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Abstract. High molecular weight (300-650 Da) naturally the sum of the neutral extremely oxidized products is on the
charged negative ions have previously been observed at arder of 0.1-1 ppt{10°—10’ molec cn13). This is in a sim-
boreal forest site in Hyyéla, Finland. The long-term mea- ilar range as the amount of gaseougSEy in Hyytiala dur-
surements conducted in this work showed that these ioning day-time. As these highly oxidized organics are roughly
are observed practically every night between spring and au3 times heavier, likely with extremely low vapor pressures,
tumn in Hyytiala. The ambient mass spectral patterns couldtheir role in the initial steps of nhew aerosol particle forma-
be reproduced in striking detail during additional measure-tion and growth may be important and needs to be explored
ments ofa-pinene (GoH1g) oxidation at low-OH conditions  in more detail in the future.

in the dilich Plant Atmosphere Chamber (JPAC). The ions
were identified as clusters of the nitrate ion (NQanda-
pinene oxidation products reaching oxygen to carbon ra-

tios of 0.7-1.3, while retaining most of the initial ten car- 1 Introduction

bon atoms. Attributing the ions to clusters instead of sin- ) ) .

gle molecules was based on additional observations of th&arth’s atmosphere contains a large variety of different
same extremely oxidized organics in clusters with HSO trace gases, produced both from blogenlc and anthropggen!c
(Hyytiala) and GFs0; (JPAC). The most abundant products sources. Many o_f t_hese trace gases |m_pact everyday life, ei-
in the ion spectra were identified agdBl1407, C1oH140s, ther through their influence on air quality (e.g. 5@opo-

Ci10H160s, and GoH14011. The mechanism responsible for spheric ozone, NQ or climate. The climate-influence oc-
forming these molecules is still not clear, but the initial reac- €Urs Poth through the greenhouse effect from e.g, Gad

tion is most likely ozone attack at the double bond, as theCHs, @s well as through oxidation products of trace gases
ions are mainly observed under dark conditiofisinene that can condense onto, or even form new, aerosol particles.

also formed highly oxidized products under the same con-1hese aerosol particles can either directly scatter incoming
ditions, but less efficiently, and mainlyy@ompounds which solar radiation, or form cloud droplets that affect radiative

were n,ot observed in Hy;é’tlé wheres-pinene on average transfer even more efficiently. The most important inorganic
is 4-5 times less abundant tharpinene. Further, to explain  Precursors for aerosol formation are 580y, and NH, but

the high O/C together with the relatively high H/C, we pro- oftgn the organic mass fraction of sub-micron aerosol is sig-
pose that geminal diols and/or hydroperoxide groups may pdificant or even dominant (Kanakidou et al., 2005; Zhang et

important. We estimate that the night-time concentration of2l-» 2007). Organic aerosol (OA) can be primary, i.e. emit-
ted directly as aerosol particles, or secondary, formed from
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5114 M. Ehn et al.: Gas phase formation of extremely oxidized pinene reaction products

a wide range of different organic trace gases. The organic Naturally charged ions are formed through high-energy
trace gases are typically referred to as volatile organic comeollisions of air molecules with energetic particles, mainly
pounds (VOCs), which upon oxidation form products with from galactic cosmic rays or the radio-active decay of radon
low enough vapor pressure to form OA. It has been estimateqLaakso et al., 2004; Arnold, 2008; Harrison and Carslaw,
that 1¢-10P different atmospheric organic species have beer2003). The initially formed primary ions are mainly posi-
measured, and especially biogenic terpenoids have been révely and negatively charged Nand @, but as these ions
ported as important players in gas-phase and particulatequickly collide with stronger acids (negative ions) or bases
phase chemistry (Goldstein and Galbally, 2007). (positive ions), charge transfer and/or clustering will oc-

VOCs in the atmosphere are oxidized by reactions withcur. Typical long-lived negative ions comprise NCHSGO, ,
ozone, OH and N@radicals. During daytime, OH is the strong organic acids, and their clusters (e.g. Eisele, 1989b;
most important oxidant, but it has been reported that the sunfehn et al., 2010). In the positive ion spectrum, the dominant
of all identified inorganic trace gases and VOCs cannot ex-peaks are typically alkyl pyridines and alkyl amines (e.g. Ehn
plain the observed OH reactivity (Di Carlo et al., 2004), im- et al., 2010; Eisele, 1989a). Typical naturally charged ion
plying that there exists groups of compounds that are yet taconcentrations are around 100-1000¢nper polarity, but
be identified. Holzinger et al. (2005) suggested that highlydue to the complex and dynamic process forming these ions,
reactive biogenic precursors could at least partially explainthe concentration of a certain ion can rarely be translated to
the missing reactivity. Nevertheless, clear discrepancies stila real concentration of the corresponding neutral molecule.
exist between models and experiments on secondary organic The aim of this work was to explore in more detail the
aerosol (SOA) formation from known organic precursors group of high molecular weight ions (mass range roughly
(Hallquist et al., 2009; Kroll and Seinfeld, 2008). 300-650Da) recently detected by Ehn et al. (2010) in

The mechanism of how organic molecules take part in theHyytiala. These ions typically dominated the night-time neg-
first steps of nucleation and growth of new particles has beerative ion spectra together with nitric acid. At that time, the
the focus of several studies in recent years (Paasonen et ahuthors did not have enough information available to iden-
2010; Metzger et al., 2010), but no conclusive results haveify these peaks, but speculated that the elemental compo-
yet been obtained. It is widely agreed that sulfuric acid playssition suggested highly oxidized, nitrogen-containing organ-
an important role in the initial formation step (Weber et al., ics. If correct, this would suggest a new, to our knowledge
1996; Pehja et al., 2009; Riipinen et al., 2007) whereas othernot previously identified group of compounds, which might
compounds, most likely organics, are needed to explain theontribute significantly to organic aerosol and new aerosol
majority of the early growth (Kulmala et al., 2001; Ehn et particle formation.
al., 2007; Wehner et al., 2005). Some studies have shown In this paper, new long-term measurements in Hlgtto-
that sulfuric acid alone could explain observed atmospherigether with extensive measurements at tiécli Plant At-
formation rates (Sipd et al., 2010), others that also ammo- mosphere Chamber (JPAC) iiilith, Germany, are com-
nia or amines are needed (Kirkby et al., 2011; Berndt etbined to provide a conclusive elemental composition for the
al., 2010), and yet others that organics are important (Methigh-mass ion species initially observed by Ehn et al. (2010).
zger et al., 2010). Due to high ion concentrations, Kirkby Their suggestions on the composition was confirmed, but as
et al. (2011) could directly measure the nucleating clusterghis group of molecules has never been observed or iden-
of HoSO; and NHs, while Wang et al. (2010) suggested tified before, the emphasis of this paper is to describe the
three different mechanisms where specific organic precursodifferent methods used to unambiguously determine the ele-
molecules were involved in nucleation and growth up to 20mental composition. Additionally, we give a lower limit es-
nm. Nevertheless, a conclusive determination of which or-timate on the abundance of the highly-oxidized organic ions,
ganics can take part in the first steps of atmospheric nevand shortly discuss their importance and possible formation
particle formation (NPF) is still incomplete, both related to mechanisms in the atmosphere.
the chemical mechanism and the specific organic molecules
involved.

The formation of new particles can also be enhanced by Methods
ions. An additional positive or negative charge can stabilize
clusters, slowing their re-evaporation, and thereby facilitat-2.1 APi-TOF
ing the initial growth. Frequent NPF events have been re-
ported to take place in the boreal forest site in Hygtj Fin- The chemical characterization of the ion population was per-
land (Dal Maso et al., 2005), and most studies on the rolformed with the Atmospheric Pressure interface Time-Of-
of ions in NPF have found that only around 10 % or less of Flight mass spectrometer (APi-TOF, Aerodyne Research Inc.
new particles are typically formed through ion-enhancemeni& Tofwerk AG; Junninen et al., 2010). It consists of a short
(Gagne et al., 2008; Kulmala et al., 2010). However, othersAPi which samples roughly 0.8 | mirt through a critical ori-
have found ions to play a dominant role in NPF at the samefice, and consequently guides the sampled ions towards the
site (e.g. Yu and Turco, 2011). mass spectrometer while pumping away the gas in 3 stages.
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In other words, no ionization is performed, and the instru- boreal forest, with the site being mainly surrounded by Scots
ment relies on the sampled air containing naturally chargecpine Pinus Sylvestris [.. The ion measurements were per-
ions. Once the ions reach the TOF they are orthogonally exformed using the Helsinki APi-TOF.

tracted onto a one- or three-reflection flight path, and the The chamber measurements were performed atithehJ
mass of the ions are determined based on their flight times. Iiplant atmosphere chamber facility (JPAC; Mentel et al.,
this work, two APi-TOFs were used, and they will forthwith 2009) at Forschungszentrunilizh, Germany. The facility

be titled the “dilich” and the “Helsinki” APi-TOFs, respec- consists of three Borosilicate glass chambers (1641, 11501,
tively. As the unit for mass, we use Dalton (Da), and as theand 14501) with Teflon floors, but only the 14501 chamber
unit for mass-to-charge we will use Thomson (Th), which was used in this work. This reaction chamber is mounted in
corresponds to Da per elementary charge. When discussing climate controlled housing, and has the capability of us-
peaks at only unit mass-to-charge resolution (UMR), we will ing both real plant emissions from the other chambers, and
use e.g. “UMR 62 Th” to denote the location of N@exact  pure compounds from diffusion sources for further oxidation
mass-to-charge 61.9884 Th). Additionally, we assume thateactions. For these measurements only pudrer 8-pinene

all the detected ions are singly charged, as none of our rewas used, at concentration ranging from a few ppb to sev-
sults suggest otherwise. Only negative ions are discussed iaral tens of ppb. In addition to the VOCs, ozone and water
this study, as this is the polarity where the highly oxidized vapor were constantly added to the chamber via separate in-
ions were observed. lets. The conditions used in the reported measurements were

The mass accuracy of the API-TOF is specified by theT = 16+1°C, RH=63t3 %, and Q around 85 ppb depend-
manufacturer as 20 ppm (0.002 %), although the instrumening on the amount of added organics. These conditions were
can typically be calibrated to less than 10 ppm. The typi-similar to the ones used by Mentel et al. (2009), who showed
cal achievable resolution is around 4000 Th/Th (ranges fronthat particle formation events similar to those observed in the
3000-5000 depending on the exact tuning) when operatindporeal forest could be attained in JPAC. VOC concentrations
in normal, single reflection mode (“V mode”). Two addi- were measured at the inlet and the outlet air of the reaction
tional reflections inside the TOF can be used, thus producehamber using a GC-MS (Heiden et al., 1999). The cham-
ing a flight path in the shape of a W (“W mode”) to increase ber is operated at a constant flow mode with in- and outflow
the resolution. However, the increased resolution is accompakept constant at around 30 I mih, giving an average resi-
nied by a significant decrease in sensitivity, and thus requireslence time in the chamber of roughly 50 min. The system
longer averaging times to achieve the same signal-to-noisean be kept in steady state for long periods of time, facilitat-
as in V mode. Only theillich APi-TOF was operated in W ing longer averages with the APi-TOF which are specifically
mode, and the resolution reached slightly above 8000 Th/Tmeeded for W mode measurements. These ion measurements
in the region of 200—700 Th. The typical transmission of the were performed with thellich APi-TOF. All measurements
API-TOF in V mode is on the order of 0.1-1 % in the mass- were performed under low NQonditions (NQ < 300 ppt),
to-charge range of 50-800 Th (Junninen et al., 2010), whichand in the absence of UV light.
was of interest in this study.

Evaporation and fragmentation may occur to some exten
inside the instrument. Particularly water, which is believed
to be clustered with most of the ions at ambient conditions,
is typically weakly bound and evaporates from the ions be-All the data presented in this work are from naturally charged
fore reaching the TOF region. More strongly bound clustersions, therefore these mass spectra require very different in-
may also fragment inside the APi-TOF, but based on previ-terpretation than more commonly presented spectra from in-
ous measurements with the instrument, clusters have beestruments using active ionization methods. The main reason
frequently detected at high concentrations, suggesting thais that in the latter instruments, the ionization is directly fol-
fragmentation is not a critical issue (Junninen et al., 2010).lowed by detection, optimally resulting in a more or less lin-
Additionally, two low-resolution ion mobility spectrometers ear response from neutral concentrations to detected ions.
measuring at ambient pressures were recently found to agreéor naturally charged ions, detection often occurs several
within measurement accuracies with the ion distribution of minutes after ionization, which means that the charge can
the APi-TOF, further suggesting that the measured ions arée transferred countless times before detection, and there-
not purely fragments of much larger ion clusters (Ehn et al.,fore the process will be extremely selective, but at the same

5.3 Data analysis and APi-TOF mass calibration

2011). time sensitive, to molecules with high (positive ions) and
low (negative ions) proton affinities. Additionally, the total
2.2 Measurements ion concentration is in practice controlled by physical pro-

cesses and is not affected by the molecular composition of
The ambient measurements were performed during Mayirace gases in the air.
November 2010 at the SMEAR Il station in Hy&kk, Fin- The APi-TOF data was analyzed using the MatlLab-
land (Hari and Kulmala, 2005). The site is located within the based tofTools package originally described by Junninen et
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Fig. 1. Negative ion spectra from the JPAC at three different chamber condif@n#¢ addition,(b): 8-pinene added): «-pinene added)
and from Hyytala(d). The NG; signal is allowed to go off scale @), (b), and(d). In these cases the peak values are written out explicitly.

al. (2010), though the toolbox has since been extensively immeant that peak identification was initially made in the low-
proved and expanded. est mass/charge region where the calibration was the most
With the high accuracy and resolution of the APi-TOF, the reliable based on previously identified peaks, such ag NO
possible elemental composition of a peak can be narroweHNO3-NOj3, CsFsO; . The original calibration was used to
down significantly compared to unit mass-to-charge resolu-preliminarily identify additional peaks in the 200-300 Th
tion (UMR) data. However, for this purpose it is extremely range, and once successful, the new peaks were used to im-
important to have a good conversion from time-of-flight to prove the calibration. This step-wise identification allowed
mass/charge (typically referred to as the “mass calibration”) the entire mass range of interest to be covered. With the fi-
For the APi-TOF, the typical 2-parameter mass calibrationnal 3-parameter fit acquired through this iterative method, all

(Junninen et al., 2010) identified ions were well within the 20 ppm instrumental ac-
A curacy.
o= ( ) n=2 &)
a

wherem/Q is mass/charge,is time-of-flight,and: andbare 3 Results

the free parameters, could not provide the desired high accu-

racy over the entire 50-700 Th region of interest. Allowing 3.1 Comparison of negative ion spectra from Hyytila

the exponent: in Eq. (1) to vary, greatly improved the fit and the JPAC

over the desired range. This method with a variable exponent

has been used previously in other instruments, for example itdigh molecular weight ions have previously been reported

the Aerodyne aerosol mass spectrometer (AMS), which useffom Hyytiala (Ehn et al., 2010), and now additional long-

the same TOF mass spectrometer (DeCarlo et al., 2006). term measurements during May—November 2010 showed
The mass calibration is usually performed by using knownthat these ions are indeed abundant almost every night. How-

ions in the spectrum for the calibration, and optimally theseever, with frequently changing ambient conditions, the con-

peaks should span the entire range to be calibrated. The APElusive elemental identification of the ions proved a difficult

TOF does not have any “background” signals that are indetask. For this reason, we tried to mimic the spectra under

pendent of the sample, and therefore the peaks used for catontrolled chamber conditions at the JPAC.

ibration vary with the sampled air, which means that other To fully characterize the ion spectra in the JPAC, first the

methods need to be employed for the mass calibration. Irbackground chamber spectra were studied. Some level of

this work, the starting point was a mass spectrum wherecontamination is inevitable in all chambers, and when only

known peaks only existed in the sub 200 Th range, and théd,0O and @ are added to the cleaned air going into the

main range of interest was in the 300—-600 Th range. Thischamber, the negative ion spectrum is dominated by the most

Atmos. Chem. Phys., 12, 511%427, 2012 www.atmos-chem-phys.net/12/5113/2012/
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Fig. 2. UMR (a andb) and high-resolutionqandd) comparison of JPAC a-pinene (red) and Hidaiambient (green) data. The bars have
been offset slightly for an easier comparison. The spectra correspond to Fig. 1c and d, respectively. The blue-shaded regiaj in plot
corresponds t¢c), and the grey-shaded region(im) corresponds t¢d).

acidic contaminants. The dominant peak in this case is niproducts of the organics (Fig. 1b—c). Figure 1b shows the
tric acid, NG;, at UMR 62 Th, as shown in Fig. 1a. The negative ion spectrum measured in the chamber with a
NO; signal is allowed to go off-scale to better show the restpinene concentration of 16 ppb. Gs still the largest peak,
of the spectrum. NQ is one of the most common negative but several new peaks have appeared while many fluorinated
ions also in the atmosphere, and due to its “stickiness” it isions have disappeared. The most clearly distinguishable flu-
extremely hard to remove completely once introduced intoofinated compounds are the-Cs acids at UMR 113, 163,
a chamber. In the chamber, previous experiments with NO and 213.
and OH have produced HNGvhich only very slowly des- Figure 1c shows the resulting spectrum with 5 ppb
orbs from the walls. The rest of the ion signal is distributed Pinene in the chamber. Although using clearly lower or-
over the entire spectrum, and is mostly explained by perﬂuoganic precursor concentrations than in the aforementioned
rinated organic acids. The most abundant perfluorinated iorff-Pinéne experiment, many more highly acidic organic prod-
is typically GsFsO, at UMR 163 Th. The unit mass of a ucts seem to hav_e formed, as N@as decreased dramati-
CR group is 50, and the homologous series is clearly visiblecally and the fluorinated compounds are barely detectable. A
at peaks 113, 163, 213, 263, etc. up to at least 563 Th. Se\clear pattern of peaks has formed in the 300-400 Th range,
eral of these acids, mainly thes@erfluorooctanoic acid at and a second pattern is visible at 500-650 Th.
(413 Th) is used as a surfactant in the emulsion polymeriza- Figure 1d shows a typical night-time negative ion spec-
tion of fluoropolymers, such as Teflon. Much of the tubing, trum acquired in Hyy@la. The similarity to the JPAG:-
as well as the bottom plate of the chamber is made of TeflonPinene spectrum in Fig. 1c is striking. The nitric acid dimer
and thus the presence of these molecules is not surprisingiNO3-NO3) at UMR 125 Th is much larger in Hyyla, re-
and likely a common contaminant in many chambers. How-flecting that the total amount of neutral HY@ higher, but
ever, efforts have been made to exchange as much as possiite same modes in the 300-400 and 500-650 Th ranges are
of the Teflon tubing for steel or glass equivalents. visible in both Hyytéla and JPAC. The day-time negative ion
The fluorinated acids are weaker acids than HN&nd ~ Spectra look very different compared to the night-time spec-
the ion signal from the fluorinated acids decreases, althougkPns, but also the amount of different organics are most likely
the concentration of neutral fluorinated acids remain un-higher due to the increased amount of OH. All-in-all, the ap-
changed. Similarly, when adding organics to the chamberpearance of HSO4 makes the amount of negative charges
the amount of neutral fluorinated compounds should not deavailable for the organics lower, and the increased amount
crease, but their influence on the ion spectrum diminishes©f different organics spreads out the signal over many more
main|y due to Stronger acids forming from the oxidation ions. Therefore the ions observed at nlght cannot be Clearly
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identified during day. This does not, however, necessarily 0.010 —
mean that the corresponding neutral molecules would not ex- ol ‘;;?,? for mass calibration
ist in the gas-phase during day-time, it only means that we -
cannot detect them with as high sensitivity as during night- %% LT
time.
The good agreement between the JRA@GInene and the 0000kz"3" "¢ o o . o
Hyytiala ion spectra suggest that the ions are similar, and the
identification can be done based on JPAC datpinene is AR
one of the most abundant monoterpenes in Hy&titypi- -0.005 B
cally 4-5 times more abundant th@mspinene (Hakola et al.,
2003), and based on the comparison betwegrinene and
B-pinene in JPAC it seems to be especially efficient at pro- 7 o 0 w0 w0 s oo
ducing molecules prone to form negative cluster ions. To Mass/charge [Th]
make sure that the detected ions are the same, a more de- ) . . o )
tailed plot of the internal patterns of the modes in Fig. 1c andF'g' 3.Fiterrors of the ions qsed for mass axis calibration. Gaussian
d is presented in Fia. 2a and b. Both plots show unit mass-f'ts were made to 16 peaks in the W-mode ion spectrum from JPAC.
p 9 p

to-ch lution dat dth tral patt These peaks were attributed to specific elemental compositions and
o-charge resoiuton daia, an € Speciial palermns agree eﬁéed for mass calibration. The selected peaks contained nitric acid,

tremely well, especially in the 300-400 Th region. Above orinated acids, and organics to span the entire mass range of in-
400 Th, both in Figs. 1 and 2, one can make out some difyerest. The resulting errors between the fit masses and the assumed
ferences, but the majority of the UMR patterns are largelyelemental compositions (red dots) where all well witkii0 ppm
consistent. Figure 2c and d depict some major peaks (UMRaccuracy (grey dashed lines), strongly suggesting that all chosen
340 and 342Th in Fig. 2c, and 540 and 542 in Fig. 2d) in peaks were correctly identified.

high resolution to show that also at a resolution of 3000—4000

these ions are the same in both spectra. There are peaks, like

UMR 341, 541 and 543, that contain species that are visi-as unreasonable based on their elemental compositions: 13
ble in JPAC but not in Hyy#la, and this will be discussed of the molecules have double bond equivalents higher than
in more detail in the following sections. However, we con- 8, and of the remaining 5, two have more than 3 nitrogen
clude that thex-pinene negative ion spectrum in JPAC is atoms. Discarding all the aforementioned ions, the remaining
largely representative of the typical night-time ions observedions are GoH14NO;},, C7H16075, H2005,. The last two have

[Th]
\
\
\
\\
L]

Fit error
1
1
1
[ )

in Hyytiala. unreasonably high amounts of oxygen, and additionally defy
the “nitrogen rule” which states that a deprotonated ion at an
3.2 Identification of the elemental composition even mass should contain an odd number of nitrogen atoms.

Thus we are left with only the suggestedo814NO7, ion.
To make a conclusive elemental identification of e  As the precursor in the experiment wagBig, the identifi-
pinene produced peaks using the maximum resolution of theation seems appropriate.
instrument, the chamber was set to operate in steady state As yet another approach to test the elemental composi-
over one night, and the APi-TOF was tuned to W mode withtion, one can look at the isotopic distributions of the ions.
a resolution above 8000 for peaks above 300 Th. A 6h avKeeping UMR 340Th as an example, Fig. 4 shows data
erage was acquired to achieve good signal-to-noise, and 18om Hyytiala together with both V and W mode data from
of the largest and “cleanest” peaks were used to calibrate th@PAC. In the left-hand graph (Fig. 4a), Gaussian fits were
mass axis. By “clean”, we refer to the peaks which had themade to the three data sets. The peaks are scaled to not over-
lowest full widths at half maximum (FWHM), in contrastto lap, and thus the signal is in arbitrary units. However, the
broader peaks that most likely contained several overlappinglifference in peak resolution is still real, and one can see
ions and were thus discarded. Gaussian peaks were fit to thihat the JPAC APi-TOF was tuned to a slightly higher res-
16 ions, and the mass axis was fit onto the time-of-flight axisolution (i.e. lower FWHM) than the one in Hyya in V
using the 3-parameter fit described previously. The errors bemode. The JPAC W mode resolution was still almost twice
tween the fitted Gaussians and the 3-parameter fit are plottethat of the JPAC V mode. The Gaussian fits provide peak ar-
in Fig. 3. The dashed grey lines depitlO ppm accuracy, eas corresponding to ion concentrations. Assuming that the
and clearly all proposed ions are within this range. As an ex-on signals at UMR 340Th are purely from§H14NO7,,
ample, we will take a closer look at UMR 340 Th, which was one can calculate how much of the signal at UMR 341 Th
used for the calibration. At this mass/charge, 10 ppm correis due to the isotopes of this ion. The measured spectra at
sponds to 0.0034 Th, and the proposed ion igHz4NO12 UMR 341 Th (solid lines), together with the calculated iso-
with a mass of 340.0521. Within the range 340.05210034  topes from UMR 340 Th (dashed lines) are plotted in Fig. 4b.
Th, there are only 18 different ions comprised of C, H, N In Hyytiala almost all of UMR 341 Th is explained by the iso-
and O. However, out of these 18 ions, most can be discardetbpe, and as there is some signal at almost every integer mass,

Atmos. Chem. Phys., 12, 511%427, 2012 www.atmos-chem-phys.net/12/5113/2012/
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Fig. 4. Three different spectra, ambient night-time from Hgdi(green) and-pinene chamber from JPAC in V-mode (red) and W-mode
(purple), at UMR 34@a) and 341 Thb). Dashed lines ifa) depict Gaussian fits to the measured data (solid lines). Assuming that the peak at
340 This GoH14NO, the corresponding isotopes at 341 Th are plotted as dashed lifpslimHyytiala the peak at UMR 341 Th is almost

completely explained by the isotope, whereas there is an interfering ion observed in JPAC. This ion was attribgte@ied3Fs0; .

the fact that the measured UMR 341 in H@fé is larger  formation is available. The pattern of organics around 300-
than the isotope, is to be expected. The only way for the400 Th in JPAC is in fact duplicated, although at lower in-
isotopic ratio to disprove the identification of UMR 340 Th tensity, with a shift of 101 Th in the 400-500 Th range. The
would be if the isotopic fit would be larger than the actual mass difference corresponds to removal of NWMR 62)
signal. For the JPAC data, there is clearly some other ion ahnd addition of GFs0, (UMR 163). As an example, Fig 4b
UMR 341 Th, and with the hlgh resolution of the W mode showed a peak at 341 Corresponding ts:Hg)Tchsoz_'
measurement, the two peaks separate. Again, the isotopic rgmd as can be made out in Fig. 1c, there is a lone peak at
tio matches the signal very well. The other ion at UMR 341 yMR 240 Th which has been identified agk07-NOj3 .
has been identified ass8607-C3FsO; , i.e. a mixed cluster |t js believed thatx-pinene in JPAC is oxidized by ozone
of an organic molecule produced frampinene, and a flu-  and possibly other radicals formed from the reactiona-of
orinated acid. This identification will be discussed in more pinene and ozone, followed by C|ustering of the h|gh|y OXi-
detail in the next section. In the V mode spectrum, this iondized multifunctional organic compounds (henceforth abbre-
causes a shift of the peak towards lower masses, which wagiated as HOMs) with the existing Npions in the chamber.
already visible in Fig. 2c. The HOMs likely have lower gas phase acidities than HNO
Based on the exact mass, isotopic distribution, and the fachnd will thus not be detected by themselves, but they clus-
that the precursor is £gH16, we now conclude that the el-  ter readily with NG, CsFsO,, and some other fluorinated
emental composition of UMR 340 is16H14NOp, as was  acids. Artificially increasing the amount of HNGn JPAC
originally speculated by Ehn et al. (2010) although this could|eads to an increase of the ions from clusters of;N@ith
not at that time be ConCIUSiVEIy determined from their data.the HOMs, while decreasing the Corresponding clusters with
Also the other ions in the 300—-400 Th range are now identi-C3;:5o£_

fied as Go compounds with one N, and O ranging from 10 aAdditional evidence for the clustering can be found from

to 16. Hyytiala, when comparing the ion spectra during nights
with high and low HSOy. As an example we will take a
3.3 Identification of the ions as clusters closer look at the nights of July 28 and 29, 2010. The first

night was a “typical” summer night with northerly wind and

Mass spectrometric methods (with the exception of MS-Msfairly clean conditions, whereas by the second night, the
coupled systems) can typically only provide elemental iden-W'nd direction had turned almost southerly, W|th increases
tification and not any molecular information. We could, for In 9as phase pollutants such as CO ang.Skhe increase
example, not normally determine how the N atom is incor- N SOz also caused an increase in gaseopS®, which is
porated in the detected ions. However, in this case, more indeétectable as an increase in both HSand HSO-HSO,
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Fig. 5. Comparison of mass spectra during two consecutive nights, where the first was a “normal” night with Jaan&&,SCOy, but
the second had unusually high levels of both. The four subplots show different parts of the ion spectrum, with the aim to show how
HOM-HSQ, clusters increase at the expense of HOI; clusters, e.g. UMR 375 Th ({gH1409-HSC; ) increases while UMR 340 Th

(C10H1409-NO3) decreases.

in the APi-TOF spectra. In the 300-650 Th range, there was In summary, by using all the above-mentioned methods,
an accompanying change in the concentration of certain ionsa number of ions were identified. As seen already in Fig. 1,
The majority of this shift is believed to be due to Hp@is- the most abundant ions are observed around 300—400 Th, but
placing NQ; in the clusters with the organics, causing a shift an additional group is clearly visible at 500-650 Th. Based
of 35Th in the spectrum. Some example spectra from theon the elemental composition, these two groups are termed
two nights are shown in Fig. 5. In Fig. 5a the large peaks at‘monomers” and “dimers” and the most abundant molecules
UMR 340 and 342 Th, corresponding tedEl1409-NO; and in both groups are listed in Appendix A (Tables Al and A2).
C10H1609-NO3, both decrease. Simultaneously UMR 343
(corresponding to €H1407-HSQ;) increases, while the
corresponding cluster with NDat UMR 308 Th decreases
(not shown). In Fig. 5b, UMR 372 ({gH14011-NOg) drops, 4.1 Possible formation mechanisms
whereas UMR 375 and 377 Th (corresponding to the ions
at 340 and 342 Th in Fig. 5a with displacement of NOy ~ The high level of oxidation o&- and B-pinene ozonolysis
HSQy,) increase. products that is seen in Table A1 and A2 has, to our knowl-
Although lower signals, also the ions at 500—650 Th showedge, not been previously measured nor predicted in the gas
this same feature. These ions typically contain 16—20 Cphase. Indeed, the mechanism forming these molecules is
atoms, and are thus believed to be some form of dimers o#till unclear, and we can only draw some preliminary con-
HOM s typically found in the 300—-400 Th range. The dimers clusions based on the available data.
typically have slightly lower O/C ratios than the monomers. The HOMs need to be formed in the gas phase, and not
lons identified as clusters with NO such as UMR 588 and  through particle phase reactions, as the TSI 3025 condensa-
620 Th, decrease while e.g. UMR 623 (588 + 35) Th in- tion particle counter (with @so cut-off diameter of roughly
creases (Fig. 5¢c and d). The signal-to-noise for these peaks Bnm) always showed particle countsl0 cnm3 during the
not good enough to provide conclusive identification of the experiments in JPAC. Furthermore, the HOMs observed in
ions at the highest masses, but the high-resolution data cethis work are expected to have such low vapor pressures that
tainly do not contradict the suggested explanation. Also othethey will not re-evaporate from a particle or surface, suggest-
ions that were not shown in Fig. 5 follow the pattern markeding that chamber wall effects can also be discarded.
out above. While g-pinene produced mainly {Ccompounds,a-
pinene produced mostlyig compounds. This is a result of

4 Discussion
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the first reaction step where ozone attacks the double bondhe observed HOMs, we can speculate over which functional
in the pinene molecules. b-pinene the double bond is part groups that could produce the high O/C and H/C ratios. One
of a ring, and thus merely breaking that bond will not causestructural element that fits the criteria is the geminal diol,

fragmentation. On the other hand, when ozone attacks théormed through the addition of water to the carbonyl groups,
exocyclic double bond i-pinene, one C is inevitably lost.

These ozone reactions also produce Criegee or OH radicals, H,0

which can play a role in the oxidation processes leading up~CHO — —CH(OH);. 2

to some of the observed HOMs. This reaction is known to occur in agqueous environments

Other HOM compounds have previously been identified g, a5 cloud droplets, but has also recently been observed

in_ SOA samples from Chamber oxidqtion experiments.-of to take place in the gas-phase for the cases of methylglyoxal
pinene (Claeys etal., 2007; Warscheid and Hoffmann, 2002(z,sqon et al., 2010) and glyoxylic acid (Plath et al., 2009).

linuma et al., 2004). Although less oxidized than the HOMS xnqiher structural element that can add O without decreas-
found in t.h|s stu_dy, the compounds proposed by the author§ng the H atom content is the hydroperoxide group. Both
had relatively high O/C (typically £and Go compounds model and experimental studies have found organic perox-

with up to 5 or 6 O atoms). The level of oxidation Was jyes 15 he important contributors to SOA (e.g. Reinnig et al.,
achieved mainly by carboxylic acid groups, and in one case,ng. chen et al., 2011). It can also not be ruled out that the
also by ester formation (Warscheid and Hoffmann, 2002)'HOM-NO:; clusters can contain non-covalently bound wa-
HOMs are also formulated in the Master Chemical Mech- . molecules, but as mentioned previously, water molecules

anism MCM (Jenkin et .al., 1997; Squnders et aI.,.2003)have not been observed at any significant amounts with any
where they contain functional groups like hydroperoxides ('other ions. The main peaks in our spectra are typically sepa-

OOH), carboxyls (-COOH), peroxycarboxyls (-C(O)OOH), ateq by 16 Th (0) and not 18 Th §8), suggesting that wa-

and carbonyl groups>(C=0). For the observed large de- o, oy sters are not able to explain the high oxygen content of

gree of oxygenation at high hydrogen atom contents, eveng,q fowms. Additionally, if indeed water molecules clustered
tally hydroperoxide (-OOH) or hydroxyl (-OH) groups are efficiently with the HOMSs, one would still need to remove

needed, as solely increasing the number of carbonyl or carg, many HO molecules that one would reach unreasonably

boxyl groups will increase the O/C as desired but decreas%w HIC ratios before achieving more commonly measured

the H/C. o _ O/C ratios.
Aqueous reactions in aerosol particles have been shown to The molecules in the 500-650 Th range were termed

produce high molecular weight HOMs with OAQ through ;1015 due to the number of carbon atoms in the molecules.

oligomerizatioq of @ and G compounds, but these HOMS, The main peaks have 16—20 C atoms suggesting that they are
comprised a wide range of carbon numbers, also exceedingq ¢t of two oxidized pinene molecules. The formation
Cao (Lim et al.,, 2010). Although fragmentation is & possi- e hanism of these dimers is still unknown, however, the

bility at each oxidation step, it is highly unlikely that the yiners can typically not be considered simply non-covalently
gas-phase HOMs observed in this work would be clusters o, ey clusters of two of the observed monomers, as the

oligomers of fragmentation products, as most of them CON“gimer compositions can rarely be found by just adding to-

f[alnhthe same; ar:nount of C as the pdrebcurs'or moI?cuIes. Aether two monomers. Thus, the current hypothesis is that
in the case of the reactions reported by Lim et al. (2010),ihese are large molecules formed from reactions of two oxi-
oligomerization would produce a varle_ty of different carbon dized monomers, possibly undergoing further oxidation after
numbers. In our work, no molecules with 11 or more C werey, o qimerization. Less oxidized HOM dimers have been re-

identified in the 300-400 Th range, though some probabl orted in SOA, with an often discussed product atHOs
fragments were detected between 200 and 300 Th. Specif offmann et al., 1998; Yasmeen et al., 2010). As listed in

cally GsHsO7-NO; detected at UMR 240 Th was very COM- tap10 A2 we detected GH260,, with 1 in the range 11-16.
mon, and can be distinguished in Fig. 1c and 1d. The O/C ra-

tio of this molecule is as high as 1.4, but the H/C is fairly low, 4.2 Estimation of neutral HOM concentrations
suggesting that this molecule could be a tri-carboxylic acid.

Also the detected & Cg and G oxidation products frona- Naturally charged ions can only in very specific cases be
pinene can be formed from oxidation reactions splitting off used to calculate the concentration of neutral species. The
one or two terminal C atoms, or e.g. acetongHgO). absolute concentration of an ion, e.g. NOtells almost

As the molecules are detected in the natural negative iomothing about the concentration of the corresponding neu-
spectrum, they are expected to contain carboxylic groupstral molecules, e.g. HN® This is because the production
though the favorable cluster formation with j@an pos-  and loss of charges in the atmosphere depend mainly on
sibly also be due to other, unknown structures. With all theproperties that do not relate to atmospheric trace gas con-
O atoms in carboxylic acid groups, the number of H atomscentrations (e.g. cosmic radiation and radon concentration
becomes lower than observed in the ions. Although this pafor ion production, and aerosol particle surface area act-
per does not attempt to provide any molecular structures foing as an ion sink). However, though yQloes not track
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the HNG; concentration, it was found during the measure-denominator in Eqg. (4). To minimize the loss rate coeffi-
ments in Hyytala that the nitric acid dimer-to-monomer ra- cients, we will assume that the loss is the reciprocal of the
tio (HNO3-NO5/NO3) did correlate with HN@, suggesting  ion lifetime, and assume an upper range lifetime estimate of
that for some species the natural ion spectrum can be used tt0 min. For comparison, Eisele (1989b) used an ion lifetime
for estimates of neutral concentration. of 100s for similar calculations, and Dal Maso et al. (2002)
In the specific case of sulfuric acid, Eisele (1989b) es-reported average condensation sink values in tyg/tiorre-
timated [HSO4] from ion spectra using a few simple as- sponding to (neutral) vapor lifetimes of 140-250s. Thus,
sumptions. Firstly, HSQ was mainly formed from NQ +
H2SOy, with a known rate coefficient (Viggiano etal., 1982). , i\ L
Secondly, the rate coefficient for the loss of HS€ould be Kietime = (krec+kcoag+ Xl_:kco) ~ (10 miny ®)
calculated as the reciprocal of the ion lifetime, which was as-
sumed to be 1005, since H3@ considered a “terminal” ion
that_will notbe Ipstdue to charge Eransferto_str?r_lgeracidls. AFor k1 we will use the collision limit for an upper limit of
similar calculation for any other, “non-terminal ion species gossible reaction rates 30~° cnd ).
becomes more complicated. For example malonic acid is Finally, the ratio of the clusters to pure NOs estimated

stronger acid than HN®In the gas phase, but still weaker g,y e experimental data by summing over all the identi-

than SOy (Ehn et al., 2010). For this estimation, one would fied HOM-NO ions and dividing by the NO signal, yield-

require knowledge of the rate coefficient of malonic acid with ing [HOM.NOS*]/[NO*] ~5, which again is a Iowér range

NO;., but also the loss rate .by reaction W'ﬂ.ﬁm needs ._estimate. This3then ﬁelds a lower limit of the concentration

to be known. For weaker acids the calculation becomes N~ ihe highly oxidized organics:

creasingly more complex as more and more reaction rates '

and concentrations need to be estimated. Kitetime [HOM . NOg] 0.0016667s—1.5
With similar methods as described above we group all thdf HOM] ~ — ~ 3% 109em@ st

HOMs observed in the ion spectra in Hyal, and will at- kl[No3] % cms-

tempt to estimate the total neutral concentration. A prerequi= 2.78 x 10° cm™3 ~ 0.1 ppt

site for this is that we are in a low-OH regime, which means ) o . .

that the concentrations of strong acids such s8®, HNOs A c_orrespondmg upper limit estimate is harder to calculatt_a,

and malonic acid are low enough not to dominate the specmamly due to the problems in constraining the rate coeffi-

trum, but HNG is high enough to form NQions for cluster- cients. Collision probabilities and steric factors depend on
ing with the organics. We assume that the HON; clus- the exact molecules under consideration, and can have a
: 3

ters are formed by collision of NOwith the HOM. The large influence ork;. However, reasonable changeskin

. T ) . kiifetime and [HOMNO; J/[NO;] can easily yield concentra-
loss of the ion clusters occurs through ion-ion recombina- . b 1 F 3 37 f HONO= cl
tion, coagulation with aerosol particles, and charge transfef O"S @bove lppt. Fragmentation o 3 Clusters to

to stronger acids. In steady-state the formation and loss arBUreé NG inside the instrument would also lead to an un-
equal, and we get derestimation of the concentration. On the other hand, the

exact mass/charge dependent transmission of the instrument
N ; N was not determined during the measurements, and could have
k1[NO; ] [HOM] = (kre°+k°°a9+ ZkCT> [HOM-NO; ], (3) an influence on the [HONNO3 J/[NO3] ratio in either direc-

' tion, though a decrease is more likely. Thus, our best estimate
wherek is the rate coefficient of the forward reaction O  of the typical abundance of the extremely oxidized organics
+ HOM — HOM:-NO3,, krec is the rate coefficient of loss by at night in the bpreal forest is between 0.1 and a few ppt.
ion-ion recombinationkcoag by coagulation, andi, corre- AS @ comparison, Ehn et al. (2010) found that the nega-
spond to loss due to charge transfer to the strongeriacid (Ve ion distribution in Hyytala was practically completely
The coagulation sink is a function of the aerosol size dis-dominated by HSCOy-related ions when the gaseous30s
tribution, and for this calculation it is implicitly included in  concentration reached 1 ppt. On the other hanéd, during nights
keoag Here HOM refers only to the group of extremely oxi- When the HSOy dropped to below~10°cm~2 (roughly

dized molecules detected in the ion spectra by clustering witf-01 PpY), the HS® contribution to the ion spectrum was on
NO; . Solving for [HOM] yields the order of a percent since the ion lifetimes were not long

enough to allow collisions of the ions with)80; molecules.
. _ Replacing HOMNO; with HSQ, in all the calculations
(kre°+ kcoag+ ;leT> [HOM-NO3] ab(?ve Wc?uld thus hgve given thg correct order of magnitude
I [NOg] (4) Zstlmates for [HSOy]. As our nlght-t|me_ s_pect_ra were fairly
ominated by the HOMNOS clusters, it is fair to assume
To estimate a lower limit for [HOM], we will use lower limit  that the concentrations are in the?200’ cm=3 (~0.1-1 ppt)
estimates for the numerator and upper limit estimates for theange, or possibly even higher.

—0.00166675?.

(6)

[HOM] =
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4.3 Atmospheric relevance in the night-time boreal forest is typically on the order of 0.1—
1 ppt. The yield of these molecules at higher OH concentra-
Assuming the sum of the HOMs is around 1ppt, this is highertions is yet to be determined, but this cannot be done from the
than e.g. the typical concentration 0§80, in the boreal for-  jon spectra due to the signal spreading out over many more
est (Pedja et al., 2009), and while the mass of the moleculespeaks, likely due to the formation of many more compounds
are roughly 3 times larger (even more for the dimers) thanthat compete for the limited amount of charges.
that of SOy, their role in aerosol mass formation alone  Even at concentrations of 0.1-1 ppt, these molecules may
could be of importance. In addition to this, the role in nucle- have an importantimpact on aerosols due to their presumably
ation and initial growth of nanometer-sized clusters needs tdow vapor pressures. Mainly the first steps of new particle
be further investigated. The vapor pressures of the moleculegormation through nucleation and growth may be influenced
due to their size and high degree of oxidation, are expected thy these compounds, as they are present at similar concen-
be extremely low. As previously stated, in the dark ozonoly-trations as HSOy which is widely accepted to take part in
sis experiments, no particle formation occurred although thenucleation of new particles, but already have roughly 3 times
monomers were detected. However, the low-range cut-off othe mass. Furthermore, the existence of such highly oxidized
the particle counter used for particle detection was 3 nm.species may suggest that some of the observed missing OH
which does not rule out some cluster formation taking place reactivity could be explained by VOC oxidation products re-
without the clusters having time to grow large enough beforeacting several times with OH.
being flushed out of the chamber. The exact formation mechanism of the HOMs is still un-
The gas-phase dimers observed in this study are probablgnown. However, the oxidation most likely takes place in the
clearly lower in abundance than the oxidized monomers, bugas phase and we hypothesize that formation of carbonyl
due to their large sizes may also be very efficient at condensgroups, followed by water addition forming carbonyl hy-
ing onto small newly formed particles, or even taking place drates (geminal diols), may be involved. Further work will
in the initial formation. include trying to quantitatively measure the molecules using
It is possible that these organics are present also duringhemical ionization techniques under different conditions. If
day-time, and this is an important point to study in the fu- successful, this should provide a better picture of both what
ture. If the molecules are only abundant at night, they mightdrives their formation, and of their atmospheric importance.
still be relevant for SOA (mass) formation. Although rare,
and with growth usually ending below 10 nm, nocturnal NPF )
events also occur in Hyydfa (Junninen et al., 2008), and the APPendix A
highly oxidized organics may play an important role in these ]
events. Furthermore, these compounds could possibly exteak list

plain some of the night-time high concentrations of sub-3 nm . . .
particle concentrations observed with a pulse-height conden_l—n this appendix we list the most abundant HOMs detected

sation particle counter (Lehtipalo et al., 2011; Sipit al in this study. As all of the molecules were mainly detected
2008) v ' " in clusters with N@, this is omitted and the first column

in both tables lists the elemental composition of the or-
ganic molecules that were found in the clusters. The list is
not exhaustive, but does contain the most abundant detected
molecules. The typically largest peaks in H@# and in
JPAC «-pinene experiments are highlighted in bold in Ta-
ble 1. The second column of the table shows the mass-to-
charge at which the ion clusters were detected, the third the
mass of the HOM in the cluster, and columns 4-6 show
where this molecule has been detected.

5 Conclusions

A previously unidentified group of highly oxidized multi-
functional molecules (HOMSs) were observed in the naturally
charged negative ion spectra in both ambient air (Hygji
and duringe- and B-pinene chamber ozonolysis experi-
ments. These HOMSs retained practically all of their origi-
nal 10 carbon atoms, while reaching O/C ratios of 0.7-1.3.
Through dedicated experiments in thélich plant atmo-
sphere chamber, the elemental composition of these organ-
ics was conclusively determined. Both the exact mass and
isotopic ratios in high-resolution spectra were used for the
identification. Furthermore, the ions could be identified as
clusters of HOMs and deprotonated inorganic acids (mainly
HNOg, but also GFsHO; and HSOy).

The concentration of neutral HOMs could only be esti-
mated using several assumptions. Based on a rough estima-
tion, the concentration of these extremely oxidized molecules
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Table Al. List of observed monomers detected in Hjdiand JPAC. An “X” means that the identification is fairly unambiguous, a blank
means that the ion has not been detected, and “/” means that the ion might be present, but could not be identified due to insufficient signal or
overlapping peaks from other compounds.

Elemental formula lon mass-to-charge HOM mass Detected in
(clustered with NQ@) [Da]
[Th]
| Hyytiala JPACa-pinene  JPAGB-pinene
C; Higp O4 220.046 158.058 X X
Cs Hg Og 224.005 162.017 X X X
Cs Hg Oy 240.000 178.012 X X X
(654 Hg Og 282.010 220.022 X \
Cg Hip O 282.047 220.059 X X \
Cg Hiz Og 298.042 236.054 X X \
Cig His Oy 308.062 246.074 X X \
Co Hip Og 310.042 248.054 X
Cio Hig O7 310.078 248.090 X
Cg Hip Og 314.036 252.048 X X
Cip Hia Og 324.057 262.069 X
Cio Hig Og 326.073 264.085 \ X
Cg Hip Og 326.036 264.048 X X
Cg His Og 328.052 266.064 X \
Cig His Og 340.052 278.064 X X
Cg Hip Oqq 342.031 280.043 \ X
Cio Hig Og 342.068 280.080 X X \
Cip Hia O1p 356.047 294.059
Cip Hig O1p 358.063 296.075 X X
Cg Hiz O11 358.026 296.038 X
Cio His Ogp1 372.042 310.054 X X X
Cip Hig On 374.058 312.070 X X
Cy Hip Op 374.021 312.033 X
Cip Hia O3 404.032 342.044 X X

Table A2. List of observed dimers detected in Hyglia and JPAC. An “X” means that the identification is fairly unambiguous, a blank
means that the ion has not been detected, and “/” means that the ion might be present, but could not be identified due to insufficient signal or
overlapping peaks from other compounds.

Elemental formula lon mass-to-charge HOM mass Detected in
(clustered with NQ) [Da]
[Th]
| Hyytiala ~ JPACx-pinene  JPAGB-pinene

Ci7 Hyg Org 468.136 406.148 X
Cig Hzs O11 480.136 418.148 X
Ci4 Hyo O1s 490.069 428.081 X X

Cig Hag O1g 494.152 432.164 X X

Cyx Hiz2 O11 510.183 448.195 \ X

Ci17 Hys O14 516.121 454.133 X
Coo Hzp Op 524.162 462.174 X X

Cig Hpg Oi3 526.141 464.153 X \

Cig Hzs O14 528.121 466.133 X
Cig Hzg O14 530.136 468.148 X

Ci7 Hyg Ois 532.116 470.128 X
Coo Hzo Oi3 540.157 478.169 X

Cyo Hiz2 O13 542.173 480.185 \ X

Ci17 Hys Os1s 548.110 486.122 X
Coo Hzo Ois 556.152 494.164 X X

Cig Hag Oig 562.126 500.138 X

Cxo Hzg Oss 572.147 510.159 X

Coo Hzz Ops 574.162 512.174 \ X

Cxo Hzo Oig 588.142 526.154 X X

Cig Hpg Oig 594.116 532.128 X

Cyo Hzp O1s 620.132 558.144 X X
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