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Abstract. The elemental composition of laboratory cham- cally quantify only a portion of the wide array of compounds
ber secondary organic aerosol (SOA) from glyoxal uptake,present in SOA. Though generally not able to provide de-
a-pinene ozonolysis, isoprene photooxidation, single-ringtailed composition profiles of organic aerosol (OA), bulk,
aromatic photooxidation, and naphthalene photooxidatiorreal-time mass spectrometric analysis has become an indis-
is evaluated using Aerodyne high-resolution time-of-flight pensable tool in chemically characterizing OA. The widely
mass spectrometer data. SOA O/C ratios range from 1.18ised Aerodyne quadrupole aerosol mass spectrometer (Q-
for glyoxal uptake experiments to 0.30-0.43 foipinene  AMS) uses thermal vaporization followed by electron im-
ozonolysis. The elemental composition @fpinene and pact ionization and a quadrupole mass analyzer to quan-
naphthalene SOA is also confirmed by offline mass spectify the non-refractory portion of sub-micron aerosol mass
trometry. The fraction of organic signal at/z44 is gener-  (Jayne et a).200Q Jimenez et al.2003 Canagaratna et al.
ally a good measure of SOA oxygenation toipinene/Q, 2007. The original Q-AMS has been updated to improve
isoprene/high-N@, and naphthalene SOA systems. The sensitivity and time resolution by replacing the quadrupole
agreement between measured and estimated O/C ratios tendsass spectrometer with a compact time-of-flight mass spec-
to get closer as the fraction of organic signahaz44 in-  trometer (C-ToF-AMS) Prewnick et al, 2005. While the
creases. This is in contrast to the glyoxal uptake systemC-ToF-AMS does improve the mass resolution over the Q-
in which m/z44 substantially underpredicts O/C. Although AMS, it still does not effectively distinguish different ions
chamber SOA has generally been considered less oxygenatedth the same nominal mass. Large gains in mass reso-
than ambient SOA, single-ring aromatic- and naphthalenejution were achieved when a high-resolution time-of-flight
derived SOA can reach O/C ratios upward of 0.7, well within mass spectrometer (H-TOF Series, Tofwerk, Thun, Switzer-
the range of ambient PMF component OOA, though still notland) was combined with the original AMS design (HR-ToF-
as high as some ambient measurements. The spectra of arBMS) (DeCarlo et al. 200§. The advantage of the HR-
matic and isoprene-high-NOSOA resemble that of OOA, ToF-AMS is that it can distinguish and quantify ions with
but the spectrum of glyoxal uptake does not resemble that ofhe same nominal mass but different elemental compositions,
any ambient organic aerosol PMF component. e.g. organic ions of the form &y, CxHyO, ", CxHyN,*,

and GHyO;N,", allowing for a more detailed analysis of
the elemental composition of SOA, and most importantly, its
oxygen content.

DeCarlo et al(2006 demonstrated the first application of

The chemical composition of secondary organic aerosop field-deployable HR-ToF-AMS during the MIRAGE and
(SOA) from a volatile organic precursor comprises dozens ofSOAR-1 field campaigns and found that the vast majority
compounds owing to the variety of reaction pathways lead-0f the organic signal could be attributed to eitheiHg™

ing to semivolatile productsHallquist et al, 2009 Kroll ~ or CkHyO;* ions. Aiken et al. (2007 further developed

and Seinfeld2008. Offline analysis techniques can typi- HR-TOF-AMS analysis by showing that elemental ratios of
OA, i.e. O/C, H/C, N/C and OM/OC, could be estimated

_ from the relative intensities of chemically identified ion frag-
Correspondence tal. H. Seinfeld ments. The first detailed analyses of high-resolution data was
m (seinfeld@caltech.edu) from the MILAGRO campaign measuring ambient aerosol in
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and around Mexico City[§eCarlo et al.2008 Aiken et al, ical aging of SOA, with the highest O/C ratios measured in
2008 2009. Aiken et al.(2008 demonstrated the first mea- remote regions. PMF analysis of HR-ToF-AMS data identi-
surements of the elemental composition of ambient OA infies similar components to those found from unit mass reso-
this field campaign and showed that the O/C ratios rangedution data {Ulbrich et al, 2009 Zhang et al.2005ab, 2007,
from 0.06-0.10 for primary organic aerosol (POA) to about Lanz et al, 2007, the most common factors being HOA
0.76 for the most oxidized aerosoAiken et al.(2008 also and OOA, which has been further subcategorized into low-
showed that the fraction of thm/z 44 signal to the total volatility OOA (LV-OOA, previously known as OOA-1) and
organic signal correlated well with O/C ratio and found it semi-volatile OOA (SV-OOA, previously known as OOA-
to be a good surrogate for the oxygen content of O&- 2) (Jimenez et a).2009. LV-OOA has been characterized
Carlo et al (2008 found that O/C ratios were highest in non- as aged OOA, having O/C ratios of at least 0.6 across most
urban (regional) locations and that O/C could be a qualita-ambient data sets and spectra dominated by mass fragment
tive indicator of photochemical agéiken et al.(2008 per- CO," at m/z44. Chamber SOA, however, generally does
formed the first positive matrix factorization (PMF) analysis not exhibit as large O/C ratios as LV-OOA, at most reaching
on a HR-ToF-AMS data set from the MILAGRO campaign, O/C ratios of SV-OOA and producing spectra withBHgO™
finding that three components dominated OA: hydrocarbon-at m/z 43 as the dominant ion. In chamber investigations
like organic aerosol (HOA, Avg. O/0.16), oxygenated or- that use high precursor concentrations to generate SOA at
ganic aerosol (OOA, Avg. 0/€0.60) and biomass burning aerosol loadings much higher than that of ambient OA, less
organic aerosol (BBOA, Avg. 0/£0.30). A fourth factor  oxygenated species partition into the particle phase. Addi-
from a local source with non-negligible nitrogen content wastionally, chamber experiments are typically run feR4 h,
also found (LOA, Avg. O/G-0.13 and N/G=0.06). Recently, which, while adequate to produce SOA from the photooxi-
aerosol measurements were made at the peak of Whistletation or ozonolysis of most SOA precursors, is still shorter
Mountain during INTEX-B and the average O/C was 0.83 than the atmospheric lifetime-(L week) of ambient aerosol.
(Sun et al, 2009. Thermal denuder measurements of OA Despite these limitations, chamber experiments are crucial
from SOAR-1 and MILAGRO campaigns with a HR-ToF- to constraining SOA models and providing insight into the
AMS demonstrated that aerosol volatility was inversely cor-mechanisms involved in the formation and evolution of SOA
related with O/C ratioKuffman et al, 2009. (Kroll and Seinfeld 2008. While comprehensive chamber
The first series of chamber laboratory experiments tostudies of many different VOCs with the Q-AMS have been
which the HR-ToF-AMS elemental analysis was applied conducted Bahreini et al. 2005, it has generally not been
were of SOA generated from the photooxidatiomgdinene,  possible to directly compare offline speciation data to AMS
isoprene, toluene, and gasoline vapors and ozonolysis of data. The HR-ToF-AMS now provides the unique opportu-
pinene. Analyzing data from these experimeAigen et al.  nity to make direct comparisons to offline speciation.
(2008 concluded that chamber SOA, characterized by O/C In this study we evaluate HR-ToF-AMS data on the ele-
ratios from 0.27-0.42, was less oxidized than ambient OOAmental composition of chamber OA from a comprehensive
(at concentrations higher than ambient, as used to derive thguite of SOA systems: glyoxal uptake;pinene ozonoly-
previous generation of SOA models). Fopinene ozonol-  sis, isoprene photooxidation, single-ring aromatic photoox-
ysis SOA, Shilling et al. (2009 demonstrated that the O/C idation, and naphthalene photooxidation. We compare our
ratio increased as aerosol loadings decreased, and at the loindings to other laboratory composition studies and iden-
est loadings, the mass spectrum resembled that of ambienify discrepancies and sources of uncertainty. In addition, we
OOA. Further work on the same system showed that a prodevaluate the use afi/z44 as a surrogate for OA oxygena-
uct specific volatility model could predict measured O/C ra-tion. Lastly, we compare the elemental ratios measured in
tios but overpredicted H/C ratio€han et al.2009. Mohr  the chamber to those measured in ambient OA and derived
et al.(2009 also used the HR-ToF-AMS to measure the de-from PMF analysis.
gree of oxygenation of POA from meat cooking, trash burn-
ing, and vehicle exhaust and concluded that emissions from
such sources could not be a substantial source of ambiert Experimental section
OOA. Other chamber studies have used the HR-ToF-AMS to
study the chemical mechanism of SOA formation from spe-2.1 Chamber operation
cific precursors, such as glyoxal, naphthalene, and amines
(Galloway et al. 2009 Chan et al.2009a Kautzman et aJ.  All of the experiments analyzed here (Table 1) were per-
201Q Malloy et al, 2009. Most recently, the HR-ToF- formed in Caltech’s dual 28 #iTeflon environmental cham-
AMS has been used to study the heterogeneous OH oxidatiohers Cocker et al. 2001, Keywood et al. 2009 over the
of squalane particles to infer the mechanisms of OA agingperiod 2007-2009. Before each experiment, the chambers
(Smith et al, 2009 Kroll et al., 2009. were flushed for> 24 h until the particle number concen-
Ambient studies with the HR-ToF-AMS infer that much tration was<100cn? and the volume concentration was
of the oxygenation of OA occurs as a result of photochem-< 0.1 cn® m~3. Each chamber has a dedicated Differential
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Table 1. Experimental conditions and results.

Expt.# VOC System Experiment Type RH[NO]g [NOy]lg VOC Reacted Seed \ol. AMO(Max)d
(%)  (ppb)  (ppb) (ppb)  (uhem™3)  (ugnr3)
1 glyoxal uptake humid 67 <def <5 13P 84 31.80
2 glyoxal uptake humid 60 <def  <def 182 87 68.30
3 glyoxal uptake humid 70 <det <def NA NA NA
4 a-pinenet+O3 no HyOy, dry 54 <de®  <def 50¢ 12.45 56.84
5 a-pinenetO3 no H,O,, humid 66 <def  <def 50¢ 20.00 83.30
6 a-pinene+O3 H,0o, dry 7.2 <det <def 50° 11.59 121.00
7 a-pinene-O3 H205, humid 72.3 <def  <def 50° 27.38 183.22
8 isopreng-OH low-NOx 5.2 <def <def 49 16.23 3.71
9 isopreng-OH low-NOx 5.3 <def <def 49 NA 7.00
10 isopreng-OH lowNOx <10 <def <def 91 10.54 10.47
11 isopreng-OH high-NG¢ <10 518 374 81 11.00 1.35
12 isoprene-OH high-NG¢ <10 536 400 267 11.73 4.27
13 isopreng-OH high-NG¢ <10 591 434 286 13.80 11.83
14 toluene-OH low-NOx <10 <def <def 112 10.86 141.45
15 tolueng-OH high-NG¢ <10 583 423 136 9.32 50.26
16 m-xylenet+OH low-NOyx <10 <def <def 114 9.78 190.40
17 m-xylenet+OH high-NG¢ <10 501 538 200 9.34 52.04
18 naphthaleneOH  low-NOx 7.8 <def <def 5¢ 10.64 12.15
19 naphthaleneOH  low-NOy 13.9 <def <def 12 24.52 4491
20 naphthaleneOH  low-NOy, nucleation 8.1 <def <def 15° 0.00 47.17
21 naphthaleneOH  low-NOy 8.3 <def <def 20°¢ 10.48 53.12
22 naphthaleneOH  low-NOx 9.9 <def <def 63 12.98 201.75
23 naphthaleneOH  high-NG, 7.7 415 272 5 12.25 5.90
24 naphthaleneOH  high-NG, 6.3 431 370 25 12.82 39.02
25 naphthaleneOH  high-NG;, nucleation <10 422 222 350 0.00 39.26
26 naphthaleneOH  high-NG, 5.9 401 166 40 14.67 75.43

@ Below the detection limit of the measurement

b Equilibrium concentration

¢ Approximate initial concentration

d Mass loadings are calculated by multiplying the change in DMA volume by an estimated density. Estimated densities oftgjoxag,
isoprene, single-ringed aromatics, and naphthalene SOA were takeGatioway et al(2009; Bahreini et al(2005; Kroll et al. (2006);
Ng et al.(2007); Chan et al(20093, respectively.

Mobility Analyzer (DMA, TSI model 3081) coupled with a HR-ToF-AMS. After organic growth leveled off, the cham-
condensation nucleus counter (TSI model 3760) for measurber air mass was diluted with clean hydrocarbon-free air to
ing aerosol size distribution and number and volume conceninvestigate the reversibility of uptake. The amount of dilu-
tration. Temperature, relative humidity (RH), ozonesYO tion was calculated by monitoring the cyclohexane concen-
NO, and NQ were continuously monitored. For seeded ex- tration with a gas-chromatograph with flame ionization de-
periments, ammonium sulfate seed particles were generate@ctor (GC-FID, Agilent 6890N).

by atomization of a dilute aqueous ammonium sulfate solu- Ozonolysis experiments are described Ghan et al.
tion using a constant rate atomizer. (20098. The effect of humidity and D, on SOA for-

For the experiments in\/o|ving g|yoxa|1 g|y0xa| prepara- mation were tested and permutated in the four eXperiments.
tion and experimental design are describe@iayloway etal. ~ The parent hydrocarboa;pinene (50 ppb), and an OH scav-
(2009. Briefly, glyoxal uptake experiments begin by intro- €nger, cyclohexane, were introduced separately by injecting
ducing gas_phase g|yoxa| into a dark, humid chamber and(nOWn volumes of the ||ql,l|d hydrocarbon into a gIaSS bUIb,
allowing the concentration to equilibrate over about 10 h,Subsequently carried into the chamber by an air stream at
Approximately 160 ppb of cyclohexane was also added a$Lmin~*. The estimated mixing ratio of cyclohexane was
a tracer for dilution. Once the gas-phase glyoxal concentra37 ppm, at which the rate of cyclohexa#®H exceeds that
tion reached a steady state, ammonium sulfate seed aeros®f «-pinene+OH by a factor of 100. @ injection was
existing as a metastable solution, was introduced and the restopped after the £concentration reached 180 ppb.
sulting organic growth was monitored by both the DMA and
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The protocol for isoprenekgoll et al., 2009, single-ring  Aiken et al. (2007, 2008 sampled 59 different stan-
aromatic g et al, 2007, and naphthaleneChan et al. dards with the HR-ToF-AMS and determined calibra-
20093 photooxidation experiments are described in detailtion factors for O/C, H/C, and N/C and estimated un-
in the references cited. For high-N@xperiments (initial  certainties for each ratio as shown in Supplemental
[NO]>300 ppb), nitrous acid (HONO) was used as an OHTable S2 fttp://www.atmos-chem-phys.net/10/4111/2010/
source, at amounts between 175 and 310 ppb. Additionahcp-10-4111-2010-supplement.pdf O/C, H/C, N/C and
NO was added until the total NO mixing ratio was about OM/OC ratios in the present study were computed using
400-500 ppb. For low-NQexperiments, hydrogen peroxide the computation toolbox “Analytical Procedure for Elemen-

(H20,) was used as an OH source. tal Separation” (APES), which applies the analysis procedure
as described bgiken et al.(2007, 2009 to the W-mode data.
2.2 High-resolution time-of-flight aerosol mass O/C ratios were also estimated from V-mode data using
spectrometer the organic signal ain/z44 (with gas-phase C{signal re-

moved) as a surrogate for oxygenation in OA. Typically,

In all of the experiments considered here, real-time parti-the m/z 44 signal arises from C£ ions, which are com-
cle mass spectra were collected continuously by a HR-ToFmonly formed from the fragmentation of carboxylic acids
AMS, henceforth referred to as the AMSdnagaratnaetal. (Takegawa et al.2007). Aiken et al.(2008 correlated the
2007 DeCarlo et al.2006. In the mode of operation, the fraction of organic signal amn/z 44 to the O/C ratio deter-
AMS was switched once every minute between the high-mined from high-resolution analysis and derived the follow-
resolution “W-mode” and the lower resolution, higher sen- ing empirical relationship based on Mexico City data
sitivity “V-mode”. The “V-mode” data were analyzed using
a fragmentation table to separate sulfate, ammonium, and or(-)/c““:?"82>< f44+0.0794 “)
ganic spectra and to time-trace specific mass-to-charge ratioshere O/G4 is the estimated O/C ratio usimg/z44 as a sur-
(Allan et al, 2004. “W-mode” data were analyzed using rogate and4; is the organic signal an/z44 divided by the
a separate high-resolution spectra toolbox known as PIKAtotal organic signal. V-mode data were chosen for the O/C
to determine the chemical formulas contributing to distinct estimation so as to maximize the signal to noise in the cal-
mass-to-chargent/2 ratios PeCarlo et al.20086. culation; W-mode data could have been used for the O/C es-

The AMS elemental analysis procedure exploits the prop-timation for experiments that were not signal limited. Com-
erties of electron impact (El) ionization to determine the el- parisons of 4 between both modes of operation produced
emental composition of OAAjken et al, 2007). Briefly, the little difference across all systems that were studied. The
signal generated from the measured ion fragments of El ionO/C ratio calculated fronm/z44 from V-mode data will be
ization is approximately proportional to the mass concentra+referred to as O/, and the O/C ratio determined from W-
tion of the initial speciesJimenez et al.2003 Crable and mode data in APES will be referred to as @ Cwhen the
Coggeshall 1958. Because high-resolution mass spectratwo are compared.
can determine the chemical formula of each ion fragment, APES allows for special treatment of ions that may have
the average elemental composition of all ions can be calcueontamination from air and allows users to include “ion fam-

lated. Thus the relative mass concentratidg of a given ilies” that are traditionally considered fragments of inorganic
elementX is computed as follows: species as part of the organic mass. TheC6ignal orig-
inating from ambient air C®is removed to determine the
mizmax X organic contribution of C@" to m/z44. Fourier transform
Mx = Z I; e 1) infrared spectroscopy measurements show the concentration
i=m/zmin l of CO; in the chamber air is nominally the same as in the

atmosphere, estimated to be 370 ppm. The iort ©@©/z28)
signal, another common fragment of organic species, tends to
be overwhelmed by p from N, in ambient air. As a result,

the contribution of CO to the total organic signal is usually

where J; is the ion signal at fragmerit mx is the atomic
mass of elemenk, andm; is the mass of singly charged
fragment ioni. The elemental rati& /Y is then

My estimated as a factor of the GDorganic signal. The ratios
X/Y :ax/yﬁ_x 2) of the particle-phase signals of ¢Qo CQO,™ are listed in
ﬁ Supplemental Table Saitp://www.atmos-chem-phys.net/

10/4111/2010/acp-10-4111-2010-supplemen}.pdfl were
whereay,y is the calibration factor for that particular ra- determined from HR spectra of experiments in which the OA
'[iO, determined by |ab0l’at0l’y Samp|es with known elemen'|oading is h|gh, for all Systems except isoprene photooxi_
tal compositions. The organic mass to organic carbon ratiqjation, for which the default ratio was used. The signals
OM/OC ratio is calculated as follows from H,Ot, OHT, and O in the particulate organic mass

124 (16x O/C) + (1 x H/C) + (14x N/C) + ... may suffer interference from gas-phase and their or-

OM/0OC= 1 €) ganic contributions are estimated as suggestédken et al.

Atmos. Chem. Phys., 10, 4114131, 2010 www.atmos-chem-phys.net/10/4111/2010/
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Table 2. Elemental composition of each SOA system. Values represent the average ratio for each experiment at the time of maximum O/C.
Uncertainty estimates reflect the measurement uncertainty as determiAdahyet al.(2008.

VOC System O/C (max) H/C N/C OoM/OC
glyoxal uptake 1.130.35 1.54:0.15 0.010.0022 2.680.16
a-pinene-O3 0.43+0.13 1.4#0.15 0.06:0 1.7G£0.10
isoprene-OH 0.610.19 1.55%0.16 0.020.0044 1.96-0.12

low-NOy 0.59+0.18 1.64t0.16 0.0a:0 1.92+0.12

high-NOx 0.62+0.19 1.46:0.15 0.04:0.0088 2.08:0.12
aromatics-OH 0.68+0.21 1.44t0.14 0.04:0.0088 2.0%0.12

mxylene, high-NQ 0.66+0.20 1.480.15 0.08:0.017 2.09-0.13
m-xylene, low-NQ 0.60+:0.19 1.54:0.15 0.0&:0 1.93+:0.12
toluene, high-NQ 0.72+:0.22 1.38:-0.14 0.040.14 2.15-0.13
toluene, low-NQ 0.74+0.23 1.39%:0.14 0.0@:0 2.10+0.13

naphthalene OH 0.62:0.19 0.8%0.09 0.02£0.0044 1.930.12
low-NOx 0.66+0.20 0.88:0.09 0.0a:0 1.96+0.12
high-NOx 0.574+0.18 0.9:0.09 0.04:0.0088 1.8%0.11

(2008. For all experiments, ions in the “OH family” that are same time dependence as O/C, as oxygen is the only major
not H,O™, OH™, and O are added as part of the organic source of SOA mass other than carbon.
mass; however, their inclusion turns out to be negligible to
the O/C and H/C calculations. 3.1 SOA from reactive uptake of glyoxal
Particulate nitrogen signals were observed in highyNO
photooxidation experiments, mostly originating from NO Recently, glyoxal has received attention as being a possible
and NG ions. In ambient studies, these ions usually resultambient SOA precursor. It has been estimated that glyoxal
from the fragmentation of inorganic nitrates in the particle could contribute to at least 15% of the SOA formation in
phase. Although gas-phase nitric acid is produced from theMexico City (Volkamer et al. 2007) and has been impli-
OH-+NO; reaction, at low chamber humidities, nitric acid is cated in SOA formation from the photooxidation of acety-
not expected to partition appreciably into the particle phaselene {olkamer et al.2009. As we will show, the O/C ratio
Thus, the signals of NO and NQ™* ions, termed as “NO  of glyoxal-SOA determined in the laboratory is the largest
Family” ions, are included as part of the organic mass inof any system we consideDzepina et al(2009 modelled
high-NO, photooxidation experiments to estimate the con- SOA formation in Mexico City, including glyoxal SOA, as
tribution of nitrogen from organonitrate compounds. well as updated aromatic SOA yields and SOA from primary
semivolatile and intermediate volatility species. To evaluate
the model, they compared the predicted O/C ratios to those
3 Results measured in Mexico City; assuming an O/C ratio of 0.37 for
aromatic SOA Aiken et al, 2008, the model underpredicts
Table 2 lists the average elemental ratios and estimated urthe oxygen content of the ambient aerosol. When glyoxal is
certainties at the time of the peak O/C ratio for each experincluded as an SOA constituent and assumed to have an O/C
imental system. Aerosol produced from glyoxal uptake ex-of 1.0, the modelled SOA O/C is in much closer agreement
hibits the largest average O/C and OM/OC at 1.13 and 2.68ith ambient measurements (while the assumed O/C of gly-
respectively, andr-pinene-Q SOA has the smallest aver- oxal is close to what we will report below, the O/C assumed
age O/C and OM/OC at 0.43 and 1.70, respectively. SOAfor aromatic SOA is considerably lower than that measured).
from all OH-photooxidation experiments exhibits intermedi-  Figure 1 displays the time dependence of OM/OC, H/C,
ate O/C and OM/OC values ranging from 0.57 to 0.74 andO/C, and N/C ratios during the three glyoxal uptake experi-
1.89 to 2.15. Values of N/C are essentially zero for lowsyNO ments. At the onset of uptake, O/C and OM/OC rise sharply,
experiments and do not exceed 0.08 for highgsN&xperi- reaching values of 1.13 and 2.68, respectively, the largest of
ments. Values of H/C vary from 1.39 to 1.64 for all systems these ratios of all the systems studied. This is not unexpected
except naphthalene-OH, which is 0.89 on average. Timeas pure glyoxalitself has an O/C of 1 and OM/OC of 2.42, the
trends of O/C, H/C and OM/OC ratios for systems with the highest of all the VOCs investigated. In agueous solution, the
same VOC and NQconditions largely overlap, illustrating two aldehyde groups of glyoxal can be hydrated, adding two
that elemental ratios tend to be a function of the extent ofH,O molecules. Also, glyoxal can polymerize to aldols and
conversion of the parent hydrocarbon. OM/OC follows the acetals, removing $O (Whipple, 197Q Fratzke and Reilly

www.atmos-chem-phys.net/10/4111/2010/ Atmos. Chem. Phys., 10,4131-2010
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Fig. 1. Experimental profile of AMS organic mass (not corrected 10 90 100

for collection efficiency), elemental ratios and OM/OC for glyoxal
uptake experiments. Experiment 1 isin blue, 2 inred and 3 in green,

Dotted lines are provided to visually separate different ratios. Fig. 2. High-resolution mass spectra of glyox#) anda-pinene

(B) SOA with elemental contributions to each mass-to-charge ratio
shown. Spectra are taken at the peak of SOA growth.
1986 Loeffler et al, 2006. Thus, the O/C of aqueous-phase

glyoxal can be as high as 2, H/C as high as 3, and OM/OC as
high as 3.92. The measured ratios lay between these bounds, Figure 2a shows the contribution of eagh/zto the el-
suggesting that both hydration and polymerization processeemental composition of the organic mass at the peak of
are occurring in the wet ammonium sulfate seed. organic growth. About 56% of the signal comes from
One can estimate the extent of polymerization based orCHO", CH,O", and CHO™ fragments am/z29-31, with
the elemental composition measured by the AMS. Assum-smaller contributions from CD,™", CoH,0,1, CoH30,™,
ing that free glyoxal in the particle phase is hydrated twice,and GH4O,". Together, these ions represent the bulk of
CyH20,-2H,0, and that oligomerization produces straight the oxygen signal in the AMS spectra. As identified®asil-
chain acetals, for every monomer unit added to the chainjoway et al.(2009, other distinct fragments that appear in
two water molecules are lost. Thus, a glyoxal oligomer will the spectrum, gH705%, CsHs05", and GH7Og™, suggest
have the formula é402n2H2n+4 Wheren is the number  the existence of oligomers of at least3. About 1% of the
of glyoxal subunits. On this basis, one gets e/@+1)/n, total AMS signal can be attributed to nitrogen-containing or-
H/IC=(n+2)/n, and OM/OG=(2:+18)/12:. Using the  ganic fragments resulting from the reaction of glyoxal with
elemental values in Table 2 and solving for the num-  ammonium, producing imidazolesélloway et al. 2009.
ber of glyoxal subunits ranges from 4 to 8Kua et al.  High-resolution spectra of these fragments are provided in
(2008 performed DFT calculations to study the aque- the Supplemental Material hitp://www.atmos-chem-phys.
ous phase hydration and oligomerization of glyoxal andnet/10/4111/2010/acp-10-4111-2010-supplemernit. 38i-
found that the dioxolane ring dimer §8g0g, O/C=1.5, nals from the fragmentation of these compounds result in a
H/C=2, OM/OC=3.2) is the preferred thermodynamic form measured N/C ratio for this system of about 0.01. This is
for oligomerization and that the hydrated trimergEGoOs, possibly an underestimate of the organic nitrogen signal as
0/C=1.3, H/C=1.7, OM/OC=2.9) is the oligomer end- imidazoles may fragment into N ions. These ions are
point. These structures imply a smaller extent of oligomer-part of the “NH family” of ions and were not included as part
ization than suggested by the AMS elemental ratios. Theof the organic signal since they are the primary fragments of
AMS analysis techniqgue may be underestimating the or-ammonium in the ammonium sulfate seed.
ganic oxygen in the glyoxalNHg)2SO4(aq) system but is After organic growth by glyoxal uptake had ceased in ex-
within the reported measurement uncertainty of about 31%periments 1 and 2, the chamber was diluted with clean air to
(Table S2,http://lwww.atmos-chem-phys.net/10/4111/2010/ investigate the reversibility of glyoxal uptake. As shown in
acp-10-4111-2010-supplement.pdf Fig. 1, aerosol O/C decreases slowly after dilution, H/C stays
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30 - ~ 1999 Jang and Kamend999 Glasius et al.200Q Koch

et al, 200Q linuma et al, 2004 Gao et al. 2004. Us-

ing a denuder/filter pack sampling system and derivatization

with GC-MS detectionYu et al.(1999 were able to identify
a-pinene/O, >90% of the aerosol composition by mass at the molecu-

lar level. Using the molar yields reportedYu et al. (1999,
59 we calculate the aerosol-phase elemental ratios for their
pinene/Q experiments as shown in Supplemental Table S4.
The composition analysis yields an O/C range of 0.34-0.36
and an H/C range of 1.56-1.58, which are very close to the
AMS measured values. Using the Nanoaerosol Mass Spec-
trometer,Tolocka et al(2006 determined the aerosol prod-
ucts ofa-pinene/Q to have an O/C ratio of 0.37 to 0.4 for
nucleated particles 30 and 50 nm in diameReinhardt et al.
(2007 used filter sampling in conjunction with electrospray
[ T T T T ionization mass spectrometry to determine O/C ratios of 0.4
0 100 200 300 400 to 0.6. In contrast tivu et al. (1999, using an iodometric-

Ozonolysis Time (min) spectrophotometric techniquBocherty et al.(2005 esti-

mated that nearly half of the SOA mass formedripinene
ozonolysis comprised organic peroxides. Suggested com-
pounds, such as peroxy pinalic acid (&/@44) and per-
oxypinic acid (O/G=0.56), generally have higher O/C ratios
than those measured by et al. (1999 but still close to the

approximately constant, and N/C increases gradually. Thd@nge measured in this study. A comparison of the elemental
AMS organic signal and glyoxal markers decrease relative@nalyses in this work and others is given in Table 3.

to sulfate during dilution, showing that glyoxal can reparti- Important ions in thex-pinene/@ system are noted in
tion to the gas phase and that uptake is reversibaloway Fig. 2b, with the largest contribution to the total organic sig-
et al, 2009. Also, markers for N-containing compounds nal coming from GHzO™ (m/z43) and the largest contribu-
presumably formed from the reaction of glyoxal and ammo-tion to oxygen coming from C& (m/z44) at the peak of
nium, such as 1H-imidazole-2-carboxaldehydaHgN,O,  organic loading. Other prominent peaks reportedhilling
0/C=0.25, H/C=1, N/C=0.5), increase relative to sulfate. €t al-(2009 are also observed. Over the course of the ex-

These N-containing compounds are formed as ammonia rePeriments evaluated here, the contributiomuZ 44 to the
places HO as part of the organic phase. organic signal decreases from approximately 11% to 6—7%

as the organic mass increases.

25 —
20 —
15 —
10

Organic
Mass (ug/m?3)

Ratio

Fig. 3. AMS organic mass (not corrected for collection efficiency)
O/C, H/C and OM/OC ratios for a typical-pinene ozonolysis ex-
periment (Experiment 4).

3.2 «-pinene ozonolysis SOA
3.3 Isoprene SOA

The elemental and OM/OC ratios for the fawpinene/Q
SOA experiments evaluated here are similar so only dats8.3.1 Low-NG
from experiment 4 are discussed. Fig@&shows the evo-
lution of OM/OC, H/C and O/C ratios of the SOA for experi- Figure4 tracks the organic growth, isoprene decay, and ele-
ment 4. The earliest aerosol formed has an O/C ratio of 0.50mental ratios for experiment 10, the longest duration experi-
which decreases throughout the experiment to approximatelynent conducted under low-NQ@onditions. The SOA mass
0.30, close to the O/C ratio reported Aiken et al.(2008 for peaks soon after the onset of irradiation but then decreases
this system. The H/C ratio increases from about 1.3 to 1.5rapidly. Kroll et al. (2006 suggested that the rapid loss in or-
These ratios are in good agreement with the high-resolutiorganic mass could be attributed to photolysis of semivolatile
AMS measurements @hilling et al.(2009. This behavior  or condensed-phase hydroperoxides, as the decay occurred
has been explained by increased partitioning of less oxidize@nly under irradiation and only in a low-NQenvironment.
semivolatile compounds as the mass of partitioning mediumThis hypothesis was supported by Surratt et al. (2006) who
grows Ghilling et al, 2009 Chan et al.2009). There is  found, using iodometric-spectrophotometric measurements,
no substantial difference in SOA elemental composition be-that the contribution of organic peroxides decreased from
tween humid and dry experiments and experiments with and9% of the total SOA mass to 26% over the 12 h duration.
without HOo. For low-NGy isoprene SOA, the O/C ratio is approxi-

a-Pinene ozonolysis has served as a canonical SOA sysmately 0.60 at the onset of photooxidation, decreasing grad-
tem for which the particle-phase composition@pinene  ually to 0.50 in the longest duration experiment. The H/C
SOA has been investigated in numerous studesdt al, ratio starts at approximately 1.2, increases to 1.6, and then
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Table 3. O/C ratios of various laboratory SOA systems.
Isoprene Low-NO,

== Experiment 8
=== Experiment 9

System O/C Ratio  Method Reference === Experiment 10
glyoxal uptake 1.13 HR-ToF-AMS This Study 2
a-pinene+O3 0.30-0.43 HR-ToF-AMS This Study

Organic Mass (ug/m?)
S
1

0.29-0.45 HR-TOF-AMS Shilling et al.(2009
0.27 HR-ToF-AMS Aiken et al.(2008 T T T T T T
0.4-0.6 ESI-FTICR-MS  Reinhardt et al(2007)

0.37-0.4 NAMS Tolocka et al(2006
B-pinenet+O3 0.45 NAMS Heaton et al(2007)
AS3-careng-Os3 0.43 NAMS Heaton et al(2007) °
limonenet-Og 0.45 NAMS Heaton et al(2007) §
0.43-0.50 ESI-MS (Orbitrap) Walser et al(2008
sabinene-O3 0.37 NAMS Heaton et al(2007)
a-pinenet-NOy 0.39 HR-ToF-AMS Aiken et al.(2008
isoprene-OH 0.41 HR-ToF-AMS Aiken et al.(2008 f : : : : : :
050062 HR-TOF-AMS This Study 0 200 400 600 800 1000 1200
toluenet-OH 0.43 HR-ToF-AMS Alkgn et al.(2008 Irradiation Time (min)
0.50-0.74 HR-ToF-AMS This Study
m-xylene+OH 0.50-0.66 HR-ToF-AMS This Study
naphthaleneOH  0.30-0.74 HR-ToF-AMS This Study Fig. 4. Bottom Panel: AMS organic mass loading (not corrected for

collection efficiency) for isoprene low-NQexperiments. Bottom
Panel: O/C, H/C and OM/OC ratios of isoprene SOA formed under
low-NOx conditions. Experiment 8 is in blue, 9 in red, and 10 in

. . . . le.
steadily decreases to 1.45. Using offline filter analyses,purpe

several classes of compounds have been identified as con-

stituents of SOA from the photooxidation of isoprene underg medium for continued partitioning of semivolatile species
low-NOx conditions with ammonium sulfate seed, including \ith a higher H/C ratio into the particle phase. This effect
dihydroxydihydroperoxides (O/€1.2, H/C=2.4), epoxydi-  js also seen in the H/C ratio af-pinene ozonolysis SOA.
ols (O/C=0.6, HIC=2), Gs-alkene triols (O/G-0.6, H/C=2),  However, as noted earlier, with continued irradiation, perox-
2-methyltetrols (O/€0.8, H/C=2.4), and hydroxyl sul- ije compounds could photolyze or react with OH, causing
fate esters (O/€1.4, H/C=2.4, S/C=0.2) (Claeys et al.  the H/C ratio to decrease. The decrease in H/C and O/C ra-
2004 Wang et al. 2005 Surratt et al.2006 2007 GOmez-  tjos could also be explained by oligomerization, agOHs
Gonzlez et al. 2008 Surratt et al.2010. Oligomers of 2-  |4gt through condensation reactions.

methyltetrols and hydroxy sulfate esters have also beeq mea- The spectrum of low-NQisoprene SOA changes through-
sured Qurratt et al. 2006 200§. An O/C value of 0.6 s gyt jrradiation time reflecting the continued processing of the
consistent with SOA consisting of epoxydiols angtélkene 5o consistent with the observed rapid decay in organic
triols. However, numerous studies have reported peroxidegergsol mass. At the peak of aerosol growth about 85% of the
and 2-methyltetrols as major constituents as well, both haV‘organic signal occurs fan/z<45. The strongest signals oc-
ing higher degrees of oxygenation. Tetrol dimers and sul-;r at COH and GH3O*, representing approximately 30%
fate esters will also have O/C ratios higher than 0.6. Thereys ine organic signal as displayed in Fig, with most of the
fore, the expepted particle-phase cpmposition of isopreneoXygen content coming from COH The spectrum changes
OH SOA has higher O/C and H/C ratios than those measuredonsiderably after 20 h of irradiation with the contribution of
by the AMS, reasons for which will be discussed in Sect. 4.2.ihe organic signal decreasing to 75% fofz<45 and contri-
However, the slow decay of the O/C ratio over time could  tions ofm/z 100 increasing. Mass fragment gDalso
reflect the photolysis of hydoxyhydroperoxide compoundspecomes the dominant contributor of oxygen to the SOA.
or reaction with OH radicalsLge et al, 2000. Photolysis  ypjt-mass resolution AMS data froBurratt et al(2008 in-
would split the peroxy bond, releasing an OH radical. The gjicate an increasing signalmtiz>200 over the course of the
subsequent alkoxy radical would then react witht®form  eyperiment, suggesting oligomerization even as organic mass
an aldehyde and HE Reaction with OH would abstract a g gecreasing. The authors of this previous study also pro-
hydrogen leaving an alkoxy peroxy radical which could then posedm/z91 as an AMS tracer ion for peroxides, as the ion
further decompose. Overall these processes have the potepsaches its peak signal earlier than that of organics and de-
tial to deplete both oxygen and hydrogen relative to carboncyeases faster than wall loss. The high-resolution study here
reducing their elemental ratios. confirms the existence of their ion assignment gH@O3 ™,

The time dependence of the H/C ratio is consistent with thethough it also occurs with 17+ (see Supplemental Mate-
effects of two different processes. H/C rises quickly to a peakial).

at about 200 min into the experiment, coinciding with the
peak of SOA growth. The increasing amount of OA provides
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Fig. 5. High-resolution mass spectra of isoprene SOA formed unde
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Fig. 6. AMS organic mass (not corrected for collection efficiency),

SOA growth.
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elemental ratios, and OM/OC for isoprene high-Néxperiments.

Experiment 11 is in green, 12 in purple, and 13 in orange. Dotted

lines ar

e provided to visually separate different ratios.
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Fig. 7. Top panel: Time dependence of AMS organic mass (not
corrected for collection efficiency), O/C ratio, and isoprene con-
centration for Experiment 12. Bottom panel: Time dependence of
NO, NO,, and N/C ratio for Experiment 12. A second addition of

HONO at about 550 min after the start of the experiment is marked.

3.3.2 High-NO;

Under high-NQ conditions, isoprene SOA is characterized
by O/C atomic ratios generally higher than those of lowsNO
experiments. As illustrated in Fig, H/C, O/C and OM/OC
ratios quickly plateau to 1.46, 0.62, and 2.00, respectively,

'and do not change over the course of the experiments. The

N/C ratio, however, peaks early at approximately 0.05 and
deecreases thereafter. Figufeompares the organic growth
and isoprene decay to the O/C ratio, and the gas-phase NO
and NG concentrations to the N/C ratio for experiment 12,
conducted under high-NQconditions. In contrast to low-
NOy experiments, as the isoprene concentration drops, or-
ganic mass grows to a plateau about 4 h after irradiation be-
gins. After organic growth levels out, additional HONO is
added to convert any existing gas-phase intermediates such
as methacrolein and peroxymethacroyl nitrate (MPASr¢

ratt et al, 2010; additional SOA is formed but no change in
elemental composition is observed.

Previous work has established that the main constituents
of SOA derived from isoprene photooxidation under high-
NOy conditions are 2-methylglyceric acid (OK1, H/C=2),
the hydroxynitrate of 2-methylglyceric acid (G42.75,
H/C=1.75, N/C=0.25), and their corresponding oligoesters
(Surratt et al. 2006 2010 Szmigielski et al. 2007 from
detailed offline chemical analyses of filter samples. These
compounds have been estimated to represent approximately
20% of the SOA massSurratt et al.200§. Thus the AMS
elemental ratios are below those that would be expected
from offline filter analysis. Even if one considers the lin-
ear oligomerization of 2-methylglyceric acid by esterifica-
tion, which will reduce the O/C and H/C ratios by removing
H,0, the O/C ratio will not fall below 0.75 and the H/C ratio
will not fall below 1.5.

Atmos. Chem. Phys., 10,4131-2010
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LE high-NO, SOA increases with continued irradiation as well,
5328 j/’?ﬁ LoNG: albeit more slowly. The N/C ratio of high-NGBOA peaks at

2% == Toluene High-NO . .. .

58" = Tousne Lowno” 0.10 shortly after irradiation begins, but decreases gradually

throughout the experiment.

While numerous studies have investigated the chemical
: ) , I composition of SOA from toluene photooxidation, as well
I TR o as other aliphatic aromatic compounds, usually in the pres-
ence of NQ, quantification of particle-phase organic species

Ratio

T X % menerignNo, © X % To‘ueneH‘gh_.Nox| has proved difficultidlamilton et al, 2005 Sato et al.2007).
0.0 . e e et e Kalberer et al.(2004 found that a large fraction of the
o §é§ : L e 50 60 - SOA formed from trimethylbenzene was oligomeric; pro-
z g;gg posed polymer structures lead to an O/C_ ratio ofll.O, and
0.00 — , , , peaks from LDI-MS spectra have O/C ratios ranging from
0 100 200 300 400 0.7 to 1.6. For the same systeRisseha et al(2004 found

Irradiation Time (min)

that organic acids constitute 20 to 45% of the organic mass.

Fig. 8. AMS organic mass (not corrected for collection efficiency), If one considers the small organic acids quantifiedFis

elemental ratios, and OM/OC for single-ring aromatic experiments.S€ha et al(2004), O/C ratios would range from 1 to 2, sub-
Dotted lines are provided to visually separate different ratios. stantially higher than those measured in the experiments sur-

veyed here. Furthermore, aromatic photooxidation yields
considerable amounts of glyoxal, methylglyoxal, and other
SOA derived from isoprene photooxidation under high- multifunctional carbonyls that, if incoporated into the SOA,

NOx conditions also has non-negligible nitrogen content.would produce high O/C ratio8(oss et al. 2005 Hamilton
The nitrogen is likely organic in nature as the gas-phaseet al, 2005 2003 Kalberer et al.2004). However, with the
concentration of N@ remains high throughout the experi- number of less oxygenated compounds measured, including
ment (Fig.7), and recent work has shown that a major route aromatic ring-retaining compounds, unsaturated acids, ke-
to form isoprene-SOA under high-NCconditions occurs  tones and aldehydeS#to et al.2007 Hamilton et al, 2005
through the reaction of the methacrolein peroxy radical withJang and Kameng001), the measured O/C could accurately
NO, to form MPAN (Surratt et al. 2010. Aerosol-phase represent the oxygen content of the SOA formed.
compounds containing nitrogen are presumably the hydrox- AMS data indicate that-xylene-derived SOA has a lower
ynitrate of 2-methylglyceric acid or nitroxypolyols, which O/C ratio than that of toluene SOA. This is likely due to the
fragment in the AMS forming N® and NG ™ ions (Fig.5b). presence of the second methyl groumirxylene. For both
While the addition of extra HONO produces more SOA, it NOx conditions and hydrocarbons, the O/C ratio continues
does not alter the elemental ratios, and continued irradiato increase over the course of oxidation, indicating contin-
tion led to no measurable aerosol processing (Piglf the ued oxidation of the aerosol even after the organic loading
aerosol-phase nitrogen resulted from the uptake of EINO has peaked. This prolonged processing, perhaps as a re-
one would expect a jump in the N/C ratio with the secondsult of OH oxidation of unsaturated compounds in the par-
addition of HONO, just as in the beginning of the experi- ticle phase or of vapor-phase semivolatile species, leads to
ment. The N/C ratio decreases throughout the experimeni@ greater contribution of C£' to the organic signal in each
which could be the result of hydrolysis of the aerosol-phaseexperiment. The SOA from both high-N@xperiments had
organonitrates to form volatile nitric acicétq 2008, or  similar N/C ratios. Under high-NQconditions, organic ni-
photolysis to form an alkoxy radical and NQRenbaum and  trogen is expected as evidenced by the presence of nitroaro-
Smith, 2009 Roberts and Fajed989. The steady oxygen matics Hamilton et al, 2005 Sato et al. 2007 Jang and
and hydrogen content of the isoprene highsN&DA is sup- Kamens 2001). Compounds, like nitrocresols and nitro-
ported by the relatively constant HR spectra. In contrast totoluenes, form from the reaction of the OH-aromatic adduct
the low-NQ isoprene SOA spectrum (Fi§a), much of the  with NO2, which under high-N@ conditions has the same

oxygen in the high-NQ AMS spectrum comes from GO . concentration profile as in Fi@. N/C decreasing could re-
flect the continued photoooxidation of these compounds in
3.4 Single-ring aromatic SOA the gas or particle phases.

At the peak of SOA growth, toluene SOA exhibits similar
Figure 8 shows the O/C, H/C, N/C and OM/OC ratios for spectra regardless of NQevel (Fig.9), except for the exis-
single-ringed aromatic SOA experiments (ire:=xylene and  tence of the NO and NG ions in high-NQ spectra. Mass
toluene). Maximum O/C ratios ranged from 0.60 to 0.73. fragment CQ™ contributes nearly the same amount to the or-
Toluene SOA under high-NQconditions achieves an O/C ganic signal as gH3O™ in toluene experiments. Conversely,
of about 0.7. Low-NQ experiments begin with low O/C C;H30™" is the dominant ion im-xylene SOA spectra, rep-
values that increase with continued irradiation. The O/C ofresenting 19% of the organic signal in low-N©onditions

Atmos. Chem. Phys., 10, 4114131, 2010 www.atmos-chem-phys.net/10/4111/2010/
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Fig. 9. High-resolution mass spectra of toluene SOA formed under,:Ig 10. High-resolution mass spectraméxylene SOA formed un-
low-NOx (A) and high-NQ (B) conditions with elemental contri-  ger |ow-NQ (A) and high-NQ (B) conditions with elemental con-
butions to each mass-to-charge ratio shown. Spectra are taken at théytions to each mass-to- -charge ratio shown. Spectra were taken
peak of SOA growth. at the peak of SOA growth.

and 15% in high-N@ conditions (Fig.9). In both systems,

the fraction of CQ* increases with continued irradiation o«’g 16
with f44 ranging from 10-13% for toluene SOA and 8-10% <t 2 Z
for mxylene SOA. These ranges afifvalues were also ob- g%’ 4 //f —— Experiment 23 (x5) Experiment 25
served bﬁato et a|(201o_ c§0 0 —— Experiment 24 Experiment 26

3.5 Naphthalene SOA

Figureslland12show the elemental ratios for SOA derived
from naphthalene photooxidation at high- and low-NfOn-
ditions, respectively. O/C ratios under low-N©onditions
decrease sharply to 0.30 early in the experiments, but then in-
crease to above 0.70 in the longest experiment. H/C ratios de- NI
crease from approximately 1.0 to 0.9. O/C and H/C ratios for ; Naphthalene High-NO
high-NQ, experiments exhibit similar characteristics; O/C 0.0 | | ’ | |
ratios start from about 0.35 at the beginning of irradiation and ;

then increase steadily to 0.60 in the longest experiment, but
no initial decrease occurred. H/C ratios decrease from 1.0 to
approximately 0.8. N/C profiles under high-N©@onditions
resemble those of isoprene and aromatic high, Ngstems,
starting high at 0.10 and decreasing with continued irradia-
tion. Figurel4 show the spectra for SOA derived under both

0 100 200 300 400
Irradiation Time (min)

NOx levels. Fig. 11. Organic mass (not corrected for collection efficiency), ele-
The elemental values measured by the AMS are close tenental ratios, and OM/OC for naphthalene high;N&periments.
those determined in a comprehensive study of naphthalenexperiment 23 is in blue, 24 in pink, 25 in orange and 26 in green.
photooxidation byKautzman et al(2010, who character- Dotted lines are provided to visually separate different ratios.

ized, from detailed offline chemical analyses of filter sam-

www.atmos-chem-phys.net/10/4111/2010/ Atmos. Chem. Phys., 10,4131-2010
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4 Discussion

S NN

v o oo,

7 - ) 4.1 Overall trends in O/C ratios from laboratory
—— Experiment 18 (x5 Experiment 21
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Mass (ug/m?)

Of the VOCs studied here, glyoxal is unique because no oxi-
dant initiates SOA formation. Based solely on its vapor pres-
sure, glyoxal, the smallest dicarbonyl, would not be expected
to produce SOA . Due to its ability to hydrate and polymer-
ize, however, glyoxal has a large effective Henry’s law con-
stant (oeffler et al, 2006 Ip et al, 2009. These properties,
along with its small carbon number, lead to the largest O/C
of any system studied here and a measured O/C ratio greater
than 1.

Although «-pinene along with naphthalene, has the high-
est carbon number, it produced the least oxygenated SOA.
This is because, with 10 carbonsg;pinene has only one
double bond that is the only active site for ozone reaction.
The lack of subsequent ozonolysis reactions limit oxygena-
tion to first-generation products, primarily consisting of oxo-
carboxylic acids, dicarboxylic acids, and hydroxyl pinonic

Fig. 12. AMS organic mass (not corrected for collection efficiency), acid (vu et al, 1999. This is supported by the chamber

elemental ratios, and OM/OC for naphthalene lowsNéxperi- ~ AMS data reported byNg et al. (2009, which shows that
ments. Experiment 18 is in red, 19 in purp|e’ 20 in green, 21 inthe SOA Chemlstl‘y IS Vll‘tually constant over time. AMS el'

orange, and 22 in blue. Dotted lines are provided to visually sepa€mental analysis confirms this as O/C and H/C ratios remain

1.5

I I I I I I I
0 200 400 600 800 1000 1200

Irradiation Time (min)

rate different ratios. unchanged after semivolatile partitioning has reached equi-
librium.
ples, 68% and 53% of the SOA mass under lowzNaDdd Like single-ringed aromatic SOA, the O/C ratios of naph-

high-NO conditions, respectively. Acidic species and per- thalene SOA increase with irradiation time, surpassing 0.7
oxides represented a major portion of the SOA in both,NO for the longest low-NQ experiments. The aromaticity of
regimes, and nitrogen-containing constituents were 3% of thenaphthalene, toluene, amaxylene allow for multiple oxi-
total SOA mass formed under high-IN@onditions. The O/C  dation steps through ring opening and bicyclic peroxy radi-
and H/C ratios calculated in that study were 0.50 and 0.82 uneal routes Kautzman et a).201Q Bloss et al. 2005 Alvarez
der low-NQ, conditions and 0.48 and 0.83 under high,NO et al, 2007). The different rates of O/C ratio growth between
conditions. The N/C ratios measured by the AMS varied high- and low-NQ conditions can be explained by the source
from 0.02 to 0.10 for SOA formed at high-N@onditions,  of OH radicals. Under high-NQconditions, the rapid pho-
in good agreement witKautzman et al(2010, as they es- tolysis of HONO yields high concentrations of OH radicals
timate a lower bound estimate of N/C to be 0.04 from filter (~3x10” molecules cm?®) at the onset of irradiation, which
techniques. promptly generates SOA. SOA growth slows once HONO is
Under low-NQ, conditions, O/C values descend slightly consumed and OH radicals are produced through/NOy
within the first hour of irradiation, which is likely a result of cycling. Thus, under high-NQconditions, O/C ratios for
less oxygenated species partitioning into the growing organicyaphthalene and single-ringed aromatic-SOA start high, and
phase. This phenomenon is not observed in the high-NO then increase slowly afterward, as depicted in Big. Un-
case, presumably because the high rates of oxidation ander low-NQ, conditions, ppm levels of yO, are needed
aerosol growth obscure this effect. As in the single-ringedto reach an adequate OH concentration and OH levels are
aromatic experiments, the O/C ratio of naphthalene-derivedower (~3x 10° molecules cmi®) but more constant through-
SOA increases well after the organic mass has reached aut the experiment. O/C ratios of the earliest formed low-
maximum in both NQ regimes (Fig.13). This behavior NOx SOA are lower than in the high-NCcase, but grow
is consistent with continued OH oxidation of semivolatile steadily throughout.
species, since most of the gas- and aerosol-phase species stillOf the 5 carbons of isoprene, four are subject to OH at-
retain aromaticity and unsaturation that are susceptible to oxtack, leading to higher O/C ratios than SOA frarpinene
idation by OH. Under high-N@conditions, the rapid decline ozonolysis. Isoprene photooxidation yields very different
of N/C could explained by photolysis of nitrogen containing SOA products depending on the N@vel. Under low-
compoundsAtkinson et al, 1989 Kautzman et a).2010. NOy conditions, isoprene photooxidation products consist
predominantly of polyols and peroxideSurratt et al.2006
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Fig. 13. Organic mass and O/C ratio as a function of time for typical 2

naphthalene photooxidation experiments under lowxNEXperi-
ment 21,A) and high-NQ (Experiment 24B) conditions. Mass iy 14 High-resolution mass spectra of naphthalene-SOA formed
loadings are calculated by multiplying the change in DMA volume |, qer low-NQ (A) and high-NQ (B) conditions with elemental

by an estimated densitgpan et al.20093. contributions to each mass-to-charge ratio shown. Spectra were
taken at the peak of SOA growth.

2010. These compounds initially give isoprene-SOA high
O/C values, but due to photolysis or oligomerization reac-
tions, the O/C ratio decreases. This behavior is in contras

to the behavior of single-ringed aromatic and naphthalene- )
SOA, in which the O/C ratios tend to increase with time. € €lemental ratios measured by the HR-ToF-AMS can be

SOA from isoprene photooxidation under high-N€ondi- compared to_those of compounds detected by offline an-
tions is predominantly comprised of 2-methylglyceric acid 2/Ytical techniques, such as coupled chromatography/mass
and its corresponding oligoeste@ufratt et al.200§ 201Q spectrometry of filter extractions. For systems for wh!ch
Szmigielski et al.2007). However, O/C and H/C ratios re- the majority of th_e SOA mass can be quantified by 0ff||_n_e
main constant over the course of oxidation. advanced analytical techniques, the elemental composition

Table 3 lists the O/C values of various laboratory SOA sys-Of Poth measurement techniques can be compared and val-
tems as determined by different mass spectrometry method

ﬁ.z Comparisons with offline analytical techniques

édated. Fora-pinene/@ and naphthalene photooxidation

As in this study,Aiken et al.(2008 used the AMS to mea- S'OA,'a sqpstantial portiqp of the total organic'm:?\ss has
sure the elemental composition of chamber SOA in severaPeen identified and quantified by coupled gas or liquid chro-
systems: the O/C values of SOA from the photooxidation ofMatography/mass spectrometry (GC/MS or LC/MS) meth-
comparable VOCs tend to be higher in the experiments con0dS and iodometric-spectrophotometric technigivese al,
sidered in the present study. The exact reason for this dispart299 Docherty et al. 2005 Kautzman et a.2010. The

ity is unclear but could be a result of several factors, includ-diScrepancy between thepinene ozonolysis products mea-
ing differences in OH sources, amounts of organic mass, ananEd byYu et al. (19_99 and Docherty et_al.(2003_ could )
extents of reaction. Other studies of monoterpene-derived?® due to the reactive nature of organic peroxides which
SOA tend to yield similar O/C values. Although only O/c décompose to the products measured by gas chromatogra-
ratios are presented in Table 3, measured OM/OC ratios arBNY: However, the elemental ratios of the products suggested

similar to those found in other studies as wéllgindienstet DY Docherty et al.(2003 and the mole-weighted calcula-
al., 2007, 2009. tions of H/C, O/C and N/C ratios of the quantified species

in Yu et al. (1999 are very close to the measured elemen-
tal composition of the HR-ToF-AMS. In contrast, quantifica-
tion of many of the particle-phase constituents of isoprene,
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toluene, andn-xylene photooxidation in both NOregimes  densation reactions, oligomers can hydrolyze, increasing the
has been difficult to achieve. For isoprene photooxidation,oxygenation of the species detected. Double-bonds can also
Surratt et al.(2006 were able to quantify roughly 20% of hydrate, further increasing the O/C ratio of detected com-
the SOA mass formed under high-fN©onditions and 30% pounds. Further work is needed in characterizing the extent
under low-NQ conditions. These measurements, however,of oligomerization in SOA.

have associated uncertainties. Because exact standards were

not available, acidic species formed under highgN©Ondi- 4.3 Uncertainty in the AMS elemental analysis

tions were quantified using surrogate standards. In addition,

peroxides formed under low-NOconditions were quanti- Uncertainties in the AMS elemental analysis method con-
fied using a surrogate with a molecular weight close to thetributing to discrepancies in elemental ratios arise from two
average molecular weight determined from mass spectrommain sources: variations in the ionization and fragmentation
etry techniques. Quantification of compounds in aromatic-of compounds in the AMS and errors in analysis of high-
SOA has been difficult as well, though much of the massresolution mass spectra. To first order, the efficiency with
has been attributed to small organic acidslperer et al.  which a molecule is ionized is proportional to the mass of the
2004 Fisseha et al.2004. Despite the lack of mass clo- molecule. However, variations in the efficiencies at which
sure, the elemental ratios determined by the HR-ToF-AMSfragment ions are detected occur due to the identity and struc-
can be compared to the compounds identified from thesdure of the molecule being ionized. For instance, uncorrected
speciation studies. As noted earlier, the AMS-derived O/CO/C measurements tend to be biased low due to the propen-
ratios of isoprene and aromatic SOA tend to be lower thansity of oxygen-containing fragments to be neutral and there-
those of representative compounds identified by coupledore undetectedAiken et al, 2007. As a result, the raw
chromatography/mass spectrometry. One possible reason feneasurement of elemental ratios requires calibration factors
this difference is the extensive oligomerization present inderived from the analysis of laboratory standards. The uncer-
the particle phase of both systems. Isoprene-SOA formedainty stated irAiken et al.(2008 represents the average ab-
under both low- and high-NQconditions has been found solute value of the relative error of the individual data points
to form high-MW compounds, either by oligomerization or with respect to the regression between measured elemental
organosulfate formationSurratt et al. 2006 2007, 201Q ratios and true elemental ratios of the laboratory standards.
Szmigielski et al.2007). For exampleSurratt et al(2006 The uncertainty estimates for O/C, H/C, N/C, and OM/OC
estimated that 2-methylglyceric acid and its correspondingare 31%, 10%, 22%, and 6%, respectively. Since the uncer-
oligoesters comprise 22—-34% of the high-NSOA mass. tainty is an average for pure standardgen et al. (2008

In addition, Kalberer et al.(2004 found that about 50% suggest it represents an upper bound to the uncertainty of
of the trimethylbenzene SOA mass was oligomeric, possi-measurements of complex mixtures of organic aerosol. Many
bly from the particle-phase reactions of small acifiss{  of those standards are large alkanols and alkanoic acids or
seha et a).2004. Esterification, aldol condensation, and aromatic species, which are quite similar to the compounds
hemiacetal/acetal formation reactions have been implicatedetected inx-pinene and naphthalene SOA. By contrast, few
in producing oligomers. Esterification and aldol condensa-of the standards have structures similar to the species found
tion reactions, however, release® which can evaporate to in glyoxal, isoprene, and aromatic SOA such as polyols, per-
the gas-phase which may occur under low RH conditions.oxides, small organic acids, or larger oligoesters. Thus the
Through VTIDMA measurementd)ommen et al.(2006 calibration factor for an individual compound or class of
found that under dry conditions, isoprene SOA volatility is species like glyoxal may be very different than those deter-
suppressed, implying an enhancement of oligomerization amined byAiken et al.(2008. For instance the O/C calibra-
lower relative humidity. Removal of $O will give lower tion factor for glyoxal is likely within a factor of two of the
O/C and H/C ratios measured by the AMS when compared toAiken factor since the upperbound O/C is likely 2 (O/C of
the monomers measured through chromatography. Substafydrated glyoxal monomer), and the average measurement
tial oligomerization has also been observedripinene/Q is 1.13. As more standards become available or as methods
SOA by Gao et al(2004; however, the relatively low oxy- to measure hard to sample species are developed, the calibra-
genation of the SOA likely restrains condensation reactionstion factors should be revised to reflect ambient OA.

Thus the O/C ratios of the first generation SOA products are Recent studies have investigated the ability of AMS ele-
a good representation of the bulk SOA as measured by thenental analysis methods to measure the elemental compo-
AMS. Kautzman et al(2010 observed no oligomerization sition of organonitratesFarmer et al(2010 studied AMS

in naphthalene-SOA, hence condensation reactions are likeljligh-resolution measurements of organonitrate standards and
non-existent which allows the elemental ratios measured bymixtures and found that most of the nitrogen signal originates
the AMS likely represent the individual species detectedfrom NOy™ ions. Elemental analysis of these standards un-
through filter sampling. Artifacts of chromatographic sep- derestimated the O/C, H/C, and N/C ratios though usually
aration may also lead to a bias in the detection of oligomerswithin the aforementioned uncertainti¢armer et al(2010
(Hallquist et al, 2009. Because of the reversibility of con- found that the underestimation in O/C was approximately
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equivalent to assuming that the AMS detects all oxygen ex- Inclusion of various ions whose signals might not com-
cept the oxygen in the N&Jgroup. In the systems considered pletely be due to organic aerosol mass may also add to mea-
here, the effect of the inclusion of NO family ions to the O/C surement uncertainty. For instance, it is possible that the de-
measurement varies across VOC type. Inclusion of these ionfault treatment of @, OHT and O™ ions may be inap-
increases the measured O/Crofxylene SOA formed un-  propriate for glyoxal-SOA. The glyoxal uptake experiments
der high-NQ conditions by approximately 20%, the largest were carried out at relative humidities of at least 60% so as
contribution for all systems investigated. In a separate studyto produce moist ammonium sulfate seed aerosol. Particle-
Rollins et al.(2010 synthesized four organonitrates similar phase water plays an integral role in promoting uptake and
in structure to oxidation products of common atmosphericoligomerization through hydration, likely leading to larger
VOCs and measured them with an AMS. It was found thatorganic signals at ®, OH™ and H,O". The contributions
while nitrogen was detected at a higher efficiency than pre-of these ions are based on the £Qorganic signal, which is
vious standards, oxygen was detected at a much lower efvery low for glyoxal-SOA, possibly contributing to an under-
ficiency thanAiken et al. (2008. Therefore, both studies estimate of H/C and O/C ratios. Underestimates in elemental
suggest that the O/C ratios measured for highz[d@otoox-  ratios may also be a result of the exclusion of “NH family”
idation experiments are biased low partly because of the inions and “SO family” ions. These ions were not included as
ability of the AMS to efficiently detect oxygen in an organic part of the organic mass because most of their signals could
nitrate group.Rollins et al.(2010 estimated a correction to be attributed to ammonium sulfate seed aerosol. Yet, vari-

measured O/C ratios as follows: ous studies have shown that inorganic constituents of aerosol
0 0 N may react with organics to form new species(lquist et al,
(—) = (—) + 1.5(—) (5) 2009. For exampleGGalloway et al(2009 demonstrated the
€ /true € /rep € /rep formation of reduced nitrogen-containing compounds, par-

where “true” corresponds to the actual elemental ratio of theficularly imidazoles, from a proposed reaction of ammonium
aerosol, and “rep” corresponds to ratios determined using tra@nd glyoxal while organonitrate standards have been shown
ditional correction factors. Given that the maximum N/C ra- t0 produce NK* fragments Rollins et al, 2019. Other
tios for high-NG, photooxidation systems in this study vary Studies have observed organosulfates (FQ), organoni-
from 0.06 to 0.10, the additional correction to O/C ratios trates, and nitrated organosulfates in SOA produced from the
ranges from 0.09 to 0.15. While this is not enough to ac-Pphotooxidation of isoprene in the presence of ammonium sul-
count for the disparity between measured AMS O/C ratiosfate seedgurratt et al.2006 2007, 2010. Kautzman et al.
and those of identified SOA species from highsNéoprene (2010 observed hydroxybenzene sulfonic acid in naphtha-
experiments, it does provide an explanation as to why AMslene SOA in both high and low-NOregimes and most re-
O/C measurements might be biased low. cent investigations of organosulfate standards show that these
Apart from ionization and fragmentation variations, er- compounds tend to fragment into SO family iofgumer et

rors in the analysis of high-resolution mass spectra can alsg'» 2019. Thus exclusion of these ions will negatively bias
contribute to the uncertainty of measured elemental ratiosN/C. H/C, O/C, and S/C values. S/C ratios were considered

For instance, it is crucial that the/z calibration and peak Z€ro, as no sulfur-containing ions were measured apart from
shapes determined from a high-resolution dataset are acc© family ions.

rate. Small deviations in the parameters for either of those

determinations can lead to significant errors in the relative®-4 AMS marker ions and SOA oxygenation

ratios of ion signals with the same mass-to-charge ratio or

the erroneous existence of ions that lie near other ions wittf\nalysis of the elemental contributions of different AMS
large signals. This becomes especially important at low or-Marker ions can provide insight into the possible bulk chem-
ganic loadings and when analyzing relatively lower resolu-istry occurring in the particle phase. In the oxidative systems
tion V-mode data. Across all systems studied here, elemenstudied hered-pinene, isoprene, single-ring aromatics, and
tal analysis of V-mode data consistently produced lower O/chaphthalene), the ions,830" and CQ* atm/z43 and 44,
ratios than that of W-mode data by 2 to 27% when the samdespectively, contribute strongly to the oxygen content of the
set of ions were used. This disparity is almost completelyformed SOA. In past AMS studies 2830 is prominent in
due to an imperfect peak shape atNoroducing artificially  reshly oxidized SOA while C@" appears strongly in the
large contributions for nearby-€s+ atm/z28. In W-mode, spectra of aged OA and laboratory standards of organic acids
these ions are significantly resolved so that their peaks déTakegawa et al.2007 Zhang et al. 2005 2007 Ulbrich

not interfere and the removal of,84+ from V-mode data €t al, 2009. The spectra presented in the current exper-
allows for near agreement of O/C ratios between both mode§Ments support these general observations, as e C"

of operation. It is recommended that theHG* be removed signal is relatively prominent early in the experiments but its

data. increases. In a recent study Kyoll et al. (2009 of hetero-

geneously oxidized squalane particles, the initial increase of
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et al, 2008, typical AMS components derived from positive matrix
factorization (PMF) Aiken et al, 2008 2009 Ulbrich et al, 2009
Zhang et al.2005h, and chamber SOA as a function of precursor
carbon number. Ranges for each precursor represent the total O/C
range achieved in the experiments surveyed here. Shaded regions
represent the typically prescribed O/C ranges for AMS PMF com-
ponents and can vary depending on the ambient data set.
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2008 Fig. 4) and chamber OA. The solid line represents the corre-Of O/Cur well. For thea-pinene/Q, isoprene/high-NQ

lation derived from ambient data. Experiments 19, 22, and 26 areand naphthalene SOA systems, the close 9orre5pondence of
not shown for simplicity. O/Cs4 and O/Gyr results because GO provides much of

the oxygen signal in the spectra. For the single ring aromatic
systems, O/@y is consistently below @C,r but trends with

it. For the isoprene/low-NQsystem, O/G, underestimates
O/Cyr by 50% early in the oxidation, but then increases to
meet Q' Cyr. For these systems, other mass fragments, espe-
Ccially m/z43 (GH301), contribute a large part of the oxy-
gen content. As the contribution ofi/z44 grows in these
experiments, O/gx becomes a better surrogate foy@Qr.

Fig. 15. O/CyR Vs. fa4 for ambient Mexico City OA Aiken et al,

C,H30™ signal was associated with functionalization reac-
tions, those that add oxygen to the carbon chain. With fur-
ther oxidation, the C@" signal increased, which was associ-
ated with fragmentation reactions, those associated with C-
bond scission and subsequent loss of relatively small carbo

fragments. It is likely that such processes are occurring, ei

ther heterogeneously or in the gas phase, in the systems eva% -

uated here, especially for the single-ring aromatic and naph
thalene systems where the O/C ratio continues to increas
even as the total particulate volume decreases (BBdor

example). Although time-dependent densities were not me
sured and wall losses may contribute to the declining par

a

lyoxal-SOA is a special case because,C@epresents less
an 1% of the total organic signal. Although hydrated gly-
gxal and its oligomers are highly oxygenated, they do not
e : ; ; .

contain acid groups that can easily fragment into,CO

Thusm/z44 is a poor surrogate for estimating the oxygen

content of glyoxal SOA. In generat)/z44 adequately repre-

sents the oxygenation of SOA in different oxidative systems,
especially for more aged SOA, and for SOA whenéz 44

has the largest contribution to the spectral signal. In the am-
_%ient atmopherem/z 44 and the correlation determined by
Aiken et al.(2008 may better reflect the oxygen content of
SOA because ambient SOA represents a very large mixture

RecentlyAiken et al.(2008 derived a correlation (Eq. 4) - of compounds from many different VOCs whereas chamber
between 44, the fraction of organic signal ah/z 44 and SOA is relatively more homogeneous.

the O/C measured from the elemental analysis method. Us-

ing this correlation, we can evaluate the extent to which

f44 captures the relative oxygenation of SOA formed in5 Comparison of chamber and ambient elemental

chamber studies. This correlation along with ambient  ratios and spectra

Mexico City data and data from the systems evaluated

here are shown in Figl5. Supplemental Figs. S1, S3, Figurel6shows the range of O/C ratios determined from the
S4, and S6-SOhftp://www.atmos-chem-phys.net/10/4111/ set of chamber experiments evaluated here, as compared with
2010/acp-10-4111-2010-supplement)pdbmpare O/Gr ambient O/C measurements of Mexico City SOA. Chamber
to O/Cy4 for each system as a function of time. For most SOA O/C ratios are plotted as a function of precursor carbon

ticulate volume, it is likely that the continued O/C increase
is occurring through fragmentation reactions that are remov
ing carbon from the particle phase. More study is needed t
elucidate the contributions of functionalization and fragmen
tation pathways of SOA.
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number, and the bars represent the maximum range of O/Gurveyed here, aromatic (toluene;xylene, and naphtha-
values observed for each VOC precursor. The dotted linesene) and isoprene high-NGspectra most resemble that of
represent the average O/C values for different sampling time©OA, with prominent contributions atE30" and CQ*
and areas in Mexico CityAlken et al, 2008, showing that  and relatively small signals at higher mass-to-charge ratios.
the O/C ratios increase with photochemical age. The shadellaphthalene spectra best resemble LV-OOA with a domi-
regions depict the range of O/C ratios commonly attributednant m/z 44 signal; they do, however, have fairly sizable
to the different PMF components found for various ambi- signals at hydrocarbon-like ions, likely from the fragmenta-
ent data setsA{ken et al, 2008 2009 Ulbrich et al, 2009 tion of a retained aromatic ring. The spectransikylene,
Zhang et al.2005ab, 2007, including oxygenated organic toluene and isoprene-high-NGesemble that of SV-OOA
aerosol (OOA), biomass burning organic aerosol (BBOA),with strong contributions at £430". The steady increase
and hydrocarbon-like organic aerosol (HOA). These range®f f44 throughout the duration of single-ring aromatic pho-
and factors are not definite for all ambient data sets but typtooxidation suggests that with continued irradiation the spec-
ify the oxygenation domains for commonly derived PMF fac- tra will look more like that of LV-OOA. Consistent with
tors. Often, the OOA is found to consist of two factors: the measured O/C ratios, the spectrum of SOA framinene
LV-OOA PMF component is considered to represent aged orozonolysis is the least oxidized; along with a prominent
ganic aerosol with a higher O/C ratio than SV-OOA which is C;H30™ contribution, the spectrum shown in Figb has
considered to represent relatively fresh SOA. considerable signals of hydrocarbon-like ions in series sim-

While one might expect SOA O/C ratios to decrease as thelar to that of HOA. One should note that the organic load-
carbon number of the precursor system increases, individuahgs for thea-pinene system were relatively large, and that
differences in elemental composition depend greatly on theat smaller loadings the spectrum will be more similar to that
identity of the precursor and mechanism, and the duration obf OOA (Shilling et al, 2009. Interestingly, the spectrum of
oxidation. In the experiments surveyed here, photooxidatiorthe most oxidized system, glyoxal uptake, least resembles the
of aromatic precursor systems (toluenexylene, and naph-  spectra of previously identified PMF components. The dom-
thalene) produces SOA that achieves higher O/C ratios thamant CHO" ion and other notable ions that exist in the val-
the biogenic systems (isoprene photooxidation@sminene  leys of typical ions series, such as gbp™ and GH,O, ™,
ozonolysis). While this is not necessarily representative ofin the glyoxal-SOA spectrum suggest that if glyoxal uptake
ambient SOA formation, it does provide context to compareis occurring to a significant extent in ambient systems, these
the SOA O/C ratios measured in ambient atmosphere to thosens would be prominent in ambient spectra; they do appear
from chamber experiments. Previous studies have noted thah OOA spectradiken et al, 2009 Sup. Matl.) but not at the
AMS mass spectra of chamber data do not exhibit as muclpercent of the total spectral signal observed here. If reactive
oxidation as the OOA mass spectrum, with the possible exuptake of glyoxal occurs substantially in ambient SOA, its
ception of SOA derived from aromatic precursofh@&ng  contribution to AMS spectra may be obscured by the pres-
et al, 2005a Bahreini et al.2009. The laboratory data eval- ence of other species or by its participation in particle-phase
uated here show that for photooxidation-SOA, O/C ratios ofreactions.
at least 0.5 are achieved, an oxidation state comparable to The work here presents high resolution AMS data of a
that of SV-OOA. Aromatic and naphthalene photooxidation canonical ensemble of chamber SOA systems. While not
yield SOA that increases in O/C ratios throughout the ex-representing the most oxidized ambient SOA, the spectra and
periments, regardless of N@ondition, reaching upwards of elemental composition measurements of the surveyed sys-
0.7, well into what might be considered as the oxygenationtems could provide a basis for linking chamber data to ambi-
state of LV-OOA. Generally chamber studies do not reachent measurements and understanding ambient PMF factors,
the highest O/C ratios observed in remote OA, which canespecially the SV-OOA component. However, more work is
approach unityDeCarlo et al.2008. This emphasizes the needed to correlate AMS spectra with molecular structure,
need to devise chamber experiments that achieve sufficierdnd experiments need to be devised that can reach the oxi-
timescales to achieve the OH exposure needed to form thdation states achieved in ambient systems to further interpret
most oxygenated SOAallquist et al, 2009. the the full transformation of VOCs to OOA.

In addition to elemental composition, comparisons be-
tween PMF component spectra and chamber spectra frorﬁcknowledgemen.tsThifs work was ;upported by the US Depart-
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