etal., 2003; Amin et al., 2013) rather than detailed molecularing purified air over known amounts of the compounds in
compoaosition. a gently heated Pyrex impinger. The BVOC concentrations
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Table 1. Summary ofx-pinene and BVOC mixture ozonolysis experiments.

Experiment Total BVOC Ozone RH, Seed AM, SOAyield
conc.,ppb conc.,ppb % conc.,ugf pgn3 (r)ab
a-pinene 49.5 200 60 3.1 42.3 0.15
a-pinene 50.5 200 64 3.0 50.0 0.16
a-pinene 55.2 200 62 4.3 55.9 0.16
BVOC mixture 62.9 200 63 5.2 34.8 0.11
BVOC mixture 67.7 200 68 3.8 43.6 0.12
BVOC mixture 62.9 200 65 3.6 41.8 0.12

2Yijelds were calculated from the equati#n= AM/AHC, whereAM (ug n3) is the particle mass loading andHC
(Mg n3) is the reacted concentration of BVO®she data is wall loss corrected.

are shown in Table 1. Ozone (ca. 200 ppbv) was introduced Anthropogenic ambient samples were collected during 9—
at the beginning of the reaction over a period of 1 min us-17 September 2011 at the Tivoli Industrial Estate and Docks
ing an electric discharge generator. Ozone decay was mon-TIED), Cork, Ireland (531545N, 82438 W). A detailed
itored with an automated analyser (Thermo Model 49i). A description of the TIED site is given elsewhere (Healy et al.,
scanning mobility particle sizer (TSI model 3081) was used2009; Hellebust et al., 2010; Kourtchev et al., 2011). The site
to measure particle number-size distributions in the ranges located approximately 3km east of Cork city centre with
11-478 nm (mobility diameter) every 3min. The particle a population of about 120 000 inhabitants. A shipping berth
mass concentrations were calculated assuming a density @ located 400—600 m to the south-west, while the main road
1 gcnt 3. Dilution and wall-loss corrections were calculated carrying traffic east out of the city lies 200 m to the north of
by considering the particle loss as a first order rate procesgshe site. Residential areas surround the site on all sides ex-
The background NQconcentration measured using a NO cept the north and north-east. The vegetation that surrounds
analyser (Thermo Model 4vas below 2 ppbv for all exper- the site manly consists of shrubs and some native decidu-
iments. The aerosol samples were collected on quartz fibreus trees, which include oak(ercus roburl. andQuercus
filters (PallfleX®’ Tissuquartz 2500QAT-UP, 47 mm diame- petrug, ash Fraxinius excelsioy, birch Betula penduly

ter) 20-30 min after the maximum SOA concentration wassycamore Acer pseudoplataniispoplar Populus tremula
observed. Before use, the quartz fibre filters were preheatednd beechKagus sylvatica It should be noted that there

at 650°C for 12 h to remove any possible organic impuri- are not many conifer species present around the sampling
ties. A charcoal denuder was used in front of the filter packarea and if they do exist, they are likely to be sprueeéa

to remove gas phase species formed during the ozonolysisitchensiy PM, s aerosol samples were collected on quartz
reaction. The aerosol sampling flow rate was approximatelyfibre filters (Pallfle® Tissuquartz 2500QAT-UP, 150 mm di-
12 L min~! and the sampling time was 40 min. In addition, ameter, pre-fired for 24h at 658C) using a high volume
“blank” chamber samples were collected by drawing “clean” (Digitel DHA-80, Switzerland) sampler with a flow rate of
air from the chamber for 40 min. The filter samples were 500 L min.

wrapped in baked aluminum foil and stored-20°C prior

to analysis. 2.3 Aerosol sample analysis

2.2 Ambient samples All ambient filters were analysed for organic carbon (OC)
) ] ] and elemental carbon (EC) using a thermal-optical transmis-
Biogenic ambient samples were collected at the boreal forjg, (TOT) technique (Birch and Cary, 1996). For each sam-
estsite SMEAR Il in Hyytiald, southern Finland (&I N, e, a part of the quartz fibre filter (6-30 &nepending on
24°17'E) as previously described in detail (Kourtchev etal., ¢ o total aerosol loading for ambient and laboratory sam-
2013). The fore_st around the station is do_mlnated by cpnlferﬁﬂes, respectively) was extracted three times with 5mL of
(mainly Scots pine and Norway spruce) with some deciduoUsyethanol (Optim& grade, Fisher Scientific) under ultrasonic
trees, such as aspen and birch, with a tree density of aboWgitation for 30 min. The three extracts were combined, fil-
2500 ha't. Detailed descriptions of the site, instrumentation, sre through a Tefléhfilter (0.2 um) and reduced by vol-

meteorological data collection and sampling are given elseyme to approximately 200 pL under a gentle stream of nitro-
where (Kulmala et al., 2001; Hari and Kulmala, 2005). In to- gen.

tal, 10 separate day and night atmospheric aerosal stivh- The final extracts were analysed using an ultrahigh-
ples, each representing 12 h of sampling, were collected ovelasoytion LTQ Orbitrap Velos mass spectrometer (Thermo
the period 16 to 25 August 2011. Fisher, Bremen, Germany) equipped with a TriVersa Nano-

mate robotic nanoflow chip-based ESI source (Advion
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Biosciences, Ithaca NY, USA). The Orbitrap MS instrument with a mass tolerance af5 ppm were calculated. The data
was calibrated using an Ultramark 1621 solution (Sigma-filtering was performed using a Mathematica 8.0 (Wolfram
Aldrich, UK). The mass accuracy of the instrument was be-Research Inc., UK) code developed in-house that employed
low 1.5 ppm and was routinely checked before the analysisseveral conservative rules and constraints similar to those
The instrument mass resolution was 100 000xgt, 400. used in previous studies (Koch et al., 2005; Wozniak et al.,
The negative ionisation mass spectra were collected in thre2008; Lin et al., 2012). Only ions with intensities ten times
replicates at ranges/z 100-650 ana:/z 200-900 and pro- above the noise level were kept for the data analysis. The
cessed using Xcalibur 2.1 software (Thermo Scientific). Amass tolerance range for keeping mathematically assigned
mixture of camphor, sulfonic acid (20 ng pb), glutaricacid  elemental formulae was set to approximat§.5 ppm and
(30ng pL1) and cis-pinonic acid (30 ng i) in methanol  varied within the+5 ppm tolerance window. This range was
and Ultramark 1621 solution were used to optimise the iondetermined by establishing the average difference between
transmission settings. The direct infusion nanoESI paramethe theoretical and the experimental mass for nine com-
ters were as follows: the ionisation voltage and back pressurgounds with known elemental composition determined by
were set at-1.4kV and 0.8 psi, respectively. LC/MS analyses (Kourtchev et al., 2013). All molecular for-
To assess possible matrix effects caused by inorganic saltsiulae where O/G 1.2, N/C>0.5, S/C>0.2<0.3H/C
on the detection of organic compounds in the direct infusionand H/C> 2.5 were eliminated with the aim of removing
analysis, the methanolic extracts of the laboratory-generatedholecules that are not likely to be observed in nature. More-
samples were mixed with 30 % aqueous solution of ammo-over, neutral formulae that had either a non-integer or a neg-
nium sulfate (to mimic the ambient concentration ratios in ative value of the double bond equivalent (DBE) were re-
the boreal samples, see discussion below). Control samplemoved from the list of possible molecules. Double bond
were mixed with water in the same proportions. These modi-equivalents were calculated using Xcalibur 2.1 software.
fied samples were analysed in the same way as the unalteréithe assigned formulae were additionally checked for the
aerosol extracts. “nitrogen-rule” and isotopic pattern as described elsewhere
For the LC/(-)ESI-MS analysis, due to relatively low OC (Kourtchev et al., 2013). The background spectra obtained
loading of the filter samples, all day and night samples werefrom the procedural blanks were also processed using the
pooled into 1 day and 1 night sample, evaporated to drynesgsules mentioned above. The formulae lists of the background
and resuspended in 0.1% formic acid. LC/(-)ESI-MS anal-spectra were subtracted from those of the ambient (or cham-
ysis was performed using an Accela system (Thermo Scienber) sample and only formulae with a sample/blank peak in-
tific, San Jose, USA) coupled with LTQ Orbitrap Velos MS tensity ratio> 10 were retained. All molar ratios, DBE fac-
and a T3 Atlantis C18 column (3 um; 24150 mm; Waters, tors and chemical formulae presented in this paper refer to
Milford, USA). The mobile phases consisted of 0.1 % formic neutral molecules.
acid (v/v) (A) and methanol (B). The applied gradient was
as follows: 0—-3min 3% B, 3-25min from 3% to 50% B 2.5 Hierarchical agglomerative cluster analysis
(linear), 25—-43 min from 50 % to 90 % B (linear), 43—48 min
from 90 % to 3% B (linear) and kept for 12 min at 3% B (to- Aerosol samples were classified by hierarchical agglomer-
tal run time 60 min). MS spectra were collected in full scan ative cluster analysis (Lukasova, 1979). The data was or-
using the lock mass for the deprotonated dimer of formic acidganised in a two-way tabl&,,,, wheren is the number of
atm/z 91.00368 with a resolution of 100 000 and the masssamples (six smog chamber samples and two ambient sam-
ranges ofn/z 50-650 andn /z 150-900. Based on pre-scan ples) andn is the number of molecules analysed by UHR-
information from the full scan MS, a parallel data-dependentMS in the mass range 100—-300 Da (451 molecular formulae).
collision induced dissociation (CID) multi-stage mass spec-The X, is a binary value indicating the presence/absence of
trometry (MSn) ¢ =1, 2, 3 and 4) was performed on the the moleculen in samplen. The cluster analysis was per-
most intense precursor ion in three scans at the resolution dbrmed using Statistica 10 (StatSoft Inc., Tulsa, OK, USA),

30000. based on the unweighted pair-group average linkage method
(or average linkage method) and using the percent disagree-
2.4 Ultrahigh MS resolution data analysis ment (Georgieva et al., 2005) distance measure. The metric

used in this study is analogous to the Jaccard’s dissimilar-
The ultrahigh-resolution mass spectral data interpretatiority distance measure that is commonly applied for the anal-
was carried out using a procedure as described elsewhenrges of binary patterns (Sneath and Sokal, 1973; Anthony et
(Kourtchev et al., 2013). For each direct infusion sampleal., 2002; Cordeiro et al., 2003; Kosman and Leonard, 2005).
analysis 70-80 mass spectral scans were averaged into ofidne percent disagreement or simple mismatch metric con-
mass spectrum. Molecular assignments were performed ussiders as a match the absence of molecules in all compared
ing Xcalibur 2.1 software applying the following constraints spectra. This might give misleading results because two sam-
12c<100,Cc<1, 1H<200,%0<50, 1“N <5, 3°S<2,  plescould be considered close to each other just because they
345<1. All mathematically possible elemental formulae shared many absences of molecules (Kosman and Leonard,
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2005). For this reason, results obtained using the unmodi- SOA concentrations and yields from the ozonolysis of
fied percent disagreement or different metrics (i.e. Euclidearpinene and BVOC mixtures are shown in Table 1. The aver-
distance and Pearson correlation coefficient), which would age SOA vyields (corrected for wall losses) éoipinene and
have the same drawbacks for binary data, were not considBVOC mixtures were 0.1& 0.01 & =3) and 0.110.01
ered (Kosman and Leonard, 2005). Therefore, the percent: = 3), respectively. The obtained yields for thepinene-
disagreement metric was modified in order to calculate theonly experiments are in reasonable agreement with those
distances on the basis of the percentage of common ions beeported in the literature for similar BVOC concentration
tween the considered samples. The linkage distance betweaanges (Pathak et al., 2007; Hatfield and Huff Hartz, 2011).
two samples is calculated using the following equation: Surprisingly, in the present study, SOA vyields for the BVOC

mixture were significantly lower than for the single BVOC

_N—cj -pi -pi dA3-carene accounted for a

LD;; = % 100, (o plnene) systemu-pinene an _

major fraction ¢ 70 %) of the total BVOC mixture and thus
where LD, is the linkage distance between sampland are expected to make the major contributions to the SOA

3 . . . .
samplej, N is the total number of ions considered in the Mass:A°-carene is reported to hf"“’e a similar SOA yield
cluster analysis (451 ions) ang is the number of ions in to a-pinene (Jonsson et al., 2006; Hatf|_eld and Huff Hartz,
common between sampiand samplg. 2011) and therefore cannot be responsible for the observed

Robustness of the applied technique was evaluated by rd®W Yiéld from the precursor mixturg-pinene and isoprene
peating the cluster analysis using different linkage methodgccount for 20% and 10 % of the total BVOC mixture, re-
(i.e. single linkage (or nearest neighbour) and complete link-SPectively. The ozonolysis of these BVOCs generally results

age (farthest neighbour)) which gave exactly the same rein @ lower yield forf-pinene compared ta-pinene (Jons-
sults. son et al., 2006) and a very low yield for isoprenre(q.014)

(Kleindienst et al., 2007). However, considering that the lat-

ter BVOCs account for a small fraction of the reaction mix-
3 Results and discussion ture their contribution to the total SOA mass is expected to be

rather low. It has been shown that the additioedinene to
The BVOC mixture used in the laboratory experiments con-the o-pinene/Q system did not affect the SOA yield signif-
tained four of the most abundant SOA-precursor monotericantly (Hatfield and Huff Hartz, 2011). Therefore, the pos-
penes (i.e.a-pinene, A3-carene, 8-pinene and isoprene) sibility that isoprene is responsible for suppressing SOA for-
emitted at the boreal forest site in Hyytidla (Hakola et al., mation from the precursor mixture cannot be ruled out. Fur-
2003; Aaltonen etal., 2011; Backetal., 2012) The emiSSiothermore, as shown in Table 1, ozone was present in all ex-
of a-pinene andA3-carene were found to be responsible for periments in excess and thus the differences in yield are not

up to 97 % of the total monoterpene proportions in both plantexpected to be due to the limited availability of oxidants.
branch emissions from Scots pine trees (a dominant species

at Hyytialda) and the ambient samples from the boreal for-3.1 UHR-MS analysis

est site in Hyytiala (Back et al., 2012). In the present study,

SOA ambient samples were collected below the canopy angkepresentative (-) nanoESI high resolution mass spectra for
5m above the forest floor; therefore, the BVOC compo- ambient summer aerosol from the boreal forest site Hyytiala,
sition is expected to be additionally influenced by emis- Finland, |aboratory-generated SOA from OZOﬂO|YSiSOl9f
sions from ground vegetation. At the boreal ground floor pinene, and the BVOC mixture are shown in Fig. 1. The
the monoterpenes were also found to be the most abundamfolecular composition of the organic aerosol at Hyytiala
compound group witke-pinene (average 2.975ugrhh™!), s found to be strongly affected by air mass origin. De-
A3-carene (average 1.305ugfh~1), camphene (average pending on the sampling day, 460-730 molecular formu-
0.442 pugm? h~1) andg-pinene (average 0.191ugrhh™!)  |ae were identified in the 10 ambient samples (Kourtchev et
accounting for 90 % of the monoterpene fluxes (Aaltonen etg|. 2013). The NanoESI mass spectra of the ambient sam-
al., 2011) Previous studies (Kourtchev et al., 2005, 2008)p|es is main|y Composed of low molecular mass Compounds
indicated that SOA from Hyyﬂala contained a number of ox- (|e peaks be|ovm/z 350, F|g 1a) irrespective of the sam-
idation products of isoprene implying that isoprene certainly pling period, which is consistent with previous studies of
plays a role in SOA formation at the boreal site. Therefore,ambient Organic aerosol (OA) from urban (eg Riverside'
isoprene was added to the BVOC mixture in proportions es{JSA, Reemtsma et al., 2006), Cambridge, UK (Rincén et al.,
timated from the fluxes at the sampling site (Hakola et al.,2012), suburban (e.g. Pearl River Delta Region, China, Lin et
2003; Aaltonen et al., 2011). Although the total concentra-a|., 2012), and rural (e.g. Mount Werner, north-western Col-
tions of the BVOC mixture used in our chamber experimentsgrado, USA, Mazzoleni et al., 2012) environments. This is
exceeded those observed at the Finnish site, their molar rgn contrast to laboratory-generated SOA from betpinene
tios were kept very close the reported values ¢-uinene  (Fig. 1c) and the BVOC mixture (Fig. 1d) which contain high
(0.4), A3-carene (0.3)8-pinene (0.2) and isoprene (0.1)).  molecular weight compounds with distinguishable groups
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100 sidered ions below: /z 650. The number of possible empiri-

221 O ‘ | @ cal formulae assignments increases significantly with higher
12 masses, especially above 400 Da. Because no common ions
) W ‘ ‘ ‘ | v ‘ l >m/z 300 are present in the ambient samples, only ions from

O i, b the monomeric region of the Iqboratory-ge_znerated SOA were
801 | ‘ b) used for further comparison with the ambient sample.

60

In the monomeric region (below: /z 300), the number

155 ‘

10 of formulae in SOA fromx-pinene and the BVOC mixture
51 were comparable, on average 10929 and 215+ 17, respec-
ol \

§ 100 tively (Fig. 1a and b). At first, such a small difference was
é 231 ‘ “ ‘ © somewhat puzzling. However, considering that three of the
3 15y four BVOC-precursor compounds (i.e-pinene, 8-pinene
" i and A3-carene) used in the mixture are structural isomers,
ol their oxidation with Q is expected to yield products with
1331 | @ similar elemental composition but different structures, which
i cannot be separated using the analytical technique employed

here. For instance, the mass spectra from both chamber ex-
{ periments and ambient OA were dominated by an ion at
o . oty ; w m/z 185.0818. While inv-pinene experiments this ion corre-

100 150 200 250 300 350 400 450 500

miz sponded to cis-pinic acid, in the BVOC mixture experiments
Fig. 1. Direct infusion negative-nanoESI-Orbitrap mass spectraand I-!yytl_al.a amglehnt samples tlhls Io_r:j Wasdre_lated _to th:jee
obtained for representative OA samples frda) boreal forest, (i-e. cis-pinic acid, homoterpenylic acid, and cis-caric acid)

Hyytiala, Finland collected on 17 August (night-timép) boreal ~ @nd five (i.e. cis-pinic acid, homoterpenylic acid, limonic
forest, Hyytiala showing only “common” ions that are present in all &cid, ketolimononic acid and cis-caric acid) different com-

10 samples (see text for detailed explanatig¢c)x-pinene/Q ex-  pounds, respectively. The separation and identification of
periments andd) BVOC mixture/Q; experiments. For clarity, the these compounds was achieved using LC/MS analysis. The
most intense peak at/z 212.0751 has been removed and mass mass spectral differences observed in the monomeric region
spectra(a) and (b) have been normalised to the second most in- of SOA produced from the single-precursor and BVOC mix-
tense ion ain/z 185.0818. The mass spectrum for SOA from the re were mainly associated with variation of the ion inten-
BVOC mixture/G; has belen scalgd up to display all ions that were gjties caused by differences in the number of products with
suppressed by the most intense iomt 185.0818. the same mass in the single component and BVOC mixture
experiments as described above.

The ionisation of organic compounds can be affected by
of dimers. Similar observations were reported in the litera-the presence of inorganic salts in the analyte solutions, poten-
ture for laboratory-generated SOA from biogenic or anthro-tially leading to a decrease in MS signal intensity when using
pogenic BVOCs where UHR mass spectra often contain airect infusion mass spectrometry methods. Thus, we tested
large number of oligomers (Reinhardt et al., 2007; Walser etwhether the presence of atmospherically abundant salts (e.g.
al., 2007; Putman et al., 2012). ammonium sulfate) in our filter extracts could cause such a

Figure 1b shows a mass spectrum containing only thosenatrix effect and whether this could be responsible for the
ions that were observed in all 10 Hyytiala samples (referredack of dimers observed in the ambient samples. Laboratory-
to hereafter as “common ions”). Considering that “common generated samples were spiked with ammonium sulfate at at-
ions” exclude all species that occurred during the individualmospherically realistic proportions (30 % of the total aerosol
days, they are potentially characteristic of locally formed andmass). The addition of salts suppressed the intensities of all
emitted OA because their presence is independent of the aipns in the entire mass range but did not selectively decrease
mass origin. The BVOC mixture samples have a fewer num-the intensity of ions in the dimeric region (Fig. S1). However,
ber of peaks in the dimeric region than thginene samples. due to competitive ionisation of analytes in the ESI direct in-
The total number of assigned formulae in theinene and  fusion analysis of the aerosol samples that are known to have
BVOC mixture mass spectra were on average6&4 and  a very complex matrix, the ion intensities do not directly re-
501+ 54, respectively (wherg¢: describes the variability be- flect the concentration of the molecules in the sample. There-
tween three replicate chamber experiments). A higher numfore, signal intensities should be interpreted with caution and
ber of formulae (about 900) were identified from the neg-thus were not considered for the mass spectral comparison
ative electrospray ultrahigh-resolution FT-ICR mass spectran this study. In contrast, LC/MS which is a quantitative
of SOA from a-pinene ozonolysis in the previous study of technique showed significant difference in the abundances of
Putman et al. (2012). However, the latter study identified for-peaks associated with higher-molecular weight (HMW) com-
mulae in the range 100m/z <850, whereas we only con- pounds between ambient and laboratory-generated samples

ol bow
T
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d a sample, is often used to describe the evolution of organic

mixtures. Moreover, VK diagrams can also be used to visu-
60 alise the differences in the elemental composition of different
40 JL ds samples. Figure 3 shows an overlaid VK diagram for SOA

S}

II)UE (a)

80

;4 from (a) a-pinene, the BVOC mixture and a boreal forest
g A A sample from Hyytidla and (hy-pinene, the BVOC mixture
3 (b) and a sample from the TIED site, which is heavily influenced

80 3

o I by anthropogenic emissions. As indicated above, the ele-
o mental composition from the boreal forest site only included
E “common ions” because they are potentially characteristic
do . . .l

L e o LV LG S et U for locally emitted OA as their presence is independent of
S the air mass origin. The elemental ratios from the TIED site
_ _ included “common ions” from 3—4 September 2011, associ-
Fig. 2. LC/(—)ESI-MS extracted ion chromatogram (EIC) #@)  41eq with westerly air masses. The composition of the latter

laboratory-generated sample froarpinene/@ and (b) pooled o5 05164 s discussed in detail in a separate article (Kourtchev

n|ght-t|me_amb|ent summer sample from Hyytiala, Flnland co- etal., 2014). It can be seen from Fig. 3, that the distribution of
lected during 16 to 25 August 2011. The chromatographic peaks | | rati flab d f .
correspond to (1) diaterpenylic acid with/z 171.0662, (2) cis- elemental ratios of laboratory-generated SOA fierpinene

pinic acid withm,/z 185.0818, (3) cis-caric acid with /- 185.0818, IS Very similar to that of the BVOC mixture. Moreover, the
(d1) dimer withm /7 377.1454, {,) dimer withm /z 357.1552, {3) elemental distribution of laboratory SOA generated from a
dimer with m/z 367.1762 anddy) dimer withm/z 337.1652. In  single precursor and a mixture of BVOCs represent fairly
the ambient samplgp) only one dimer §») was observed; the other well that of the ambient SOA from Hyytiéla, except that the
small peaks between 36 and 42 min retention tim@)rdo not cor- latter sample contained an additional cluster of molecules
respond taly, d3 andds. as displayed at the upper left part of the diagram. In gen-
eral, this region is associated with the most reduced/saturated
species (Lin et al., 2012) and could therefore possibly be

(Fig. 2). While a number of HMW species associated with fatty acids emitted from a local biogenic source (Kourtchev
m/z 337.1652, 357.1552, 367.1762, and 377.1454 were obet al., 2013). In contrast, the VK diagrams of the laboratory-
served in the chromatogram from laboratory-generated SOAjenerated SOA were very different from that of the anthro-
(Fig. 2a), only one of these species /¢ 357.1552) was pogenic aerosol from the TIED site, which contained a large
detected in the ambient samples with intensity just abovecluster of ions with low H/C £ 1.0) and O/C & 0.5) ra-
the chromatographic noise (Fig. 2b). It should be notedtios, possibly corresponding to oxidised aromatic hydrocar-
that a chromatographic peak associated withy 357.1552  bons (Mazzoleni et al., 2012). These differences were also
was the most dominant species along with cis-pinic acidapparent when the data was expressed as DBE vs. mass-to-
(m/z 185.0818) in all laboratory samples. Further MS/MS charge ratio:/z) (Fig. 4). The samples from-pinene and
fragmentation of the major ion ai/z 357.1552 resulted in  the BVOC mixtures had very similar DBE distribution with
two abundant product ions at/z 185.0818 and 171.0662. values in the range 1-7. A small number of species observed
Similar observations were reported by Yasmeen et al. (2010)in the laboratory samples with DBE values of 5—7 were pos-
who suggested that the HMW compound agt; 357 is a  sibly associated with dimers that were formed through accre-
possible esterification product of cis-pinic and diaterpenyliction reactions (Putman et al., 2012). The DBE distribution
acid. Both of these acids were found to be very abundanbf molecules from the Hyytiala samples clearly resembled
in our ambient and laboratory-generated samples; howevethose of thex-pinene and BVOC mixtures, except that the
as outlined above, their dimer was only present in the lat-ambient sample contained an additional cluster of ions with
ter samples (Fig. 2). It is worth mentioning that the HMW DBE 0-1. As determined by MS/MS analysis they are at-
compound ain/z 357 has been previously identified in SOA tributed to unsaturated and saturated fatty acids (Kourtchev
produced from the ozonolysis afpinene and attributed to et al., 2013). The DBE plot for OA from TIED was very dif-
a hydroxyperoxyhemiacetal (Miller et al., 2009) and pinyl- ferent from the rest of the compared samples and contained
diaterpenylic ester (Kristensen et al., 2013) an additional large cluster of molecules with DBE between

These results rule out the possibility that the observed di-7 and 13 (Fig. 4b), once more indicating the presence of ox-
rect infusion nanoESI mass spectral differences in the ambiidised aromatic species. Aromatic compounds are typically
ent and laboratory-generated samples are either due to massociated with anthropogenic sources (Henze et al., 2008)
trix or methodological artifacts. We can thus conclude thatwhereas aliphatic compounds can be of both anthropogenic
the dimer concentration in the boreal forest OA is negligible and biogenic origin.
compared to the laboratory SOA. The average O/C and H/C ratios for SOA from

The van Krevelen (VK) diagram, in which the H/C ratio pinene (0.55 and 1.46, respectively) and the BVOC mix-
is plotted as a function of the O/ C ratio for each formula in ture (0.58 and 1.40) were fairly comparable to the ratios for

20

Relative Abundance
[S]
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Fig. 3. Van Krevelen diagrams for compounds containing only carbon, hydrogen and oxygen in the samplgg érepinene/Q, BVOC
mixture/O; and the boreal forest, Hyytiéla, Finland; afid «-pinene/Q@, BVOC mixture/Q and Tivoli Industrial Estate and Docks, Cork,
Ireland. Filled blue circles correspond to species frerpinene/Q experiment, red diamonds to BVOC mixture/@xperiments, black
hashes to the Hyytiala samples and black crosses to the Tivoli Industrial Estate and Docks, Cork samples.
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Fig. 4. Double bond equivalents (DBE) vs. mass to charggz{ ratios for all compounds containing only carbon, hydrogen and oxygen
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mixture/O; experiments and Tivoli Industrial Estate and Docks, Cork, Ireland. Filled blue circles correspond to speciegpfname/Q
experiment, red diamonds to BVOC mixture/@periments, black hashes to the Hyyti&la samples and black crosses to the Tivoli Industrial
Estate and Docks, Cork samples.

OA from Hyytiala (0.52 and 1.48) (Kourtchev et al., 2013) al., 2013), which in turn is related to the cloud condensa-
but higher than those from TIED (0.36 and 1.1). The H/C tion nucleus (CCN) activity of aerosol particles (Petters and
value for laboratory-generated SOA indicated that the idenKreidenweis, 2007). Therefore, considering that the O/C
tified SOA molecules are of aliphatic and alicyclic nature ratio for SOA generated from the-pinene-only system is
(Putman et al., 2012). The elemental O/C ratios found invery similar to that from the BVOC mixture and OA from
this study are within the range obtained for SOA gener-Hyytidla, we suggest that the simplified BVOC system can
ated in laboratory experiments from a number of BVOCs, possibly be used for parameterisation of OA at the boreal
for examplex-pinene/Q (0.42-0.55) (Putman et al., 2012), site.
and photo-oxidation of isoprene under low-N@onditions O/C ratios may not accurately describe the degree of ox-
(0.54) (Nguyen et al.,, 2011). These values are slightlyidation of organics, because other non-oxidative processes
higher than the average values (0.43-0.46) reported for thée.g. hydration and dehydration) can also affect these pa-
limonene/Q system (Bateman et al., 2009). rameters (Kroll et al., 2011). Carbon oxidation state {QS

It has been demonstrated that O/C ratio, as measured bgn the other hand, may change differently upon oxidation,
the Aerodyne High Resolution Time-of-Flight Aerosol Mass but the average Qswill increase. Therefore, Q$Scould
Spectrometer (HR-ToF-AMS), is positively correlated with be a useful metric for the degree of oxidation of organic
the hygroscopic parameter of the organic fraction (Wu etspecies in the atmosphere and can serve as a key variable
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to describe organic mixtures. @3s shown to be strongly
linked to aerosol volatility and thus is a useful parameter for
the classification of SOA (Hao et al., 2011). Carbon oxida- 27 s
tion state can be calculated from the following equation: ®® y
. £ &

O =-3 08, 2 %eter

; nc S @© ®@®<;

. . . . S 2854
where OS$ is the oxidation state associated with element 5 o4 SRRV ®
and n/nc is the molar ratio of elementto carbon (Kroll § x@®®g %
et al., 2011). Figure 5 shows the overlaid carbon oxidation g . @@g@
state vs. the number of carbon atoms for molecules from -1 x @2@@ > ® < %O
laboratory-generated SOA and the ambient boreal samples. @<§>®§ XX XXX
The O% distribution of laboratory-generated SOA generally X x ® XX
resembles that of the ambient samples ranging frein7 2 : : : :
to 1 and only a few species have an oxidation state greater 0 5 10 15 20
than-+1. Interestingly, molecules with @Sgreater thant-1 Number of carbon atoms

were only observed in SOA from the BVOC mixture experi- Fig. 5. Carbon oxidation state for molecules containing only car-

ments and ambient aerosol from Hyytidla. Such compound%on' hydrogen and oxygen in thepinene/Q experiments (blue
a_lre expected to contain several carbonyl QVOU_IOS- Howevercircles), the BVOC mixture/@experiments (red diamonds) and the
literature data suggests that the average oxidation state of Ofgreq) forest, Hyytiala, Finland (black crosses).

ganic aerosol rarely exceeds this value because species with

several carbonyl groups are highly unstable and will rapidly

decompose to smaller molecules (Kroll et al., 2011). Con- . .

sidering that the studied BVOC mixture mainly contained from the boreal forest site reasonably well, with 72.3.5 %

monoterpenes, which are structural isomers and the fact théft = 3) @nd 69.13.0% @ = 3) common ions, respectively.
highly oxidised molecules were not observed in the soaAlthough, the BVOC mixture resulted in a slightly higher

generated from the ozonolysis efpinene, it is likely that number of common formulae than that from the boreal forest
species with OSc 1 were produced from the ozonolysis 2€rosol compared to the purepinene-SOA, the difference
of isoprene. Moreover, in the BVOC mixture experiments " the mean values among the treatment groups is not large

cross reactions between radicals and oxidation products ofnough to exclude the possibility that the difference is due

the different BVOCs are expected to occur which may lead!© "andom sampling variability; according to ANOVA test,

to formation of a complex range of species. These highly ox-the difference was not statistically significapt£ 0.348). In

idised species are worthy of further investigation. It should contrast, the molecular composition of laboratory-generated
be mentioned that highly oxidised multifunctional molecules SOA was substantially different from that of the anthro-

have been previously observed in both ambient air (Hyytiala)Po9enically affected TIED site. The fraction of common
and in chamber experiments @f and g-pinene ozonolysis moIepuIar formulae fronu—plnepe and the BVOC mixture
(Ehn et al., 2012). relative to the total number of ions from the TIED sample

The majority of the species exhibited ©%alues between Was only 16.11.79% and 16.%1.2%, respectively, indi-
1 and+1 with 15 or less carbon atoms, suggesting that theycat'”g the very different sources of organic compounds in

are semi- and low-volatile organic compounds correspondingN€S€ samples. The inverse comparison of the fraction of

to “fresh” and “aged” SOA produced by multistep oxidation common formulae relative to the total number of formulae

reactions (Jimenez et al., 2009: Kroll et al., 2011). Compared" the laboratory-generated samples in the monomeric region

to chamber samples, the Hyytiala samples additionally conlndicated that laboratory-generated SOA contained 20-25 %

tained ions with OSc<-1 and more than 7 carbon atoms formulae that were not observed in the boreal samples. We
which is characteristic of primary biomass burning aeroso|suggest that these molecules are first generation products that

(Kourtchev et al., 2013). are possibly oxidised with time in the atmosphere resulting
’ in aged oxidation products.
3.2 Comparison using statistical tools Laboratory-generated and ambient samples were also

compared by hierarchical cluster analysis (HCA) that divides
Figure 6 shows the fraction of molecular formulae below samples into groups (clusters) of similar molecular composi-
300 Da found in both the laboratory-generated SOA and thaion. HCA separated the samples into three clusters (Fig. 7):
ambient samples relative to the total number of formulae(1) a-pinene (replicates from three different experiments);
in the ambient samples. Evidently, the molecular composi<(2) BVOC mixture (three replicates) together with the com-
tion of SOA from both the BVOC mixture and-pinene  mon ions of the ambient samples from Hyytiéala; and (3) com-
represented the overall composition of the ambient samplenon ions of the ambient samples from TIED. The branches

www.atmos-chem-phys.net/14/2155/2014/ Atmos. Chem. Phys., 14, 213%7, 2014
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Fig. 6. Fraction of molecular formulae below 300 Da found in SOA . .
Linkage Distance, %

from both laboratory-generated and ambient samples relative to the

total number of formulae n the ambient samples. The error barsFig. 7. Tree diagram derived from hierarchical cluster analysis
represent the standard deviation of three replicate chamber expert«HCA) of ambient and laboratory-generated samples (unweighted

ments. pair-group average linkage method). The linkage distance between
two samples, expressed in percentage, has been calculated as the

. . . difference between the total ions considered in the cluster analy-
in the tree diagram (dendrogram) represent the average d'%'ls (451 ions, 100 %) and the number of common ions between the

tance between the connected samples. It is evident fromamples (see text for detailed explanation). Rep 1, 2 and 3 corre-

the dendrogram that all replicate samples fromdhginene  spond to chamber replicate experiments.

and the BVOC mixture experiments cluster together, imply-

ing very good reproducibility of the applied technique (i.e.

smog chamber experimental and MS analysis) to separatBVOC mixtures and ambient aerosol from boreal forest.

two experimental conditions relative to each other. AlthoughConsidering that the O/ C ratio is positively correlated with

the a-pinene data is separated from the BVOC mixture andhygroscopicity of the organic fraction, the simplified

Hyytiala cluster, the linkage distance is not large enough topinene-only system can potentially be useful for parameter-

conclude that their chemical composition is very different. isation of boreal OA. A specific class of CHO compounds

On the other hand, the data from TIED was classified into aidentified as fatty acids was present exclusively in the am-

separate cluster confirming that its molecular composition isbient samples suggesting that the composition at the boreal

very different from the rest of the samples. The results fromforest OA is also influenced by primary emissions. In con-

HCA clearly support the findings obtained from the statisti- trast, the overall molecular composition of the urban samples

cal analysis and other visualisation methods (van Kreveleris dominated by a high number of oxidised aromatic hydro-

diagrams, carbon oxidation state, DBE). carbons and is very different from the boreal and laboratory-
generated OA. The presence of dimers observed exclusively
in the laboratory samples requires further investigation. Thus

4 Conclusions it appears that while the laboratory experiments performed
here and in other studies do a fairly good job of simulating

The detailed molecular composition of background ambientbiogenic SOA formation (as indicated by the high level of

aerosol from a boreal forest site (Hyytidla, Finland), an ur-agreement between the laboratory SOA and the boreal forest

ban location (Cork, Ireland), laboratory-generated SOA fromsamples in the monomeric mass region of the mass spectra),

a-pinene and a mixture of four BVOCs were compared usingthey do not completely replicate the processes occurring in

nanoESI UHRMS. Our results demonstrate that the molecthe ambient atmosphere.

ular composition of SOA in the monomeric mass range up

to m/z 300 from both the ozonolysis of the BVOC mix-

ture anda-pinene represented the overall composition of Supplementary material related to this article is

the ambient sample from the boreal forest site fairly well, available online athttp://www.atmos-chem-phys.net/14/

with 72.34+2.5% (2 = 3) and 69.13.0% @ = 3) common  2155/2014/acp-14-2155-2014-supplement.pdf

ions, respectively. Other atmospheric oxidants (e.g. OH rad-

icals and NQ) will certainly influence the composition of

SOA and their reaction products are likely to explain some

of the remaining molecules that were not observed in our

laboratory-generated SOA.

The elemental (O/C and H/C) ratios of SOA from the
a-pinene-only system were very similar to those from the

Atmos. Chem. Phys., 14, 2153167, 2014 www.atmos-chem-phys.net/14/2155/2014/
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