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Abstract. Secondary organic aerosol (SOA) formation starting diene. These oligomers are possible sources of the 2-
from atmospheric oxidation of isoprene has been the submethyltetrols found in ambient aerosol samples collected un-
ject of multiple studies in recent years; however, re-der high NQ conditions. Furthermore, in low-temperature
actions of other conjugated dienes emitted from anthro-experiments also conducted in this study, the SOA yield mea-
pogenic sources remain poorly understood. SOA formationsured with isoprene at 278 K was 2—-3 times as high as that
from the photooxidation of isoprene, isoprené®G, 1,3- measured at 300 K under similar concentration conditions.
butadiene, and 2,3-dimethyl-1,3-butadiene is investigated foAlthough oligomerization plays an important role in SOA
high NGO, conditions. The SOA yield measured in the 1,3- formation from isoprene photooxidation, the observed tem-
butadiene/NQYH,0» irradiation system (0.089-0.178) was perature dependence of SOA vyield is largely explained by
close to or slightly higher than that measured with isoprenegas/particle partitioning of semi-volatile compounds.

under similar NQ conditions (0.077-0.103), suggesting that
the photooxidation of 1,3-butadiene is a possible source of

SOA in urban air. In contrast, a very small amount of SOA

particles was produced in experiments with 2,3-dimethyl-1 Introduction

1,3-butadiene. Off-line liquid chromatography — mass spec-

trometry analysis revealed that the signals of oligoesterdsoprene is the most abundant nonmethane hydrocarbon
comprise a major fraction (0.10-0.33) of the signals of theemitted into the atmosphere, mainly originating from bio-
SOA products observed from all dienes investigated. The oli-genic sources (Guenther et al., 2006). SOA formation during
goesters originate from the unsaturated aldehyde gas phasgoprene oxidation has been investigated via laboratory stud-
diene reaction products; namely, semi-volatile compoundsges by many researchers (e.g. Pandis et al., 1991; Miyoshi
produced by the oxidation of the unsaturated aldehyde unet al., 1994; Jang et al., 2002; Edney et al., 2005; Kroll et
dergo particle-phase oligoester formation. Oligoesters proal., 2005, 2006; Bge et al., 2006, Dommen et al., 2006;
duced by the dehydration reaction between nitrooxypolyolSurratt et al., 2006; Szmigielski et al., 2007; Sato, 2008;
and 2-methylglyceric acid monomer or its oligomer were Kleindienst et al., 2009). The products formed from isoprene
also characterized in these experiments with isoprene as thghotooxidation (i.e. 2-methyltetrols,s@lkenetriols, and 2-
methylglyceric acid) have been observed in ambient fine par-
ticles (Claeys et al., 2004a,b, 2010; Wang et al., 2005; Xia
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currently estimated to be the single largest source of SOA 136K
in the atmosphere (Henze and Seinfeld, 2006; Henze et al. Z /\f 2 AN )\K
2008; Hallquist et al., 2009; Carlton et al., 2009).

_ Isoprene a_nd other conjugated dienes_are also_emittecIsoprene lsoprene-1-13C  1,3-Butadiene  2,3-Dimethyl-

in urban environments from petrol and diesel engine ex- (1s0) (ISO-13C) (BD) 1,3-butadiene

haust or fuel vapor (Jemma et al., 1995; Shi and Harri- (DMB)

son, 1997; Smith et al., 2002; Nelson et al., 2008; Agrawal

et al., 2008), and measurements in the urban environmerftig. 1. Conjugated dienes used in this study.

have been reported (Jeffries, 1995; Calvert et al., 2002;

Liu et al., 2008). A representative conjugated diene emit- ]

ted from anthropogenic sources is 1,3-butadiene, which i€Ur knowledge, the temperature dependence of aerosol yield

more volatile than isoprene. However, SOA can be produced’ @erosol composition during isoprene photooxidation has

from 1,3-butadiene if its oxidation products were to undergoN€Ver been investigated. _ o

particle-phase oligomerization. Three previous studies have I this study, SOA formation from the photooxidation

investigated SOA formation from the photooxidation of 1,3- Of isoprene (ISO), isoprene-£C (1ISO-13C), 1,3-butadiene

butadiene (Kroll et al., 2005; Angove et al., 2006; Sato, (BD), and 2,3-dimethyl-1,3-butadiene (DMB) was investi-

2008), but the yield and the composition of SOA formed gated under high .NQCOHdIIIOHS (Fig. 1).' The aims of this

from this reaction remain poorly understood. In this study, Study were to verify the known mechanism of SOA forma-

we experimentally investigate the formation of SOA from the tion from isoprene/N¢ photooxidation and to elucidate the

photooxidation of conjugated dienes in the presence of NO Meéchanism of SOA formation from the reactions of other

to improve our understanding of SOA formation from these conjugated dienes. We explored particle-phase products pay-

reactions in urban air. ing attention not only to known oligoester products but also
The major particle-phase products formed in the presencé® ni.trooxypolyols and their derivatives. Furthgrmore, we

of NOy from isoprene photooxidation are oligoesters; theseStudied the temperature dependence of SOA yield and SOA

oligoesters are produced by the aerosol-phase oligomeriz&0Mposition during isoprene photooxidation.

tion of 2-methylglyceric acid (Surratt et al., 2006, 2010;

Szmigielski et al., 2007; Chan et al., 2010). 2-Methyltetrols2 Experimental section

and G-alkenetriols are formed as particle-phase products

under low NQ conditions (Surratt et al., 2006; Kleindienst et 21 Materials

al., 2009; Paulot et al., 2009; Surratt et al., 2010) but are not

produced under high NOconditions (Surratt et al., 2006). |soprene  (Aldrich, 99%), isoprene¥C (Aldrich,

However, 2-methyltetrols are also found in ambient parti-g9 atom9 13C, 97% - CP), 1,3-butadiene (Aldrich,

cles even under high NOconditions (Edney et al., 2005; 99 94), and 2,3-dimethyl-1,3-butadiene (Aldrich, 98 %) were

Claeys et al., 2010). A possible source of 2-methyltetrols inyseq as reactants. Hydrogen peroxide (Aldrich, 50% in

the presence of NQis the decomposition of nitrooxypoly-  H,0) was used as an OH radical source without further
ols (Sato, 2008; Szmigielski et al., 2010); however, experi-concentration.

mental evidence of nitrooxypolyol formation during isoprene
photooxidation under high NOconditions is still limited. 2.2 Experimental procedure
Another likely source of 2-methyltetrols is the decomposi-
tion of organosulfates containing a nitrooxypolyol residue. Table 1 shows the experimental conditions of this study. All
These compounds are formed from isoprene in the presenoexperiments were conducted using the UCR CE-CERT 90-
of NOy and sulfuric acid, and have been detected in ambienm?® environmental chamber (Carter et al., 2005; Malloy et
fine aerosol (Surratt et al., 2007, 2008)1Gez-Gonalez et al., 2009; Qi et al., 2010). Two Teflon 90%meactors lo-
al., 2008). cated in a 450-fh enclosure were ventilated by dry puri-
During oligoester formation from isoprene photooxida- fied air (dew point less than 233 K). Prior to an experiment,
tion, particle-phase oligomerization occurs following the the reactors were filled with dry purified air. Nitrogen ox-
gas-to-particle absorption of semi-volatile products. The gaside (22-940 ppb), conjugated diene (20—965 ppb), and hy-
to-particle equilibrium shifts to the particle side with decreas-drogen peroxide (0—-3 ppm) were injected into each reactor
ing temperature (Odum et al., 1996; Takekawa et al., 2003)using nitrogen carrier gas. The gas mixture in each reac-
On the other hand, the rate of particle-phase oligomerizatiorior was then stirred using a mixing fan for 1 min. Complete
decreases with decreasing temperature if the oligomerizatiomixing was ensured by monitoring NG@nd diene concen-
process has a substantial activation barrier. Measurement dfation using a chemiluminescence NO/{N&nalyzer (Teco,
the temperature dependence of SOA yield from the reactiorModel 42C) and gas chromatography with flame ionization
of isoprene will provide a better understanding of SOA for- detection (GC-FID; Agilent, Model 6890N). The two reac-
mation involving oligomerization in the particle phase. To tors were then irradiated by black lights (Sylvania, 350BL,
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Table 1. Experimental conditions and results.

Rurf Compound [Diengg [NOX]B Diene reacted SOA SOA Note
(ppb)  (ppb) (Mgm3)  (ugn3)  Yield

EPA1058W ISO 573 940 1595 24 0.015 d
EPA1070E ISO 965 56 1734 32 0.018 d
EPA1069W ISO 552 43 1350 25 0.019 d
EPA1069E ISO 247 42 688 16 0.023 d
EPA1058E ISO 255 398 710 26 0.037 d
EPA1068W ISO 115 44 320 12 0.038 d
EPA1082E 1ISO 376 273 1046 46 0.044 d
EPA1078W ISO 115 257 320 15 0.047 d
EPA1070W ISO 957 907 2663 136 0.051 d
EPA1068E 1ISO 49 42 136 7 0052 d
EPA1078E 1ISO 115 257 320 17 0.053 d
EPA1087E 1ISO 244 250 678 36 0.053 d
EPA1061E ISO 20 22 55 3 0055 d
EPA1060W ISO 145 240 403 28 0.069 d
EPA1061W ISO 42 50 116 9 0.077 d
EPA1060E ISO 66 103 184 19 0.103 d
EPA1115E 1ISO 37 268 103 8 0.077 e
EPA1108W ISO 240 256 668 63 0.094 e
EPA1108E ISO 115 256 320 33 0.103 e
EPA1087W ISO 338 315 939 6 0.006 d,f
EPA1090E 1ISO 197 339 548 6 0.011 d,g
EPA1090W ISO 199 343 555 9 0.016 d,g
EPA1148E 1ISO 133 300 371 39 0.105 d,h
EPA1148W ISO 132 297 368 56 0.152 d,h
EPA1082W 1SO-13C 317 275 881 50 0.057 d
EPA1072W BD 106 333 234 5 0021 d
EPA1072E BD 51 146 112 4 0.036 d
EPA1094E BD 112 267 247 22 0.089 e
EPA1094W BD 269 267 594 66 0.111 e
EPA1132E BD 41 250 91 11 0.121 e
EPA1132W BD 214 249 473 84 0.178 e
EPA1137W BD 227 275 501 22 0.044 e, f
EPA1137E BD 228 276 504 30 0.060 e,f
EPA1104E DMB 115 259 386 1 0.003 e
EPA1104W DMB 250 258 839 4 0.005 e
EPA1115W DMB 291 267 976 7 0.007 e

a Typical experiments were conducted in the presenceppm HO0, at 300+ 1K, unless otherwise specifieH.NOX used in all experiments was pure NOSOA mass was
converted from SMPS volume assuming 1 g’c?’rdensity.d NO, photolysis rate was set to 0.12 mmih © NO, photolysis rate was set to 0.40 mih f No hydroxyl radical source
(H205) was usedd Lights-off experiment! Low-temperature experiment at 278 K.

the light intensity is peaked at 350 nm with 40 nm FWHM). from the NG photolysis rate, the black light spectrum, and
The NGO photolysis rates were 0.12 and 0.40 minwhen the N and HO», absorption spectra (DeMore et al., 1997).
80 and 276 black lights were used at 300K, respectively.No seed aerosol was used in all experiments.

The pressure of each reactor was maintained at 5 Pa higher The air temperature in the enclosure was controlled by an
than the enclosure by pressing the reactor wall in order taair handler with~105 kW cooling power. Most experiments
avoid any leakage of contaminants; thus, the reactor volumeavere conducted at room temperature (30DK) while two
decreased with time. An experiment was finished when theexperiments with isoprene were conducted at a low temper-
volume of a chamber decreased to one-third the initial valueature (278t 1 K). In order to correct the change in light in-
The experimental duration ranged from 6 to 9 h during thetensity caused by temperature decrease, the number of lights
present experimental period. The®p photolysis rate when used at 278 K was adjusted to reproduce the lgbotolysis

276 lights were used was evaluated to be>6 04 min~—1 rate of experiments at 300K (Qi et al., 2010).
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Aerosol particles in the reactors were collected on a Teflonthe vaporizer was set to 448 K; nebulizer gas pressure was set
membrane disk filter (Pall, Te@), 2um pore, 47-mm di- to 276 kPa; and fragmentor voltage was setto 160 V. The ions
ameter) for off-line analysis of particle-phase products. Theformed were analyzed by a time-of-flight mass spectrometer.
samples were collected for 30-120 min at a flow rate of The real-time mass spectrum of SOA was measured by a
25Imin~1. Pretreatment of sample filters was conductedtime-of-flight aerosol mass spectrometer (ToF-AMS; Aero-
within 48h of sampling. Sample filters were stored in a dyne); details of the instrument are explained elsewhere
freezer until pretreatment. Each sample filter was extractedDrewnick et al., 2005). Particles collected through an aero-
by sonication in 5ml of methanol for 30 min. Each extract dynamic lens were vaporized by a heater at 873 K. Vaporized
was concentrated under a gentle stream of dry nitrogen unecompounds were ionized by electron ionization (El) and an-
til dried. Each sample was reconstituted with 1-ml aceticalyzed by the time-of-flight mass spectrometer in V mode,
acid/methanol/water solution (v/v/v=0.1/49.95/49.95) andwhich was selected to detect oligomers in a high sensitiv-

was then used as an analytical sample. ity. The mass resolution in V mode was typicaty2700,
and this enabled us to resolve the peaks of N®/z29.997)
2.3 Instruments and CHO' (m/z30.010). Data obtained was numerically

analyzed by the ToF-AMS Analysis Toolkit program ver-
The concentrations of gaseous compounds were measured lBjon 1.48 and ToF-AMS HR Analysis program version 1.07
two GC-FID instruments, an NO/NGanalyzer, and an ultra-  (ToF-AMS Software Downloads, 2009).
violet absorption ozone analyzer (Dasibi, Model 1003-AH).
Furthermore, reactant and product volatile organic com-
pounds (VOCs) were measured by a high sensitivity protor3 SOA formation
transfer reaction — mass spectrometer (PTR-MS; lonicon).

Particle-size distribution between 28 and 730 nm was mea3.1 Time profile

sured using two custom-made scanning mobility particle
sizer (SMPS) instruments similar in design to those de-Figure 2a shows the time profiles of gaseous reactants and
scribed elsewhere (Cocker Il et al., 2001). Particle num-products obtained from an isoprene photooxidation exper-
ber and volume were wall-loss corrected using the methodment (EPA1078W). The concentrations of isoprene and
of Bowman et al. (1997). Particle-mass loading was calcu-NO decreased with irradiation time. Figure 2b shows a
lated assuming a unit density. Note that the present yieldime profile of SOA mass concentration obtained in the
would be higher if a higher aerosol density is used. Thesame experiment. The plotted SOA concentrations are val-
volatility of particles at 373K was measured by a custom-ues obtained after wall-loss correction. The SOA mass
made volatility tandem differential mobility analyzer (VT- concentration increased to above a detectable level after
DMA) having a similar design as that described elsewheremost of the initial NO was consumed. Similar results
(Qi et al., 2010). The volume fraction remaining (VFR) were observed under lower N@onditions (EPA1069W and
was monitored for 75, 100, and 125nm particles, and theEPA1070E; NQ/HC =0.06-0.08) as well as in this exper-
VFR was confirmed to be independent of the particle di-iment (NQ/HC=2.23). The SOA concentration continued
ameter within an experimental uncertainty. The residencdo increase after most of the isoprene was consumed. The
time of the aerosol in the thermodenuder was 17 s, whichSOA mass concetration had not leveled off by the end of the
is sufficiently long under present experimental conditionsexperiment. This was typical in experiments in which the
(An et al., 2007). The off-line analysis of SOA parti- NO photolysis rate was 0.12 mif. Reported SOA yields
cles was conducted by high-pressure liquid chromatograin these experiments are probably underestimated by low ex-
phy/accurate mass (3 ppm) time-of-flight mass spectrometryent of reaction.
(LC-TOFMS; Agilent, Model 6210). A 10-pl aliquot of ana- Figure 2c shows the time profiles of PTR-MS signals at
lytical sample was injected into the LC-TOFMS instrument. m/z69 and 71. Isoprene, having a molecular weight of 68,
The mobile phases used were 0.1 % acetic acid agueous seras detected by PTR-MS as protonated molecules/z%9.
lution (A) and 0.1% acetic acid methanolic solution (B). In the same figure, scaled GC-FID isoprene data is also plot-
The total flow rate of mobile phases was setto 0.5mimhin  ted. The time profile ah/z69 agreed with that of the relative
The concentration of mobile phase B was set to 50 % in th@soprene concentration measured by GC-FID. Methacrolein
flow-injection analysis conducted without a column. On the and methyl vinyl ketone, produced as first-generation prod-
other hand, in the column-injection analysis, the concentra-ucts during isoprene oxidation, were detected as protonated
tion of mobile phase B was set to 5% as an initial value andmolecules at/z71. Signal intensity ain/z71 increased and
was linearly increased to 90 % in 30 min. The column usedthen decreased due to the formation and subsequent reac-
was an octadecyl silica gel column (Agilent, 4850 mm  tions of these products. SOA concentration increased with
Eclipse, XDB-C18); the temperature of the column was setdecreasing signal intensity at/z71, suggesting that SOA
to 298 K. Analytes were ionized by electrospray ionization particles are second- or higher-generation products of iso-
(ESI) method in negative polarity mode; the temperature ofprene oxidation.
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Irradiation time (min) diene/NQ/H>0, experiments with(a) isoprene (EPA1108W,
EPA1108E, EPA1115E), (b) 1,3-butadiene (EPA1094W,
Fig. 2. Time profiles of(a) gas concentratior(h) SOA mass con- EPA1094E, EPA1132W, EPA1132E), afc) DMB (EPA1104W'. )
centration, andc) PTR-MS signals during isoprene/N®i,0; ex- EPA1104E, EPA1115W). All results plotted were obtained at initial
periment at 300 K (EPA1078W). The NGhotolysis rate for this NOx con(?e_nltratlons of 249-267 ppb and at anNDotolysis rate
run was 0.12 mini. The NGO analyzer used was a chemilumines- ©f 0-40min~=.
cence type; N@signals of this instrument include not only the sig-
nals of NO and N@ but also the signals of Ngspecies (e.g. nitric

acid). Figure 3a shows the time-dependent SOA growth curves

of the reaction with isoprene. All SOA formation curves

were or nearly were vertical because the majority of SOA
3.2 Time-dependent growth curve production occured continued after most of the isoprene was

consumed. Similar results were obtained in the range of 37—
Time-dependent SOA growth curves (i.e. SOA concentra-240 ppb of the initial isoprene concentration. These results
tions plotted as a function of the concentration of hydro- confirm that SOA is generated from a second- or higher-
carbon reacted) are used for the analysis of the SOA forgeneration product. Vertically increasing growth curves are
mation mechanism (Sato et al., 2004; Chan et al., 2007pbserved when the rate of precursor VOC oxidation is much
Kroll and Seinfeld, 2008). Time-dependent growth curveshigher than that following the oxidation of products leading
of the reactions with isoprene, 1,3-butadiene, and DMB areto SOA formation (Kroll and Seinfeld, 2008). This is con-
shown in Fig. 3. Only experiments with N@anging from  sistent with the OH reaction rate of isoprene being 3.2 and
249-267 ppb were included in Fig. 3 since the yield and the5.5 times as high as that of methacrolein and methyl vinyl
product distribution of SOA during isoprene photooxidation ketone, respectively (Atkinson, 1986). SOA yield, calculated
depend strongly on the initial NOconcentration (Kroll et using the maximum value of SOA concentration, was 0.077—
al., 2005, 2006; Surratt et al., 2006), Experiment 1078W0.103.
(Fig. 2) was conducted with a Nohotolysis rate of only Similar results were obtained in an experiment with 1,3-
0.12mir!; however, the signal ah/z71, corresponding to  butadiene (Fig. 3b). The measured SOA yield was 0.089—
methacrolein or methyl vinyl ketone, was still present when0.178 in the range of 41-269 ppb of diene concentration,
the experiment was finished. The N@hotolysis rate for all  close to or slightly higher than the results for isoprene. To our
experiments in Fig. 3 was therefore raised in subsequent exknowledge, this is the first study in which the SOA yield from
periments to 0.40 mint to ensure complete consumption of the reaction of 1,3-butadiene was measured by changing the
m/z71 within the limited duration of the experiments. reactant concentration. Carter et al. (2005) reported a typical

www.atmos-chem-phys.net/11/7301/2011/ Atmos. Chem. Phys., 11, 73072011
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concentration of background particle matter formation of the4 Chemical composition of SOA

present chamber is 0-1ugth Detectable level SOA (4—

7 ug n3) was produced in the experiments with DMB inthe 4.1 LC-TOF mass spectrum

range of 250-291 ppb of diene concentration, but the mea-

sured SOA yield (0.005-0.007) was significantly lower than Flow-injection analysis of SOA off-line samples was con-

that of isoprene and 1,3-butadiene (Fig. 3c). ducted by LC-TOFMS (Fig. 4). The results obtained in ex-
periment with isoprene at 300 K (EPA1108W) are shown in
3.3 SOAvyield Fig. 4a. A series of oligomer signals with regular mass dif-

ference of 102 amu was foundm@atz119, 221, and 323 (se-

Table 1 shows the SOA yield measured in all the present exries 1A). Similar oligomer signals were found @/z266,
periments. Typically, SOA concentrations of duplicate ex- 368, 470, 572, 674, 776 (series 2M){z249, 351, 453, 555,
periments agreed within 8 % precision at the same reactiogs7, 759 (series 3A); anah/z263, 365, 467, 569, 671, 773
time. EPA1148W and EPA1148E are duplicate experiments(series 4A). The mass numbers of these oligomer signals
However, the SOA yields measured is these runs (0.152 anglgreed with those measured in previous studies (Surratt et
0.105) are inconsistent; this is because, the experimental du|., 2006; Chan et al., 2010). In this study, a new series of
ration of EPA1148E was shorter than EPA1148W due to thegligomer signals with a regular mass difference of 102 amu
difference in chamber leakage. was observed an/z327, 429, 531, 633, and 735 (series 5A).

The SOA yield measured in all the present isoprene/Mass signals of all 1A-5A oligomers were also detected in an
NOy/H20; experiments at 300 K was 0.015-0.103. Some ofexperiment without using hydrogen peroxide as an additional
these results were higher than the previous results reported hgH radical source (EPA1087W). Very low or no signals of
Kroll et al. (2006) for isoprene/Ng@H20, system (0.014—  1A-5A oligomers were observed in experiments conducted
0.055). One major difference between the two studies isunder lower NQ conditions (EPA1069W and EPA1070E).
the aerosol loadings which are known to affect SOA yields The results of an experiment with isoprene at 278K
(Odum et al., 1996). The aerosol loadings of the present extEpA1148W) are shown in Fig. 4b. Mass signals were found
periments (in which the SOA yield was higher than 0.055) gt the same mass numbers as those found in experiments at
were 8-63 ugm?; these were higher than the previous ex- 300 K. The ratio of the total signals of 5A oligomers to the
periments (1.7-6.7 ug ™). Surratt et al. (2006) examined total signals of other 1A—4A oligomers measured at 278 K
the isoprene/N¢QH>0; system under similar aerosol load- jncreased compared with that at 300 K.
ing conditions as this study. The SOA yield reported by Sur- - Figyre 4c shows the results of an experiment with
ratt et al. (2006) is 0.049-0.080 and is close to the presenjsoprene-113C (EPA1082W). All mass signals correspond-

result. . _ ing to 1A-5A oligomers found in the experiments with iso-
Among present yield data of the isoprene/O, Sys- prene were observed; however, all mass peaks had shifted
tem, there are data lower than 0.055 inaregidh7ugm=;  gue to the substitution b§°C atoms. For example, mass

these cannot be explained by the difference in the aerosaljgnals corresponding to series 2A were detectet/z268,
loading. For example, the yield was 0.051 at 136 1gm 371 and 474. Mass numbers 268, 371, and 474 were 2, 3,
in EPA1070W in which the N@level was very high. The  ang 4 amu larger than those of the corresponding mass sig-
difference in the NQ level is known to affect SOA yields najs measured in the experiments with isoprene; these mass
(Carlton et al., 2009). The difference in the N@vel as  gsjgnals were identified as a dimer, a trimer, and a tetramer,
well as the extent of the reaction is a possible reason of thesﬁaspectively. The regular mass difference of all 1A-5A

low-yield data. _ oligomers was 103 amu in the experiment with isoprene-1-
The SOA vyield measured in the absence 050d 13¢c.

was 0.006 (EPA1087W). Literature value of SOA yield The results of an experiment with 1,3-butadiene
in isoprene/NQ system was 0.0Q2—0.049 (Dommen et al., (EPA1094W) are shown in Fig. 4d. A series of oligomer
2006). The SOA yield measured in the absenceg@i—l_/vas signals with regular mass difference of 88 amu was found at
lower than that in the presence 0f®. The PTR-MS signal /7105 193, 281, 369, 457, and 545 (series 1B). Another
of m/z71 maintained 69 % of its highest level at the end of the ggjes of oligomer signals with a regular mass difference of

experiment in the absence ob€, (EPA1087W), whereas  gg amy was also observednatz387, 475, 563, 651, and 739
that decreased to 18 % in the presence #Dpi(Fig. 2¢). The (geries 5B). In an experiment with DMB (EPA1104W), four

extent of the reaction in the absence of@4 is lower than  geries of oligomer signals were observed and identified as
that in the presence ofd®,. Further, the OH concentration gerjes 1A-4A observed in the experiments with isoprene
and the rate of semi-volatile compound formation increase i Fig. 4e).

the presence of an OH radical source; these will also affect F50 gata of Fig. 4, the signal ratios of the oligomers
SOA yields (Carlton et al., 2009). The SOA formation from jyentified to the total products observed were deter-
the heterogeneous reactions wita®3 (e.g. Carlton et al.,  ined to be 0.33 (isoprene at 300K), 0.28 (isoprene at
2006) will be less significant under present dry conditions. 57g K), 0.20 (isoprend3C), 0.10 (1,3-butadiene), and 0.14
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Fig. 4. Flow-injection LC-TOF mass spectra of off-ine SOA samples obtained during the photooxidati@) sbprene at 300K
(EPA1108W), (b) isoprene at 278K (EPA1148W)g) isoprene-113C (EPA1082W),(d) 1,3-butadiene (EPA1094W), an@) DMB
(EPA1104W).

(2,3-dimethyl-1,3-butadiene). The signals of the oligomerssolution obtained in EPA1058E and its 1/5, 1/25, and 1/125
identified comprise a major fraction of the signals of the SOA diluted samples were analyzed to measure chromatographic

products observed from all dienes investigated. peak areas as a function of relative concentration. Linear
relationships were observed between chromatographic peak
4.2 LC-TOFMS base peak chromatogram area and relative concentration for all observed oligomers

(r >0.998,p < 0.002).

To confirm the presence of oligomers in the off-line sample Figure 5b shows the results of the experiment with iso-
solution, column injection analysis was conducted (Fig. 5).prene at 278 K (EPA1148W). The ratio of the total peak
The base peak chromatogram measured in the experime@rea of 5A oligomers to the total peak area of other 1A—-4A
with isoprene (EPA1058E) is shown in Fig. 5a. Mass num-oligomers measured at 278 K increased compared with that
bers illustrated with black, red, green, blue, and orange inkat 300 K. The results of the experiment with 1,3-butadiene
correspond to oligomer series 1A, 2A, 3A, 4A, and 5A, re- (EPA1132W) are shown in Fig. 5¢c. Chromatographic peaks
spectively. Chromatographic peaks of each oligomer serieof 1B and 5B oligomers measured in experiments with 1,3-
with different mass numbers were successfully separated itputadiene were also successfully separated.

the column-injection analysis; signals with different mass

numbers were obtained from molecules with different de-4.3 Identification of products

grees of oligomerization. These results confirm that the ob-

served mass signals with high mass numbers were not proAccurate masses were measured for ions resulting from
duced during the ionization process, and oligomers werecolumn-separated oligomers. Measured accurate mass,
originally present in the off-line sample solution. The sample suggested ion formula, and identified product molecular
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5 = x5 the photooxidation ofa) isoprene (EPA1170W)pb) isoprene-1-
el .
g 13¢C (EPA1082W), andc) 1,3-butadiene (EPA1094W).
——— The products of series 1B formed from 1,3-butadiene ox-
0 5 10 15 20 25 30

Retention time (min) idation were tentatively identified as glyceric acid monomer
and its oligomers. Products of series 5B were tentatively
Fig. 5. Typical LC-TOFMS base peak chromatograms of SOA for- identified as oligoesters produced by the dehydration reac-
med from the photooxidation ¢&) isoprene at 300 K (EPA1058E), tion between nitrooxypolyol and glyceric acid monomer or
(b) isoprene at 278K (EPA1148W), angc) 1,3-butadiene its oligomer.
(EPA1132W).

4.4  AMS mass spectrum

structure are shown in Table 2. Generally, analyte moleculesy getermine if oligomers are present in suspended SOA par-
are deprotonated to form [M-HJions during the negative- ticles, particles were directly measured by ToF-AMS. Raw
mode ESI process. For product identification, all de-mass spectra, obtained by averaging the data collected for 3-
tected ions in this study were assumed to be deprotonated measurements, are shown in Fig. 6. The results obtained
molecules. All ion formulae suggested for oligomer se-jn the experiment with isoprene (EPA1170W) are shown
ries 1A—4A in the present study agreed with those suggesteg, Fig. 6a. Strong mass signals were observeth&tL03,

in & recent study by Chan et al. (2010). The products of seq31 145 205, 233, and 247. The mass difference between
ries 1A, 2A, 3A, and 4A were identified as 2-methylglyceric m/7103 and 205, betweem/z131 and 233, and between
acid oligoesters and their mononitrates, monoformates, ang/,145 and 247 was 102 amu. Chan et al. (2010) reported
monoacetates, respectively. The products of series SA werghat positive fragment ions formed from the dehydroxylation
identified as oligomers produced by the dehydration reactionyf 1A, 3, and 4A oligomers ([M-OH}) were observed by
between nitrooxypolyol and 2-methylglyceric acid monomer ToF-AMS. Mass signals an/z103, 131, and 145 were iden-

or its oligomer. It is believed that the 2-methyltetrols ifieq as dehydroxylated ions of 1A, 3A, and 4A monomers,
found in ambient fine particles under high N@onditions  \yhereas mass signals mitz205, 233, and 247 were identi-
are produced by the decomposition of nitrooxypolyols or fied as dehydroxylated ions of 1A, 3A, and 4A dimers (Ta-
organosulfates containing nitrooxypolyol residues (Claeys efyje 2). The results of the experiment with isopren®a-

al., 2010). Nitrooxypolyols are directly produced by the (Epa1082wW) are shown in Fig. 6b. In the experiment with
gas phase isoprene oxidation and/or the particle phase hyhe jsotopomer, the mass numbers of the monomer and dimer
drolysis of 5A oligomers under ambient humid conditions. peaks shifted by 1 and 2 amu, respectively. These ToF-AMS
Organosulfates are more commonly detected in ambient pairesylts confirm that oligomers detected by LC-TOFMS off-
ticles than are nitrooxypolyols; this is probably because terine analysis are present in SOA particles.

tiary organonitrates undergo rapid substitution reactions in ¢ dehydroxylated fragment ions of 1B oligomers formed

which nitrate is substituted by water or sulfate (Darer et al.,from 1 3-butadiene oxidation can be detected by ToF-AMS
2011). mass signals with a regular mass difference of 88 amu would
be expected to appearmatz89, 177, and 265 (Table 2). The
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Table 2. Oligoesters detected by LC-TOFMS and AMS.

n LC- LC-TOFMS Error AMS AMS Structure
TOFMS suggested (ppm) measured  suggested
measured formula [M-OH]T  formula
[M-H]~
Products of ISO or DMB
Series 1 119.0349 fE70, 8.5 103 GH703 o o
1A 2 221.0665 @GH130; 4.2 205 GH1307 k‘/{ N/}
3 323.0978  GH1907, 1.6 HO o) OH
4 4251281 GgHpsOpy —2.0 OH OH
5 527.1582 GoH31014 —4.7 n-1
Series 1 ND
2A 2 266.0515 @H1NOg 3.2 i’/< jk\/}
3 368.0832 @H1gNO;, 2.3 HO 0 OH
4 470.1149  GgHpNO - 1.8 0,NO OH
5 5721464 GoH3oNO, 1.2 n-1
Series 1 ND 131 6H70;
3A2 2 249.0615 @H130g 4.0 233 GH1307 M j\~/>\ ?
3 351.0928 GgH190; 1.7 HO o 0)
4 4531245 G7Hps507, 1.4 OH OH
5 5551560 G1H310;, 0.8 n-1
Series 1 ND 145 6HoO;
4AP 2 263.0768 GoH150g 25 247 GoH1507 o) o) o]
3 3651080  G4H10;; 0.4 HO o oJ\
4 4671394  GgHp7Op, -0.3 OH OH
5 569.1706 GyH330; -11 n-1
Series 1 ND 0,NO 0
5AC 2 327.0683 GH15N2O7; 3.9 HO
(Newly 3 429.0989  G3H21N20p, 0.4 O OH
found) 4 531.1302 @HxN0,, —0.4 O2NO OH/
Products of BD
Series 1 105.0181 4H50, -1.3 89 @H5o§ o o
1B 2 193.0336 @HgO; -35 177 GHyOg
3 281.0491 GH130;, —4.4 265 GH1308 HO)S/{O)K(}OH
4 369.0650 GoH170, -3.7 OH OH
5 457.0819 GsH10p, ~1.1 n-1
Series 1 ND
5B 2 299.0364 GH1iNo0Op; 2.2 0,NO o)
(Newly 3 387.0516 @HisN,O;, —0.2 HO o OH
found) 4 475.0681 @H19No0l 0.6 O,NO OH
5 563.0844  GgH23N20,, 0.9 n-1

2 This oligoester series involves esterification with formic a@idhis oligoester series involves esterification with acetic atidihis series was only produced by the reaction of

isoprene and was not produced by the reaction of DMB.

results of the experiment with 1,3-butadiene (EPA1094W) Values of m/z measured for oligomers by ToF-AMS in
are shown in Fig. 6c. Mass signals were detected at thes¥ mode were compared with those calculated assuming
predicted mass numbers, but the peaks are not as strong whehemical formulae shown in Table 2. An each measunéd
compared with the oligoester mass signals observed in thgalue agreed with a calculated value withiizof 0.04.

experiments with isoprene.
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Fig. 7. Proposed mechanism of particle-phase product formation from the photooxidation of isoprene and 1,3-butadiene in the presence of
NOyx. R; is a methyl group (isoprene) or a hydrogen atom (1,3-butadiene).

5 Reaction mechanism reactions result in the formation of oligomers of series 1A
(Surratt et al., 2006). Oligomers of series 2A are pro-
5.1 Isoprene and 1,3-butadiene duced when one of these monomers is 2-methylglyceric acid

mononitrate. The condensation reactions between oligomers
The proposed mechanism of oligomer formation from the re-of series 1A and formic acid (or acetic acid) form oligomers
actions of isoprene and 1,3-butadiene is shown in Fig. 7. Inof series 3A (or those of series 4A). Oligomers of series 5A
the figure,R1 represents a methyl group or a hydrogen atomare produced by the condensation reaction between nitrooxy-
for the reaction of isoprene or 1,3-butadiene, respectivelypolyols and 2-methylglyceric acid monomer or its oligomer.
The atmospheric oxidation of isoprene proceeds through the Qjigomers of series 1B and 5B, found during the reaction
reaction with OH radicals, Néradicals, and @althoughthe  of 1 3-putadiene, are produced through similar reactions to
major daytime oxidant is the OH radical (Yokouchi, 1994). those resulting in the formation of 1A and 5A oligomers,
Hydroxyperoxy radicals formed from the OH +isoprene re- respectively. Oligomers corresponding to series 2A, 3A,

action react with NO to form methacrolein (e.g. Miyoshi and 4A were not detected in the reaction of 1,3-butadiene.
et al., 1994) and unsaturated nitrooxyalcohols (Chen et al.,

1998; Lockwood et al., 2010). The subsequent oxidation of5.2 |soprene-113C and DMB

methacrolein produces peroxymethacryloyl nitrate (MPAN);

it is suggested that this product undergoes subsequent oxid&he photooxidation of isopreneC produces!3C atom

tion to form 2-methylglyceric acid and 2-methylglyceric acid labeled methacrolein and ndaC labeled methyl vinyl ke-

mononitrate in the particle phase (Surratt et al., 2010; Chanone (Fig. 8a). According to the proposed mechanism, 2-

etal., 2010). Subsequent oxidation of nitrooxyalcohols leadsamethylglyceric acid monomer is produced by the reaction of

to the formation of nitrooxypolyols, which are then absorbed methacrolein. If this is the case, then thi atom is in-

into the particle phase (Sato, 2008). volved in the production of every{nonomer. Actually, the
2-Methylglyceric acid contains both a hydroxyl and a car- regular mass difference of all LA-5A oligomers found in the

boxyl group. The dehydration reaction between the hydroxylexperiment with isopren&C was 103 amu, which is 1 amu

group of one molecule and the carboxyl group of anotherlarger than that observed in the reaction of isoprene (Fig. 4a

molecule produces ester dimers. Successive condensati@nd c). In addition, mass differences between monomer and

Atmos. Chem. Phys., 11, 7302317, 2011 www.atmos-chem-phys.net/11/7301/2011/
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Fig. 8. Proposed mechanism () isoprene-113C and(b) DMB photooxidation in the presence of NO

dimer observed by ToF-AMS were also 103 amu (Fig. 6b).2006). However, the AMS identification of oligomers
These results support the proposed mechanism in which thiem isoprene + OH SOA under low aerosol loadings (1.7—
gaseous intermediate of oligoester formation is assumed t8.3 ugnt3) was also carried out by Kroll et al. (2006).
be methacrolein. In this study, we investigate whether or not oligomers
The unsaturated ketone (2-methyl-1-butene-3-one) is procan be detected at ambient particle levels using our envi-
duced as a primary product of DMB oxidation; however, ronmental chamber designed for low-concentration exper-
no unsaturated aldehyde is produced from DMB oxidation.iments. SOA mass loading was controlled by changing
Oligomers of series 1A—4A were found to be present in SOAthe initial isoprene concentration between 20 and 573 ppb,
particles from DMB (Fig. 4e). These oligomers would be while maintaining the initial isoprene/NQOratio within
produced by the oxidation of 2-methyl-1-butene-3-one orthe range 0.6-0.9 (EPA1058W, EPA1058E, EPA1060W,
the oxidation of isoprene impurity. If we assume that 2- EPA1060E, EPA1061W, and EPA1061E). Figure 9 shows
methylglyceric acid is produced by the reaction of 2-methyl- the oligomer distribution for series 1A, 2A, and 5A. Signals
1-butene-3-one, a ketone group needs to be converted to @ 1A-5A oligomers were detected even at the lowest SOA
carboxyl group. However, the oxidation of a ketone group mass loading of all six experiments. These results confirm
is very slow. This is congruent with the small yield of that semi-volatile compounds resulting in oligoester forma-
SOA from photooxidation of DMB since unsaturated alde- tion are sufficiently absorbed into the particle phase even at
hydes are not produced as primary products. The preser ug nm 3 of SOA mass loading.
result of DMB is consistent with the prior observation that
the methacrolein gas-phase oxidation forms SOA but that 06.2  Time profiles of oligomers

methyl vinyl ketone does not (Kroll et al., 2005; Surratt et _ ) )
al., 2006). According to the proposed mechanism, oligoesters are

produced by successive condensation reactions of 2-
methylglyceric acid in the particle phase. In a previous study,

6 Check of proposed mechanism concentrations of oligomers at different degrees of oligomer-
ization were monitored by AMS to examine particle-phase
6.1 Low mass loading experiment oligomerization (Surratt et al., 2006). Time profiles of oli-

goesters were also monitored by ToF-AMS in this study.
Oligoesters are produced through gas/particle absorptiofrigure 10a shows the time profiles wfz103 and 205 sig-
of semi-volatile compounds followed by particle-phase nals measured by ToF-AMS in the experiment with iso-
oligomerization. Since the equilibrium of gas/particle par- prene (EPA1070W). The monitored signals correspond to
titioning is determined by existing particle mass concen-monomers and dimers of series 1A. No clear difference was
tration, the concentration of oligoesters produced will de-observed between the time profiles of monomers and dimers
pend on the SOA mass loading in the reactor. Most pre-after 150 min. Trimer or higher oligomers were not de-
vious studies have detected the presence of oligomers itected, probably because these oligomers undergo dissocia-
SOA particles under higher mass loading conditions thartive ionization during the EIl process of ToF-AMS in this
ambient levels (e.g. Dommen et al.,, 2006; Surratt et al.,study. Therefore, monomer and dimer signals measured by
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Fig. 10. Time profiles of particulate product mass signals
0.01

measured bya) ToF-AMS during an experiment with isoprene
m/z 327 m/z 429 miz 531 m/z 633 (EPA1070W) andb) LC-TOFMS during an experiment with iso-

. . o ) ) o prene (EPA1078E).
Fig. 9. Oligomer distribution measured in experiments with iso-

prene (EPA1058E, EPA1060E, and EPA1061E). SOA mass loading

was changed between 3 and 26 “@3’@3/ changing the initial reac- \yorgs, oligoesters are produced by particle-phase successive
tant concentrations, maintaining the isoprenegN@tio within the reactions as assumed in the proposed mechanism
range 0.6-0.9. ’

6.3 Lights-off experiment

ToF-AMS are significantly affected by fragment ions formed According to the proposed mechanism, 2-methylglyceric
from the ionization of higher oligomers. acid is produced by reactions initiated by the gas-phase
Time profiles of particle-phase products have also beerPH +methacrolein reaction. If this is the case, no 2-
studied by analyzing multiple off-line samples collected at methylglyceric acid monomer is produced in the absence of
different reaction times (e.g. Hatakeyama et al., 1985; Jandfradiation. In order to study the lights-off effect, we con-
and Kamens, 2001). We collected hourly filter Samp|esducted experiments with isoprene in which black lights were
(6 total) to study the time profiles of oligomers in an iso- turned off after 178 min of irradiation time (EPA1090W and
prene experiment (EPA1078E). The concentrations of 2 EPA1090E). The results of EPA1090W are shown in Fig. 11.
methylglyceric acid monomer and its oligomers, determinedWhen the lights were turned off, PTR-MS results showed
by LC-TOFMS analysis, are plotted as a function of time that most of the isoprenen(z69) was consumed by the re-

(Fig. 10b); the vertical axis is the relative concentration onaction, whereas a substantial amount of methacrolein and
alinear scale. Each determined concentration value involvegethyl vinyl ketone in/z71) was still present in the reac-
about 15 % of uncertainty, mainly resulting from the uncer- tion system (Fig. 11a). The slope wi'’z71 does not greatly
tainty of recovery during sample extraction. The concentra-change when the lights are turned off. The lossné71 in
tions of monomerr/z119) and dimerf/z221) increased the dark will be caused by the reactions with &nd NG.
above detectable levels at 60—120 min, and continued to inThe G; level when the lights were turend off was about
crease until 180—240 min. After that, these concentrations300 ppb. This @ concentration was confirmed to be high
maintained a constant level or decreased slightly. In contrasnough to explain the loss raterfz71 in the dark; the loss
the concentrations of trimer or higher oligomers increasedate of methyl vinyl ketone was 3:210°s™%; the loss rate
monotonically with time. These results indicate that the pro-0f methacrolein was 8.2 10-®s~1; where the rate constants
duction of trimer or higher oligomers is competitive with measured by Treacy et al. (1992) were used.

monomer and dimer formation after 180—240 min. In other

Atmos. Chem. Phys., 11, 7302317, 2011 www.atmos-chem-phys.net/11/7301/2011/



K. Sato et al.: SOA formation from the photooxidation of dienes 7313

(@) PTRMS — to form SOA. Particulate 2-methylglyceric acid is known to
= lights off —m/z69 be produced by the £+ isoprene reaction (Kleindienst et al.,
5 — m/z71 2007). Formation of the 2-methylglyceric acid monomer by
B the reaction with @ would affect the oligomer time profiles
2 in the dark.
- A new product signal was found at/z509 by LC-TOFMS
= analysis in samples collected after the lights were turned off.
0 0 60 120 180 240 300 360 The accurate mass of these ions was 509.0859 amu; the sug-
(b) SMPS gested ion formula is $H21N4O75. The same product was
ﬂg 81 lights off observed in SOA formed from the N@ isoprene reaction
2 6 l (Ng et al., 2008). This product is therefore likely produced
Z 4 by the reaction of an isoprene oxidation product withgNO
? radical.
0
0 60 120 180 240 300 360 7 Temperature dependence
(c) LC-TOF
= —e—miz 119 lights off In this study, experiments with isoprene were conducted
; B m/z 221 at 300K (EPA1078W and EPA1078E) and 278K under
8 —A—m/z 323 similar reactant concentration conditions (EPA1148W and
= m/z 425 EPA1148E). N@ photolysis rates in experiments at 300
- and 278 K were set to 0.12 mif. Initial isoprene concen-
% : : trations of experiments at 300K (EPA1078W) and 278K
0 60 120 180 240 300 360 (EPA1048W) were 115 and 132 ppb, respectively (Fig. 12a).
Time (min) The SOA yield measured at 278 K (0.105-0.152) was about

2-3 times as high as that measured at 300K (0.047-0.053),
Fig. 11. Time profiles of(a) PTR-MS signals(b) SOA mass con-  as shown in Fig. 12b. Even though oligomerization occurs in
centration, andc) LC-TOFMS oligomer mass signals measured in the particle phase, the temperature dependence of SOA yield
a lights-off experiment with isoprene (EPA1090W). is largely explained by the gas/particle partitioning of semi-
volatile compounds.
We measured the 373 KVFR in the experiments at 300 and
When the lights are turned off, SOA particles had already278 K, and confirmed the VFR was independent of the par-
been produced (Fig. 11b). The SOA concentration increasegcle diameter. If the temperature dependence of SOA yield
even after the lights were turned off, suggesting that SOA is(y) is purely determined by the gas/particle partitioning of
formed from the reactions of gaseous oxidation products withsemi-volatile compounds, the VFR(300 K)/VFR(278K) ra-
NOs radicals or @ during this period. The filter was changed tio would be the same as th&278 K)/y (300 K) ratio. Thus,
every 60 min, and five SOA filter samples in total were col- a comparison of the temperature dependence with that
lected during this experiment (Fig. 11c). Again, the concen-of VFR will provide us information on the chemical con-
tration data involved about 15 % uncertainty. Monomer andversion of aerosol constituents in the particle phase. In the
all detected oligomers (i.e. dimer, trimer, and tetramer) in-present study, the VFR(300 K) was 0.45-0.56, whereas the
creased until the lights were turned off. After the lights were VFR(278 K) was 0.26-0.43 (Fig. 12c). The change in SOA
turned off, the concentrations of monomer and oligomersyield cannot be solely explained by changes in the VFR
were maintained at constant values or decreased slightly witfiSOA yield increased 2—3 times while the VFR changes by
time; these results are slightly different from those of the ir- less than a factor of 2). Although the temperature depen-
radiated experiments in which trimer and tetramer concendence of SOA yield is largely explained by gas/particle parti-
trations increased monotonically with time. Pentamer wastioning of semi-volatile compounds, the VFR results support
not detected in the lights-off experiment. Oligoester forma-the present findings that oligoesters are formed in the particle
tion was suppressed when the lights were turned off, whichphase.
is consistent with the proposed mechanism. The ratio of total peak area of nitrooxypolyol-involving
If oligomer formation in the particle phase involves suc- oligoesters (series 5A) to the total peak area of other
cessive reactions, the concentration of the monomer mighbligoesters (series 1A—4A) measured at 278K increased
decrease more rapidly than that of a higher oligomer imme-compared with that at 300K. From GC-FID data, the
diately after the lights were turned off. However, no such methacrolein yields at 278 and 300K were estimated, and
result was obtained. After the lights are turned off, the reacthe gaseous product yield was confirmed to be basically con-
tions of isoprene oxidation products witls@nd NG occur stant between 278 and 300 K. This indicates that the observed
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0.16 8 Atmospheric implications
(@) @ 298K
£012 &0 @ 278K The present results confirm that SOA is produced from the
E0.08 .‘\. diene/NQ photooxidation in which unsaturated aldehyde is
3 formed as a gaseous intermediate; that is, 1,3-butadiene as
~0.04 \ well as isoprene is a possible SOA precursor in urban air.
0.00 T, - e The present'results alsq show that the yield of isolpre.ne SOA
0 60 120 180 240 300 360 increases with decreasing the temperature; that is, in ambi-

ent air the yield of isoprene SOA depends on the altitude, the
latitude, the season, and etc. This finding will have a large
impact when we evaluate a total amount of global SOA for-

mation.

SOA (ug m*)

9 Conclusions

” o 180 2‘;0 300 360 In this study, SOA formation from the photooxidation of iso-
08 - prene, isoprene-13C, 1,3-butadiene, and DMB was inves-
(c) tigated under high NQconditions. The SOA vyield mea-
06 o o ® sured for the reaction of 1,3-butadiene was close to or slightly
14 higher than that measured for the reaction of isoprene, sug-
L 04 f . o . ) .
> : gesting that the photooxidation of 1,3-butadiene is a potential
02 source of SOA in urban air. On the other hand, only a very
small amount of SOA was produced during the photooxida-
0 tion of DMB.
0 60 120 180 240 300 360

Off-line LC-TOFMS analysis revealed that the signals of
Irradiation time (min) the oligoesters identified comprise a major fraction (0.10—
0.33) of the signals of the SOA products observed from
all dienes investigated. During the photooxidation of con-
jugated dienes under high N@onditions, oligoesters are
produced by a reaction of unsaturated aldehyde, which is a
gas-phase oxidation product. The results of an experiment
with isoprene-13C confirmed the proposed mechanism in
which methacrolein is assumed to be a key intermediate of

temperature dependence of particulate chemical compositioﬁ“gtﬂzs::;;gg:ﬂo&'w;_h(')snlmzc\?:mssrpn;\llf Zn?(l)suontc gfnfslr(r)n : d

is mainly determined by the changes in gas/particle partition- y . - only ry smafl a . i

. . : . was produced during DMB photooxidation, in which no un

ing of semi-volatile compounds. The lower temperature will saturated aldehyde is formed

result in higher condencation of Z-methylglyceric acid pre- Oligoesters produced by thé dehydration reaction between

cursors and much higher condensation of nitrooxypolyols. nitrooxypolyol and 2-methylglyceric acid monomer or its
Series 2A and 5A oligomers involving nitrooxy groups

are expected to be detected as nitrates by high—resoIutioﬁggg?;ri;rfgl%a?]e{sje:;z SQh;v:erem(i:h:r:qa;:rt:r:;d ?sstihbele
ToF-AMS. Therefore, the ratio of nitrates to organics P P ) 9 P

i sources of 2-methyltetrols found in ambient aerosol samples
(HRNO3/HROrg) measured by ToF-AMS at 278 K would collected under high NOconditions.

be expected to be higher than 300K. This is confirmed as The proposed mechanism was also checked by measure-
HRNO3/HROrg ratio measured at 278 K (0.07-0.14) was prop \ : y
ments of oligomer signals as functions of SOA mass load-

higher than 300K (0.03-0.05). The lower temperature couIdin and irradiation time. Oligoester formation was con-
result in higher condensation of HNODespite the low rel- . 9 ' 9 ) .

. 2 . . . : firmed to occur even under low SOA mass loading condi-
ative humidity, organic acids can retain water and provide

medium for HNQ to condense. We checked HNY@onden- ations (?3ug ms)i Time profiles of o_Iigome_rs, .megsured
sation by the ToF-AMS signal ratio afi/z30 tom/z46. This by off-line analysis, suggested that oligomerization involves

ratio is 3-5 for organic nitrates and3 for inorganic nitrates successive reachc_ms as assumed in the proposed _mechanlsm.

: . Oligoester formation was suppressed when the lights were
(Rollins et al,, 2009; Sato et al,, 2010). Thez30 tom/z turned off. This result was consistent with the proposed
46 ratio at 300K (EPA1078W) was 4471.2, whereas that ' prop

at 278 K (EPA1148W) was 4% 0.6, indicating HNQ is a g:;csh\?vf‘t'ﬁr&?ﬂﬁg%gme result would be interfered by reac-
minor particulate component both at 278 and 300 K. '

Fig. 12. Time profiles of(a) isoprene concentratiofh) SOA con-
centration, andc) volume fraction remaining (VFR) measured dur-
ing experiments with isoprene at 278K (EPA1148W) and 300K
(EPA1078W). The NQ@ photolysis rate for both experiments was
setto 0.12 mim?.
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