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Abstract. Pinonaldehyde oxidation by OH radicals under reaction products will depend on ambient conditions, and
low-NOy conditions produces significant secondary organicyet most attention to date has focused on first-generation
aerosol (SOA) mass yields. Under concurrent UV illumina- oxidation products. Due to the significant amount of non-
tion, mass yields are lower than high-N@ields published methane hydrocarbon emissions in the form of monoterpenes
earlier by our group. However, when OH radicals are pro-(Fehsenfeld et al., 1992), it is important to study their later-
duced via dark ozonolysis the SOA mass yields are compageneration photo-oxidation products and their ongoing con-
rable at high and low NQ Because pinonaldehyde is a ma- tributions to organic-aerosol formation. By doing so, we can
jor first-generation gas-phase productepinene oxidation develop a better understanding of photo-chemical aerosol
by either ozone or OH radicals, its potential to form SOA aging, which we define as the ongoing photochemistry of
serves as a molecular counterpoint to bulk SOA aging ex-progressively oxidized material either as vapors or part of
periments involving SOA formed from-pinene. Both the aerosols (Chacon-Madrid and Donahue, 2011; Kroll et al.,
general tendency for aging reactions to produce more SOA009; Jimenez et al., 2009; Rudich et al., 2007). Chemical
and the sensitivity of the low-NQproducts to UV photoly-  Transport Models (CTMs) can benefit greatly by properly in-
sis observed in the bulk clearly occur for this single speciescluding SOA formation from biogenic later-generation prod-
as well. Photochemical oxidation of pinonaldehye and anal-ucts, especially since there has been an underestimation of
ogous first-generation terpene oxidation products are potenerganic aerosol formation from computer simulations (Carl-
tially a significant source of additional SOA in biogenically ton et al., 2010).
influenced air masses. a-Pinene is the monoterpene with the highest estimated
emissions (Griffin et al., 1999), and pinonaldehyde is one of
the highest yield yet most volatile productsafpinene ox-
idation by ozone and OH radicals, with molar yields rang-
1 Introduction ing from 20-25% (Hatakeyama et al., 1989, 1991). Pinon-
aldehyde is also highly reactive with the OH radical (Gla-
Particulate matter can have profound impacts on humansiys et al., 1997). Its structure, presented in Fig. 1, con-
health (Pope and Dockery, 2006; Pope et al., 2002) and Morgists of a Gg-keto-aldehyde constructed around a substi-
tality (Laden et al., 2006; Anderson, 2009), climate (IPCC, tyted cyclobutane. Similar structures can be found in other
2007), visibility (Watson, 2002) and ecosystems (Bytnerow-products of oxidation from different monoterpenes, such as
icz et al., 2007). Secondary organic aerosol (SOA) consti-caronaldehyde and limononaldehyde, among others (Larsen
tutes a significant portion of particulate matter mass{BM et al., 2001: Lee et al., 2006: Hakola et al., 1994). Pinon-
(Kanakidou et al., 2005; Hallquist et al., 2009) and is a very gidehyde can therefore give us an understanding of SOA for-
dynamic part of the atmospheric aerosol system. mation potential from other similar first-generation products

Organic aerosols are dynamic in part because the organigf piogenic nature; however, there are limited data on the
compounds that comprise them can undergo multiple gen-

erations of oxidation in the atmosphere. At each step, the
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Fig. 1. Pinonaldehyde (ggH1602) is a G g-keto-aldehyde struc-  carbon backbone;
ture with a characteristic cyclobutane ring. Similar structures can be hydroperoxide “oH 0,
found in other products of photo-oxidation from different monoter- formation < ROOH =<—— R + Cp,

penes. Itis a highly reactive molecule, with a lifetime against reac- HO.

tion with OH radicals of order hours in the atmosphere. Fig. 2. A simplified aldehydet+ OH radical chemical-path in the

absence of NQ. After the aldehyde (red structure) is attacked, an
acyl-peroxy radical is formed. In the absence of \\@he acyl-
chemistry of pinonaldehyde and similar compounds in theperoxy radical forms a peroxyacid (blue structure) or an acyl-oxy
literature (Glasius et al., 1997). rgdical (green structure) when reactjng with .ﬁa RO, respec-
Though we recently described SOA chemistry under high-tively: The acyl-oxy radical decarboxilates quickly.
NOy conditions (Chacon-Madrid and Donahue, 2011), it is

important to explore its chemistry in low-N@onditions be- structure, Fig. 2), which can also be formed from R(O)®0

cause products of bloger_uc Species are c_oncentrated n aﬁOZ. Our objective is to assess this general description in the
eas where NQconcentrations are low (Atkinson and Arey, . o
context of low-NQ pinonaldehyde oxidation.

1998; Lelieveld et al., 2008). Finally, because pinonaldehyde Here we shall present SOA mass yields under lowgNO

is relatively volatile and prone to fragmentation, it is in some ", . .

) R conditions for pinonaldehyde over an atmospherically rele-
sense a worst-case example of aging chemistry; if pmonalde\-/ant range of organic aerosol concentratiofis4) and com-
hyde produces substantial SOA under both high- and low- g g a0

o e . pare results to those aftridecanal andx-pinene for simi-
NOy conditions, it is extremely likely that many other less " ; . .
N . i SO . lar conditions. By using both photolytic and dark OH radical
volatile first-generatiom-pinene oxidation products will be

i o sources we shall also explore the effect of photolysis on SOA
as or more effective as sources of additional SOA. . .
: o . formation from pinonaldehyde. We shall then explore the
Under high-NQ conditionsz-aldehyde SOA mass yields . . . )
N . o . difference in SOA mass yields for pinonaldehyde between
are significantly smaller than yields from similar saturation- : o . .
: . ) low- and high-NQ conditions, and show that first-generation
concentratiom-alkanes (Chacon-Madrid et al., 2010); SOA . . I .
. . products of biogenic photo-oxidation (such as pinonalde-
mass yields are close to those for a much more volatile

alkane with 1 carbon less than the aldehyde. However OI—Pyde) are significant additional contributors of SOA.

+ hydrocarbon chemistry at low NQs very different from To |sqlate the specific effect of the aldehydl_c molk-
) : ety at different NQ levels, we shall compare oxidation
that at high NQ. Notable differences are the absence of or- . :
L : of n-tridecanal and pinonaldehyde. These two molecules
ganic nitrate (R-ON@) formation at low NQ and the strong o : . - o
: . have similar saturation concentrations and similar oxidation
production of hydroperoxides (ROOH) at low N@Kroll . . :
: ] s . chemistry, and so by comparing SOA mass yield data under
and Seinfeld, 2008; Logan et al., 1981; Donahue and Prinn_. . - i
) ; Similar oxidation conditions for each we can also assess the
1993). Evidence of ROOH formation has been presented b¥e eatability of our experiments
Docherty et al. (2005) as well by Maksymiuk et al. (2009) P y P '
in 2D-NMR samples of terpene ozonolysis products formed
without NG. 2 Experimental
The aldehydic hydrogen is the most reactive site in the
pinonaldehyde molecule when attacked by the OH radicalThe experiments were conducted in the Carnegie Mellon
(Chacon-Madrid et al., 2010; Atkinson and Arey, 2003). Ac- University smog chamber. The details of experimental proce-
cording to structure-reactivity relationships from Kwok and dures are described elsewhere (Hildebrandt et al., 2009). The
Atkinson (1995), OH attacks the aldehydic hydrogero % FEP Teflon (Welch Fluorocarbon) chamber had a volume ca-
of the time versus-21 % in the rest of the molecule. Figure 2 pacity between 10 and 123nThe bag was suspended in-
presents a simplified low-NQreaction path of a generic side a temperature-controlled room, held at 295K for all ex-
aldehydet OH reaction. When aldehydes are attacked by theperiments described here. The experiments were conducted
OH radical, an acyl-hydroperoxide (RC(O)OOH; blue struc- under low-NQ conditions & 10 ppb). Particle number and
ture, Fig. 2), also called a peroxyacid, can be formed (Hassize distributions were monitored with a scanning mobility
son et al., 2004; Crawford et al., 1999; Moortgat et al., 1989).particle sizer (SMPS) operating in recirculation mode (TSI
Photolysis can then play an important role, however, break<classifier model 3080, CPC model 3772 or 3010, 15-700 nm
ing the acyl-hydroperoxide into an acyl-oxy radical (green Dp). The concentrations of the gas-phase organic species
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were monitored with a unit mass resolution proton transferSMPS and verified with a High Resolution-Aerosol Mass
reaction mass spectrometer (PTR-MS, lonicon GmbH). ForSpectrometer) over the interval between seed injection (and
each experiment, hydrogen peroxide(®4, Sigma Aldrich,  mixing) in the chamber and the onset of photo-oxidation. Ex-
50/50 in water) photolysis was used to create OH radicalstrapolation of this signal after the photo-oxidation process
and the relative humidity was kept unde20%. Ammo-  starts defines the seed mass concentration as a function of
nium sulfate particles (Sigma Aldrich, 99.99 %) were usedtime.
as inert seeds for condensation of low-volatility organic ox- At r =0 (onset of photo-oxidation) and later, the differ-
idation products. These were formed from an aqueous soence between the total aerosol mass concentration in the
lution with a nebulizer (TSI 3075), then dried and neutral- chamber (measured with an SMPS) and the extrapolated am-
ized. We used seed concentrations~df0* particles cnt®>  monium sulfate mass concentration is considergg(r). To
with mass in the range 010 to 20 pug 3. UV lights (Gen-  obtain the totalCoa(r) from the suspended mass concentra-
eral Electric 10526 black lights) with &0, < 3.6 h~lwere tion, we correct for wall losses, assuming that organic par-
used for initiation and during photo-oxidation after all the ticles lost to the wall are in equilibrium with the suspended
components were mixed in the chamber. For dark experiparticles and vapor-phase species, and also that the organic-
ments, tetratmethylethylene (TME, Aldrich, 99 %) ozonol- to-seed mass ratio remains the same for suspended and de-
ysis was employed as a source of OH radicals (Lambe et alposited particles. This is the upper-limit estimate for SOA
2007). The organic species used wergidecanal (Alfa Ae-  production. There is approximately a 15 % difference in SOA
sar, 94 %), pinonaldehyde (synthesized in Carnegie Mellormass yields for each species studied when assuming parti-
Laboratory,~85 %), andx-pinene (Sigma Aldrich> 99%).  cles lost to the walls are in equilibrium with the suspended
These molecules were all used without further purification. particles (upper limit) versus assuming that no further con-
densation occurs once particles have deposited (lower limit).
2.1 SOA mass yields and wall loss calculations This percentage has been observed in current and past ex-
) ) ) eriments (Chacon-Madrid et al., 2010; Chacon-Madrid and
The SOA mass yield from a chemical precursor is calculateogonahue, 2011). The SOA mass yields in this work are pre-
as the ratio of organic aerosol mass formed divided by thesanted using an assumed aerosol density of 1gcm
mass of precursor consumed The experiments described here were part of a series of ex-
periments designed to probe the influence of precursor com-
position and reaction conditions on SOA mass yields, with
emphasis on the competition between reaction pathways that
Con is the organic aerosol mass formed, ahprec is the functionalize the carbon backbone and those that fragment

mass of the precursor organic species consumed while form!:[' Previous studies in our laboratory have shown repeatabil-

ing Coa and other, gas-phase products. We determined soAY in SOA Iormz_ition experiments via_OH rez_iction of bet-
mass yields for the different organic precursors based on volt€" than 50 % /= 1.5) at low SOA loadings (Hildebrandt et

ume growth of organic aerosol, measured with the SMps@l-» 2009; Henry etal., 2012; Chacon-Madrid and Donahue,

during each oxidation experiment. 2011), including for aldehydes. We thus elected to use the
Because Eq. (1) is a mass balance, one must account f(ﬂ.vailable chamber time to vary reagents and conditions rather

organic-aerosol mass losses during an experiment — espéhan repeat experiments, as the yield variations described be-

cially wall losses. Suspended particles can deposit to the2" are substantially larger than those limits.

chamber walls, and condensable organic vapors can either

condense onto those deposited particles, or they can be lo&2 Measurement of reactants

to the chamber walls. Here we assume that condensable va- i , , .
pors interact with particles deposited on the chamber walls,| N concentrations of reactants were monitored with a unit
and that the mass growth of those deposited particles follow&"ass-resolution PTR-MS. The fragments used to track con-

that of the suspended particles. In this case the total soentrations were th9se of the MWl orMW+1-18 _(dehy—
production Coa) is determined by using the ratio of sus- drated form) forn-tridecanal, pinonaldehyde andpinene.

pended organic aerosals) to suspended ammonium sul- The PTR-MS sensitivity at these fragment masses was previ-

fate (CSYS) and the initial concentration of ammonium sul- ously calibrated with those species.

fate CSUS (1 = 0), as described by Hildebrandt et al. (2009): We_also used methanol as an OH rf’:\dical tracer in all
experiments. We measured methanol with the PTR-MS (at

miz =33) to determine the concentration of OH radicals dur-
CIND) _aus ing the experiments. OH concentrations and kinetic rate con-
Con (1) = CSUS(p) see =0 @ stants allow us to predict concentrations of the different pre-
see cursors and compare with the initial decay of their respective
Cesr) is obtained by fitting an exponential decay to the MW + 1 or MW + 1-18 (dehydrated form). Methanol con-

see
ammonium sulfate volume concentration (measured with thecentrations in all experiments were lower than or equal to

_ Coa )
ACprec
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those of the precursor molecules, and methanol is also sub- 0.35 1 -

3 . . n-Pentadecane high NO, mmm
stantially less reactive with OH. Consequently the methanol Pinonaldehyde high NO, 4
had a minimal effect on the radical balance. There isno ev- /| Pinonaldehyde low NO, -
idence for interference from isobaric ions for either the pre- e o
cursors or the OH tracer; they are the dominant gas-phase * F]
organics, and the observed precursor decay matches that ex- 225 . .

. . . . . |}
pected based on the inferred OH concentration. This is dis-_ 4 . "
cussed in detail in Chacon-Madrid et al. (2010) in Fig. 5 and £ 0.20 ‘f .

Flg A. 2 A Um
s at
. . < 0.15- A
2.3 Synthesis of pinonaldehyde o A "
~A
n
We synthesized pinonaldehyde following McMurry and 0.10 . a ® }' .
Bosch (1987), as it is not commercially available. Products -
were formed via ozonolysis in solution, as shown in Fig. A ;5 _ " - %/
in the Supplemenix-Pinene (Sigma Aldrichx 99 %) was t "
used as the parent reactant for pinonaldehyde. The synthe- $ o=
sis started with formation of the secondary ozonide, which *® ‘tr——7—Trrr—7—TTrrr—7 1

i ini o i 1 10 100

was kept stable by maintaining a temperature-@8°C with Con (Hg/m®

a dry-ice ethanol slurry. After ozonide formation, dimethyl
sulfide (DMS) was added to reduce the ozonide to pinon-Fig. 3. Pinonaldehyde and-tridecanal SOA mass yields at high and
aldehyde. After adding DMS, the products were held at roomlow NOx. The potential to form organic aerosol from pinonaldehyde
temperature for about three hours, after which they were ex-+ OH andn-tri_decanal+ OH is less than that from-per)tadecan_e
tracted with water to remove water-soluble contaminants. Fi-+ OH under high and low N@ All precursors have similar volatil-
nally, a simple distillation procedure vaporized solvents andily- 7-Pentadecane yields come from Presto et al. (2010). Pinonalde-
other volatile impurities. We used Nuclear Magnetic Res-Yde (triangles) and-tridecanal (squares), regardless of Nen-
onance (Proton NMR, Heteronuclear Single-Quantum Cor_centration,sufferfragmentation paths in their first-generation chem-
. ' . . istry, reducing their SOA formation potential-Alkanes such as
E)erlc?(;ll?c;,s er‘]% ;—ic:ﬂscfgr;eLiiogyiﬂigzrsos_ﬁ:ﬁg)é)oiﬁi:aergf:rr:;)nuen-pentadecane do not experience significant fragmentation in their
) Tfirst-generation chemistry (Lim and Ziemann, 2005).
rity was DMSO. The spectra are shown in the Supplement, 9 v )

Figs. B and C.

not be ruled out. Finally, particle diameters were generally
3 Results stable after the end of photo-oxidation when we were con-

straining particle wall deposition. We thus see no evidence
Following Odum et al. (1996), we plot SOA mass yields vs. for significant vapor wall losses, especially considering that
the organic aerosol concentrationd). In all experiments the conclusions of this work derive froralative SOA mass
presented here there was no evidence for precursor decay bgields under different conditions.
fore the onset of photochemistry and there was no evidence All experiments presented in this manuscript reached equi-
for delayed condensation of organic aerosol after the cessdibrium between the organic aerosol-phase and the gas-phase
tion of photochemistry. Both issues are important for the in-within the experimental time frame. Specifically, particles
terpretation of accurate equilibrium mass yields. grew rapidly during the first hour of each experiment due

Matsunaga and Ziemann (2010) have shown that oxidizedo the high OH radical concentration, but after the first hour

organic vapors may be lost to Teflon chamber walls. Losse®r two of photo-oxidation, when OH levels were much lower,
to the walls would suppress calculated SOA mass yields. Tdhe particles stopped growing. There was no evidence for any
test for this, at the beginning of each experiment the precursubstantial delay in condensational growth that would be as-
sor concentration was monitored for 30 min before start ofsociated with a significant delay in equilibration. The median
photo-oxidation, with no evident decay. The reproducibility particle diameters were thus stable following completion of
and precision of the experiments can be observed in Fig. 3the oxidation chemistry, and so we conclude that the gas
In the Supplement, Fig. E, we also show a sample experiand condensed-phases were in equilibrium, as any disequi-
ment where different-aldehyde vapors were injected to the librium would constitute a driving force for condensation (or
smog chamber and their concentrations remained stable fagvaporation). This is consistent with other experiments per-
roughly 1 hour to within the precision of the PTRMS sig- formed in our laboratories (Pierce et al., 2008; Presto et al.,
nal; we did not observe dramatic losses for these aldehyde2005b). Consequently, despite intriguing reports of disequi-
though very rapid equilibration with the chamber walls can- librium behavior in SOA systems (Perraud et al., 2012), we
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conclude that there were no substantial mass-transfer limitasors have similar saturation concentrationsl@°ug ni3).
tions during these experiments and that an equilibrium inter-OH abstraction from the aldehydic hydrogen drives most
pretation is valid. Regardless of the theoretical context useaf the first-generation chemistry for both species, and the
to interpret our observations, the main issue is the relativdunctional groups formed subsequently are likely to be sim-
formation of SOA under different conditions from various ilar as well. Because the aldehydic moiety dominates the
precursors. initial chemistry, structural differences betweettridecanal
SOA mass yields for pinonaldehyde amdridecanal un-  (straight chain) and pinonaldehyde (characteristic cyclo-
der high- and low-N§ conditions are presented in Fig. 3. butane and a carbonyl) are not sufficient to result in substan-
In the same figure, we present a function from Presto etially different SOA mass yields.
al. (2010) for n-pentadecane (blue) SOA mass yield un-
der high-NQ. Mass vyields are plotted as a function of the 4.2 Pinonaldehyde vsr-pentadecane
organic-aerosol concentration because the products are of-
ten semi-volatile. The equilibrium partitioning between the These two molecules have similar saturation concentrations
gas and condensed phases drives yields up with increasingf about~10°ug m—3, but their chemistry is very different.
loading, as described by Odum et al. (1996Fentadecane, n-Pentadecane, like many other largeQ7) n-alkanes, fol-
pinonaldehyde, and-tridecanal have similar saturation con- lows a characteristic mechanism when reacting with the OH
centrations, making their SOA mass yield comparison infor-radical; this has been studied extensively (Atkinson, 2000;
mative. Contrasting precursors of similar saturation concenAtkinson and Arey, 2003; Atkinson et al., 2008; Lim and Zie-
trations can provide information regarding chemical paths,mann, 2005). The main feature efalkane first-generation
more specifically the competition between fragmentation,chemistry is the efficient addition of oxygen to the carbon
functionalization and accretion (Chacon-Madrid and Don-backbone by way of functionalization, mainly with carbonyls
ahue, 2011; Kroll et al., 2009). and alcohols, without any major carbon-carbon fragmenta-
Because of the unusually high reactivity of the aldehy- tion. Thisn-alkane mechanism results in much lower satura-

dic moiety (Chacon-Madrid et al., 2010; Atkinson and Arey, tion concentration products than for pinonaldehyde, resulting
2003) in the pinonaldehyde OH reaction, it was impor- in higher SOA mass yields.
tant to compare with another aldehyde with a similar satu- Aldehyde+ OH chemistry is very different from that af
ration concentration #-tridecanal. Figure 3 shows that the alkanes. The first key difference is the high reactivity of the
SOA mass yields from pinonaldehyde amdridecanal are  aldehydic hydrogen compared to —&Hmethylene) groups
broadly similar under low- and high-NQconditions, sup- in n-alkane carbon backbones. Consequently, most of the
porting our conclusion that the two aldehydes have simi-first-generation chemistry occurs by abstraction of the alde-
lar chemistry. Low-NQ SOA mass yields for-tridecanal  hydic hydrogen. According to Kwok and Atkinson (1995),
for Coa of <15ugnT3 are not presented due to a high de- the first-generation attack from the OH radical on pinonalde-
gree of uncertainty and noise. The high-N@ata have been hyde occurs-79 % of the time on the aldehydic hydrogen.
reported before (Chacon-Madrid and Donahue, 2011); the The OH attack on the aldehydic hydrogen leads to the
new results are the low-NQdata. For both of the aldehy- eventual formation of an acyl-oxy radical (green structure,
des, SOA mass yields under low-N@onditions are sub- Fig. 1) either in the presence or absence ofyNThis acyl-
stantially (a factor of two) lower than under high-N©on- oxy radical can fragment easily, yielding g¢@nd G,_1
ditions. This is in marked contrast to first-generation SOA products (species with one less carbon). Our main conclu-
yields from monoterpene ozonolysis, where mass yields arsion is that even though there are differences in the pinon-
significantly higher under low-NQconditions (Presto et al., aldehydet OH chemistry in the presence or absence ofNO
2005a; Zhang et al., 2006; Ng et al., 2007a). both mechanisms systematically cleave the aldehyde moiety.

This suppresses the SOA mass yields compared to thase of

pentadecane, as seen in Fig. 3. While this is more or less ob-
4 Discussion vious for high-NQ conditions, it is potentially more surpris-

ing under low-NQ conditions, where one might hypothesize
The data presented in Fig. 3 include SOA formed from sev-that any SOA formation would be dominated by hydroperox-
eral precursors under different conditions. We shall focuside formation from RQ species regardless of the identity of
on several individual comparisons to highlight the importantthe carbon backbone.
features of those data.

4.3 Pinonaldehyde: low and high NQ
4.1 Pinonaldehyde vsr- tridecanal

Even though both high- and low-NGinonaldehyde oxida-
The similarity at low NQ between pinonaldehyde amd tion experiments (Fig. 3) show lower SOA mass yields com-
tridecanal SOA mass yields can be explained by their similampared tor-pentadecane, there is a difference between them.
first-generation chemistry and by the fact that both precur-Pinonaldehyde photo-oxidation at high N€@sults in higher
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SOA yields than at low NQ In order to understand this dif- 0.10 -
ference, it is important to distinguish between the products Pinonaldehyde low NO,
likely to be obtained in each case. Major differences are the Dark (TME + O;) A
creation of hydroperoxides in the absence of N&bd the 0.08 Pinonaldehyde low NO, s
formation of organic nitrates (mainly peroxyacyl nitrates or 4 4
PANs) when NQ is abundant. Either moiety, when added to
a carbon backbone, can reduce its saturation concentratiorns A at a2
by roughly a factor of 300 (Pankow and Asher, 2008). They & %] O A s 4
are both exceptions to the rule that aldehyde oxidation results§ “ - A
in loss of a carbon atom, as both moieties protect the termi-= A
nal carbon, while at least temporarily terminating the radical & 0.04
oxidation sequence. However, for pinonaldehyde the PAN or ©
peroxide products are predicted to have saturation concentra-
tions in the order of 300 pug n¥, too large to directly produce 0.02 -
SOA in these experiments; consequently it is either subse-
quent chemistry or minor products that must dominate the
SOA formation.
SOA formed under low-NQconditions is sensitive to UV- 0007 T T T T T T 1
light photolysis (Presto et al., 2005b; Lee et al., 2006; Park CSOA (ug/;fi) 1214 16 18 20
et al., 2006; Henry et al., 2012). Previous experiments in our
laboratory have shown that low-NCGSOA formation from  Fig. 4. Comparison between SOA mass yields of pinonaldehyde in
a-pinene ozonolysis is cut in half in the presence of UV il- the absence (brown) and presence (blue) of UV light, at lowx NO
lumination vs dark conditions when SOA loadings are belowSOA formation is enhanced by approximately 0.04 (absolute units)
10 ug m3 (Presto et al., 2005b), and also that SOA growth using a dark OH source compared with OH formed from HOOH
for the same system under further aging by OH radicals Carphotglysis. This is consistent with UV photolysis destroying SOA-
be halted or even reversed by UV illumination (Henry and fo'™ing products.
Donahue, 2012b). The UV effect is evidently rapid, occur-
ring only if UV light is present during SOA formation from
pure ozonolysis (Presto et al., 2005b) and destroying SOA at The flat SOA mass yields vsda observed in Fig. 4,
a rate of~0.2h1 (2% jNO,) after (or during) OH aging for the dark-pinonaldehye low-NO experiment Coa
of a-pinene SOA (Henry and Donahue, 2012a). Similar rapid> 10 pg nT3) are consistent with a system that creates a very
loss has also been reported for SOA formed from isoprene inow-volatility product and few semi-volatiles over th&a
the absence of N(Kroll et al., 2006). range of the experiment. This may well be a higher molecu-
In order to test the effect of photolysis on SOA forma- lar weight association product (oligomer) that is susceptible
tion potential for pinonaldehyde photo-oxidation, an experi- to photolytic cleavage. Flat SOA mass yields have been re-
ment was performed under low-N@onditions in the dark.  ported in other experiments such as toluene angylene
We used ozonolysis of tetramethylethylene (TME) as a darkoxidation at high N@ (Ng et al., 2007b).
source of OH radicals without introducing NOTl'he experi-
mental details of TME+ O3 as a dark source of OH are ex- 4.4 «-pinene and pinonaldehyde
plained in Lambe et al. (2007); TME O3 products do not
contribute to SOA (Salo et al., 2011), and we did not observeFigure 5 compares SOA mass yields from pinonaldehyde ox-
any pinonaldehyde loss in the presence of ozone before TMEdation with mass yields from OH oxidation of its parent
addition. Figure 4 shows that low-NQinonaldehyde SOA moleculex-pinene. It is clear that first-generationpinene
mass yields are higher in the dark than in the presence obxidation products such as pinonaldehyde are also able to
~350 nm UV light from our black lights (Presto et al., 2005b; contribute to organic aerosol (Henry et al., 2012; Donahue
Henry and Donahue, 2012a). The difference in SOA masst al., 2012). Pinonaldehyde SOA mass yields, both under
yields between light and dark experiments is approximatelyhigh and low-NQ conditions, are significant when compared
0.04 absolute yield units, and the dark, low-N@elds are  to those ofx-pinene+ OH (Henry et al., 2012). High-NQ
similar to the (illuminated) high-NQyields. Mass yields are yields (Chacon-Madrid and Donahue, 2011) are similar to
enhanced by roughly a factor of three at a 10 ggmass  those froma-pinene, but even low-NQilluminated condi-
loading, well above the repeatability threshold for SOA for- tions result in mass yields that are discernibly higher than
mation experiments we have conducted over the years. Theero (almost 1/4 ofr-pinene mass yields). This shows the
UV effect we observe for pinonaldehyde SOA is consistentimportance of atmospheric chemical aging to organic aerosol
with the effect reported by Presto et al. (2005b) and Henryformation. If the most volatile first-generation product from
and Donahue (2012a). a-pinene oxidation is able to produce significant SOA, it is

o
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0.4 are structurally quite different. Consequently, these conclu-
a-Pinene + OH Low-NOx sions should extend to terpenes as a whole.
Pinonaldehyde High-NOx A SOA yields from pinonaldehyde OH under UV light are
Pinonaldehyde Low-NOx A lower at low NQ than at high NQ. This suppression can
03k be explained by the susceptibility of some SOA formed at
low NOy to photolysis. Strong evidence of this susceptibil-
ity to fragment in the presence of UV light was shown by
performing an experiment in the dark, which produced more
o2k y. organic aerosol and higher yields. The observed photolysis
' ab at low NGOy indicates that SOA chemistry may be highly dy-
Al namic; aging reactions can enhance SOA levels, but they can
A also destroy SOA via fragmentation. Because the photoly-
sis appears to be associated with low-Nédnditions, and
because NQis associated with human activity, this obser-
vation also suggests an intriguing connection between SOA
formation from biogenic precursors and persistence of that
SOA associated with human activity.

In order to improve our understanding of atmospheric
chemical aging from biogenic material, many more chemical
species should be studied, especially later-generation prod-
Fig. 5. Pinonaldehyde SOA yields in the contexteopinene SOA  ucts of monoterpene photo-oxidation. Studying the effect of
yields. As a first-generation product frompinene+ OH, pinon- NOy and UV light on SOA formation is also important in or-
aldehyde forms SOA as well, though at lower yields thapinene  der to understand the susceptibility of hydroperoxides and
itself. Nonetheless, the yields of pinonaldehyde, including low peroxyacids to fragment and suppress SOA vyields in sys-
NOx, are significant and higher than zero. tems other than pinonaldehyde. Furthermore, other species
from monoterpene oxidation with carboxylic acid function-
rality, such agispinonic acid, should be studied in detail due

likely th_at Iater—genergtlon products a!so haye Fhe pote_nﬂato the ubiquity of acid moieties in organic aerosol (Rudich et
to contribute to organic aerosol formation. This is espemallyﬂl 2007)

important because organic aerosol can last for about a wee
in the atmosphere (Wagstrom and Pandis, 2009; Balkanski

et al., 1993), giving it sufficient time to add oxygen contain- Supplementary material related to this article is

ing functional groups to carbon backbones, increasing totaBvailable online at: http://www.atmos-chem-phys.net/13/
organic aerosol mass. 3227/2013/acp-13-3227-2013-supplement.pdf
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