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Abstract. The species and chemistry responsible for sec-1 Introduction

ondary organic aerosol (SOA) formation remain highly un-

certain. Laboratory studies of the oxidation of individual, Based on available emissions profiles and laboratory-
high-flux SOA precursors do not lead to particles with massgenerated yield curves, secondary organic aerosol (SOA) has
spectra (MS) matching those of ambient aged organic mapeen estimated to comprise around 60% of the global bur-
terial. Additionally, the complexity of real organic particles den of organic aerosol (OAX@nakidou et al.2005. A
challenges efforts to identify their chemical origins. We haverecent global mass-balance calculation for the removal of
previously hypothesized that SOA can form from the atmo-yolatile organic compounds (VOCs) from the atmosphere
spheric oxidation of a large suite of precursors with varying suggests that this estimate underpredicts SOA production
vapor pressures. Here, we support this hypothesis by usingates by as much as an order of magnituel@stein and

an aerosol mass spectrometer to track the chemical evolusalbally, 2007. Ambient data from major urban areas in
tion of diesel exhaust as it is photochemically oxidized in North America, Europe and Asia support this higher resuilt,
an environmental chamber. With explicit knowledge of the indicating that SOA concentrations downwind of anthro-
condensed-phase MS of the primary emissions from our enpogenic sources are considerably greater than current mod-
gine, we are able to decompose each recorded MS into corels predict e Gouw et a].2005 Johnson et al2006 Heald
tributing primary and secondary spectra throughout the exet al, 2005 Volkamer et al. 200§ Zhang et al.2007).

periment. We find that the SOA becomes increasingly oxi- Discrepancies between modeled and measured SOA for-

dized as a function of time, quickly approaching a final MS mation are not limited solely to concentration differences; the
that closely resembles that of ambient aged organic particUginetics and products of SOA-generating chemistry are also

Ia}te matter. This obgervation is consistent with our hypOthe'problematic. Inexplicably high mass loadings of oxidized
sis of an evolving suite of SOA precursors. Low vapor pres-qganic aerosol (OOA) in photochemically young air masses
sure, semi-volatile organic emissions can form condensable, \exico City indicate that SOA formation is rapid enough
products with even a single generation of oxidation, resultinginat SOA can be the dominant component of OA there, even
in an early-arising, relatively less-oxidized SOA. Continued locally, at certain times of dayblkamer et al, 2008). Th,e
gas-phase oxidation can form highly oxidized SOA in sur- oyidation chemistry of the high-flux VOCs that have tradi-
prisingly young air masses via reaction mechanisms that cagonajly been included in models as SOA precursors cannot
add multiple oxygen atoms per generation and resultin prodgypjain these observations. Nor do chamber studies of the
ucts with sustained or increased reactivity toward OH. SOA resulting from these precursor produce particulate mat-
ter with mass spectra (MS) matching those of ambient OOA
(Alfarra et al, 2006 de Gouw et a|.2005.

Correspondence taN. M. Donahue Taken together, these observations point to serious deficits
BY (nmd@cmu.edu) in our understanding of the chemical nature of SOA, making
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it arelatively poorly characterized contributor to atmosphericnot accurately reproducing either the species or the chem-
aerosol. In response, efforts have been made to speciate anstry involved in ambient SOA formation. This points to the
bient OA (Schauer et 81999 Rogge et al.1993 Williams need for laboratory SOA experiments carried out under more
et al, 2006. However, these efforts are challenged by the atmospherically relevant conditions.

complexity of the samples, which have been shown to con- In response, we have exposed whole diesel exhaust (va-
tain tens of thousands of compounéamilton et al, 2004, pors and particles), without explicit knowledge of its molec-
with the molecular identity of the majority of the organic ular composition, to atmospheric oxidants in an environmen-
mass still unknown. Molecular-level approaches confirmtal chamber. The goal of this paper is to use Q-AMS data to
that SOA is the product of complicated, uncontrolled radicalcharacterize the chemistry of SOA formation from the UV-
chemistry that results in compositionally complex particles; initiated oxidation of this exhaust. A unique advantage of
the identities of the individual compounds are unlikely to un- these experiments is that we know the spectrum of the pri-
ambiguously indicate their origins. Consequently, there ismary organic aerosol (POA) because it is monitored prior to
a need for physically meaningful parameterizations that will the initiation of chamber chemistry. With this knowledge, we
allow this chemistry to be efficiently and accurately incorpo- are confident that we can remove the POA spectrum from the
rated into atmospheric chemistry models. total organic MS with fidelity.

Due to this need, investigations of the chemical nature of |n these experiments, SOA was formed rapidly and in
bulk SOA are also underway. Recent advances in aerosthigh concentrationsRobinson et a).2007 Weitkamp et al.
mass spectrometry have yielded a wealth of information2007). Here, we carefully consider the the MS of this SOA.
about the composition of ambient particles. However, thewe track the evolution of the MS in time and discuss what
time-averaged sampling necessary to generate acceptabiiat evolution suggests about the species and chemistry driv-
signal and the high-energy ionization methods standard tang SOA formation. We compare this MS to the OOA
mass spectrometry, when combined with the complexityMS derived from the CPCA method to reconcile the time-
typical of atmospheric organics, result in spectra that candependence observed in our SOA with the time-invariant
not be deconvolved to a molecular level. Still, consider- OOA component used to describe ambient data. And, we
able progress has been made in determining the propertiesvaluate the atmospheric relevance of our experiments by
of OA based on its total signal. For example, laboratory comparing the composition of our oxidized OA to that of am-
studies have confirmed the formation of “oligomeric” oxi- bient aged OA.
dation products with masses several times those of the reac-
tants Kalberer et al.2004. Combined thermal desorption
and aerosol mass spectrometry provides insight into the va2 Methods
por pressures of particle constituen&hgattopadhyay et al.

200). And, several mathematical methods for the analy-The experiments discussed here have been described in detail
sis of bulk spectra, informed by existing knowledge of at- in a companion publication/Neitkamp et al.2007). Briefly,
mospheric organic chemistry, can classify organic materialseveral experiments were conducted to observe UV-initiated

by source, functionality, and oxidation staiafireini et al. oxidation chemistry of diesel exhaust in the Carnegie Mel-
2005 Marcolli et al, 2006 Zhang et al.2005a Lanz et al, lon University smog chamber. The chamber (described in
2007). detail inHuff Hartz et al, 2005 Presto et a).2005 is com-

Zhang et al(2005b have convincingly applied one such prised of a 10 Teflon bag filled with clean, dry air. The
method to ambient data collected during the Pittsburgh Airbag is suspended in a temperature-controlled room banked
Quiality Study. Their approach, employing a custom prin- with UV lights. In these experiments, small amounts of ex-
cipal component analysis (CPCA), mathematically decon-haust from a single-cylinder diesel generator (Yanmar) oper-
volves the organic MS from an Aerodyne quadrupole aerosobted under several engine loads were added to the chamber.
mass spectrometer (Q-AMS) into two time-invariant factors: After injection of the exhaust, the UV lights in the chamber
hydrocarbon-like organic aerosol (HOA) and oxygenated or-were turned on to initiate oxidation. The chamber was held
ganic aerosol (OOA). These two factors combine to explainat 23 C£1°C and~5% relative humidity. The evolution of
99% of the variance in the Pittsburgh data set. Additionally,the resulting aerosol was observed for several hours using a
they show the temporal trends of HOA to be strongly corre-Q-AMS (Aerodyne Research, Inc.), a scanning mobility par-
lated with those of elemental carbon, NO, and CO, indicatingticle sizer (SMPS, TSI 3080), and a proton transfer reaction
that HOA is associated with primary emissions; OOA is sim- mass spectrometer (lonicon).
ilarly correlated with sulfate, suggesting that it constitutes In each experiment we observed significant particle
SOA. Results from other locations have also demonstratedjrowth after illumination — in most cases the wall-loss cor-
success using similar approachg&bdng et al.2007 Kondo rected particle mass roughly doubled after a few hours. We
etal, 2007). Interestingly, the OOA component derived from observed ten times more SOA than we expected based on
the CPCA method is not the MS of SOA formed in typical oxidation of volatile aromatic precursors such as trimethyl
chamber experiments, suggesting that these experiments abenzene\(eitkamp et al.2007). Our conclusion, discussed
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elsewhere, is that oxidation of semi-voltile gas-phase specie¥his concentration (corrected for multiplier degradation) was
is responsible for this mass increa&mbinson et a).2007). taken to be representative of concentrations throughout the
Here we wish to explicitly consider the chemical nature of experiment. C@concentrations varied from 350 to 640 ppm
the SOA that was formed. Toward this end, the compositionin the experiments discussed here. These concentrations
of the non-refractory portion of the diesel particulate mattermake gas-phase GG minor contributor € 1%) to the to-
was monitored using a Q-AMS. The Q-AMS alternated be-tal mass ain/z=44, so we do not expect our results to be
tween operating in mass spectrum (MS) scanning mode angdensitive to this correction.
in particle time-of-flight (PToF) mode every fifteen seconds With higher resolution data, it would be possible to con-
(Jayne et a).200Q Jimenez et al.2003. The sample aver- sider additional corrections to the fragmentation table. For
aging time was five minutes, and the vaporizer temperature&xample, there is undoubtedly organic signah@t=30 due
was 600C. This instrument has unit mass resolution, andto CHO™, which is currently being attributed to nitrate. We
therefore cannot distinguish among fragments with the sameannot quantify this signal because the AMS-fragmentation

integer mass. pattern for NQ originating from organic nitrates is un-
known. This hampers our ability to quantify organic nitrate
2.1 AMS data interpretation formation, a potentially interesting source of early-forming

SOA, in these experiments.

The AMS data were analyzed using the standard fragmen- All of the spectra presented here are normalized by total
tation and batch tables, with corrections applied for particlegrganic mass to facilitate comparisons among experiments
mass appearing at a mass-to-charge ratigz} of 28 and  and methods. Differences in the collection and ionization ef-
for increased gas-phase gConcentrations when necessary ficiencies between primary and secondary organics may ex-
(Allan et al, 20043b). ist, but this normalization eliminates any need to explicitly

The AMS signal ain/z=28 is normally attributed entirely consider these variations with particle composition.
to gas-phase gil This signal is used as an internal standard
to quantify and correct for normal electron multiplier degra- 2.2 Decomposition of organic MS

dation over the course of a study. However, organic com- _ _
pounds that produce either C@r C;H fragments can also The MS recorded by the Q-AMS are time- and spatially-

produce signal ain/z=28. In order to both accurately re- averaged composite spectra of a complex mixture of hun-
port the organic mass and reliably apply the multiplier-decaydréds of chemical compounds, which are further com-
correction, we must properly apportion the observed signaP!icated by the fragmentation characteristic of the high-
between the gas and condensed phases. To facilitate this afgMPerature vaporization and electron-impact ionization of
portionment, we sample chamber air through a HEPA filterorg9@nic species. The deconvolution of these spectra into in-
for at least 20 minutes prior to and after each of our experi-dividual chemical components is an overwhelmingly difficult
ments. We attribute the signal at/z=28 during these filter task, and we |n§tead aim to describe .the chemical evolution
samples entirely to F and we use it to quantify the mag- of the SOA that is formed from properties of the bulk spgctra.
nitude of the multiplier decay over the course of the experi- e use two methods to decompose the bulk organic MS
ment. Additionally, we include:/z=28 on our list of masses into reducgd and oxidized components. The firstis our rgad—
monitored in PToF mode. Using these PToF data, we cari@l analysis method, described below, and the_ second is the
plot dn/d(logD,,) versus logD,.) (Where D,, is the vac- CE’CA method ochang et al(20053. In our r§3|dual anal-
uum aerodynamic diameter) and observe a bimodal size dis¢SiS method, we exploit the advantage provided by the con-
tribution. We integrate these curves to find the fraction of rolled nature of a smog-chamber study: itis a batch process
the mass ain/z=28 in the particle-phase throughout an ex- With @ known POA MS. Using this primary MS (Mga) and
periment. We attribute this fraction of the mass recorded a@SSuming that the chemical composition of the POA remains
m/z=28 to the organic MS; the balance of the mass is at.constant throughout theT experiment, we can obtain t_he MS
tributed to gas-phase N This allows us to constrain the of the secondary material (Midua) that is formed during

shape of the multiplier decay curve between the two HEPA-the experiment by subtracting the known Msa from the
filter sampling periods. observed total spectrum at time

The signal appearing at:/z=44 is normally appor-  MSyesiquai= MS; — f57MSpoa (1)
tioned assuming a constant atmospheric;@dundance of

370 ppm, but engine exhaust can have considerably highefere fs7 is the maximum fraction of Mo that can con-
CO, concentrations. We rely heavily on the organic sig- lPute o M$. We define M$on as the MS recorded prior

nal atm/z=44 in our analysis, and so adjusted this frac- to the initiation of oxidation at time,=0, and assume that it
tion to ensure that we reliably attributed the observed sig-S &1 invariant and known component of the total MS at each
nal. The gas-phase G@oncentration in the chamber was subsequenttime fs7is calculated as:

found by attributing the entire signal at/z=44 during the _ Mypyz=57(1) @
post-experiment HEPA sampling period to gas-phase.CO /57— Mo jz=57(to)
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wherem,, /,—s7 is the mass appearing atgz=57 in the or-  to, for example, heterogeneous processing, could affect the
ganic MS. Values offs7 slightly exceeding unity occasion- apportionment of organic aerosol between primary and resid-
ally occur in the first few samples after the chamber lightsual components. We can estimate the potential effects of het-
are turned on and are attributed to incomplete mixing in theerogeneous oxidation by assuming that it is dominated by
chamber. This residual analysis method of apportioning or-OH uptake. With an OH uptake coefficient of unity, 1700 nm
ganic mass between primary and secondary material is iparticles with a density of 1 gcnd and a mean molar mass
good agreement with independent wall-loss estimates fronof 150 g mot ! would have a lifetime with respect to OH ox-
SMPS data, as shown below. idation on the order of 2 days in our experiments. Therefore,

We have also applied the CPCA methodZifang et al.  at the conclusion of a 5-h experiment, no more than 12% of
(20053 to data from these experimen&h@ng 2005. This  the POA should be oxidized.

method deconvolves observed organic mass spectra into two Accounting for either partitioning or heterogeneous oxida-
factors: HOA and OOA. These component MS are deter-jon would increase the fraction of the material identified as
mined iteratively, starting from an initial guess based on theprimary, and decrease the fractional contribution of oxidation
time series of the organic mass appearing at representativigarker peaks, such as/z=44, to the MSesiqual Making it
peaks f1/z=57 andm/z=44, respectively, for HOA and appear relatively less oxidized. However, based on our con-
OOA) that is refined based on the results of multiple multi- tro| experiments and our knowledge of the oxidation condi-
variate linear regressions. The MS observed at any time durtjons in the chamber, we cannot explain our results in terms

ing an experiment can be expressed as a linear combinatiogf these two phenomena. Neither shows an effect within an
of the resulting HOA and OOA SpeCtra for that eXperiment. order of magnitude of the Changes we observe.

Both apportionment methods provide insight into the
chemical processes occurring in the chamber. However, ther,
is a fundamental difference: the two factors (HOA and OOA)
in the factor analysis method are, by definition, constants
with a time-evolving mixing term that describes the tempo-
ral evolution of the overall mass spectrum; on the other hand
in the residual analysis method M&u is a constant, fixed at
its initial value, but M%ssiguaican and does evolve in time.

The use ofn/z=57 as the single marker peak that dictates
flow much of a given MS is attributed to primary material is
in general agreement with the identification/efz=57 by
Zhang et al(20053 as the single best tracer for HOA based
on a combination of its intensity and unique sourcal-(gt)
in the MS of combustion exhaust. However, beyond its well-
documented correlation with anthropogenic POA, our choice
of m/z=57 is purely phenomenological: it is the first MS
peak to reach zero when we progressively increase the frac-
tion of MSppa that is subtracted from the observed total MS
Implicit in our use of a single MS peak as a scaler for the en_(Zhang et al'200.5a C_:anagaratna e.t a12004)._Amb|ent data
tire MSpoa is the assumption that the initially recorded MS suggest that attrlbl_mng allof the S'gnawsz may over-
accurately represents the chemical composition of the Con_estlmate' thg contrlbuthn of POA. Application .Of. the CPCA.

method in field campaigns has found that oxidized organic

densed fraction of the primary emissions throughout an ex-

i i = i 0 0
periment. This assumption excludes consideration of spectnalterlal has a signal at/z=57 that is between 2% and 6%

e . ... _Of that atm/z=44 (Zhang et al.2005h. In our experiments,
tral changes due to both repartitioning of primary emissions e find that reducing the amount of M& subtracted from

and condensed-phase chemistry. The first exclusion we ca 2 . . .
validate based on our observations that the-iSfrom the .S’ to meet th_'s criterion re;ults_ in only a slightly I(oess oxI-
engine used in these experiment varies little between experig'zed MSesidual the change irfs7 is on the order of 1%.
ments and control experiments that show that it changes neg-
ligibly in the absence of light. Over the conditions of these
experiments (initial mass concentrations of 5 t@@m?®, as
measured by the SMPS assuming spherical particles with
density of 1 gcm3), changes in partitioning do not appear
to affect the basic features of the averagedoi$S In each of the experiments discussed here, the MS of the con-
The second assumption is more difficult to evaluate. Am-densed phase changes with time. The fractions of the total
bient observations of molecular-marker decay and laboratorprganic mass appearingmayz=44 (CQJ) and 31 (CHO™),
studies of the heterogeneous reactions in organic particleBvo masses that are indicative of oxidized material, increase
suggest that condensed-phase primary organics are oxidize#dith time, while the fractions appearing at masses associated
under atmospheric conditionR¢binson et a)2006 Rudich  with reduced organic material, suchagz=57 (CG4Hg) and
et al, 2007). However, in their analysis of OA in Pittsburgh, 71 (GsH{,), decreaseZhang et al. 20053. From the in-
Zhang et al(2005h show a strong correlation between OOA creasingly oxidized nature of the condensed-phase material
and sulfate concentrations, indicating that the OOA signal isand accompanying observations of increases in its mass, we
primarily due to SOA, not oxidized POA. Here, we assume conclude that substantial amounts of SOA are formed from
an invariant M$oa, but small changes in this spectrum due the oxidation of diesel emissiong/gitkamp et al.2007).

2.3 Uncertainties involved in the residual analysis method

§ Results and Discussion
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Fig. 1. Results of the organic mass apportionment from the residual analysis method for three experfa)dots:(6.5.9 m*3), (b)
medium (10.2.gm~3) and (c) high (68.g m—3) initial aerosol mass concentrations. Masses are reported from SMPS data assuming
spherical particles with a density 1.0 gcf Results from an inverse wall-loss model are also shown. Dotted lines assume wall loss rates to
be independent of particle size while dashed lines explicitly incorporate a size-dependence.

3.1 Decomposition of organic MS of the organic mass. In the following section, our detailed
analysis focuses on the third, highest mass(&2) ex-

Using the residual analysis method in EdB. 4nd @), the  periment where the two approaches are in excellent agree-

decomposition of the organic mass into primary and residuament. Here, we are confident that the residual MS reflects

components in three different experiments is shown by thehe composition of the SOA that is formed. We will then

solid lines in Fig.1. The three experiments vary in both ini- show that these results are consistent with our observations

tial mass concentrations of primary aerosol and engine loadsrom and hence generalizable to the other experiments.

Each experiment, however, shows the same trend. Within 15

minutes of the initiation of oxidation, the primary MS frac- 35 Eyolution of MSesigual

tion begins to diminish. Within 1 h, the primary MS only

accounts for 70% of the observed organic mass. The primar

MS fraction continues to decline throughout the experimentsyrhe time-dependent evolution of the Mguuaiis demon-

though at a slowing rate, until, after 3 h, only between 30 and‘strat_ed by the result; of a typical experiment shown in E"g'
0 In Fig. 2a, the organic mass measured by the Q-AMS is ap-
60% of the observed mass is primary.

. . . L. ortioned between primary and residual components as dis-
We wish to verify that the residual analysis gives us a rea—p P y P

bl / it b i all i~ chamb ~cussed above. The MS of the grey portion ispd® The
sonable POA/SOA split, but as in all static chamber experi-pis of the green portion is MSsiaual this spectrum evolves

ments, uncertainties in the wall-loss rates limit our accuracy;,, «ime as indicated in Figeb and c. According to this ap-

Direct observation of wall loss in the_se experiments Is CONhortionment, secondary material begins to form immediately
founded by concurrent SOA production. Using SMPS data,

. N after the chamber lights are turned on and accounts for over
and an inverse mocjel (Aerosol Paramc_eter Estimation modelio% of the total organic mass within 15min. After 5h, the
APE), we have estimated wall losses in the chamber durin
these experiments (Pierce et al., 2§0The APE model al-
lows us to explicitly calculate the primary mass in the cham-

ber. With this we can apportion the recorded SMPS mass be-,

Sresidgual@ccounts for approximately 40% of the suspended
organic mass.

One of the most straightforward indicators of the oxida-

tween primary and new (secondary) and then compare thi%‘;t? state of o;%%réic a1e_rhosoCI Is t?e mass appeariﬁg/amt_
apportionment to the MS-based apportionment. Although'<"an9 eltjall_. g 3. X e 'tha%\]/lesm appea}lﬂng att ;]S
both approaches require a humber of assumptions (as dignass is believed to form in the primarily from the

cussed above and Weitkamp et al(2007), the two meth. dedradation of pyrolyzable material on the AMS vaporizer

ods are independent, and their overall agreement is reasoﬁ-urface' Signal at this mass is a good indicator for OOA and

able. The results are compared in Fig.The discrepancies is emerging as a decent surrogate for tracking the O:C ratio

that do exist suggest that the residual analysis method anl unit-resolution instruments (Aiken etal., 2008). Figake

wall-loss model estimates of the POA/SOA split converge asShOWS the percentag_e of thg mass In thqéyl@mappgarlng
t m/z=44 as a function of time. This simple metric shows

aerosol mass increases. At lower aerosol masses, the resi _ ; . -
ual analysis method may underestimate the primary fractior]"® residual becommg progressively more oxidized over the
course of the experiment. The percent of the M&ua ap-
lpjerce, J. R., Engelhart, G. J., Weitkamp, E. A., Pathak, R. K.,pearing afm./z:44. in(.:reases by a faCtor of three, fro.m 4.%
Pandis, S. N., Donahue, N. M., Robinson, A. L., and Adams, P. .].:to 12%, dprmg this fl\{e-hour expgr!ment. The combination
Constraining particle evolution from wall losses, coagulation, and©f the residual becoming more oxidized (F2yp) and the de-
condensation-evaporation in smog- chamber experiments: optimatreasing fractional contribution of Mga (Fig. 2a) means
estimation based on size distribution measurements, Aerosol Scthat the organic particles are becoming increasingly oxidized
Tech., submitted, 2007. with time.
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Fig. 2. Results of reisdual anlaysi¢a) Apportionment of organic signal among primary (grey) and residual (green). The MS of the grey
portion is constant and is shown in Fi.the evolving MS of the green portion is shown to the right. The colored lines indicate the times
for which residual spectra are show(n) Percent of the residual MS mass appearing a4=44 as a function of time. The colored circles
indicate the times for which residual spectra are shofeh Changes in the residual MS with time starting at 0.15 h after the initiation of
oxidation (bottom, red) and shown every hour until 5.25 h (purple, top). The dashed linemyaekd4.

Figure 2c shows the evolving oxidation of the residual composition does not evolve in time because they are no
fraction of the organic mass in more detail. Six residual spec{onger reactive with the oxidant. Increased precursor oxida-
tra are shown at one-hour intervals starting 15 min after thetion simply increases the total product mass without chang-
initiation of oxidation. These times are designated by the col-ing the product composition, and the most oxidized SOA is
ored lines and circles in Fig&a and b, respectively; the ear- observed to condense first, at the lowest aerosol loadings.
liest spectrum is shown in red at the top of the column and theThis is presumably because the most highly oxidized mate-
lastin purple at the bottom. Two features of the time series ofrial generally has the lowest vapor pressure; therefore, it con-
these M&siguaiare readily apparent. The first is that the ba- denses earlier, at the lower OA concentrations. This differ-
sic structure of the residual spectrum emerges quickly, beinggnce between our current results and those looking at SOA
established only 15 min into the experiment. The dominantformation from ozonolysis of biogenic precursors strongly
peaks in the first M@siguairemain dominant throughout the suggests that the chemistry occurring in the diesel experi-
experiment. The second is that the ratio of the height of thements involves a suite of precursors that form condensable
peak atn/z=44 to that atn/z=43 (the 44:43 ratio) steadily products after varying numbers of oxidation reactions. Our
increases throughout the experiment. In the early spectragbservations match more closely with recent chamber pho-
m/z=43 is the strongest peak, whereas in the later ones it isolysis studies, which also show SOA that is becoming pro-
m/z=44 (andm/z=18, which is set equal tm/z=44 in the  gressively more oxidized with timeBéltensperger et al.
fragmentation table used hewllan et al, 20043b)). 2009. We attribute this to continuing oxidation of semi-

volatile gas-phase species: when reaction products remain

Traditional single-precursor SOA experiments often dis-reactive with the oxidant, the gas-phase chemistry will con-
play behavior opposite that observed hefgng et al.  tinue until its products are of sufficiently low vapor pressure
2006. In those experiments, terpenes react with ozoneto condense.
at carbon-carbon double bonds, leading to products whose

Atmos. Chem. Phys., 8, 1139152 2008 www.atmos-chem-phys.net/8/1139/2008/
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Fig. 3. Detailed evolution of the residual MS as a function of time during a typical experiment. The cumulative changes occurring at each
m/z ratio relative to the initial M{siguaat £=0.25h (in red in Fig2c are shown. The height of a bar indicates the change in the percent
contribution at thatz/z ratio and the color of the bar indicates the time elapsed.

The spectra shown in Fi@.are expressed in terms of per- terial: as long carbon chains become more functionalized
centage of the total organic signal, so the relative increase imith oxidation, they are increasingly fragmented by electron
signals atn/z=44 and 18 (more than 15% of the total organ- impact ionization, and signal in their MS shifts to smaller
ics) must be counterbalanced by corresponding losses elserasses. Hence, small masses become increasingly dominant
where. These losses are dispersed, appearing as small relas oxidation progresses.

tive decreases at most masses greaterihar62. The pro- Our fundamental conclusions from the data shown in
gressive changes observed in the (¢guaiover the Course  ijgs 2 and 3 are that a large amount of SOA is formed

of this experiment are shown in the difference spectrum ingom oxidized diesel emissions and that the MS of that SOA
Fig. 3. This spectrum shows the cumulative changes 0C+g changing as a function of time. Moreover, our residual

curring at eaCh"_/Z rati(_) rel_ative to the initial M%_Sidua' at analysis indicates that the compounds comprising this SOA
1=0.25h, shown inred in Figc. Masses that are increasing gre hecoming substantially oxidized on surprisingly short
in importance with time are shown as positive; those that argjnescales. This observation is consistent with ambient ob-
decreasing are negative. Examples of masses of increasingyations that show rapid production of relatively oxidized
and decreasing importance aw¢z=44 and 91, respectively. gop (Salcedo et a2006. Based on our knowledge of con-
The height of a bar indicates the change in the percent contrigitions in the chamber during these experiments, we expect

bution at thatn/z ratio and the color of the bar indicates the 5t the observed SOA formation results from a highsNO
time elapsed. For example, the mass appearing/a&=44 oy injtiated oxidation scheme such as that outlined_lny

is shown in Fig2b to increase from 4% to 14% of the total 4 Ziemann(2005. The organic mass was dominated by
organic mass betweer0.25 and=5.25h; this 10% change  yqrocarbons, the OH concentrations were calculated to be
is indicated by the purple bar a¢/z=44 in Fig.3. Masses in 3. 1,106 molecules cm?, and NQ concentrations, though
Fig. 3that_sh0w the same colo_r progression shown in Ecg not measured, were assumed to be high. High-Mgida-

are changing systematically with oxidant exposure. Initial in- oy of saturated hydrocarbons initiates a rapid sequence of
creases (shown in orange) followed by subsequent decreasggicq| reactions and isomerization steps that lead to substan-
(shown in blue and violet) in the fractional contribution of a1y oxidized, stable products. In this mechanism, a single
m /=28 interestingly suggest that the Cdragment is im- 5y 3113k can result in the addition of three oxygen atoms
portantin the early, rapid phase of SOA formation, butnotasy, 4 saturated hydrocarbon almost immediately. Hence, the

much in the later, slower phase. Overall, this spectrum showg,iqation of semivolatile organic vapors can rapidly produce
a characteristic typical of increasingly oxidized organic ma- relatively oxidized SOA.
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Fig. 4. Variations in thga) primary andb) residual spectra among experiments. Colors correspond to the three experiments showh in Fig.

As product oxygen-content increases, volatility will gener- appears at:/z=44. It is possible that this signal is due to
ally decreaselim and Ziemann2005. If this volatility de- C3H§F, to pyrolysis or, since engines are oxidizing devices,
crease is sufficient given background aerosol mass loadingso some oxidation resulting in a contribution from ﬂ!‘CRe-
that product will condense to form SOA. The point at which gardless of its source, there is material at thi& ratio in
a species’ volatility is lowered enough so that it will con- our primary fraction that is not found in analyses of ambient
dense depends strongly on the original precursor’s volatilityemissions Zhang et al. 2005a Canagaratna et al2004).
(well-represented in alkanes by the carbon-chain length), thahe modest variations among our primary spectra are due,
background aerosol mass loading, and the number of genemost likely, to changing engine loads, initial mass concen-
ations of oxidation chemistry this precursor has undergonetrations, and exhaust injection-port temperatures, but these
With time, increasingly volatile precursors (with shorter car- variations have not been systematically explored.
bon chains) will have accumulated enough oxygen so that Figure 4b shows the final M@siquas averaged over the
they can condense. Hence, the O:C ratio (represented here yst five sampling periods (25 minutes) of each experiment.
the fraction of the mass appearingiatz=44) observed inthe  Each spectrum has the same basic structure, dominated by
particle increases steadily with time both because of the adthe peaks at:/z=18 and 44. All show that the 44:43 ratio
dition of one to three oxygen atoms to a precursor with eachexceeds unity, though not by as much as in spectra of aged
generation of gas-phase chemistry and because the length gfganic material from field studies downwind of Vancouver
the carbon backbone capable of condensing decreases witfy in the OOA component of the total spectrum in Pittsburgh
each generation of chemistry. (Alfarra et al, 2004 Zhang et al.2005h. Our data suggest

At the OH levels present during these experiments andhat this ratio continues to increase with time, but our ability
using rate constants typical of large saturated and unsatuo explore this evolution further is limited by loss of mass
rated species, one generation of oxidation occurs every 3-5tb the chamber walls. The high mass experiment shown in
(Atkinson and Arey 2003. Remembering that the genera- the bottom panel of Figdb was the longest of the three and
tional lifetime refers to the point at which the reactant con- shows a correspondingly larger mass fractiom at=44.
centration has dropped toeldf its initial concentration (i.e.,
the chemistry of that generation is nearly complete), itis rea-3.3 Analysis method comparison
sonable to expect that the particles at the end of even these
relatively short experiments are comprised of multiple gen-The residual analysis method is uniquely suited to laboratory
erations of products. studies, because it requires explicit knowledge ofpd&

The results shown in Fig&.and3 are typical of those ob-  This knowledge, however, provides us with some confidence
served in all three experiments. The variations among then attributing our MSesiguaito the SOA being formed in the
MSpoa and the final M&siqualin the three experiments are experiment. Ambient conditions do not easily accomodate
compared in Fig4. All three MSoa show patterns charac- measurements of a representative fd§ making it nec-
teristic of samples dominated by long alkyl chains. Similar essary to mathematically deconvolve ambient organic MS.
spectra have been observed for fuel and lubricating oil in lab-Zhang et al(20058 have used their CPCA method on data
oratory studies and for fresh vehicle emissions in New Yorkfrom Pittsburgh, Pennsylvania to convincingly apportion or-
City chase studiesJanagaratna et ak004). This patternis  ganic aerosol between two components: an oxidized com-
also characteristic of the HOA-component of ambient spectrgponent (OOA) that closely tracks processes associated with
analyzed using the CPCA method4#tiang et al(20053. It SOA formation and a reduced component (HOA) that is well
is worthwhile to note, that 2 to 4% of the mass in our pdz correlated with markers for primary emissions.
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Fig. 5. Results of the CPCA method for the experiment shown in RAgsd3. (a) The OOA (top, pink) and HOA (bottom, grey) spectra
found for this experimenib) The primary spectrum measured prior to the initiation of oxidation in the chamber for this exper(o)drite
HOA/OOA split for the experiment shown in Fig. (d) The ratio of the absolute residual of the two factor fit to the the organic mass.

The CPCA method is designed for use in situations wherethe residual by a relatively constant offset of 10 to 15%. This
only two components affect the data. In our application of offset is due to the differences between ourpgds and the
this method, our goal is to determine how well our cham- derived HOA MS, which are most obviousaf=44, and re-
ber data can be represented by two constant components: @ult in the CPCA method apportioning 15% of the initial MS
HOA component representing the POA and an OOA compo-+o OOA. The HOA/OOA division thus lies about 15% below
nent representing the SOA. Additionally, we are interested inthe primary/residual division, in agreement with our obser-
how the components derived from our chamber studies comvation that the primary emissions in this experiment had 2%
pare to those found in ambient datasets. Wall losses in thef their organic mass ait/z=44.

cha}mber complicate this compari;on, bgt thoughtful appli- The quality of the fit result obtained with the CPCA
cation of the CPCA method combined with results from our method is shown in Figsd. This is expressed as the ratio

residual analysis provide greater insight into SOA formation. o¢ the apnsolute residual of the least-squares fit to the total

Figure5 shows the results of the CPCA method for the organic mass as a function of time and shows that the re-
same experiment analyzed using the residual method imonstruction of the total MS from only two component spec-
Figs.2 and3. This method describes the total MS observedtra becomes increasingly poor as the experiment progresses.
at any time as a linear combination of the OOA MS (shown in Even at its worst, this ratio is less than 10% of total organic
pink) and the HOA MS (in grey) shown in Fi§a. While the  mass, suggesting that these two components reproduce more
OOA MS is similar to the final M@siquaifrom our residual  than 90% of the variation in the recorded spectra, but the
method (see Fig2c), there are key differences. Most signifi- systematic increase suggests a trend in these data that is not
cantly, the 44:43 ratio in the OOA spectrum is less than unity.being captured by this approach.

In fact, thg O_OA MS morg closely resembles theM@um In order to further investigate this trend, we divided the
n_1u<_:h earlier in the experiment. The _HOA spectrum IS VETY data into three 105-min sections (designated early, middle,
similar to our primary spectrum, which is shown again in ¢ |ate) and applied the CPCA method to each section in-
Fig. Sb for reference. Both the HOAMS and M&adisplay  qjviqually. This division allows us to exploit the mathe-
the plcket_—fence pattern .characterlsuc of primary emissions, atical rigor of the CPCA method while permitting some
from fossil-fuel combustion. However, there are again im- e _gependent variation in the resulting components. The
p_o_rtant dlfference_s. Most _notably, our M‘S“ shows a SI9°  three OOA components calculated using this approach are
nificantm /z=44 signal, while the HOA signal at/z=441is g, in Fig.6, alongside the results of the residual analy-
nearly zero. The:/z=28 data were not used in the CPCA. g method, which have simply been averaged over the same

Figure 5¢c, shows how the CPCA method apportions the time periods. The early OOA MS shown in Figp, is nearly
mass among OOA and HOA. The apportionment is very sim-identical to the OOA MS determined from analysis of the
ilar to that obtained from the residual analysis method (seeentire dataset (shown in Fi§a). However, analysis of the
Fig. 2a), but the amount of OOA determined by the CPCA data collected later in the experiment produces a more ox-
method is greater than the fraction of material attributed toidized OOA component (as measured by the 44:43 ratio).
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Fig. 6. Results of piecewise analyses performed by breaking the dataset shown in Fig. 2 into three 105-min segments. Shown are the oxidizec
components of the mass spectrum as calculated by the CPCA (left, pink) and residual (right, green) methods for the early, middle and late
periods of the experiment.

Analyzing the data in this piecewise fashion reveals that thegressively more oxidized with time. Both also give MS that
44:43 ratio in the OOA MS increases from approximately are dominated by peaksat/z=18 (H,O"), 29 (CHO"), 43
1:1 to more than 2:1 over the course of the 5-h experiment(C,H30" and QH;F), and 44 (CQ). The MS determined
The HOA spectra (not shown) remain relatively constant overby the two methods differ most notably by the percentages
time except for a 2% increase in the fraction of the HOA massof their total mass located at/z=44, which indicate that the
appearing a2 /z=43 between the middle and late segments.OOA component is more oxidized than the final, averaged
Reassigning this entire increase in the late HRAz=43 residual. This difference is likely attributable to the oxidized
mass to the late OOA MS would decrease the final 44:43material that is included in the Mg according to the resid-
ratio to 1.4:1, which is still considerably larger than the ra- ual analysis but attributed to OOA in the CPCA.
tio determined using the CPCA method when applied to the Our conclusion from both of these analyses is that the MS
initial period of the experiment or to the entire dataset. of the oxidized component formed from oxidation of diesel
These piecewise components are better able to reconstruemission is evolving in time. This is chemically intuitive: rel-
the observed MS over the course of the experiment. Theatively low vapor pressure, gas-phase species should require
largest error in any of the three time periods is 3.5% of thelittle oxidation before condensing, whereas more volatile
organic mass, again at the end of the last time period. Evespecies will require more oxidation and, consequently, more
with this piecewise approach, there remains a generally intime before they begin to condense under atmospheric condi-
creasing trend in the residual ratio over time, both within tions. Therefore, we expect and observe different mass spec-
a single time period and over the course of the experimenttra from SOA formed earlier and later in this experiment.
This suggests that further subdivision of the data would con-However, this result appears to run counter to the success-
tinue to show the OOA component becoming progressivelyful application of the two-component CPCA to ambient data,
more oxidized with time, similar to the results from our resid- which describes recorded MS as a linear combination of two
ual analysis shown in Figc. time-invariant component spectra and captures the evolution
When viewed using the piecewise approach, the resultén the total organic MS using a time-dependent mixing term.
of the CPCA and the residual analysis agree qualitatively. The piecewise application of the CPCA method suggests
Both methods show the secondary aerosol becoming proa source for this incongruity. Each successive application of

Atmos. Chem. Phys., 8, 1139152 2008 www.atmos-chem-phys.net/8/1139/2008/



A. M. Sage et al.: AMS analysis of oxidized diesel emissions 1149

15

=44
N
=]

10

% Mass
% Mass at m/z

0 1 2 3 4
Time from UV on (hrs)

15

10

% Mass

10

(3]

Difference

o

10 20 30 40 50 60 70 80 90 100 110 120
m/z

Fig. 7. Comparison between laboratory and ambient spectra. The top panel shows the final organic MS for the low mass experiment with an
inset that shows the fraction of the total organic mass appearimgzt44 as a function of time throughtout the experiment. Red line is an

exponential fit. The middle panel shows ambient oxidized aerosol Aifemra et al.(2004). The bottom panel shows the difference between
the two.

CPCA method results in a more oxidized OOA component,ambient data, can be seen in the lab to mask trends that can
while the HOA component remains relatively constant. As elucidate SOA formation chemistry. Recent work that builds
SOA continues to form, the 2-component CPCA solution ison the CPCA method by increasing numbers of components
approaching the type of solution that is typical of its suc- considered and parallel work using positive matrix factoriza-
cessful ambient application: situations where the two typedion to describe ambient organic MS show that fit quality im-
of organic aerosol present are very fresh, primary materiaproves when one includes multiple oxidized-component MS
(HOA or POA) and aged, secondary material in a regional(Lanz et al, 2007 Zhang et al.2007).
air mass (OOA or SOA). When applied to the entire dataset,
however, the method results in a substantially less-oxidized8.4 Comparison with ambient measurements
OOA component which is remarkably similar to that in the
earliest one-third of the experiment. In a chamber experi-Efforts to understand SOA formation have traditionally fo-
ment, this is the period with the highest mass loading. Be-cused on the particle-forming potential of a few high-flux,
cause the fit strives to minimize the difference between thgreactive species. Results from laboratory oxidation studies of
recorded and reconstructed MS, it inherently weights peri-these species have not generally been qualitatively nor quan-
ods of high signal where that difference will be the largest. titatively congruous with ambient observations. We have
shown here and elsewhere the similarity between the com-
Our batch, chamber experiments have a well-defiv@  ponent MS observed in our laboratory studies and those cal-
and chemistry that evolves unambiguously, while field mea-culated from ambient datd&Rfbinson et a).2007). But the
surements are always complicated by mixing of parcels withlarger question is whether the condensed-phase organic ma-
different ages. Even relatively small error ratios (absoluteterial we study in the lab is chemically representative of that
residual to total organic mass), such as the 10% which is typfound in the atmosphere. Figurestrongly suggests that it
ical of the fits resulting from application of this method to is. The figure compares the total final MS of the suspended
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aerosol in our chamber at the end of an experiment (top MSh function of time. The precursors of early-forming SOA
to the MS of aged material collected downwind of Vancou- give rise to condensable organics that are less oxidized than
ver, Canada (middle MSP\(farra et al, 2004. The labora- those which contribute to later SOA formation, illustrating
tory MS is from the experiment with the lowest initial mass that vapor pressure has a controlling influence on SOA
concentration (shown in blue in Fid), as this experiment composition. This influence is only partially captured by
was most representative of ambient aerosol loadings. Theonsidering a compound’s oxidation state; molecular weight
bottom spectrum in Fig7 is the difference between the top is also important. Large, saturated semi-volatile species with
two. A few peaks stand out in this difference spectrum. Mostlow vapor pressures may contribute significantly to ambient
notably, the ambient aerosol is more oxidized than ours, withSOA concentrations. We attribute the SOA formation pattern
a higher 44:43 ratio and less mass at highg¢t ratios. How-  that we observe to the presence of relatively reduced, but
ever, its most striking characteristic is the absence of majotow vapor-pressure species that react to form condensable
differences outside of those that are to be expected from inproducts. These species likely contribute to rapid, early SOA
complete oxidation. The inset at the top right of the figure formation with very high efficiency. Further confirmation
shows that our aerosol is increasingly oxidized with time, of our hypothesis awaits quantification of the atmospheric
and there is no indication that this oxidation has stopped aburdens of these semi-volatile species, laboratory studies of
the end of the experiment. Therefore, with continued oxi-their SOA yields and chemistry, and higher-resolution mass
dant exposure, we would expect the chemical compositiorspectrometry data that can better constrain the contribution
of our laboratory aerosol to further converge toward ambientof primary material to the overall MS in chamber studies.
observations.
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