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Abstract. The effect of relative humidity (RH) on the com- isoprene aerosol. The reduction in the amount of organic ni-
position and concentrations of gas-phase products and setrates in the particle phase has implications for understanding
ondary organic aerosol (SOA) generated from the photooxthe budget of NOC compounds.

idation of isoprene under high-NCronditions was investi-
gated. Experiments were performed with hydrogen peroxide
as the OH precursor and in the absence of seed aerosol. Tl*ie
relative yields of most gas-phase products were the same re-

g?Ldlgss of |n|':|al Wat%r V?pOT (ignﬁegtratlcan \r’]\”th exceptlc_)crjl Isoprene (2-methyl-1,3-butadienesiy) is a major source
of hydroxyacetone and glycolaldenyde, which Were consio- ¢ secondary organic aerosol (SOA), generated as a result of

fhrabé)gifected by_tRH. A iir?nificant change wa ds obszrvehd ir‘its atmospheric photooxidation by the hydroxyl (OH) radical
ed ; fcomp83| 'gn' \r/]w _ngzng;rlg?_'ue co(r; er;/sem:'p aS‘iHenze and Seinfeld, 2006; Heald et al., 2008; van Donkelaar
products formed under humid (30 % RH) vs. dey2(% RH) et al., 2007). In the urban atmosphere, the photooxidation of

conditions, without any detectable effect on the rate and ex- : . .
' . ._Isoprene proceeds in the presence of nitrogen oxides (NO +
tent of the SOA mass growth. There is a 40 % reduction b b P 9 (

in the number and relative abundance of distinct particle-NOZ = NGy, henceforth referred to as high-hGonditions,

. o ) and results in formation of nitrogen-containing organic com-
phase nitrogen-containing organic compounds (NOC) de- g g org

tected by hidh luti A v, Th $ounds (NOC) (see (Finlayson-Pitts and Pitts, 2000), and
ected by high resolution mass spectrometry. € SUPPrSeterences therein). Isoprene SOA has substantial influence
sion of condensation reactions, which produce water as

: . . S 3 climate by contributing to the pool of cloud condensa-
product, is the most important chemical effect of the in-

. : ._tion nuclei (CCN) (see Carlton et al., 2009, and references
creased RH. For example, the total signal from oligomeric

. . therein). Furthermore, the photooxidation of isoprene pro-
- 0,
esters of 2_methylg|_y ceric acid was re_duced b_y about 60_/°duces important biogenic SOA tracers 2-methyltetrols and
under humid conditions and the maximum oligomer chain

-methylgl [ id (2MGA) (CI ., 2004; W
lengths were reduced by 7-11 carbons. Oligomers forme methylglyceric acid (2MGA) (Claeys etal., 2004; Wang et

. . . ) ) l., 2005; Al l., 2010).
by addition mechanisms, without direct involvement of wa- 005; Alves etal,, 2010)

Water is ubiquitous in the atmosphere, and relative humid-
ter, also decreased at elevated RH but to a much smaller ex: . )
o . Ity (RH) may affect the mechanism of SOA formation, chem-
tent. The observed reduction in the extent of condensation-

. o . .~ . "ical composition and physical properties of SOA (Seinfeld et
type oligomerization at high RH may have substantial Im'al., 2001; de P. Vasconcelos et al., 1994; Poulain et al., 2010).

pact on the phase characteristics and hygroscopicity of th??H controls the liquid water content (LWC) of the aerosol
(Volkamer et al., 2009), and therefore any chemical reaction
or physical process that involves water as a reactant, product,

Correspondence tdS. A. Nizkorodov or solvent is affected. With a typical hygroscopic growth fac-
BY (nizkorod@uci.edu) tor of 1.1 at 85 % RH for biogenic SOA (Varutbangkul et al.,
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Fig. 1. Mechanisms of acid-catalyzed oligomeric growth(ay esterification(b) aldol condensation an@) hemiacetal formation. Aldol
condensation involves two steps: an addition step to yield the aldol and a condensation step t@yiekbturated aldehyde. The nucle-
ophiles in reactionga—c) may be the enol tautomers of carbonyls. Each reaction is affected by liquid water content either through direct
involvement of water in the reaction or indirectly through solvation.

2006), the particle LWC should be of the order of 30 % by and subsequently polymerize into less volatile products (Lig-
volume. This may be sufficient to have a substantial fractiongio et al., 2005b, a; Jang and Kamens, 2001; Jang et al.,
of organic compounds patrtition in the aqueous phase and ge&t003; Axson et al., 2010; Loeffler et al., 2006; Altieri et al.,
involved in aqueous chemistry and photochemistry. 2008; Tan et al., 2010; Fu et al., 2009; Jayne et al., 1992;
Isoprene photooxidation SOA has been studied under a vaCorrigan et al., 2008). In this case, water serves as a reactant
riety of RH conditions (Carlton et al., 2009). Dommen et during the hydration stage and accelerates oligomerization of
al. (2006) studied SOA yields from isoprene photooxidationthe hydrated carbonyls, leading to an increase in the aerosol
generated without inorganic seeds in the RH range of 2—84 9yield and increased abundance of aerosol-phase hemiacetal
and found that high RH does not considerably change théroducts. Even without the hydration step, the presence of
SOA yields and gas-particle partitioning in the SOA forma- surface water may significantly alter the efficiency of reac-
tion process. However, a recent study by Zhang et al. (2011}ive uptake of VOC (Ewing, 2004).
found an approximately 2-fold increase in SOA yield in the  Figure 1 shows the most common chemical equilibria in-
dry vs. humid conditions when using ammonium sulfate seed/olving SOA constituents which may be affected by the
aerosol. The conclusions from these two studies are not conhicreased LWC. Condensation reactions like esterification
sistent with the modeling predictions that isoprene SOA yield(Fig. 1a) and the aldol condensation (Fig. 1b), which pro-
is enhanced under humid conditions (Couvidat et al., 2011)duce a water molecule as reaction product, have been shown
The disagreement between the isoprene SOA yields med0 be important in biogenic SOA formation, especially un-
sured under different RH conditions in Dommen et al. (2006)der high-NQ conditions (Surratt et al., 2006; Szmigielski et
vs. Zhang et al. (2011) experiments is likely due to the ab-al., 2007; Altieri et al., 2008; Barsanti and Pankow, 2005;
sence and presence of seed particles, but other factors méyasale et al., 2007; Tolocka et al., 2004). Addition reactions
also contribute. The present work does not use seed partincluding hemiacetal formation (Fig. 1c) and aldol formation
cles and therefore is more directly comparable to the work of(intermediate in Fig. 1b), where the molecular formula of the
Dommen et al. (2006) with respect to the RH effect on theproduct is a simple result of adding the reactant formulas,
SOA yields. are also important in the formation of SOA from biogenic
The role of RH in determining the SOA composition and PreCuUrsors, e_specially under the Iow—N@nditions (Surratt
yield is difficult to predict a priori as there are several types &t @, 2006; linuma et al., 2009; Barsanti and Pankow, 2004).
of processes that may be induced by LWC. One possibIeThe addition produpts may ste_m from he‘Ferogeneous uptake;
consequence of LWC is an increase in reactive uptake kifor €xample: hemiacetals derived from isoprene have been
netics of volatile organic compounds (VOC) into the aerosoldemonstrated to form in the acid-catalyzed reactive uptake
phase because gas-phase carbonyls, like glyoxal and methy?f 9as-phase epoxydiols (Surratt et al., 2010).
glyoxal, may hydrate on particles containing adsorbed water,
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The increase of LWC will likely impede esterification and NO standard with the air in the chamber. Hydrogen peroxide
aldol condensation by shifting the chemical equilibrium to- (H2O,) was used as an OH precursor for gas-phase oxidation
wards the reactants but have little effect on the formation ofof isoprene and its primary oxidation products. A measured
hemiacetal, which does not involve water directly. However, volume of aqueous $O, (Aldrich 30 % by volume), corre-
an enhancement of aldol formation due to increased LWC issponding to 2 ppm bD» in the chamber, was injected into
also possible in special cases due to shifts in the keto-encd bulb and carried into the chamber with a flow of zero air.
tautomerism. For example, in malonic acid particles, theA measured volume of isoprene (Aldrich, 99 % purity) was
concentration of the reactive enol form increased by an orsimilarly injected with a microliter syringe corresponding to
der of magnitude for particles exposed to 90 % vs. 2% RHan initial mixing ratio of 250 ppb. After all the precursors
(Ghorai et al., 2011). The suppression of oligomerization re-were injected, the mixture was exposed to the UV-B radia-
sults in more volatile aerosol constituents, which may reduceion, producing OH by photolysis of #D,. The OH con-
the SOA vyield. centration of~4 x 10’ molec cnT? was estimated from the

Due to the different effects of high RH — enhancementobserved decay rate of isoprene.
in the reactive uptake of VOC and suppression of conden- Under high RH conditions, $0, may partition into the
sation oligomerization reactions — the composition of SOA adsorbed water on particles and potentially contribute to
will likely be affected by RH, with the change in the extent agueous photochemistry (Kroll et al., 2006). We estimate
of oligomerization being positive or negative depending onthat the contribution of agueous photochemistry to the pro-
which type of reaction is dominant. The aerosol mass mayduction of OH is negligible under our experimental condi-
also change, especially if high RH helps take up volatile or-tions, largely because we do not use inorganic seeds. The
ganics. The changes in composition affects the physical chahygroscopic growth factors (GF) for model biogenic OA are
acteristics of the SOA, e.g. hygroscopicity, viscosity, etc.,in the range of 1.05-1.10 (Virkkula et al., 1999), which are
which may have profound implications in the atmosphere.much smaller than the corresponding GF of 1.5-2.1 reported
In this work, we investigate the effect of RH on the molec- (Virkkula et al., 1999; Cruz and Pandis, 2000) for inorganic
ular composition of SOA produced by isoprene photooxida-salts typically used as seeds in aerosol chamber experiments.
tion using high-resolution mass spectrometry and the effecthis helps suppress the particle LWC, and minimize the rate
of RH on the relative SOA mass yields using traditional tech-of the aqueous photochemistry. The rates of gas-phase oxi-
niques. dation of isoprene and its derivatives do not change between

dry and humid conditions (Fig. 2a) confirming that the gas-

phase OH is not significantly depleted due to partitioning of
2 Experimental H20- in the particle aqueous phase.

Experiments were performed in the temperature range of

SOA was generated under high-N©onditions (isoprene: 22-26°C. The initial values of RH were:2 % for “dry” ex-
NOy ~ 1:3) in the absence of seed aerosol in a’5Feflon periments and- 90 % for “humid” experiments. These val-
chamber surrounded by a bank of UV-B lights. Particle num-ues were chosen to maximize the differences in the SOA
ber concentration was monitored by a scanning mobility par-composition induced by the particle LWC without the risk
ticle sizer (SMPS Model 3080, TSI Inc.), ozone was moni- of water condensation in the chamber. The actual RH ex-
tored by a Thermo Model 49i photometer % stated accu- perienced by the reacting mixture was lower at the end of
racy), NO and N@ were measured with Thermo Model 42i the reaction period (70-80 % RH) due to a slight rise in tem-
chemiluminescence analyzet1 % stated accuracy), tem- perature (3—8C) in the chamber during the photooxidation.
perature £1°C) and relative humidity£2 %RH units) were  For the remainder of the article, we will be referring to these
monitored by a Vaisala HMT330 probe, and volatile hydro- conditions as “dry” and “humid”. The sheath flow in the
carbons (isoprene and first-generation products) were obSMPS's differential mobility analyzer (DMA) column was
served in real time by a proton-transfer-reaction time-of- maintained at low RH<10 % when DMA was connected to
flight mass spectrometer (PTR-ToF-MS, lonicon Analytik). the humidified chamber). We assumed that most water evap-
The PTR-ToF-MS had a mass resolving power of aroundorated quickly upon contact of the aerosol flow (0.3 SLM)
1600 atm/z69.07 (protonated isoprene). Its response waswith the sheath flow (3 SLM), without significant loss of or-
calibrated with respect to isoprene and common isoprenganic material from particles by co-evaporation with water.
photooxidation products. Prior to each experiment, theAssuming thatitis indeed the case, the SMPS measurements
Teflon chamber was filled with zero air humidified to de- should provide the dry aerosol mass concentration. A particle
sired value of RH using a Nafion multi-channel humidifier density of 1.2 g cm? typical of biogenic SOA was assumed
(Perma Pure FC125). NO was introduced in the chambefor dry SOA material (Zelenyuk et al., 2008; Malloy et al.,
by adding a calibrated volume of an NO primary standard2009; Shilling et al., 2009; Bahreini et al., 2005), regardless
(Praxair, 5000 ppm in B. The initial mixing ratio of NO  of the humidity in the chamber during the SOA formation.
was 600 ppb. There was also up to 100 ppb of,NBesent ~ We note that it is not necessary to know the absolute density
initially, presumably formed during mixing of the 5000 ppm value as we will be comparing the relative SOA mass yields
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. 50 between the dry and humid experiments. However, the read-
S 2504@ m [ISOPRENE] ¢ ers should be aware of the limitations of measurements of
= 10 A [MAC + MVK] EI [ 40,1 the relative SOA mass yields by this method in view of the
g 200- H. : E:"NGHI:_]Y] L2 assumptions discussed above.
= 150 E:. 4 302 The photooxidation time was 2 h, after which the SOA
2 100 [ loading was~40 pg nt3. At that time, isoprene completely
= J decayed and first generation products (methyl vinyl ketone,
o3 504 methacrolein, and 3-methylfuran) were also nearly com-
o 1 pletely removed. The concentration of ozone after the experi-
2 04 ments increased to about 200 ppb. The experiments were per-
100 formed in an identical manner, within a span of several days,
| e [FORM] with the only difference being the initial chamber RH. At
= 80 = [ACET] b least three samples were generated for each set of conditions.
2 A [ACE] PTR-ToF-MS spectra showed excellent reproducibility in the
= 60+ time dependence of concentrations of isoprene and its ma-
8 40_' jor oxidation products. Blank experiments were performed
= | m | identically to the sample experiments, but in the absence
204 @ e of UV radiation. The blank and background particle mass
1 b PRTNAAAAA DA concentrations were0.01 ug mr3. Aerosols were collected
0 4 RANANVYWNYYYYIN . Sl » . "
- ——— using a 30 mim~ micro-orifice uniform deposition cascade
0 20 40 60 80 100 120 impactor (MOUDI) on aluminum foils and PTFE substrates
54 Whatman, 2 um pore size). Samples from stages 6—10 (cov-
® [GLYC] EI (W » £ M pol P 9
~ 0l a [HAC] ering the par.tlcle size range of Q.056—O.56 um) were used
2 in the analysis. The substrates with collected samples were
2 T ".e’“..- placed in plastic holders, vacuum-sealed in gas-impermeable
g 404 bags, and frozen in anticipation of off-line analysis.
2 204 The SOA samples were analyzed using a high-resolution
: linear ion trap (LTQ-) Orbitrab'VI (Thermo Corp.) mass
0 Y . . . — spectrometer. The instrument was equipped with an elec-
0 20 40 60 80 100 120 trospray ionization (ESI) and nanospray desorption electro-
0.08 ] spray ionization (nano-DESI) sources (Roach et al., 2010a,
fa) 0.06- ® SOA Yield b). ESl is well-suited for analysis of SOA samples extracted
o : in water and/or organic solvents, and is the common tech-
> 0.044 nigue for the analysis of dissolved organic matter. Nano-
g 0.02 ] DESI, a sensitive ambient ionization technique that can de-
an ; d tect nanograms of SOA material on surfaces without sample
0.00 {0000000000008% =~ = - preparation prior to analysis, is better suited for the analysis
0 20 40 60 80 100 120 of labile molecules (Roach et al., 2010a). Both techniques
Reaction Time (min) were used to obtain spectra in both positive and negative ion-

ization modes. Analyte molecules are detected as [M+H]
Fig. 2. Time dependent concentrations of selected species irand [M+Na] ions in the positive ion mode and as [M-H]
the chamber during the photooxidation. Open markers referin the negative ion mode. A mixture (1:1 by volume) of ace-
to dry conditions and filled markers refer to humid conditions. tonitrile and water (Acros Organics, HPLC grade) served as
PTR-ToF-MS mixing ratios of(a) isoprene, methylvinylketone the solvent in ESI and the eluent in nano-DESI. The con-
(MVK) + methacrolein (MAC), 3-methylfuran (3MF), methylgly- centration of analyte in ESI wasa. 40 ug mi1 (resulting
oxal (MGLY) (b) formaldehyde (FORM), acetaldehyde (ACET), from extraction of substrates into 1 ml of the solvent). The
acetone (ACE)(c) glycolaldehyde (GLYC) and hydroxyacetone o\ ant analyte contact time in nano-DESI on the substrate

(HAC). (d) The relative time-dependent SOA yield from isoprene o, ¢, .o \yasin the range of 1-3 min. Background mass spec-
photooxidation does not change with respect to initial concentra-

tion of water vapor in the chamber. The time-dependent SOA yieldtra We_re taken on SUbstra_t?S Obta'ned from blank experi-
in panel(d) is defined as [(massha/(masskeacted Isopredénote:  MeENtS; they were not significantly different from pure sol-

oxidation of MAC and MVK also contributes to SOA mass). vent spectra. The mass resolving power of the instrument
was 60 000 mAm atm/z400. Mass calibrations with a com-

mercial standard mixture of caffeine, MRFA, and Ultramark
1621 (MSCALDS5, Aldrich) were performed in intervals of
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several hours in both ionization modes to maintain high mas®f isoprene in laboratory experiments or in field observa-
accuracy (0.5ppm ain/z500). Data were collected for a tions, so we do not expect these interferences to be signif-
mass range ah/z50-2000. The spray voltage was 4kV and icant. Conversely, GLYC and HAC are important water-
the solvent flow rate was 0.5 pl mif. soluble isoprene oxidation products commonly observed in
the field (Lee et al., 1998; Spaulding et al., 2003; Matsunaga,
2005; Zhou et al., 2009; Williams et al., 2001; Matsunaga

3 Results et al., 2003). GLYC is produced in the OH+MVK reaction
(Tuazon and Atkinson, 1989; Atkinson and Arey, 1998) and
3.1 SOA Yield and Gas-Phase Reaction Products HAC is produced in the OH+MAC reaction (Williams et al.,

2001) following the photooxidation of isoprene. GLYC and

PTR-ToF-MS was used to simultaneously track all VOC HAC may also be formed from decomposition of alkenoxy
with proton affinities (PA) greater than the PA of water radicals (Dibble, 2004b, a) or from the degradation of hy-
(697 kImot?), including isoprene itself, with 18s time- droxy alkenyl nitrates (Paulot et al., 2009). The increase in
resolution. The humidity of the sampled air affects the ex-signal of these second-generation VOC at higher RH is un-
tent of the PTR ionization. Under normal operation con- expected, and cannot be explained by backward reactions in
ditions, humidity alters the PTR ion concentrations by lessthe PTR ion source.
than 5% (Hewitt et al., 2003). However, the ion signal of  The effect of RH on the resulting SOA mass in the cham-
VOC with PA similar to the PA of water, like formaldehyde ber was insignificant. Figure 2d shows the time-dependent
(718 kI mott), may be affected by more than 5% due to the SOA yield defined as the ratio of the dry SOA mass (I§m
backward protonation of §0* primary ions at higher sam- produced over the concentration of isoprene reacted. This
ple inlet humidity. This RH effect theoretically decreases yield definition is not ideal as a large contribution to SOA
ion signal under higher inlet flow RH. The ion signals for mass arises from the oxidation of first generation products af-
formaldehyde were corrected at the relevant drift potentialter all of the isoprene has already reacted (Kroll et al., 2005).
(Udritt =600 V) using the procedure reported by Inomata etHowever, for the sake of comparison, the traditional defini-
al. (2008). tion of SOA yield was used to gauge the relative differences

We generally do not observe significant differences inbetween the two sets of data, without an emphasis on the ab-
the PTR-ToF-MS time-dependent traces of the major VOCsolute yield quantification.
products monitored between the dry and humid conditions. Figure 2d demonstrates that RH does not substantially af-
Figure 2a shows the decay of isoprene and the formatiorfect the relative SOA vyield from isoprene photooxidation
of the first- and second-generation products methacroleinn the absence of inorganic seeds. This result qualitatively
(MAC), methylvinyl ketone (MVK), 3-methylfuran (3MF), agrees with conclusions of Dommen et al. (2006) who re-
and methylglyoxal (MGLY). MAC and MVK are detected ported no significant change in the SOA vyields at differ-
as an isobaric pair. The time-dependent traces of formaldeent RH, also for SOA generated in the absence of inor-
hyde (FORM), acetaldehyde (ACET) and acetone (ACE) areganic seeds. However, our observations are different from
shown in Fig. 2b. The time-dependent trace of FORM showsthe recent study of Zhang et al. (2011) who reported an
that at approximately the 60 min mark, after almost all iso- enhancement of the SOA yield under dry conditions from
prene has been reacted, the decay of FORM is reduced iizoprene photooxidation in (NBl,SOs-seeded experiments.
the presence of water vapor. However, as gas-phase FORNIhe presence of inorganic seeds in the chamber is an im-
has both photolysis loss channels (Moore and Weisshaaportant difference between these experiments. NS0,
1983) and sources due to isoprene photooxidation (Atkin-particles exhibit significant hygroscopic growth at elevated
son and Arey, 2003), it is not clear which mechanism is af-RH (GF~ 1.5 at 85% RH for (NH)>SOy seeds; Virkkula
fected by RH. Non-volatile products like 2-methlyglyceric et al., 1999; Cruz and Pandis, 2000), compared to organic
acid (2MGA) were not detected by PTR-ToF-MS. particles (GF~1.0-1.1 for biogenic SOA (Virkkula et al.,

However, there are notable exceptions to this observationi999; Varutbangkul et al., 2006)). The increased LWC in the
the production of glycolaldehyde (GLY®)/z61.03) and hy-  seeded experiments likely has an effect on the SOA forma-
droxyacetone (HACN/z75.04) increased under humid con- tion, and may account for the different conclusions of Zhang
ditions (Fig. 2c). At the end of the photooxidation period, the et al. (2011) vs. Dommen et al. (2006) and this work.
concentration of GLYC was 33 ppb (dry) and 56 ppb (humid) Under humidified conditions, the use ob®&, as an OH
in the representative samples. Similarly, the concentration oprecursor may lead to aqueous photochemistry occurring di-
HAC was 16 ppb (dry) and 33 ppb (humid). The signahé  rectly inside the wetted particles, potentially affecting the
61.03 and atn/z75.04 may have interferences from acetic final SOA yield. This would be more of an issue for the
acid and lactaldehyde, respectively. However, acetic acid iseeded experiments, which have higher LWC. Dommen et
not expected to be a significant product on the timescale o#l. (2006) performed “classical photooxidation” experiments
the experiment (Lee et al., 2006; Paulot et al., 2009). Furwithout OH precursors. The good agreement between this
thermore, lactaldehyde is not observed from the oxidationwork and that of Dommen et al. (2006) with respect to the
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RH effect on the SOA yields suggests that the specific choice  4g0-

of OH precursor and presence of® in the chamber is not éMHGg C.H20, Dry

. ; 4874 ’

important for the non-seeded experiments. 300 * c.ho, | G0,

3.2 Mass spectrometry analysis of SOA samples o 200

Figure 3 shows the stick mass spectra for isoprene photooxi-§ 100

dation SOA generated under dry (RH %) and humid (RH &

90 %) conditions. The horizontal axis corresponds to molec- £ o

ular weights of the neutral SOA compounds, which could be g 4001 ZM?.:X 400 600 8o 1000
unambiguously assigned ta:8,0oN,, molecular formulas 5 cng. e

from the corresponding measuredzvalues. We are inter- & 3001 ** " ¢ 4 o Humid
ested in the most complete set of compounds for our analysis % e

regardless of their mode of detection. Mass spectra showr 2% 5 Cjﬁ‘HZZO”

in Fig. 3 represent a merged set of ESI and nano-DESI data

which plots the average abundance of each molecule detecte 1001

in different ionization modes. The background peaks from " 1““““]“” 5

blank samples were removed. The negative and positive 200 400 600 800 1000

mode data with ion peak assignmentsnirfz are converted Molecular Mass (Da)

to neutral masses and merged because negative and posi-

tive modes ionize different subsets of SOA compounds, angig. 3. stick spectra of all assigned compounds in highgN&-
nano-DESI is more sensitive to compounds prone to solvolprene SOA samples generated under two humidity conditions. The
ysis compared to ESI. Although the averaged mass spectralpectra represent a merged set of ES| and nano-DESI data. The hor-
intensities do not represent the relative molecular abundancegontal axis corresponds to molecular weights of the neutral SOA
in the aerosol, they can still be used for qualitative compari-compounds, and the vertical axis corresponds to the mass spectra
son between the dry and humid Samples_ To ensure that thi@tensities. HIgh-MW oligomeric Species in the dry Sample are Sig'
intensities in the mass spectra of dry and humid SOA sample8ificantly more abundant.

can be compared, we recorded the mass spectra under iden- . .
tical instrumental settings. Approximately 750 peaks Werewe'ghts in excess of 200Da and therefore correspond to

assigned in each mass spectrum, representirg% of all oligomeric molecules. In 'Fhe mass spectrum of the SOA
the observed peaks. generated under dry conditions, more peaks are observed

The monomer form of 2MGA was observed with high in the 400-1000 Da region, whereas for the SOA formed

. . o nder humid conditions most peaks are clustered around
abundance in both dry and humid spectra, indicating thai 00-400 Da. We note that oliqomers mav be overrepresented
the formation pathway to produce 2MGA is not significantly in o_r ork .as laraer. m It'llgnct'onal myolec \Iles arr)e more
affected by RH. For example, one formation pathway for 1" Our W ger, muitiunct u

2MGA and its oligomers is the photooxidation of a seCond_efﬁcient charge acceptors and are easier to ionize in the
. , . electrospray. Nevertheless, it is clear that oligomerization

neration pr from isoprene methacryloylperoxynitr ) L . .

generation product from isoprene methacryloylperoxynit ateplays an important role in the SOA formation chemistry.

'gz?sN\)N(eSrg rrr]?)ttt (‘)a:)si.r’véglig;trﬁ: eh ?\?gﬁfg%é,?:lgghs?gteetz}{ll' The highest abundance peaks, including those explicitly
' labeled in Fig. 3, are generally found in both dry and hu-

with the findings of Surratt et al. (2006). Figure 3 shows . .
that the components of SOA generated under dry vs. hu—mld spectra. There are550 common peaks observed in

mid conditions were quite different. Differences in peak in- bOth samples, corresponding to approx'imellt.ely 73% of the
tensities in the dry vs. humid samples did not result fromaSS'gned peaks. However, there are significant and repro-

an experimental artifact as in both cases the filters containeaIuCIbIe differences in the signal-to-noise (S/N) ratios of these

about the same amount of deposited SOA material. Furtherg ﬁ?léz .?]iaﬂée:;]r;&%grye\;s hunr:j]:adr 'Sdpei?(r:zll aan:Ie tS.éI:I gg;edrf_
more, experiments with different filter loadings, 10 ugin ' P U ! ! i :

vs. 40 ug 3 estimated by SMPS data, under a specific RHtlons, suggest that RH affects the rate of production of these

condition resulted in similar intensity distributions (Fig. S1). 322232231;? Z?Tnocurgggg?.r\“/iezrlalfo?z[)z\;ﬁgléhi;\éVOOjEECtra

lap was 85 % for molecular weights between 100-600 Da but

Isoprene has a relatively low molecular weight o : . .
(68.063Da) and even the heaviest products of isoprenémly.36 %% for the 600 .1000 Da region. This t_renq logically

S S - implies that the formation of larger oligomers is hindered by
oxidation that retain its original carbons have molecular

weights under 200 Da (for example, 2-methyltetrol nitrate high initial chamber RH (the discussion of the oligomers will

ester weighs 181.058 Da). Figure 3 shows that 80-900¢ &XPanded upon in Sect. 4).

of the observed isoprene SOA constituents have molecular
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Approximately 20% and 12% of the total number of dif - CHO Dry
peaks were assigned to NOC molecules in the dry and hu- CoH1,0, 28 4421
mid sample, respectively. In addition to the reduction inthe 304 - CuHiO | 5 N | CuHeOu
total number of the observed NOC species, the S/N of the o o amoe s
NOC peaks in the humid mass spectra was greatly reduced§
For example, @&H19012N (369.091 Da) was detected with
a S/N of 212 in the dry sample vs. S/N of 44 in the hu-
mid sample. Similar drastic reduction in signat80 %)

was observed for gH1309N (267.059 Da), @gH25015N

Humid

Signal to Noise

‘C.H.O

C.H.O

(471.122 Da), gH31018N (573.154 Da), and several other 204 712 2277 C19H1‘8015 25 13815

NOC species. Most of these NOC are oligomers. The only & o -

monomeric nitrate observed igB7;03NO3 (the nitrate ester 309 T2 s s C1sH0,

of 2MGA) and its signal is similarly low in both the dry and T
humid data (S/N of 1.6 and 1.5, respectively). The structural 100 200 300 400 500 600 700 800 900 1000
identities of selected NOC were probed with high-resolution Molecular Mass (Da)

tandem mass spectrometry (FSand the detailed discus-
sion is deferred to a subsequent manuscript (Nguyen et algig 4. stick spectra of assigned compounds that are unique to either
2011). Briefly, most of the NOC molecules that are affecteddry or humid conditions. The axes are defined in the same way as
by RH are oligomeric organic nitrates with several 2MGA in Fig. 3. There are approximately 200 formulas unique to the dry
units incorporated into the structure. As an example/”MS conditions and 225 formulas unique to the humid conditions out of
revealed @H1309N to be a condensation dimer of 2MGA 750 assigned formulas in each sample. Unique formulas with higher
and its nitrate ester (Bl703NO3z+ C4HgO3). In addition, abundances are labeled. NOC species are shown in red.
to probing the structures, the NMStudies confirmed unam-
biguously that the high-MW ions detected by the Orbitrap
are strongly-bound covalent species, as opposed to weakly? Discussion
bound ionic complexes formed in the electrospray process
(Nguyen et al., 2011). The similarity in the time-dependent concentrations of reac-
Figure 4 compares peaks observed uniquely in samplegon products and relative SOA mass yields in the dry and
generated under dry or humid conditions, with those ofhumid experiments suggests that the initial gas-phase oxida-
higher abundances explicitly labeled. There were approxition chemistry was similar. The OH yield from the photoly-
mately 220 unique peaks in the dry dataset and 225 uniquéis of H,O2 was likely minimally affected by the additional
peaks in the humid dataset, representir®7 % of all the as-  water vapor. However, the increase in signal of GLYC and
signed 750 peaks by count. Because all of the unique peakd AC indicates that water vapor indeed affected a certain sub-
were of relatively low abundance (SA40), their MS anal-  set of photochemical reactions. As GLYC and HAC are both
ysis could not be performed. However, a visual comparisorwater-soluble, they should be lost more easily to the walls
shows that a large fraction of compounds formed uniquelywith higher initial water vapor in the chamber. Therefore,
under dry conditions belong to the higher-MW oligomers andthe increase in the abundances of these products in the gas
NOC species. Some of these molecules could be attributed tohase under higher RH conditions is unexpected. Due to the
high-MW condensation oligomers whose formation was hin-multiple sources of GLYC and HAC, the reason behind this
dered under the humid conditions. For examppgHG40x1 particular RH effect is unclear and a more systematic inves-
(Fig. 4) is likely a 7-unit homologous 2MGA oligomer from tigation is necessary to implicate specific reactions.
the GHgO3+ (C4Hg03),, family (Table 1). Other molecules The observed reduction of the organic nitrates in the par-
like C11H1406 are formed from heterogeneous (comprisedticle phase under humid conditions may be due to the fol-
of different monomeric units) oligomerization because theirlowing reasons. First, the total organic nitrates formed in the
molecular formulas are not linked to repeating units of anygas phase may be reduced, which would limit the number
one monomer. These molecules are less likely to form inof particle-phase nitrates by gas-particle partitioning. Typ-
the humid conditions because high RH may hinder the for-ically, VOC do not fragment in the PTR ion source; how-
mation of certain monomers. Although the number of ob- ever, volatile organic nitrates (RON® may lose nitrous
served unigue peaks is similar for both the dry and humidacid (—HONO), nitric acid - HNO3) or fragment into Nq
data, the total ion signal for unique peaks in the dry data is(Aoki et al., 2007; Perring et al., 2009a). As the identi-
much higher. This may suggest either higher physical abunties of the individual nitrates are unknown, we cannot use
dance of those unique compounds in the sample or highecarbon-based fragment ions formed in the PTR ion source,
ionization efficiency in the electrospray. e.g. [M-HONOT" or [M-HNO3]™, to trace the time evolu-
tion of the total amount of organic nitrates. We do observe a
40 % decrease in the signal of Ig“@mder humid conditions,
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Table 1. Total abundances of oligomers in the condensation and addition reactions from selected homologous families. Each condensation
family is generated by a repeated addition gHgO3 to the G(Hy Oz precursor listed in the first column. The addition families are built by
repeated addition of £H40, to a G(HyO; precursorkmax is defined as the maximum number of homologous oligomer units attached to the
parent molecule, used as indicators of oligomer length /afids the change in the total number of carbon atoms in the oligomer, calculated
based on the number of carbon in the monomer unit and the chakgg,nFull data are reported in Tables S1 and S2 in the Supplement.

Condensation Dry  Dry Humid Humid

CcHROoN, + (C4HgO3),  Total Signal kmax  Total Signal  kmax  ASignal (%) AC
CoH403 114 7 34 5 —70 -8
C3H403 455 8 106 6 77 -8
C3HgO» 225 9 107 6 -52 -12
C3HgO3 140 8 35 6 —75 -8
C4HgO3 445 8 137 6 —69 -8
C4HgO3 100 8 28 5 —72 -12
C4HgO4 598 8 467 6 -22 -8
C4H70gN 736 7 126 6 —-83 —4
Cs5HgO4 291 8 124 5 -57 -12
C5HgOsg 491 7 167 5 —66 -8
CgHgO4 165 7 88 4 —-47 —-12
CgH100s5 1053 8 451 6 -57 -8
C7H1004 166 7 77 5 —54 -8
Average 383 8 150 5 —-63@&16) -9(*2)
Addition Dry  Dry Humid  Humid

CcHROoN, + (CoH400),,  Total Signal  kmax  Total Signal  kmax  ASignal (%) AC
C3H410, 32 3 21 3 —-34 0
Cs5HgO2 131 4 69 4 —48 0
Cs5HgO4 212 4 101 4 —-52 0
CgHgO3 49 3 40 3 -19 0
CgHgO4 502 3 324 3 -35 0
C7HgO4 161 6 81 5 -50 -2
C7HgOx 282 5 108 5 —62 0
C7H100s5 83 3 39 3 -53 0
CgH1003 74 5 61 5 —18 0
CgH100s5 599 6 388 5 -35 -2
CgH1006 165 4 122 4 —26 0
CgH1204 51 5 143 5 +177 0
CgH1205 194 4 148 5 —24 +2
Average 195 4 127 4 —21(+61) 0 &1)

which may in principle be used as a tracer ion for the total or-is the dominant cause of the reduction in the j\lgnal
ganic nitrates in PTR-ToF-MS. Unfortunately, due to strongis consistent with the exceptional water solubility of HNO
interferences from nitric acid (HN$) (Perring et al., 2009b), However, a humidity-induced reduction in gas-phase organic
the Nq signal cannot be exclusively assigned to organicnitrates cannot be completely ruled out based on the PTR-
nitrate fragmentation. In addition, the yield of §Grom ToF-MS observations.

larger alkyl nitrates is small (e.g. 3% yield for a branched
Cs nitrate; Aoki et al., 2007). The yield of l\pfrom pro-
tonation of HNQ is not known, however, we expect a sig-
nificant build up of HNQ@ during photooxidation, and even a
small yield could make a large difference in the g\I@'gnal.
That reduction in gas-phase HN@nder humid conditions

The second possibility for the observed reduction of the
organic nitrates in the particle phase is that the formation of
condensation organic oligomers containing@NO, group
may decrease under humid conditions. This, in turn, may
lead to a reduction in the ion current for the NOC com-
pounds. The SOA may still contain monomer nitrates, but as
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monomers are likely to be less ionizable than oligomers, theorganic molecules. Indeed for humid isoprene highgyNO
observed total NOC signal should decrease with a decreasdata, the most common mass differences were O-atom fol-
in the degree of oligomerization. The negligible RH-induced lowed by CH. However, the most common difference in dry
change in observed signal of the monomer nitrate of 2MGAisoprene high-N@ data was a more complex unit4B8s03
(Sect. 3.2), the only observed monomer NOC species, is conf102.032 Da). This mass difference must correspond to the
sistent with a similar concentration of monomeric nitrates in formation of oligomers via condensation reactions involv-
the aerosol and decreased oligomerization. ing 2MGA (Surratt et al., 2006; Szmigielski et al., 2007), a
Finally, the particle-phase nitrates may be reduced in thevery abundant molecule in both humid and dry SOA samples.
humid conditions by a suppression of direct esterificationHowever, the prevalence of this mass difference in only the
of alcohols by nitric acid (HN@), also a condensation-type dry sample supports that 2MGA-based oligomers are much
process. Nitric acid concentration in these experiments maynore important when the SOA is generated under dry condi-
be sufficient for the efficient partitioning of HNfihto the  tions. The polyfunctional nature of 2MGA (carboxylic acid
particle phase. If esterification of alcohols by HN@® the  and alcohol functionality) enables the formation of very long
main reason for the suppression of NOC in humid experi-oligomers similar to the poly-condensation of glycolic acid
ments, the reduction in the yield of organic nitrates shouldto make polyesters in industrial applications (Fig. 5a). The
be smaller under more realistic atmospheric conditions withmolecular formula of 2MGA is ¢HgO4 but with an HO
much lower NG and HNG concentrations as compared to loss at every condensation step the repeated unit becomes
the chamber. Nevertheless, this process has implications fa€4HgOs.
the total budget of NOC compounds in particles, especially The unit GH402 was also identified as a prominent re-
in highly-polluted urban air environments. peating motif in our analysis and assigned as the addition
The high resolution mass spectra shown in Fig. 3 sug-unit of GLYC (Fig. 2c). GLYC (HO-CH-C(O)H) is simi-
gest that 2MGA is formed in comparably high abundancelar to 2MGA in that it is bifunctional (it is the simplest hy-
in both dry and humid conditions. However, the oligomer- droxyaldehyde) and can produce relatively long homologous
ization arising from 2MGA is significantly affected by RH. oligomers (Fig. 5b). Like any hydroxyaldehyde, GLYC can
For systematic assessment of the oligomerization patterns inligomerize by addition to form hemiacetals, and its hydrated
SOA formed under the dry and humid conditions, we con-form HO-CH,-C(OH)H can oligomerize by condensation.
ducted a statistical molecular weight (MW) difference anal- However, with the relatively low amount of water present in
ysis for all the assigned compounds. Rkodifferent com-  the particle (about 30 % by volume under humid conditions)
pounds, there are? — x non-zero mass differences that can the contribution of the hydrated form should be small.
be grouped in a histogram to identify the most common MW  Therefore, the unit gHgOswas used in our analysis
differences. Each such difference can be assigned to a foto represent homologous condensation with 2MGA, and
mula GHpOgNy, where c, h, 0, and n can be positive or nega- Co,H402 was used to represent homologous addition with
tive depending on the chemical process responsible for prop&LYC. We examined these two important types of oligomer
agating this particular fragment through the distribution of families in detail to discern differences in oligomerization
formulas. Itis possible to trace high-MW formulas to lower- due to the additional water vapor present in the chamber at
MW ones by generating chemical “families” of the type the time of aerosol formation. We note that while these two
CxHyO;Ny+[CcHhOoNp]x where GHyO,N,y is the smallest  types of oligomers are among the most abundant, there are
member of the family and is the number of times the dif- other types of condensation and addition oligomers in iso-
ference formula is repeated. This type of analysis, which inprene SOA that respond to RH in a qualitatively similar way.
essence identifies the most frequently repeated base formu- Oligomers produced from 2MGA condensation chemistry
las to use for a given distribution of compounds, is routinely are very large and generally homologokg{x=4—9). The
performed in high resolution mass spectrometry (Reinhardhomologous nature of 2MGA oligomers, which dominate the
etal., 2007; Nguyen et al., 2010; Hughey et al., 2002; Altieri signal abundance from the SOA samples generated at both
et al., 2008) to find monomer units that form long oligomer high and low RH conditions may account for the semi-solid
“families”. Our criteria for identifying monomer units using nature of biogenic SOA (Virtanen et al., 2010; Vaden et al.,
this method are: (1) observation of a large number of families2010). A number of long homologous families of the type
which have a broad range bfvalues; (2) ability to link the ~ CxHyO,+ (C4HeOz3)x, with k ranging from 1 up to 9 were
formula difference to an expected product of isoprene oxida-identified (Table 1, also see Tables S1 and S2 in the Sup-
tion. It is important to note that non-homologous oligomers, plement). Table 1 reports the summed ion signal from all
i.e. those including different monomer building blocks, may oligomers identified from a particular family under both dry
also be present in large numbers but they are harder to tracand humid conditions. The total signals are reported as the
down with statistical tools. sum of the signal-to-noise ratios within the entire chemical
MW differences corresponding to O-atom and L£ate  family. The change in signal is defined as the absolute dif-
usually the most common differences for natural complexference between the humid and dry total signal relative, di-
mixtures as these groups are present in the majority oWided by the maximum of the two total signals. As expected,
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Fig. 5. (a)Condensation oligomerization from repeated esterification by 2MGA produces MW differences equivalgtg@sC(b) Addi-
tion oligomerization from repeated hemiacetal formation with GLYC produces MW differences equivaleii 0L

RH affects the condensation oligomer chain length signifi-
cantly. Homologous families of 2MGA are 2—-3 monomer
units shorter under humid conditions, corresponding to 7-11
fewer carbon atoms per molecule. The average decrease c
condensation oligomers in SOA generated under humid con-
ditions is 63+ 16 %, where the error in this case is the statis-
tical spread in oligomer ion abundance between the thirteen
homologous families included in Table 1.

Figure 6a shows the representative abundance distribu-
tion of the oligomers with molecular formulas/8,O,Ny+
(C4He03)«. The trend of decreasing signal for each oligomer
in the family, as well as a decrease in the length of the
oligomers, at higher initial chamber RH is clearly observ-
able. The distribution of oligomer signal shows that the most
abundant oligomer in the family is not the same when SOA
is generated under dry and humid conditions. For exam-
ple, Fig. 6a reveals the most abundant oligomer in the family
C3H403+ (C4HeO3); is the tetramerk= 3) under dry con-
ditions and the trimer under humid conditions. In general, the
most abundant oligomer decreases by one monomer lengtt
in the chemical families studied in this work (Table S1). The
signal distribution and oligomer length trends are similar for
all the 2MGA-based families studied in this work (see Ta-
ble S1 in the Supplement).

Figure 6b shows a family of the typg By O,+ (C2H402)
formed by the repeated addition of GLYC A@402). The
signal distribution in Fig. 6b is not significantly affected by
RH. The observed addition-type oligomers haghy rang-
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ing from 3 to 6. In contrast to the condensation-type Fig. 6. Representative distributions of homologous oligomeric com-
oligomers, which uniformly decreased in abundance at highP®unds in high-N@ SOA under dry (filled bars) and humid (open

RH, the addition-type oligomers did not display a clear trend
(=214 61 %) in the total oligomer signal. However itis clear
that, unlike the condensation oligomers, the oligomer chai
length and number of carbon atoms are not affected by R
due to this type of addition reactions.

The evidence from high resolution mass spectrometry of-
fers an important conclusion: the composition of isoprene
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bars) conditions.(a) Condensation-type oligomers from repeated

esterification by 2MGA (gHgO4 with one KO lost per oligomer-

ization step). (b) Addition-type oligomers incorporating homolo-
ous units of glycolaldehyde ¢Ei4,05).
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photooxidation SOA changes considerably with RH evenits hygroscopicity, or CCN ability. The hydroscopicity and
though the SOA mass yield appears to be unaffected. Thenorphology of particles were found to be important factors
rate of production of most of the volatile oxidation products in the prediction and interpretation of CCN results (Hori et
in isoprene photooxidation remained the same regardless ddl., 2003). Isoprene SOA generated under dry conditions,
RH, with an important exception of GLYC and HAC (40— where the composition is dominated by long oligomer esters,
50 % increase with high RH). The total number of aerosol-may exhibit reduced CCN activity compared to those gener-
phase NOC compounds also decreased by 40% in the hwated under humid conditions. This prediction based on mass
mid mass spectra, and is most consistent with a reducspectrometry data is in agreement with observations made
tion of oligomerization reactions involving monomeric NOC by Poulain et al. (2010) that the hygroscopicityeepinene
species. There are visible differences in the mass spectrazonolysis SOA is directly proportional to the water mix-
with ~37 % unique products formed in either dry or humid ing ratio present in the chamber during SOA formation. Al-
conditions. though the hygroscopicity of isoprene photooxidation prod-
The common products observed under dry and humiducts generated with a variety of VOC/N@atios have been
conditions correspond mostly to condensation and additiorinvestigated (King et al., 2010), no hygroscopic growth fac-
oligomers and their relative abundances vary considerablyor or CCN activity measurements have been reported for iso-
between the two RH conditions. Our observations suggesprene SOA generated under humid vs. dry conditions. As
that isoprene SOA formed under high RH conditions con-biogenic SOA represents a large fraction of the tropospheric
tain a significantly smaller number of high-MW homologous aerosol budget, a systematic study of the hygroscopic prop-
oligomers compared to the dry conditions due to a shift inerties of SOA from isoprene, for example, as a function of
chemical equilibria of the condensation reactions. The overdnitial chamber RH is warranted.
all yield of all condensation oligomers decreased and the
oligomers may be three monomer units shorter in SOA gen-Supplementary material related to this
erated in humid air. In contrast, there is only a weak re-article is available online at:
duction in the number of addition-type oligomers obtained http://www.atmos-chem-phys.net/11/6931/2011/
from our analysis but the data suggest the length of additiorficp-11-6931-2011-supplement.pdf
oligomers remain unchanged.
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