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Abstract. Long-chain alkanes, which can be categorized asl Introduction
intermediate volatility organic compounds, are an important

source of secondary organic aerosol (SOA). Mechanisms for

the gas-phase OH-initiated oxidation of long-chain alkanes’o‘lkf"‘m.as are important constitgepts of gasoline and_ vehicle
have been well documented; particle-phase chemistry, howEMiSSIONs (Hoekman, 1992; Zielinska et al., 1996; Kirchstet-

ever, has received less attention. Téwydroxycarbonyl, ter et _al., 1999; Czentner et_al., 2012.; Jathar et al., 2013), ac-
which is generated from the isomerization of alkoxy rad- _countmg for~509% of volatile organic compounds (VOCs)
icals, can undergo heterogeneous cyclization and dehydrdn the urban atmosphere (Fraser et al., 1997; Schauer et al.,

tion to form substituted dihydrofuran. Due to the presence of1999 and 2002). The unresolved complex mixture (UCM)

C=C bonds, the substituted dihydrofuran is predicted to beof organics, which is potentially a significant source of sec-

highly reactive with OH, and even more so with &nd NG, ondary organic aerosol (SOA) formation in the atmosphere,

thereby opening a reaction pathway that is not usually acceshas recently been shown to comprise many long-chain a_\lka-
sible to alkanes. This work focuses on the role of substituted'®S (Isaacmap etal, 2.012)’ which are expected to contribute
dihydrofuran formation and its subsequent reaction with OH,to SOA formation (Robm;on et.aI.,_2007). .
and more importantly ozone, in SOA formation from the Laboratory .chamber |nv§st|gat|on_s of SOA formation
photooxidation of long-chain alkanes. Experiments were car-from long-chain alkanes (Lim anq Ziemann, 2005, 20092,
ried out in the Caltech Environmental Chamber using do-b’ ¢; Presto et al., 2009, 2010; Miracolo et aI_., 2010, 2011;
decane as a representative alkane to investigate the dif'feF-:raVen etal., 2012; Lambe et al., 2012; Tkamk etal, 2012;
ence in aerosol composition generated from “OH—oxidation-Yee et al., 201_2; Loza _et al., 2013). provide a framgwork
dominating” vs. “0zonolysis-dominating” environments. A for unders}andmg chemical mechanisms and determination
detailed mechanism incorporating the specific gas—phasgf SOA yields (Jordan et al., 2008; Aumont ?t al,, 2012
photochemistry, together with the heterogeneous formatio nd_2013; Cappa et al., 2013 Zhapg 9”0' Seinfeld, 2013).
of substituted dihydrofuran and its subsequent gas-phasgart'de'phase produc_ts froam OH oxidation .Of alkanes con-
OH/O3 oxidation, is used to evaluate the importance of thistain a number of functional groups: organonitrate (-QNO
reaction channel in dodecane SOA formation. We concludé]ydrOXyI (_.OH)‘ carbonyl (_C.:O)’ ester (-C(0)O-), and hy.—
that (1) the formation of-hydroxycarbonyl and its subse- droxyperoxide (_..OOH)' Ambient m_easurgments of organic
guent heterogeneous conversion to substituted dihydrofuraﬁeros_OI composition have shown, in add_ltlon, that the car
is significant in the presence of N{(2) the ozonolysis of OXy“C_ acid functional group (=C(O)OH) |s_closely assoct-
substituted dihydrofuran dominates over the OH-initiated ox—ated with products irom fossil fuel combustlon Sources (L'.u
idation under conditions prevalent in urban and rural air;et al., 2011; Russell etal., 2011), of which alkanes are a prin-

and (3) a spectrum of highly oxygenated products with car—CiFZ’lI compr)]ongnt.lk in davii lusively with
boxylic acid, ester, and ether functional groups are produced tmospheric alkanes react in daytime exclusively wit

: : - OH, producing an array of peroxy radicals (R0n the pres-
from the substituted dihydrofuran chemistry, thereby affect- o . .
ing the average oxidation state of the SOA. ence of sufficient NO, the alkoxy radical (RO) is the key

product of the subsequent R@eaction with NO. RONQ@
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is also produced, with a branching ratio of 0.1-0.3 (Arey with ozone in SOA formation from alkanes. We present the
et al.,, 2001). For alkanes with carbon number5, the  results of a series of chamber dodecane photooxidation ex-
1,5-H shift isomerization is the dominant reaction pathway periments under two reaction regimes, i.e., “OH-dominant”,
for RO, producing &-hydroxycarbonyl, the primary fate of in which over 70 % of substituted dihydrofurans are oxidized
which is reaction with OH (Jenkin et al., 2003; Saunders etby OH, vs. “Q;-dominant”, in which 80-90 % of substituted
al., 2003; Bloss et al., 2005), with a lifetime of11.5h at  dihydrofurans react with @ Gas-phase products that are
room temperature and a typical ambient OH concentration ofunique to the substituted dihydrofuran chemistry are iden-
1 x 10° molecules cm?®. One particulas-hydroxycarbonyl, tified. The impact of ozonolysis of substituted dihydrofurans
5-hydroxy-2-pentanone, was found to cyclize to form the on the particle-phase product distribution from the photoox-
cyclic hemiacetal. The cyclic hemiacetal can subsequentlydation of dodecane is investigated by comparing intensities
lose water to form 4,5-dihydro-2-methylfuran, with an over- of certain ions that are indicative of ozonolysis chemistry. We
all lifetime as short as-1.1 h at 298K (Cavalli et al., 2000; also develop a detailed mechanism with the incorporation of
Martin et al., 2002). The presence of water vapor can, in prin-substituted dihydrofuran chemistry and simulate the effect of
ciple, serve to convert the 4,5-dihydro-2-methylfuran back tothis reaction channel on SOA vyield from the photooxidation
5-hydroxy-2-pentanone, leading to an equilibrium betweenof dodecane.
these two species within several hours (Martin et al., 2002;
Baker et al., 2005; Holt et al., 2005; Reisen et al., 2005):

2 Experimental

7 HO O [o)
OH xperiments were conducted in the new Caltech dual 24-m

Environmental Chamber, in which the temperatufg énd

This conversion to 4,5-dihydro-2-methylfuran is not unique relative humidity (RH) are automatically controlled. Prior
to 5-hydroxy-2-pentanone and also occurs for otheOg768- to each experiment, the Teflon chambers were flushed with
hydroxycarbonyls (Lim and Ziemann, 2005, 2009a, b, c) atclean, dry air for 24 h until the particle number concentration
a rate that increases with the length of the carbon chairwas <10cm? and volume concentration <0.01 fiom 3,
(Holt et al., 2005; Ziemann and Atkinson, 2012). The sub-Seed aerosol was injected into the chamber by atomizing
stituted dihydrofuran is highly reactive towards OH,@nd  0.015 M aqueous ammonium sulfate solution to provide suf-
NOs in the gas phase, owing to the presence of a C=C douficient surface area for the partition of semivolatile products.
ble bond. For typical ambient concentrations of OH;, O Hydrogen peroxide (b2) was used for the OH source by
and N@Q, i.e., 2x 10° molecules cm® (12 h average), 30 ppb  evaporating 85 and 226 pL of 50 wt % aqueous solution into
(24 h average), and % 10° moleculescm?® (12 h average), the chamber with 5L mint of purified air for ~110 min,
respectively, the lifetimes of the substituted dihydrofuranresulting in an approximate startingp@, concentration of
with respect to reactions with these oxidants in the gas phas#&.5 and 4 ppm, respectively, under high- and low\fon-
are 1.3h, 7min, and 24 s, respectively (Martin et al., 2002;ditions. The 4 ppm bO, concentration employed in low-
Ziemann and Atkinson, 2012). Based on these estimatedNOx experiments creates a RGHO, dominant reaction
ozonolysis of substituted dihydrofurans may dominate OHregime. We replaced #D, with nitrous acid (HONO) as
oxidation during daytime in the urban atmosphere. the OH source for one experiment in order to minimize the

SOA formation from long-chain alkanes involves multiple formation of ozone. HONO was prepared by dropwise ad-
generations of OH oxidation that include functionalization dition of 15 mL of 1wt% NaNQ into 30 mL of 10 wt %
(O-atom addition in forms of a variety of moieties) and frag- H,SO, in a glass bulb and introduced into the chambers
mentation of the parent carbon backbone. These two routewith 5L min~1 of purified air for~40 min. To minimize the
can eventually lead to highly oxygenated fragments that parvapor-phase wall loss along the injection line, 60 pL of dode-
tition into the particle phase. Two recent modeling studiescane (Sigma-Aldrich, 98 % purity) was injected into a glass
of Cq12 alkanes suggest that particle-phase chemistry mighbulb, which was connected directly into the Teflon chamber
play a potentially important role in the chemical composi- via a 1/4in. inside diameter (i.d.). Swagelock to NPT fitting
tion of alkane SOA,; this is inferred from the fact that simula- located on a Teflon plate. Heated 5 L minof purified air
tions driven solely by gas-phase chemistry can successfullflowed through the glass bulb into the chamber for 30 min,
reproduce the chamber-measured SOA vyield, but these faihtroducing~200 ppb dodecane into the chamber. Aftdrh
to replicate the observed particulate O : C and H: C ratios inof mixing, photooxidation was initiated by irradiating the
the absence of a particle-phase chemistry channel (Cappa ehamber with black lights with output wavelength ranging
al., 2013; Zhang and Seinfeld, 2013). The extent to whichfrom 300 to 400 nm.
particle-phase chemistry is important in alkane SOA forma- Experiments were carried out under conditions in which
tion has not been clearly established. the peroxy radicals formed from the initial OH reaction with

We address here the heterogeneous formation of substdodecane react either essentially exclusively with NO (so-
tuted dihydrofurans and their subsequent gas-phase reactiaralled high NQ) (Exp. 1, 2, 3, 4, and 5) or essentially
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Table 1. Experimental conditions for the photooxidation of dodecane.

Exp. T RHp HCo (NO)o (NO2)o (O3)o Initial Additional
(K) (%) (ppb) (ppb) (ppb) (ppb) seed vol-3 NO inj. .
m*m=3)  (ppbhl) x (h)
1 ~300 ~3 208 430 576 <D 18 -
2 ~300 ~3 208 287 12 ~2 24 ve
High NO2 3 ~300 ~11 206 45 33 ~2 30 vd
4 ~300 ~20 178 38 156 ~2 28 ve
5 ~300 ~55 214 69 30 ~2 43 4
6 ~300 ~3 208 <DL <DL <DL 19 -
Low NOB 7 ~300 ~3 214 <DL <DL 32.6 25 -
8 ~300 ~55 216 <DL <DL <DL 58 -

2 Under high-NQ conditions, the simulated NO concentration (>5 ppb) is at least 4 orders of magnitude higher 31@'1530107 molecules cm3). Over 99% of RQ is
predicted to react with NO.

b Under low-NG conditions, the simulated HOconcentration{1 x 1019 molecules cr3) is ~20 times higher than RO(~5 x 108 molecules cm3). RO, + HO, dominates
the fate of RQ.

€ NO source was controlled at 100 ppb]nfor the first 7 h of reaction and then 25 ppbjhfor the remainder of the reaction.
d NO source was controlled at 25 ppbhover the course of the experiment.

€ NO source was controlled at 30 ppbhfor the first 3 h of reaction and then 100 pﬁblhfor the next 1 h of reaction and then back to 30 ppB fior the remainder of the
reaction.

f NO source was controlled at 50 ppbhover the course of the experiment.

9 Detection limits (DL) for G, NO, and NQ are 0.5 ppb, 0.4 ppb, and 0.4 ppb, respectivepOpihas an interference on thes@etection, increasing thegdnonitor readout
by ~ 2-3 ppb in the current study.

exclusively with HQ (so-called low NQ) (Exp. 6, 7, and tion. Continuous NO injection with a certain flow rate (20—
8). For each condition, §dominant vs. OH-dominant envi- 100 ppb hrl) was conducted over the course of experiments
ronments were generated by varying the OH source, initiato reach a sufficient amount ofs@nd to maintain high-NQ
NO, NO, and @ concentrations, as well as the additional levels. Under experimental conditions in Exp. 2, 3, 4, and 5,
NO injection rate during the irradiation period (Table 1). The the average OH concentrations are calculated to be 1P,
ozonolysis vs. OH oxidation of substituted dihydrofuran is 2.0x 10°, 1.4x 10, and 1.3x 10° molecules cm?, respec-
calculated to be equally competitive when the ratio @f O tively, and the maximum @mixing ratios are 20, 380, 150,
to OH concentration is 6.8 10*: 1 (approximately 2.6 ppb  and 250 ppb, respectively. As a resul82, ~96, ~97, and

O3 vs. 1.0x 10° molecules cm® OH). Under low-NQ con- ~98 % of dihydrofuran reacts with £Owhen dihydrofuran
ditions, NO, NQ, NOy, and G were below detection lim- peaks after~3 h of photooxidation. High-humidity experi-
its, and no ozone formation was observed over the course afnents were also carried out as a set of control experiments
20 h experiments. OH oxidation of dihydrofuran is dominant (Exp. 4, 5, and 8) addressing the role of water vapor in the
with average OH concentrations of 810° and 1.5x 10° heterogeneous interconversion betwéédrydroxycarbonyls
molecules cm?, respectively, in Exp. 6 and 8. OH concen- and substituted dihydrofurans.

tration is calculated by optimal fitting of the exponential de- A suite of instruments was used to investigate gas- and
cay of the GC-FID (gas chromatograph with flame ioniza- particle-phase chemistry;, RH, NO, NQ, and @@ were
tion detection)-measured dodecane temporal profile. In oreontinuously monitored. Dodecane concentration was mon-
der to evaluate the effect of the ozonolysis of dihydrofuranitored by taking hourly samples at0.13 L min! of cham-
chemistry on the dodecane SOA formation under lowgNO ber air for 3 min onto a Tenax adsorbent, which was loaded
conditions, additionab-30 ppb of ozone was injected into into the inlet of a GC-FID (Agilent 6890N), desorbed at
the chamber before the onset of irradiation (Exp. 7). Under275°C for 13 min, and then injected onto an HP-5 column
high-NQ, conditions, HONO was used as the OH source for(15 mx 0.53 mm i.dx 1.5 um thickness, Hewlett-Packard)
the OH-dominant environment (Exp. 1). Double HONO in- held at 3®C. The oven was ramped from 30 to 2%
jection was carried out in order to fully consume dodecaneat 10°C min~1 and held at 275C for 5min. The reten-
(before the onset and after3 h of irradiation). The average tion time for dodecane is-27.5 min. The gas-phase species
OH concentration is~5.0x 10° molecules cm®, whereas  were monitored using a custom-modified Varian 1200 triple-
O3 peaks at 8 ppb after 60 min of photooxidation and rapidly quadrupole chemical ionization mass spectrometer (CIMS)
decays to~0 ppb within 2 h. In this case, > 73 % of dihydro- (Crounse et al., 2006; Paulot et al., 2009). In negative mode
furan is oxidized by OH over the course of Exp. 1. Ag-O operation, CEO~ was used as the reagent ion to cluster with
dominant environment was generated by injecting NO (38-an analyte such as hydroperoxide or ackl,[producing
287 ppb) and N@ (12—-156 ppb) before the onset of irradia- [R-CF0O]~ or m/z [M + 85]~, where M is the molecular
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Fig. 1a. Schematic mechanism for the photooxidation of dodecane under highebi@litions. Note that only first-generation products are
shown here. The boxes indicate compounds and associated reaction pathways incorporated in the model simulation.

weight of the analyte. For more strongly acidic speciesfor tracking less polar compounds, such as the substituted
[H-X], the transfer product, [HX - F]~ orm/z [M+19],is dihydrofuran.
formed during ionization. Carboxylic acids tend to have con- Particle size distribution and number concentration were
tributions to both the transfer and cluster product, in whichmeasured by a cylindrical differential mobility analyzer
case the overall signal of a compound is considered as théODMA, TSI Model 3081) coupled to a condensation parti-
sum of the two product signals. In positive-mode operation,cle counter (TSI Model 3010). The protocol for applying
an analyte R] can undergo proton transfer reaction, produc- particle wall loss correction to DMA measured SOA growth
ing an ion in the form of R- H]*, and/or react witm pos-  data is described in the Supplement. Real-time particle mass
itively charged water clusters to form a cluster in the form spectra were collected continuously by an Aerodyne high-
of [(H20), - R- H] ™. Positive mode is employed in this study resolution time-of-flight aerosol mass spectrometer (DeCarlo
et al., 2006; Canagaratna et al., 2007). The AMS switched
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Fig. 1b. Schematic mechanism for the photooxidation of dodecane under loyeld@itions. Note that only the first three generations of
products are shown here. The boxes indicate compounds and associated reaction pathways incorporated in the model simulation.

once every minute between the high-resolution “W mode’to the experimental conditions. Reactions and corresponding
and the lower resolution, higher sensitivity “V mode”. The V reaction rate constants are listed in Tables S1-S3 in the Sup-
mode was utilized for quantification, as the highefz val- plement. Photolysis rate constants are calculated using the
ues exhibit a more favorable signal-to-noise ratio. The Wirradiance spectrum measured for the chamber UV lights as
mode was used for ion identification and clarification. De- well as absorption cross sections and quantum yields from
tailed AMS data analysis protocols can be found in the Sup-Sander et al. (2011).

plement. The kinetic scheme for the gas-phase OH-initiated oxi-
dation of dodecane and the further OH oxidation of multi-
generational products was developed primarily based on
the Master Chemical Mechanism v3.2 (MCM v3lI&tp:
//mcm.leeds.ac.uk/MCNV/ Products identified in Lim and

A photochemical mechanism was used to simulate the gasziemann (2005; 2009 a, b, c) that are not in MCM are
phase photochemistry of NOHOx, and G corresponding

3 Chemical mechanism

www.atmos-chem-phys.net/14/1733/2014/ Atmos. Chem. Phys., 14, 171333 2014
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also included here. The kinetic scheme was incorporatedonstant K (K = [4,5-dihydro-2-methylfuran]/[5-hydroxy-
in the photochemical model to estimate yields of particle- 2-pentanone]) is estimated to ber at 3% RH from the
phase products generated in the chamber. A simplified flonCIMS measured 5-hydroxy-2-pentanone decay curve, based
chart illustrating the mechanism for the multigeneration gas-on the assumption that the decrease in the 5-hydroxy-2-
phase chemistry is shown in Fig. 1a, b. In general, the OHpentanone concentration is accompanied by stoichiometric
initiated oxidation of dodecane leads to RQhe fate of formation of the corresponding 4,5-dihydro-2-methylfuran.
which controls the distribution of further generation prod- Note that although the proportion of the heterogeneous
ucts. When sufficient NQis present (the concentration of conversion occurring on the chamber walls is unknown, the
NO, i.e., >5ppb, is at least 4 orders of magnitude higherpotential contribution of chamber walls to the particle-phase
than RQ, i.e., <5x 10’ molecules cm?3), over 99 % of RQ production of substituted dihydrofuran has been accounted
reacts with NO, leading to RO or alkyl nitrate (ROMO  for by employing the measured overall conversion rate in the
The branching ratios for the production of RO and RGNO mechanism.
are obtained from Jordan et al. (2008). RO can isomerize The substituted dihydrofuran formed evaporates rapidly
through a 1,5-H-atom shift to &hydroxyalkyl radical, re- due to its high volatility and undergoes reactions with
act with @, or undergo fragmentation. The alkyl nitrate OH, Oz, and NG in the gas phase (Ziemann and Atkin-
formed either undergoes photolysis or reacts with OH viason, 2012), with reaction rate constants of 218010,
H-atom abstraction from a C atom or reacts with OH via 3.49x 10~ °cm® molecule s, and 1.68< 10-1%cm?
H-atom abstraction from a C atom with a —ON@roup at-  molecule ! s~1, respectively (Martin et al., 2002; Atkinson
tached to produce a —C=0 group. Téwydroxyalkyl radi- et al., 2008). Reaction with N§is not important under
cal reacts with @ and then NO and undergoes another iso-the conditions of this study. In general, the OH addition to
merization to produce &-hydroxycarbonyl. At sufficiently an alkyl-substituted dihydrofuran produces either an alkyl-
low NOy concentrations, the simulated H@oncentration  substituted tetrahydrofuran or a carbonyl ester; see Fig. 2a
(~1 x 1019 molecules cm?®) is ~20 times higher than RO (Martin et al., 2002, Lim and Ziemann, 2005, 2009a, b, c,
(~5 x 10® molecules cm?3). RO, + HO, dominates the fate Jordan et al., 2008). The mechanism for the i®action
of ROy, producing a hydroperoxide (ROOH). Further oxida- with an alkyl-substituted dihydrofuran, as shown in Fig. 2b,
tion of ROOH involves the photolysis of the —OOH group, was developed following the ozonolysis of 4,5-dihydro-2-
H-atom abstraction, and the OH oxidation of a C atom with methylfuran (Martin et al., 2002), alkyl vinyl ethers (Thi-
a —OOH group attached to produce a —C=0 group. Productault et al., 2002; Klotz et al., 2004; Sadezky et al., 2006)
through eight generations of oxidation are included in theand monoterpenes (Jenkin et al., 2000; Jenkin, 2004). The
mechanism, although only the formation of the first threereaction of alkyl-substituted dihydrofuran withg@nvolves
generations of products is illustrated in Fig. 1. The reac-the addition of @ to the C=C double bond to produce
tion rate constants are obtained from MCM v3.2. In the ab-an energy-rich primary ozonide, which rapidly decomposes
sence of specific data, the photolysis rate constants of thanto two excited Criegee intermediates. The energy-rich
—OOH, —C=0, and —ON&groups on the carbon backbone Criegee intermediates are either collisionally stabilized or
are assumed to be the same as those for methyl peroxiddéecompose to yield OH (or OHCO) and an additionak-
(CH300H), 2-butanol (gH7CHO), andr-propyl nitrate f- carbonyl peroxy radical (or peroxy radical). The resuliing
CH3ONOy). carbonyl peroxy radical (or peroxy radical) can undergo the
Cyclization and subsequent dehydration o8- well-established reactions available for peroxy radicals; see
hydroxycarbonyl to substituted dihydrofuran is a het- Fig. 2b. The stabilized Criegee intermediates are predicted to
erogeneous process, including (1) gas-phase diffusion andeact primarily with water (Martin et al., 2002), leading to
reactive uptake oB-hydroxycarbonyl to particles, (2) cy- 3-propoxy-nonanal (H2203) and 3-propoxy-nonanic acid
clization of §-hydroxycarbonyl to cyclic hemiacetal, and (3) (C12H2203), with molar yields of 90 and 10 %, respectively.
dehydration of cyclic hemiacetal to substituted dihydrofuran. The total yield of 3-propoxy-nonanal is predicted to be 18 %,
(Atkinson et al., 2008; Lim and Ziemann, 2009c). The extentwhich is close to the yield of succinaldehydic acid methyl es-
of this heterogeneous process occurring on/in particleder (23 %) from the ozonolysis of 4,5-dihydro-2-methylfuran
has been predicted to predominate over chamber wall§Martin et al., 2002).
(Lim and Ziemann, 2009 c). In this study, we represent the We consider SOA formation by dodecane photooxi-
individual steps of the conversion éthydroxycarbonyl to  dation, including heterogeneous formation of substituted
substituted dihydrofuran by an overall first-order decay ratedihydrofuran and its subsequent reaction with Ol/O
of 3x 107351, This value is estimated by monitoring the Gas—particle equilibrium partitioning of semivolatile prod-
decay of 5-hydroxy-2-pentanone using CIMS in the presenceicts is assumed. The branching ratio and vapor pressure
of 20 u? em—3 (NH4)SOu/H,S0y seeds at 3% RH. This (P? , atmrl) at 300K (predicted by SIMPOL.1; Pankow
assumed decay rate is consistent with those rates measuradd Asher, 2008) of each product from the OgH@itiated
in previous studies (Cavalli et al., 2000; Martin et al., 2002, oxidation of alkyl-substituted dihydrofuran are labeled in
Holt et al., 2005; Lim and Ziemann, 2009 c). The equilibrium Fig. 2. The corresponding effective saturation concentrations
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Fig. 2a.Proposed mechanism for the OH-initiated oxidation of alkyl-substituted dihydrofuran under highex@itions. The boxes indicate
compounds or reaction pathways incorporated in the model simulation. CIMS monitored species/ hanged in red. Estimated vapor
pressure (atm) of each compound is indicated in blue.

(C*=10°F° .y; My / RT) range from 7.0< 10tpgnr3 to 10, 20, and 50 % RH (Sect. 4.2); (3) propose gas-phase prod-
4.7% 104 Hé n3, for which approximately 0.1% 41.7%  Ucts that are unique to dihydrofuran chemistry based on the
of these products are in the particle phase at an orCIMS speciation (Section 4.3); (4) compare particle-phase
ganic loading of~50pgn?. Compounds with the low- chemical composition under OH-dominant vs-@minant
est volatility (~10-°atm) are produced mostly from environments via identifying AMS measured ions represen-
the RG +NO— RONO; reaction, the branching ratio of tative of dihydrofuran oxidation products (Sect. 4.4); and (5)
which ranges from 0.11 to 0.28. As a result, the total €stimate the change in SOA yield and elemental composi-
amount of organic nitrates in the particle phase is rela-tion by incorporating the complete substituted-dihydrofuran
tively high; see Fig. 9c. Compounds generated from theformation and removal pathways into the dodecane SOA pre-
RO, + NO— RO +NO, reaction have higher molar yields diction model (Sect. 4.5).

(0.72-0.89). But they are too volatile-{0-6-10-" atm) to

partition significantly into the particle phase. The stabilized 4.1 Predicted substituted dihydrofuran formation and
Criegee intermediate reaction with water is predicted to pre- reaction with ozone in the dodecane system

dominate over reaction with NO/NCat RH>3%. The es-

ter containing carboxylic acid (@H2204) is predicted tobe 14 \yhat extent is the formation of substituted dihydrofu-
!oresentinthe particle phase due to its sufficiently low volatil- .oy and its subsequent chemistry important in the forma-
ity (~10~° atm); see Fig. 9c. tion of dodecane SOA? A mechanism simulation was con-
ducted, with initial conditions similar to those employed
in the chamber (Table 1), i.e., 200 ppb dodecane, 1.5ppm
4 Results and discussion H205, 100 ppb @, and 100 ppl+ 30 ppb it NO for high-
NOx conditions and 200 ppb dodecane, 4 ppp®bl, 100 ppb
In this section, we seek to evaluate the impact of substituteds, and 0 ppb NQ for low-NOy conditions. Figure 3 shows
dihydrofuran chemistry on dodecane SOA formation as fol-the predicted mass distribution &hydroxycarbonyl, alkyl-
lows: (1) predict the yield of alkyl-substituted dihydrofuran substituted dihydrofuran, together with other products of the
from the photooxidation of dodecane under both high- andsame generatios-hydroxycarbonyl is predicted to account
low-NOy conditions, and the fraction of alkyl-substituted di- for >90% total organic mass of first-generation products
hydrofuran that reacts with £in the G;-dominant regime  under high-NQ conditions (see Fig. 3a (H)), but <5% to
(Sect. 4.1); (2) measure the time-dependent evolution othe total organic mass of the third-generation products un-
cyclic hemiacetal and alkyl-substituted dihydrofuran at 3 %, der low-NQ; conditions (see Fig. 3a (L)). Inclusion of the
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Fig. 2b. Proposed mechanism for the ozonolysis of alkyl-substituted dihydrofuran under higlkdw@itions. The boxes indicate compounds
or reaction pathways incorporated in the model simulation. CIMS monitored species jraneted in red. Estimated vapor pressure (atm)
of each compound is indicated in blue.

heterogeneous conversion pathway fréydroxycarbonyl  substituted dihydrofuran loss over the course of photooxida-
to alkyl-substituted dihydrofuran is predicted to result in tion; see Fig. 3d (H).
a rapid consumption of-hydroxycarbonyl under dry con- The alkyl-substituted dihydrofuran is not the only product
ditions, as opposed to a slow decay from OH oxidation.that contains a dihydrofuran structure in the dodecane pho-
Alkyl-substituted dihydrofuran accounts for up to 70 % of tooxidation system. The first-generation product 3-dodecyl
the decay ofs-hydroxycarbonyl, as shown in Fig. 3b (H). nitrate under high-NQ conditions is an example. Three
As discussed earlier, an ozonolysis-dominant environmenpathways exist that could produce semivolatile compounds
occurs for @ >3 ppb at a typical OH concentration of containing a dihydrofuran structure from the further pho-
1.0x 10° molecules cm?. In the high-NQ simulation case, tochemical reaction of 3-dodecyl nitrate: (1) photolysis of
ozone is predicted to lead to 82-98% of the total alkyl- the —ONG group leads to an alkyl-substituted dihydrofuran,
(2) abstraction of an H atom by OH potentially leads to an
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organonitrate-substituted dihydrofuran, and (3) H-atom ab4.2 Formation of cyclic hemiacetals and
straction from a C atom with the —ONQ@unctional group at- alkyl-substituted dihydrofuran
tached and further H-atom abstraction from a C atom poten-

tially leads to a carbonyl-substituted dihydrofuran. It is worth CIMS t at 183 i " d
noting that the gas-phase ozonolysis of alkyl-substituted di- measurement & WS N positive mode repre-
sents the ion &H»,0-HT generated from the proton trans-

hydrofuran under high-NQconditions contributes to most ; ; . . —
of the ozonolysis reactions because the alkyl-substituted diIer reaction with alkyl-substituted dihydrofurant, = 182).

. L : . An additional source of (#)/z 183 is the proton trans-
h f first- h
F?/; rgbu(rg;\ 's a major first-generation product, as shown Infer reaction followed by dehydration of hydroxyl dode-

canone Y, = 200), which is also detected as a fluoride clus-
ter product at €)m/z 285 (G2H2402-CF0™) in negative
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sition in the cyclic hemiacetalM,, =200) during electron

(—)m/z 285 monitored under both high- and low-N@on- ionization (Gong et al., 2005; Lim and Ziemann, 2009c).
ditions (Exp. 2 vs. Exp. 6). The (m)/z 183 ion was de- In addition, the GzH,30™ ion is suggested to be the char-
tected in each of the two experiments, but with distinct time-acteristic fragment of carbonyl-hydroperoxide-derived per-
dependent patterns. Under high-Nébnditions, (+:/z 183 oxyhemiacetal (Yee et al., 2012). The temporal profiles of
peaks during the first 3 h of irradiation, indicating fast for- the G,H»30™ ion under both high- and low-NQcondi-
mation of alkyl-substituted dihydrofuran, and decays duringtions (Exp. 2 vs. Exp. 6) exhibit distinct growth patterns
the next 15 h of photooxidation. Under low-N©@onditions, (Fig. 4). Under high-NQ conditions, the &H»307 ion sig-
however, the (+):/z 183 signal eventually reaches a plateau, nal increases rapidly to a maximum during the first 2h and
which is more consistent with the pattern of){n/z 285. decays over the next14 h. The temporal behavior of the
This behavior is consistent with the mechanism predictionC;oH»30™ ion is a result of its rapid formation, i.e., uptake
that the alkyl-substituted dihydrofuran is formed in signifi- of §-hydroxycarbonyl onto particles and subsequent cycliza-
cant amounts only under high-N@onditions (Fig. 3b (H)). tion, and relatively slower removal, i.e., dehydration. Under
An alternative explanation for the temporal profiles of (+) low-NOy conditions, the g&H»30™ ion increases over the
m/z 183 under low-NQ conditions is that this ion is formed course of a 20 h experiment because of the accumulative for-
by dehydration of the cyclic hemiacetal following protona- mation of peroxyhemiacetal. During the first 3 h of irradia-
tion in CIMS. The occurrence of a plateau could be indicativetion under low-NQ conditions, the organic loading is below
of an absence of dehydration in the particle phase due to ththe AMS detection limit; thus the SH»30™ ion signal does
lack of an acid catalyst (no HNgJormation from NQ+OH not appear in Fig. 4 during this period. The 8230 ion
reaction as in the high-NQOcases). However, based on the signal under low-NQ conditions therefore potentially rep-
model prediction, cyclic hemiacetal is not likely to accumu- resents peroxyhemiacetal, since the formation of peroxides
late since the formation of its precurséthydroxycarbonyl, is the major reaction pathway in the REHO, dominant
is aminor pathway when the R®HO; reaction is dominant  regime. This is again consistent with the mechanism predic-
and the photolysis of the resulting peroxide is not important.tion that the formation of alkyl-substituted dihydrofuran is

The AMS measuredn/z 183 (G2H230™) is the ma-  unimportant under low-N@conditions (Fig. 3b (L)).
jor characteristic ion for cyclic hemiacetal. This ion is pro-  Figure 5 shows temporal profiles of the ioR 8,0 - H
detected by CIMS and the iom6H,30" detected by AMS

duced by the neutral loss of OH4, =17) from the 2 po-

mode. Figure 4 shows temporal profiles ofe)y 183 and
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in the presence of NPQunder varying RH. In general, the 4.3 Products from alkyl-substituted dihydrofuran
AMS ion CioHo301 peaks~3h earlier than the CIMS oxidation
ion C1oH220-HT. The decay rates of AMS ionGH»30™,

which is calculated by assuming first-order kinetics, are _ _ _ _
4.02x 1073,3.06x 1073,1.71x 103, and 1.37 10351 Products unique to the alkyl-substituted dihydrofuran oxi-

at RH of 3, 10, 20, and 50 %, respectively. Aerosol waterdation chemistry have been proposed based on CIMS mea-
content could slow down the formation and removal rate ofsuredm/z signals; see Table 2 for chemical structures. Au-
AMS ion Ci2H230", mainly because (1) water could accel- thentic standards are not commercially available for these
erate the hydration rate, thus changing the equilibrium coefProducts. Compounds from the dodecane photooxidation
ficient of the interconversion between cyclic hemiacetal androute that share the same/z signal with alkyl-substituted
dihydrofuran, and (2) the addition of water might neutralize dihydrofuran oxidation products are also presented in Ta-
the particle-phase acid (e.g., H¥Owhich is thought to cat-  ble 2. The CIMS signal {)m/z 346 is composed of 2-
alyze the cyclization o§-hydroxycarbony! to cyclic hemiac-  hitroxy-2-alkyl-3-hydroxyl-5-heptyl-tetrahydrofuran and 2-
etal (Lim and Ziemann, 2009¢c). The decay rates of AMS ioncarbonyl-5-hydroxyl-2-dodecyl-nitrate. The latter is a third-
C12H230* are within the same order of magnitude of that generation product resulting from the further oxidation of
measured for 5-hydroxy-2-pentanone at 3% RH, indicatingdodecy! nitrate. The branching ratio for the addition of an
that the dehydration of cyclic hemiacetal is the rate-limiting “ONQz group is much lower than that for the formation
step in the overall heterogeneous conversion process. wdf the RO radical; therefore the interference of 2-carbonyl-
ter vapor influences CIMS sensitivity to certain compounds>-hydroxyl-2-dodetyl-nitrate in the-()m/z 346 signal can

in negative mode by clustering with the reagent iogOF ~ be neglected. The CIMS signat-Jm/z 299 represents 3-
to form [H,O- CF30]~. The decreasing intensity of the jon Propoxy-nonanal, which is a primary product from both OH

C12H200- HT as RH increases is likely indicative of this ef- OXidation and ozonolysis of alkyl-substituted dihydrofuran,
fect. and 8-hydroxy-3,5-dodecanedione, which is produced from

the further oxidation of dodecyl nitrate. As discussed earlier,
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Table 2. Proposed structures for CIMS ions unique to the alkyl-substituted dihydrofuran chemistry. C and T indicate the cluster and transfer
product, respectively. Commercial standards are not available.

Observed Chemical Proposed Chemical

Product Interference
mz formula structure pathway

O Heterogeneous 7

183 | T | CaHn0 | gen W\h)b
conversion

OH

A conversion

O,NO. O 0 ONO,
346(-) C | C;2HxNOs \M OH-oxidation

HO OH
o oo

| OH-oxidation
299(~ C | CpHRO o NWA)UIV
) B \)LOJ\/\/V Ozonolysis

(o]
249(-) T C12H204 \)OL /&QH/V Ozonolysis —
(o)

Ozonolysis

(o}

JL J\lggn/v Ozonolysis —
(o)

315(-) C Ci2H2,04

ONO
[o] 2
332(-) C CiiH210sN JOK/\/\/ Ozonolysis —

r

348(-) C CiiHz106N \j)L ONO, Ozonolysis —
(o]
OH
301(-) C C11H2004 \)oL OH Ozonolysis —
o
(o]

the formation and transformation of dodecyl nitrate is pre-bon. The OH oxidation channel leads solely to the forma-
dicted to be a minor pathway, and thus thef/z 299 is  tion of tetrahydrofuran and carbonyl ester. In the ozonolysis
dominated by 3-propoxy-nonanal. pathway, on the other hand, the reaction of stabilized Criegee
A distinct feature of proposed products from the dihy- intermediates with water produces one ester group contain-
drofuran oxidation by either OH or s the formation of ing aldehyde (3-propoxy-nonanal) and carboxylic acid (3-
an ester group (—-C(O)O-) or an ether group (—O-), both ofpropoxy-nonanic acid); see proposed structures in Table 2.
which cannot be accessed from photochemical reaction path-rom the intact @, skeleton and highly oxygenated na-
ways initiated by the OH attack on the aliphatic hydrocar- ture, these two products are consistent with CIMS signals in
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(=)m/z 299 and €)m/z 249 and 315 in negative mode with diates with water in the substituted dihydrofuran oxidation
little interference from other products. system.
Figure 6 shows the temporal profiles of)in/z 299, as Two dominant oxygen-containing ions;/z 44 (mostly
well as ()m/z 249 and 315, under “@limiting” (Exp. 2) ~ COj) andm/z 43 (GzH3 and GH30™), have been widely
and “Os-rich” (Exp. 3) conditions. The decay rates of their used to characterize organic aerosol evolution in chamber
precursor (+)/z 183, as calculated by assuming first-order and field observations. Previous studies have shown that
kinetics, are 1.1% 10° s~! and 1.44x 10°s7%, respec-  COj results mostly from the thermal decarboxylation of an
tively. Under G-rich conditions, both species increase and organic acid group (Alfarra, 2004). Th@4 (ratio ofm/z 44,
eventually level off. When @reaction is less competitive, mostly Cq , to total signal in the component mass spectrum)
the CIMS signals start to decrease after 10 h of photooxidaaxis is also considered to be an indicator of photochemical
tion. Note that these three ions were also detected under lonaging (Alfarra et al., 2004; Aiken et al., 2008; Kleinman et
NOy conditions. No significant increase in their signals wasal., 2008). It has been found that increasing OH exposure
observed in the @rich environment (Exp. 7), compared with increasesfs4 and decreasegss (ratio of m/z 43, mostly
the Gs-limiting case (Exp. 6). If they were assigned the sameC;H30™, to total signal in the component mass spectrum)
chemical structures as those proposed under high-¢¢@-  for SOA generated from gas-phase alkanes (Lambe et al.,
ditions, their growth pattern would suggest aminor forma-2011). The GH3O" ion atm/z 43 is assumed predomi-
tion of their precursor alkyl-substituted dihydrofuran. This nantly due to nonacid oxygenates, such as saturated carbonyl
can be attributed to the slowdown or even termination of thegroups (Ng et al., 2011). The evolution of dodecane SOA
dehydration of cyclic hemiacetal in the absence of strong acidrom four experiments (Table 1), characterized by different
catalysis (Atkinson et al., 2008; Lim and Ziemann, 2009¢). OH and Q exposure, and different RH levels, is shown in
. o feo,+ — fc,H3O™ space in Fig. 8. Overall, high-NOdo-
4.4 Ozonolysis vs. OH oxidation decane SOA lies to the lower left of the triangular region
) ) o ] derived for ambient SOA. The relatively high organic load-
Carboxyl_lq acids produce significant s_lgnalsmaytz 60 and ing (~200 ppb dodecane) employed in this study favors par-
73, specifically @H40; and GHsO3, in the AMS mea- itioning of less oxidized species, which would remain in the
;urement (Aiken _et al., 2008).. The formation of these tWOgas phase under atmospheric conditions. For each experi-
ions, as a Ejnlctlon of the tmg—dependent decgy of_thement’ fco; decreases andc,y,0+ increases with increas-
ion Cy5H,30", is shown under dlfferentfH condmonf 'N"ing SOA at the beginning of irradiation. After several hours
Fig. 7. The I+argest slope+0f. e'thﬂC?H“OZ /,AC12H23,O of photooxidation, the trends reverse, resulting in increasing
or AQgHSOZ [ AC1oH2307 is assouatgd with the+h|ghest fco; and decreasingic, 0+ . Curvature i”fco;— fopor
RH, "ejg ,50 %. Hovygver, the production .°_f2|€402 and space has been also observed in other chamber/flow reactor
C3HsO; is not significant under dry conditions. Also, the gygies (Kroll et al., 2009; Ng et al., 2010; Chhabra et al.,
changes in slopes along with changes in RH values are COMy011; Lee et al., 2011; Lambe et al., 2011). When the or-
sistent fqr bot'h ions. 'ThIS indicates that thg formgtlon Qf theganic loading is small, only the highly oxygenated and least
carboxylic acid functional group detected in particles is as-g|atile species partition to the particle phase. As particles

sociated with the water vapor concentration in the gas phasegrow, more volatile and less oxidized species are able to
consistent with the reaction of the stabilized Criegee interme-
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Exp. 3, 4, and 5 correspond to a regime in which ozonolysis of dihydrofuran is dominant, at 10, 20, and 50 % RH, respectively.
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Fig. 9. (A) SOA average carbon oxidation state as a function of OH exposure from dodecane photochemistry undek lighelNiOns.

Exp. 1 corresponds to a regime in which OH oxidation of dihydrofuran is dominant. Exp. 3, 4, and 5 correspond to a regime in which
ozonolysis of dihydrofuran is dominant, at 10, 20, and 50 % RH, respect{®lywan Krevelen diagram. AMS measured O:C vs. H:C
ratios for the four experiments under the OH total exposure ranging from 106 to 2.0x 10’ molecules cr3 h. Gray dashed lines denote

the average carbon oxidation state.

participate in equilibrium partitioning, leading to a decreaseway to the intensity offco+ can be evaluated based on the
in fco+ Progressive oxidation of semivolatile products in fco+ fe,Hso+ Plot. As d|scussed in Sect. 2.1, Exp. 1 is
the gas phase eventually leads to multifunctionalized SpeCIe§e5|gned as an OH-dominant case, in which it is estimated
contributing to the increase gt - that >73% of the dihydrofuran reacts with OH over the
Both Os- and OH-initiated oxidation of substituted dihy- course of the experiment. Exp. 3, 4, and 5 were designed
drofuran lead to the formation gfco+, via the thermal de- to be Q-dominant at 10%, 20%, and 50 % RH, respec-
carboxylation of an organic acid group and photochemicaltively. Approximately 96, 97, and 98% of substituted di-

aging, respectively. The contribution of each reaction path-hydrofuran is predicted to react withsQvhen it peaks af-
ter ~3 h of photooxidation in Exp. 3, 4, and 5, respectively.
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Fig. 10. Comparison of CIMS measured ions in positive and negative mode, with chemical structures proposed in Table 2, with model
simulations using experimental conditions of Exp. 2.
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Fig. 11. (A) Comparison of the predicted dodecane decay and SOA growth with observations (Exp. 2). SIM1 represents the full mechanism
simulations under initial conditions of Exp. 2. SIM2 is the simulations in the absence of the substituted dihydrofuran formation chan-
nel. (B) The contribution of dihydrofuran chemistry (DHROH/O3) vs. dodecane photochemistry (D&@H) to the total organic mass.

(C) Molar fractions of major functional groups after 3 h of photochemical reaction (when alkyl-substituted dihydrofuran peaks and organic
loading is~ 50 pg nt3) as predicted by SIM1. Note that “other” includes dihydrofuran, tetrahydrofuran, and ether m¢2ti€smparison

of the predicted average carbon oxidation state with observations (Exp. 2).

As shown in Fig. 8, the intensities cho; in Exp. 1, 3, The difference in elemental composition of organic par-
4, and 5 are 0.019, 0.020, 0.028, and 0.030, respectively, dicles produced from @dominant vs. OH-dominant envi-
the same OH exposure, i.e.x210’ moleculescm3h. The ronments is also examined via the AMS measured O:C
increase infoq: intensities results from the increasing O and H:C ratios in the van Krevelen plot and the time-
and RH levels in these four experiments. Overall, Exp. 1dependent evolution of the average carbon oxidation state
exhibits the least intensity of: at the end of the ex- (OSc=2x0:C—H:C); see Fig. 9. In general, the ©S

periment, i.e., 0.017, although thze total OH exposure is thevalues calculated fall into a region characterized by oxi-
highest e 3.% 10" molecules cm®h. The total OH ex.  dized primary organic aerosol and semivolatile oxidized or-
posures, for,Exp. 3 4 and 5 are X30. 2.2x 107. and ganic aerosol (Kroll et al., 2011). The measured O~0.Q)

2.1x 107 molecules cm?3 h, respectively, which are less than 2N H;C ¢ 1.7) ratios at an OH exposure on the order
that in Exp. 1. However, the intensities gk for these of ~10" molecules cm”h agree with those measured for

three experiments are 35-82 % higher than that in Exp. 1 aprganic aerosols generated fromoQC;7 alkanes (Lambe

. o : , . et al., 2011, 2012). As mentioned earlier, the four experi-
the end of experiments. In addition, the mtensnw‘eg; in- ments (Exp. 1, 3, )4 and 5) were conducted in such apway

creases along with increasing RH and €posure for these ¢ the total OH exposure is decreasing, whereas the to-
three experiments, varying from 0.023 to 0.031. The hlghes{a| Os and RH exposure is increasing along with increas-

Jcoy intensity shown in Exp. 5 corresponds to the highest;,g oyperimental numbers (for example, Exp. 5 has the least
O3 exposure and RH level, but lowest OH exposure.
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1.5e7 ‘ ‘ to substituted dihydrofuran is taken asx303s-1. The
g;ime Urban Air model output i_s consi;tent with the observed time-dependent
trend when this rate is used. Up 400 % ofm/z 301 ()
L.2e7r is consumed due to this rapid heterogeneous reaction path-

way at 3% RH after 18 h of photooxidation. “Pattern 2” is
indicative of a species that also reacts rapidly, but with a
Rural Air much slower consumption rate than species of pattern 1. A
typical example here is:/z 183 (), which represents the
alkyl-substituted dihydrofuran. The reaction rate constants
of alkyl-substituted dihydrofuran with either OH orz@re
at least an order of magnitude higher than the generic reac-
3.0e6} . tion rate constant for the OH abstraction reaction, which is
the dominant gas-phase pathway in the dodecane photooxi-
Background Air dation mechanism. The simulated peak occugh earlier
A 30 60 90 120 150 than observations, indicating that the formation rate of alkyl-
O (PPD) substituted dihydrofuran might be slower than the decay rate
of its precursord-hydroxycarbonyl, considering that fact that

©
=)
@
)
T
I

OH (molec cm_s)
o
o
S

Ozone regime

Fig. 12. Regimes of dominance of ozonolysis vs. OH oxidation th id-catalvzed dehvdrati in th ticle ph
of substituted dihydrofuran. Daily maximum OH concentrations € acid-calalyzed aenydration process In the particie phase

vary by regions in the troposphere, i.e. 520 molecules cri3 is thg rate-limiting step. The extent to Which the formati_on
for background air, 18-10’ moleculescm? for rural air, and  ate is slower than the decay rate, however, is unknown since
> 10" molecules cr3 for urban air, with a global average con- the measurement of rate constants for individual steps is in-
centration of 1x 10° molecules crii3. Daily average surface ozone feasible in this study. “Pattern 3" reflects the temporal pro-
mixing ratios in rural areas are between 10 and 50 ppb, but theséiles for a majority of ions here, e.gn/z 328(-), 299(),
can exceed 100 ppb in polluted urban areas. 249(-), 315(), and 332¢). Compounds proposed for the
abovem/z can be categorized as semivolatile products. In
the gas phase, they undergo functionalization or fragmenta-
OH exposure but the largesz@nd RH exposure). A clear tion, or partition into the particle phase as the precursors of
trend observed from the van Krevelen plot is that O:C SOA. Overall, the temporal profiles of species in pattern 3
increases, whereas H:C decreases under elevajeah® are governed by the progressive photochemistry in the gas
RH levels. The effect of ozonolysis of substituted dihydro- phase and gas—particle equilibrium partitioning. “Pattern 4",
furan chemistry on the aerosol chemical composition canincludingm/z 346 () and 328 ) here, represents “non-
be evaluated by comparing @0 :C vs. H:C) for these volatile” species. Owing to their low volatilities, they will
four experiments under the same OH exposure. Consisterimmediately partition to the particle phase once formed and
with our findings i“fco;—fczH3o+ space, the highest @S  the gas-phase photooxidation becomes negligible, although
is observed under the highesg @xposure and RH level, it might still occur via the OH attack on C atoms.
but lowest OH exposure (98 % substituted dihydrofuran re- Figure 11a shows the simulated SOA growth (SIM.1) us-
acts with Q@ at 55% RH). With the same OH exposure, ing the initial conditions in Exp. 2, together with the ob-
e.g., 1.5x 10" molecules cm3h, the average carbon oxida- served total organic aerosol mass as a function of reaction
tion state increases from1.36 in G-limiting environments  time and OH exposure. The model reproduces the cham-
(Exp. 1) to—1.25 in G-dominant environments (Exp. 5). In ber measured SOA yield at 3% RH when the conversion
conclusion, ozonolysis of substituted dihydrofuran plays anrate of 3x 10~ 3571 is employed to represent the heteroge-
important role in the formation of highly oxidized aerosol in neous conversion af-hydroxycarbonyl to dihydrofuran. A

alkane SOA. second simulation (SIM.2) was run with the complete di-
hydrofuran chemistry removed while other parameters were
4.5 Experiment and model comparison held constant. The total organic mass-igt2 % higher as a

result after 18 h of photooxidation. The formation of alkyl-
Figure 10 shows the temporal profiles of CIMS measuredsubstituted dihydrofuran frod-hydroxycarbonyl is accom-
ions in 4-/—) mode, with structures proposed in Table 2, to- panied by an increase of vapor pressure from %367 to
gether with the corresponding model predictions under con1.08x 10-*atm at 300K, as predicted by SIMPOL.1, and
ditions of Exp. 2. In general, four time-dependent growth pat-the total organic mass formed decreases. Although the addi-
terns are observed in experiments, which are also captured kyon of OH to the C=C double bond in the substituted dihy-
model predictions. “Pattern 1” denotes species with rapid re-drofuran introduces an extra OH group, the decrease of va-
moval pathways, e.gm/z 301 (), with a proposed struc- por pressure owing to the addition of one OH group does not
ture of §-hydroxycarbonyl. In the current mechanism, the compensate for the heterogeneous conversion of both —-C=0
overall heterogeneous conversion raté-tfydroxycarbonyl  and —OH groups i$-hydroxycarbonyl to an —O- group in

www.atmos-chem-phys.net/14/1733/2014/ Atmos. Chem. Phys., 14, 171333 2014
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a nonaromatic ring in dihydrofuran. The predicted averagetralized, the heterogeneous conversioi-tifydroxycarbonyl
carbon oxidation state is7—15 % higher than observations. to substituted dihydrofuran might be a minor process.

The overprediction is within the uncertainties in the O:C In summary, two impacts of substituted dihydrofuran
(31%) and H: C (10 %) measurement by AMS (Aiken et al., chemistry on alkane SOA formation are expected. First, the
2008). Incorporation of the substituted dihydrofuran forma- SOA yield from the photooxidation of long-chain alkanes
tion and removal pathways in the model leads to an increasean be overpredicted without accounting for substituted di-
in the simulated O&. Compared with compounds produced hydrofuran formation and removal pathways. Second, a sub-
from dodecane photooxidation under high-N€bnditions,  stantial amount of carboxylic acid, ester, and tetrahydrofuran
products from dihydrofuran chemistry tend to have a highermoieties can be produced, leading to higher O: C but much
O : C but lower H: C due to the formation of ether, ester, andlower H : C ratios, and thus a higher oxidation state of alkane
carboxylic acid functional groups. As a result, the calculatedSOA in general. In this manner, the dihydrofuran chemistry
average carbon oxidation state is higher in the presence afan be considered as a “dehydration” channel in alkane SOA
chemical reactions that accelerate the aerosol aging procesformation.

Supplementary material related to this article is
5 Atmospheric implications available online athttp://www.atmos-chem-phys.net/14/
1733/2014/acp-14-1733-2014-supplement.pdf
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