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Abstract. The focus of this work is on quantifying the degree 1 Introduction

of the aqueous-phase formatiomehydroxyhydroperoxides

(«-HHPs) via reversible nucleophilic addition of,8, to

aldehydes. Formation of this class of highly oxygenatedRecent studies have shown that organic peroxides can be
organic hydroperoxides represents a poorly characterize@ Significant portion of secondary organic aerosol (SOA)
a_queous_phase processing pathway that may lead to e[‘Bonn et al., 2004; DOCherty et al., 2005; Kroll and Seinfeld,
hanced SOA formation and aerosol toxicity. Specifically, the 2008). Besides their contribution to SOA, organic peroxides
equilibrium constants af-HHP formation have been deter- @lso damage plant leaves (Polle and Junkermann, 1994), con-
mined using proton nuclear-magnetic-resonadéeNMR)  tribute to acid precipitation by oxidizing $@ H,SO; in the
spectroscopy and proton-transfer-reaction mass spectrom@dueous phase (Lind et al., 1987), and regenerate OH radi-
try (PTR-MS). Significan-HHP formation was observed cals (Matthews et al., 2005; Monod et al., 2007; Roehl etal.,
from formaldehyde, acetaldehyde, propionaldehyde, glyco2007; Kamboures et al., 2010)-Hydroxyhydroperoxides
laldehyde, glyoxylic acid, and methylglyoxal, but not from (a-HHPs) constitute a class of organic peroxide that has been
methacrolein and ketones. Low temperatures enhanced thPserved in the ambient environment. In particular, hydrox-
formation ofa-HHPs but slowed their formation rates. High Ymethyl hydroperoxide (HMP) is the most frequently de-
inorganic salt concentrations shifted the equilibria towardtecteda-HHP in the ambient gas phase (He et al., 2010),
the hydrated form of the aldehydes and slightly suppressed@in water (Hellpointner and &b, 1989; Sauer et al., 1996),
a-HHP formation. Using the experimental equilibrium con- and cloud water (Sauer et al., 1996; Valverde-Canossa et al.,
stants, we predict the equilibrium concentratiorwefiHPs ~ 2005), as reviewed by Hewitt and Kok (1991) and Lee et
to be in the pM level in cloud water, but it may also be present@l- (2000). Othex-HHPs such as 1-hydroxyethyl hydroprox-

in themM level in aerosol liquid water (ALW), where the ide, 1-hydroxypropyl hydroperoxide, and bis-hydoxymethyl
concentrations of kD, and aldehydes can be high. Forma- hydroperoxidehave have also been detected in the air or in
tion of a-HHPs in ALW may significantly affect the effective cloud water, but much less frequently (He et al., 2010; Lee et
Henry’s law constants of $0, and aldehydes but may not af- al., 1998; Bachmann et al., 1992; Hewitt and Kok, 1991).

fect their gas-phase levels. The photochemistry and reactivity Despite their observation in the atmosphere, our under-

of this class of atmospheric species have not been studied. Standing of the formation mechanismseeHHP is still in-
complete. It has been suggested that the recombination reac-

tion of peroxy radical (RQ) and hydroperoxy radical (H£,
which is the major formation of organic hydroperoxides in
gas phase, may not be a major formation pathwayofor
HHPs (Carter et al., 1979; Atkinson, 199C&kset al., 1995).
Instead, other formation pathways, including aqueous-phase
reactions have been proposed (Fig. 1). The first formation
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pathway, herein referred to as the Criegee pathway, involves 1) the criegee Pathway

hydrolysis of the stabilized Criegee intermediate (SCI) gen- H o ; oH
erated during alkene ozonolysis (Lee et al., 2000; Hasson e! r e o o R4<
al., 2003; Ziemann and Atkinson, 2012). The second path- R \ .
. . ... . 0—oO O—OH
way involves reversible addition of 4@, to carbonyls and is W
herein referred to as the carbonyl pathway (Hellpointner and Alkene Stablized Criegee Intermediate a—HHP
Gab, 1989; Zhou and Lee, 1992). The Criegee pathway has
gained the majority of attention becauséiHPs have been 2ot P
observed from laboratory ozonolysis of a variety of alkenes 2 OH
and monoterpenes (Hewitt and Kok, 1991; Neeb et al., 1997; R% +  no, = R
Sauer et al., 1999; Hasson et al., 2001; Hasson and Paulsor H 0—OH
2003; Wang et al., 2012). This reaction pathway occurs in ~ Aldehydes a-HHP
both the gas and aqueous phases, but a few studigs ¢6 0 P on
al., 1995; Chen et al., 2008; Wang et al., 2012) have shown R% + H,0, = R*%
that agueous-phase ozonolysis may lead to more efficient for- R R
mation ofa-HHPs compared to their gas-phase counterparts. ~ Ketones o-HHP
In these studies, howevar-HHPs formed in the aquUeoUS 3 peroxyhemiacetal Formation
phase dominantly decomposed te®4 and aldehydes when 0 OH
analysed under dilute conditions. The observed rapid decom- R1% + RZ/O\OH — R14<o_o
position ofa-HHPs in such laboratory experiments has lead y R,
to a general perception thatHHPs are unstable, and are Aldehyde Organic Hydroperoxide Peroxyhemiacetal
merely a class of intermediates in the formation of carbonyls
and B0, during ozonolysis. Fig. 1. Two aqueous-phase pathwaysoohydroxyhydroperoxide

However, recent studies have observed signifiealtHP ~ («-HHP) formation: (1) The Criegee pathway, (2) the carbonyl path-
formation upon the addition of #D, to aqueous solutions Way; and a related reaction (3) peroxyhemiacetal formation.
of dicarbonyls (Lee et al., 2011; Zhao et al., 2012) and

laboratory SOA extract (Liu et al., 2012) using advanced

mass spectrometric techniques. Specifically, in our previousCIeOphIIIC addition of HO; to a non-hydrgt_ed carbonyl b_e-
work (Zhao et al., 2012)e-HHP formation from glyoxal cause the carbonyl carbon acts as an efficient electrophile. In

and methylglyoxal with HO, was monitored using an io- particular, Satterfield and Case (1954) found that the initial

dide (I") chemical ionization mass spectrometer coupled to_rate of KO, addition to aldehydes increases in the follow-

a heated inlet line (Aerosol CIMS). This technique enabled[lr_]r? ordelr: fortmalc:ehyt/ﬁe act:)etaldedh){d&g(Op)tlr(])n%I.c]icfehyde. .
the direct detection and characterizationaceHHPs using h € Tgpha':ja I(’)r:j or this ]?hsgrv? ren’thlfh ed terr]ezcetlr:j
online mass spectrometry. In particular, the formatiomof € aldenhydes degree of hydration, wi € most hydrate

HHPs from glyoxal and methylglyoxal was observed to be aldehyde (i.e. formaldehyde) exhibiting the slowest rate of

fast and reversible, with equilibrium constants between 405'12?2 agdmc&l;._tj' hlshobstervatlon leads tohtr:jewtcgncllgs;]on
and 200 M for both compounds. As described below, an at 0, addition has to occur on non-hydrated aldehy-

equilibrium constant of this magnitude suggests éhatHPs dlctfulnctlﬁnal grou;;s. we alsohnot_e thftl";‘ clost(_ely ril.atef
could be formed in significant concentrations in aerosol lig- particle-phase reaction, peroxyhemiacetal formation (Fig. 1,

uid water (ALW) if aldehyde and kD, concentrations are pathway 3). which involves nucleophilic addition qf an or-
high (Arellanes et al., 2006; Volkamer et al., 2009; Lim et al., ganic hydroperoxide to an aldehyde, has been previously pro-

2010). However, the quantification using Aerosol CIMS is Eoseld E]TOb'iS and Zlgmantrt], 2t'000). As tOf :atle’sér:a" car
potentially complicated by thermodecompositiorwefiHPs onyls have been gaining attention as potentia precur-

and unknown processes involving droplet evaporation in the>0rs via aqueous-phase processing (Ervens et al.,, 2011). The

heated inlet, giving rise to the need for a more quantitativeformat'on ofa-HHP via the carbonyl pathway may change

study using alternative techniques. the physico-chemical properties of carbonyl-containing SOA

We note that although the carbonyl pathway is rarely Olis_in a different way compared to other relatively well known

cussed in the atmospheric chemistry literature, it has bee'l:pechanlsms such as OH radical oxidation, thus representing

studied somewhat in the 1940s and 1950s by physical oran additional mechanism of aqueous-phase processing. Once

ganic chemists using high precursor concentrations. For ex[ormed in aqueous-phase;HHPs may also react with OH

ample, the formation of-HHPs has been observed from radicals (Zhao et al., 2012). How this class of compound may

several aldehydes (Satterfield and Case, 1954; Sander a rer t.he r_eactjon mechanisms proposed for aqueous-phase
Jencks, 1968) and ketones (Milas and Golubovic, 1959af: emistry is still unclear at the moment.
b). These early works established the reaction mechanism

of the carbonyl pathway: the reaction proceeds via a nu-
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Given that the potential of many carbonyls to fomm 100 mM for ketones and methacrolein due to insignifieant
HHPs is currently unknown, the specific goals of this HHP formation from these species. A 500 pL aliquot of the
work were to experimentally determine the equilibrium con- mixed solution was transferred into a 500 pL glass NMR tube
stants ofa-HHP formation via the carbonyl pathway from along with 25 pL of BO (Cambridge Isotope Laboratories,

a range of atmospherically relevant carbonyl compoundsnc., 99.96 %) as a lock reagent for the NMR measure-
using two separate analytical methods: proton nuclearment. Using an autosampler (Bruker B-ACS 126,NMR
magnetic-resonance' NMR) spectroscopy and proton- spectra were acquired with a Bruker Avance 500 MHz spec-
transfer-reaction mass spectrometry (PTR-M3). NMR  trometer using &H, 1°F, 13C, 1°N 5 mm quadruple resonance
spectroscopy directly quantifies the chemical changes in thénverse (QXI) probe fitted with an actively shieldgdgradi-
aqueous phase when a carbonyl is mixed wigOp] and  ent.'H NMR experiments were performed with presatura-
is particularly well suited for the investigation of thermody- tion using relaxation gradients and echoes (PURGE) (Simp-
namic equilibria. On the other hand, online PTR-MS mea-son and Brown, 2005) water suppression and 128 scans, a
surement of the gas-phase concentration of carbonyls aftenecycle delay of 3s, and 16 K time domain points. Spectra
addition of O, provides better insight into the kinetics of were apodized through multiplication with an exponential
the reactions and can assess the impaatBHP formation  decay corresponding to 0.3 Hz line broadening in the trans-
on the effective Henry's law constant&es;) of the car-  formed spectrum and a zero filling factor of 2, then manually
bonyls. We note that thermodynamic information of the type phased and calibrated to the DMSO at 2.5 ppm. The recycle
derived in this paper is required to quantify the importancedelay was set at 5 times the measured T1 to ensure full re-
of different derivative organics in aerosol and cloud water, laxation between scans. Spectral predictions were performed
and yet it is frequently missing from the literature. The paperin Advanced Chemistry Development’s ACD/SpecManager
concludes with an assessment of the atmospheric importanagsing a neural network prediction algorithm (version 12.5).
of «-HHP formation by the carbonyl pathway. All calculations were performed using water as the solvent
with a spectral line shape 2 Hz chosen to match those of the
real datasets as closely as possible.

2 Experimental For most of the samples, thél NMR spectra were taken
within 24 h after the samples were prepared, and within
2.1 H NMR measurements 48 h for a small number of samples. The time scalexof

HHP equilibration is 30 to 60 min (confirmed in the PTR-

The formation ofae-HHPs from a suite of atmospherically MS experiments), so the equilibria should be fully estab-
relevant carbonyl species has been studied: formaldehydished when'H NMR spectra are taken. The sample solu-
(Sigma Aldrich, 37 wt% in water with 10-15 % methanol tions were no longer protected from room light once loaded
as stabilizer), acetaldehyde (Sigma Aldrick,99.5%), on the autosampler. To examine potential evaporation of
propionaldehyde (Sigma Aldrichg 97 %), glycolaldehyde carbonyls and OH generation fromp®, photolysis, some
(Sigma Aldrich, in solid dimer form), glyoxal (Sigma methacrolein samples were analysed a second time 10 h after
Aldrich, 40 wt% in HO), methylglyoxal (Sigma Aldrich, the first measurement. Methacrolein was chosen because it
40 wt% in H0O), glyoxylic acid (Sigma Aldrich, 50 wt% is the most volatile aldehyde studied here (Allen et al., 1998)
in Ho0O), methacrolein (Sigma Aldrich, 95 %), methylethyl and is highly reactive to OH radicals (Herrmann et al., 2010).
ketone (ACP Chemicals Inc., 99 %), and acetone (EMD,The concentration of methacrolein did not show observable
99.8 %). These compounds have low molecular weights and¢hange before and after 10 h of room light exposure, and so
exist largely in the gas phase. However, several compoundg is assumed that evaporative loss and room-light exposure
(e.g. glyoxal, methylglyoxal, glyoxylic acid, and glycolalde- induced negligible effects to other samples as well.
hyde) are quite water soluble and can be important aqueous- The temperature inside the NMR instrument was con-
phase SOA precursors (Carlton et al., 2007; Altieri et al.,trolled at 25°C. A NMR tube typically stayed inside the in-
2008; Perri et al., 2009; Ervens and Volkamer, 2010; Lim strument for 20 min for the homogenization of its magnetic
et al., 2010; Tan et al., 2010; Ervens et al., 2011; Lee et al.field before the spectra were acquired. Water blanks and con-
2011; Ortiz-Montalvo et al., 2012; Zhao et al., 2012). trol experiments were performed to ensure that the peaks in

Aqueous solutions (10 mM) of a targeted carbonyl werethe spectra are not fromJ@, reacting with water impuri-
prepared individually from the commercial standards men-ties or DMSO. The effect of pH was not examined. Previous
tioned above. A known concentration (0.5 mM) of dimethyl- studies reported that acid can catalyse the rateldHP for-
sulfoxide (DMSO, Fisher Scientific, 99.9 %) was added asmation and decomposition, but does not affect the equilibria
an internal standard to assist the quantification and chemi(Marklund, 1971; Zhou and Lee, 1992).
cal shift calibration. A portion of commercial 3@, stock
solution (Sigma Aldrich, 30 % in water) was also added to
the carbonyl solutions shortly after they were prepared at
concentrations usually between 8.9 and 20 mM, but up to
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2.2 Effects of inorganic salts =00 Dilution flow

Aerosol liquid water (ALW) can contain high concentrations fff:ihn'.f';Z‘s’".fﬂi'}iﬂff 10mM Vent

of inorganic salts up to and beyond their saturation concen- ’ - oo | l

trations (Tang et al., 1997), making it important to investigate —T=

the effect of high concentrations of aqueous-phase inorganic Bubbling flow ——— PTR-MS
salts on the equilibria. To do this, 1 M of either (MHSOy Temperature-controlled 100 scem

(AS) or N&SO4 (SS) was added to a number of acetalde- water bath

hyde and egcoIaIdehyde samples.. The NMR pmt_’e used Ir}:ig. 2. Experimental setup for the PTR-MS measurements.
the current method is not compatible with any higher salt

concentrations. The salts were added afteroti¢HP equi-

librium had been fully established. solution (Sigma Aldrich, 34 mg protein mtt) was added to

1 mL of the carbonyl-HO> reaction mixtures after the equi-
librium was fully established. Control experiments were per-

) o . formed to confirm that there was no contribution of catalase
To confirm the equilibrium constants determined to the'H NMR spectra. For the PTR-MS experiments, one
NMR spectroscopy and further investigate the effects ofyrqy of catalase was added to the 25 mL reaction mixture
these condensed-phase equilibria to Kiget Of the car-  ggor the equilibrium was fully established. The flow was
bonyls, a setup involving a bubbler and a PTR-MS (lonicon g med after the catalase addition, and the change of the car-
Analytik, quadruple mass spectrometer) was used, as showflony| signals was monitored. Control experiments demon-

In Fig. 2. This system was used to measure the effect on &yateq that catalase did not cause any change in the PTR-MS
carbonyl vapour pressure arising from the addition eObl signal at then /z of interest.

Ultra-pure N (BOC Linde, grade 4.8) was introduced to
a temperature-controlled glass bubbler containing an aque-
ous solution (10mM) of a carbonyl compound. The gas-3 Results and discussion
phase carbonyl loading exiting the bubbler was measured by
the PTR-MS after dilution (2 to 3 Ipm) with ultra-pureaN 3.1 1H NMR results
The bubbler was placed in the dark during experiments to
minimize light exposure. Teflon lines and connections wereWith the exclusion of methacrolein, significant changes in
used downstream of the bubbler to minimize surface reacihe 'H NMR spectra were observed for all the aldehydes
tions and loss of carbonyls.,Nvas continuously introduced upon addition of HO, to the carbonyl solution, with the
through the carbonyl solution until a stable PTR-MS sig- magnitude of the change increasing with the concentration
nal was achieved at the mass-to-charge ratigzj of the of H20». The reactions were also observed to be largely
protonated carbonyl. A known concentration of®} (typ- reversible from the catalase addition experiments. As de-
ically 8.9 to 17.7 mM) was then added to the bubbler, andscribed below, the formation af-HHP from acetone and
the N, flow was resumed until the PTR-MS signal reached methylethyl ketone was observed to be minor. Spectral as-
a new equilibrium. Equilibrium constants were determinedsignment was based on manual interpretation and compar-
from the difference of the carbonyl signals detected beforeison to standards, followed by confirmation using spectral
and after the KO, injection. With the detection limit set prediction.
by the PTR-MS, this approach could be used only for suf- The experiment involving acetaldehyde is shown in Fig. 3
ficiently volatile carbonyls: acetaldehyde, propionaldehyde,as an example. Before the addition 0§®}, acetaldehyde
methacrolein, methylethyl ketone, and acetone. The experand its hydrated gem-diol coexist in the solution (Fig. 3a).
iments were typically performed at 26 except for those Based on their chemical shift and splitting patterns, the iden-
with acetaldehyde reaction giving rise to the formation of tities of the peaks are assigned and labelled. After addition
1-hydroxyethyl hydroperoxide (1-HEHP), which were con- of 17.7 mM of O, (Fig. 3b), two new peaks appeared at

2.3 PTR-MS measurements

ducted also at 15 and°&. chemical shifts 5.06 and 1.06 ppm, respectively, correspond-
ing to the V and VI protons in 1-HEHP. It is not surpris-
2.4 Reversibility test: addition of catalase ing that the two new peaks appeared very close to the peaks

of hydrated acetaldehyde (i.e. the Il and IV protons), given
In both the NMR and PTR-MS experiments, catalase fromthe similar structure between hydrated acetaldehyde and 1-
bovine liver was added to the reaction mixture to react awayHEHP. The reversibility of the reaction was confirmed upon
H20, to test the reversibility of the reaction. In our previ- addition of catalase (Fig. 3c), with the spectra then resem-
ous study (Zhao et al., 2012), quenching @i led to the  bling those at the start of the experiment.
decomposition ofx-HHPs and regeneration of the original  The water peak was very large in each spectrum even
aldehydes. For thEH NMR experiments, 1 pL of the catalase with the water suppression procedures, such that some

Atmos. Chem. Phys., 13, 5855872 2013 www.atmos-chem-phys.net/13/5857/2013/
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Chemical Shitt (spm) tion equilibrium constantKeq) and the apparent-HHP formation

Fig. 3. 1H NMR spectra for acetaldehydga) Acetaldehyde aque- equilibrium constantKapp). Please see the text for details.

ous solutionyb) 17.7 mM of H,O, was added to the acetaldehyde

solution; (c) catalase was added to the solution to quengOH

The insets are the magnified view of certain regions of the spec-and

tra. The split pattern and the identity of each peak are shown in the [Totale — HHP] eq

brackets (the numbers match those in the chemical structures).  Kappg= )
[H205] eqx [Total Carbony)eq

(4)

overlapping analyte peaks complicated their peak assignmeRihere [Carbony),qleq and [Carbonybn-nydeq represent the
and quantification. For peaks partially overlapping with wa- equilibrium concentrations of the hydrated form and the non-
ter (e.g. at 5.04 ppm in Fig. 3), baseline corrections were perhydrated form of a carbonyl, respectively. The hydration
formed before quantiﬁcation. AlSO, we note that the gain Ofequi”bria Of many atmospherica”y re|evant Carbony|s are
each NMR spectrum was auto-adjusted by the instrument sgye|| studied, and thus comparing our results to the litera-
that the quantification of compounds had to be conducted byre values is a good way to verify otit NMR method. In
comparing the analytes’ peak area and number of protongq. (3), k-HHP]eq and [HO,]eq represent the equilibrium
(#H), with signals arising from 0.5 mM of DMSO added as concentrations of an-HHP and HO,. The usefulness of the
the internal standard. The calculation was performed in theKeqdefined this way is, however, limited especially for dicar-

following manner (Wallace, 1984):

Concentration ofanalyi{é)

Concentration ofinternal standgid)
Peakareaofanalyte #Hinternalstandard
= - X
Peakareaofinternalstandard #Hanalyte

(1)

bonyls such as methylglyoxal that can form multipledHP
equilibria. Unambiguous determination of all thgq values

is also impossible because some of the peaks are missing due
to overlap with the water peakapp, On the other hand, is a
better indicator for the overall potential @ HHP formation

from each carbonyl compound. The [TotalHHP]eq and

Based on the quantified concentrations, we calculated thregrotal Carbonylleq in Eq. (4) represent the summed equilib-
equilibrium constants: the hydration equilibrium constant rium concentrations af-HHPs and carbonyls (i.e. hydrated
(Khyd), equilibrium constant fow-HHP formation Keg),

and the apparent equilibrium constant §eHHP formation

and non-hydrated forms), respectively. Given thatkihg
values did not change with the B, addition, [Total Car-

(Kapp)- The relationship between the three constants is illus-honylleq can be estimated from determination of the concen-

trated in Fig. 4, and their definitions are below:

tration of either the hydrated or non-hydrated form of the car-
bonyl. Thus the use ok Negates the need for unambigu-

Khyd= [Carbonyhqled , 2 ous assignment of all the peaks. We also note that Egs. (2)
[Carbony},omhyd] eq to (4) indicate tha& app and Keq/ Knyd Should be essentially
equal if the aldehydes exist mostly in the hydrated form. We
[« — HHP] eq have used this relationship as an independent confirmation
Keq= 3) of our measurement reliability (see Sect. 3.3). The measured

[H202] eqx [Carbonw}on—hyd] eq

www.atmos-chem-phys.net/13/5857/2013/
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Table 1. Summary of hydration equilibrium constan#i,q) measured by NMR. The constants are reported with their standard deviation
arising from the number of replicates indicated in the table.

NMR (this work) | Literaturé
Khyd # Replicates| Knyg

Formaldehyde >18° 14 2.3x 103 [1]
Acetaldehyde 1.4320.04 15 1.43[2]
Propionaldehyde 1.260.13 16 0.7 [2]
Glycolaldehyde 16.8:1.3 16 10 [3]17.% [4]
Methacrolein 5¢1030 16 -
Glyoxal n.dd 16 2.2x 10° [5]
Methylglyoxal ~57+ 158 16 2.3x 103 [5]
Glyoxylic acid >180 16 3x 103 [6]
Acetone 210720 2 2x 1073 (7]
Methylethyl ketone 5<1073P 6 -

2 References used: [1] Betterton and Hoffmann (1988); [2] Greenzaid et al. (1967); [3]
Sorensen (1972); [4] Yaylayan et al. (1998); [5] Wasa and Musha (1970); [6] Sorensen
(1974); [7] Bruice et al. (2004).

b calculated using the limit of quantification of the current methods.

Cin D,0.

Table 2. Summary of the apparent equilibrium constantsxefiHP formation Kapp measured and reported in literature at°25 The
constants are reported with their standard deviation acquired from the number of replicates shown on the table.

NMR Measurement \ PTR-MS Measurement | @Literature
Kapp # Replicates  Catalase Kapp # Replicates  Catalase Kapp
() recovery (%)| (M~1) recovery (%)| (M~1)
Formaldehyde 16431° 12 p.o® n.pd n.p. n.p. 126 [1] 150 [2]94 [3]
Acetaldehyde 948125 11 9A1 132+15 8 95.8 48 [3]
Propionaldehdye 5148.0 12 833 84+12 8 85 -
Glycolaldehyde 43.33.9 12 89+4 n.p. n.p. n.p. -
Methacrolein 0.8:0.7 12 n.p. n.d® 6 n.p. -
Glyoxal p.o. 12 p.o. n.p. n.p. n.p. 40-200 [4]
Methylglyoxal 25+ 4f 12 83 n.p. n.p. n.p. 40-200 [4]
Glyoxylic acid 4404270 13 78 n.p. n.p. n.p. -
Acetone 8<103h 2 n.p. n.d. 6 n.p. -
Methylethyl ketone % 102 6 n.p. n.d. 4 n.p. -

2 References used: [1] Marklund (1972); [2] Zhou and Lee (1992); [3] Kooijiman and Ghijsen (1947); [4] Zhao et al. (2012).

b Including the formation of BHMP (see text).

C p.o.: Values could not be determined due to peaks overlapping withBepdak.

d n.p.: Experiment not performed.

€ n.d. Not detected at the current detection limit of PTR-MS.

T A significant amount of formic acid was observed. Thgp value is determined with the consideration of irreversible formic acid formation.

9 A decreasing trend of the recovery with increasing concentratiorp GhHaddition.
h calculated using the limit of quantification of the current methods.

tabulated in Table 1 and Table 2, respectively, along with31, 39, and 49 were detected from propionaldehyde, and one
values from the literature. The determingg, values are re-  major fragment ion at:/z 55 was detected from methylethyl
ported in Table S1 in the Supplement. ketone. For these two carbonyls, the total signal intensity of
the protonated molecular ion and the major fragments were
used for quantification. Ne-HHP signal was detected using
the current PTR-MS method.

Acetaldehyde, propionaldehyde, methacrolein, acetone, and Figure 5 illustrates data from a sample experiment for ac-

methylethyl ketone were detected in their protonated form aftaldehyde at 23C. Acetaldehyde signal normalized to the

+ i i -
m/z 45,59, 71, 59, and 73, respectively. Besides their proto-H3o reagent ion became stable 20 min after a 10 mM solu

nated molecular ions, three other major fragment ioms/at 10N was placed in the bubbler at time (i). After 17.7mM of

3.2 PTR-MS results

Atmos. Chem. Phys., 13, 5855872 2013 www.atmos-chem-phys.net/13/5857/2013/
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(Table 2). The high recovery illustrates that the reaction is
mostly reversible due ta-HHP formation. The volatiliza-
tional loss of acetaldehyde and propionaldehyde from pure
solutions at 25C over two hours of bubbling could be up to
11 and 14 %, based on the flow rate of through the bub-
bler, the solution volume, concentration, and the Henry's law
constants k) of the two aldehydes.

Acetaldehyde Normalized Signal

3.3 Comparison of equilibrium constants

T T T
0 60 80 100 120
Experimental Time (min)

In general, th&hyq values showed good agreement with val-
ues from the literature (Table 1), and tRgpp values deter-
mined from the two methods reasonably agreed with each
Fig. 5. Sample time series of signal due to gas-phase acetaldehydether and with the literature (Table 2). The agreement be-
in the PTR-MS gxperiment. The ace_taldeh)_/de signal n_ormalized ttheenKapp andKeq/ Knyd Was good (Table S1) for acetalde-
the reagent ion is shown as a function of time. Time (i): 25 mL of hyde, propionaldehyde, and glycolaldehyde, but the values
clean water in the bubbler is replaced by 25mL of acetaldehydeyt formaldehyde showed a deviation of more than a factor
solution (10mM)_; Time (i): 13.3mM Of HO is added to the ac  of4 (see discussion for formaldehyde below). The inability
fetaldehyde solution; Time (iii): one drop of catalase stock solutlonOf methacrolein, acetone, and methylethyl ketone to ferm

's added. HHP was confirmed from both methods. Formic acid forma-
tion was observed uponJ@®, addition to methylglyoxal and

H,0, was injected into the solution at time (i), the acetalde- glyoxyl!c aC|d.' Detailed discussion of results for each com-
hyde signal decreased and rapidly reached a new equilibriurf®und is provided below, and an examplé NMR spectra
due to the formation of 1-HEHP in the solution. Upon ad- foF €ach compound is provided in the Supplement.

dition of catalase at time (iii), the acetaldehyde signal re-
covered close to its original level. A similar trend was ob-

served for propionaldehyde, but methacrolein, acetone, ange equilibrium concentration of formaldehyde was calcu-
methyleth.yll ketone did not show any observable change upoiyteq by subtracting the amount of hydroxymethyl hydroper-
H20; addition. . oxide (HMP) observed (Fig. 6, proton I11) from the total con-
The equilibrium constants af-HHP formation from ac- centration of 10 mM. In particular, thkyq of formaldehyde
etaldehyde and propionaldehyde were calculated from theg ¢ large that the aldehydic proton peak (proton I) was be-
difference in their signals before and aftey®p addition (Ta- 1oy the IH NMR detection limit, which is determined to be
ble 2). TheKapp values defined in Eq. (4) are calculated by 455 0ximately 100 uM. This observation is supported by the
using the aldehyde signal after the® addition as [Total  |5rge Khyd value in the literature: 2.2 10° (Betterton and
Carbonylleq, the magnitude of change in the aldehyde sigyoffmann, 1988). The methylene proton peak (Il) was also
nal as [Totale-HHPJeq, and the difference between the t0- ot opserved in théH NMR spectra likely due to overlap
tal H,O, concentration and [Totat-HHP]eq as [HO-]leq. with the water peak.
The calculation ofKapp here is based on assumptions that e propose that the small peak that appeared at 4.94 ppm
(1) the non-hydrated forms of acetaldehyde and propionaldejs que to formation of bis-hydroxymethyl hydroperoxide
hyde detected by the PTR-MS are proportional to their totaI(BHMp, proton 1V). This peroxyhemiacetal compound forms
concentrations in the solution (i.e. thélyg values remain by HMP further reacting with non-hydrated formaldehyde.
constant), and (2) their signal change is solely due-t0HP  g\p has been observed in a number of laboratory stud-
formation. The first assumption is verified by the observa-jqq (Marklund, 1971; Zhou and Lee, 1992aiGet al., 1995)
tion from theH NMR experiments thakpyqg values stayed and in the atmosphere (He et al., 2010). g, for BHMP

3.3.1 Formaldehyde

constant regardless of the amount ef®4 addition. formation (K app.sHmp i calculated by Eq. (5),
The validity of the second assumption is challenged by ir- ’
reversible processes potentially occurring in the system, suc [BHMP]eq

®)

as oxidation reactions induced by®, and volatilizational app BHMP=

loss of the aldehydes due to bubbling. To examine forma-

tion of irreversible products, particularly organic acids, the to be 12.0+ 1.3 M~ (where the uncertainties are precisions
PTR-MS was operated under the scan maaéz(20 to 120),  derived from a number of replicates), showing excellent
but no change was observed in the mass spectra aside froagreement with two reported values: 11.7Mfrom Zhou
the decay of the protonated molecular ion and major frag-and Lee (1992) and 14.0™M from Marklund (1971). The
ments. Additionally, the recovery of acetaldehyde and pro-overall Kpp value for formaldehyde is determined to be
pionaldehyde were observed to be 96 and 85 %, respectivel§64+ 31 M~1. This value is slightly larger than the three

[HMP] eqx [ Total Carbony]eq’
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E_@“OH e IH4° nes Iﬂj/i: 3.3.4 CGlycolaldehyde
i . . Glycolaldehyde solutions were prepared by dissolving gly-
e e [ e colaldehyde dimer (2,5-dihydroxy-1,4-dioxane) in water.
v oH The major peaks in th&H NMR spectra were from glyco-
H O\OKH laldehyde monomers, indicating that monomerization pro-
oH ceeds almost to completion in the solution at the current
bisycronmety concentration used (Yaylayan et al., 1998; Glushonok et al.,

hydroperoxide (BHMP)

2000). The observedyyq value, 16.G1.3, fell into the

same range as several other repoR&gly values (Sorensen,
8x10° -/HMP (s, 1) 1972; Yaylayan et al., 1998). There are no prior reports of the
g methanol (5) equilibrium constant of--HHP formation.
?T °7 H,0 DMSO (s) 3.3.5 Methacrolein
é 7 Among the carbonyl compounds studied, methacrolein was
2 SR e the only aldehyde that did not show significantdHP for-
mation, as confirmed by both théd NMR and PTR-MS
0 ‘ ) studies. TheK app Was determined to be 0280.7 M~ from
5o s 40 a5 50 N a0 the 'H NMR, but no observable-HHP formation was ob-
Chemical Shift (ppm) served using PTR-MS. We propose that the carbonyl group

and the G=C double bond in methacrolein form-electron
Fig. 6. 'H NMR spectra of a formaldehydes®, mixture. The  conjugation which stabilizes the aldehyde from nucleophilic
splitting pattern and assignment of the peaks are shown in th%ttacks.AIthough Claeys et al. (2004) proposed a mechanism
bracket. of polyol formation from methacrolein and28» in the par-

ticle phase (Claeys et al., 2004), no such products were ob-

literature values reported because those values are for onf§€rved in the current experiment.

HMP formation, while the value in this work incorporates
BHMP formation.

The deviation betweerKapp and Keq/Knya Was larger v quantitative data for glyoxal could be acquired from the
compared to acetaldehyde, propionaldehyde, and glycolaldés et study. In particular, the PTR-MS is not highly sen-

hyde (Table S1). We are not entirely sure about the reasolisive to glyoxal, and most of the glyoxal peaks in te

for this deviation, but it could be due to the fact that we usedN,\/IR spectra were hidden behind the water peak. The only

a Knyd value from the literature not measured in our own oot re value foK app Of glyoxal is from our previous work
system, and/or that formaldehyde forms BHMP beside HMP(Zhao et al., 2012), where we estimated the lower limit of

and exhibits a more complicated reaction pathway. Kappto be 40 M1 using an Aerosol CIMS

3.3.6 Glyoxal

3.3.2 Acetaldehyde 3.3.7 Methylglyoxal

The Knyq value, 1.43k0.04, agrees very well with the re-
ported value (Greenzaid et al., 1967). Our measured valu
of Kapp 94.8+12.5 M1, is larger than the only literature
value by a factor of 2 (Kooijman and Ghijsen 1947). The re
sults from the PTR-MS, 132 15 M1, showed reasonable
agreement with théH NMR results.

Hydration ande-HHP formation occurring on one or both

Bf the carbonyl groups in methylglyoxal would lead to a
slightly different chemical environments for the protons,
“making the'H NMR spectra of methylglyoxal highly com-
plicated. We performed peak assignment based on the pre-
dicted chemical shift of each proton by spectra prediction
and on changes in the peak intensity upogObfcatalase
additions, but the peak assignment for methylglyoxal is as-

The experimentaknyq value, 1.26= 0.13, was slightly larger sociated with a higher level _of uncertainty than with the
than the reported value 0.7 (Greenzaid et al., 1967). Th&ther molecules. A non-negligible amount of formic acid
agreement between tHed NMR and the PTR-MS mea- formation was also observed with,8; addition (8.2 ppm,

surements was fair, with th&p, value determined to be Fig. S2). Formic acid likely forms irreversibly, as shown by a

51.1+ 8.0 and 84+ 12 M1, respectively. The catalase re- decreasing trend in catalase recovery, 91, 87, and 84 %, with
covery was 83 3 and 85 %, respectively. increasing amount of $0, addition: 10, 15, and 20 mM. We

assumed that formic acid formation was slow compared to
thea-HHP formation equilibrium, such tha,p, can still be

3.3.3 Propionaldehyde
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calculated from the amount of-HHP formed and methyl- ) 124
glyoxal remaining. This way, th&app value is determined to 1

be 25+ 4 M~L. This value falls below the range of our pre- § e
vious estimation: 40-200 M (Zhao et al., 2012). The dis- g os- —atisec
crepancy between the two studies may be explained either b)@é . o ?ina. equilibria
the uncertainties associated with the Aerosol CIMS method 2= | a0 ____
(see Introduction), or by the methylglyoxal peak assignment % S 04 T TV o
here. $ oad
3.3.8 Glyoxylic acid 00— | | | .
0 50 100 150 200 250 300

Experimental Time (min)

The 'H NMR spectra of glyoxylic acid solutions indicates
that it exists mostly in its hydrated form, qualitatively agree- (b) 60
ing with its large reported Kq value (3x 10°, Sorensen
et al., 1974). Upon b, addition, a significant amount of 55
formic acid formation (8.1 ppm, Fig. S5) — up to 50% of
the total glyoxylic acid — was observed. Irreversible formic
acid formation from glyoxylic acid and #D- in the aqueous -
phase is well documented (Tan et al., 2009; Lee et al., 2011; 5
Ortiz-Montalvo et al., 2012). We propose that at least some
of the glyoxylic acid exists in itee-HHP form because the 40

decay of glyoxylic acid was larger than the amount of formic e e e 2 s1a®

acid formation, and some of glyoxylic acid was regenerated 1T (K7

with catalase addition. However, a reliable quantification of

theKappva|ue is h|gh|y Cha"enging, as reflected by the |arge Flg 7. Typlcal acetaldehyde time profiles at 5, 15 and’@5are

5.0+

In(Kapp)

Slope: 3.57 x 103

uncertainties in the reported value (44@70 M~1). shown in(a). The ratios of signal at a given time to the initial signal
are shown. HO» (13.3 mM) was injected to the 10 mM acetalde-
3.3.9 Acetone and methylethyl ketone hyde solutions at time (i). The dashed lines show the signal levels at

equilibrium. The van 't Hoff diagram for 1-hydroxyethyl hydroper-

The two ketones studied did not exhibit significantiHP oxide (1-‘HEHP) formation from acetaldehyde is showi(lip The
formation in either théH NMR or the PTR-MS experiments. darsr‘nhi‘:]dg”ﬁhco?h”rec*fl‘r’na”?_tlf from the average IKapp) de-
In general, ketones are known to be relatively stable againstte edatine fhree temperatures.

nucleophilic addition as compared to aldehydes. This is be-
cause the additional alkyl group stabilizes the carbonyl func-, Fig. 7a. The temperature dependence observed here im-

tional group via electron donation. Such a trend can be alsct))"eS more significant-HHP formation at colder tempera-

seen from the smak'y,q reported for ketones (e.g. 0.002for y,ra5 Thek,,, values determined at the three temperatures
acetone, Bruice, 2004). The unstable nature@-6fHPs from ¢ jisted in Table 3. From a van 't Hoff plot of these data

ketones has also been reported previously (Sauer et al., 199 fig. 7b), a positive slope was obtained corresponding to a
Wang et al., 2012). However, we note that these simple ke'standard enthalpy changaqH) of —29.7+ 1.3 kJ motL.

tones do not fully represent the diversity of ketones in SOA. g e the equilibrium is reached slowly in the 15 and
In fact, the current work and past studies have imptied  goc gyperiments, we can estimate the rate coefficient of 1-
HHP formation on the ketone group of methylglyoxal (Ste- L ep formation by fitting an exponential curve to the de-
fan and Bolton, 1999; Zhao et al., 2012). caying acetaldehyde signal and obtaining its slope at early
reaction times where there is no reverse reaction occurring
and the initial concentrations of acetaldehyde an®are

We observed enhanced 1-HEHP formation from acetaldeknown. Using this method, the second-order rate constants
hyde with decreasing temperature, but with slower reactiorPf 1-HEHP formation vxiereldeterm|ngd to be 0.@10.002
rates. Example data are shown in Fig. 7a. The ratio of ac&nd 0.-0045:0.0005 M= s™7, respectively. The kinetics at
etaldehyde signal to its initial level at 5, 15, ancPB5is plot- ~ 2°°C were too fast to be estimated. We note that the pH of
ted as a function of time. The injection 0bB; (13.3 mM) the solu_tl_on_ is nt_)t (_:ontrolled in our experlm_ent. Even though
was performed at time (i). The time required for equilibra- the equilibrium is independent of the solution pH, both the
tion was approximately 1, 2, and 5 h at the three temper_formanon and decomposition rates@HHP have been re-
atures. The signal level at equilibrium, determined by fitting POrted to be pH dependent (Zhou and Lee, 1992).

an exponential function to the signal, decreases with decreas-

ing temperature, as indicated by the horizontal dashed lines

3.4 Temperature dependence oKapp
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Table 3. Temperature dependence of the apparent equilibrium conter and ALW are commonly considered as two qualitatively
stant Kapp of 1-hydroxyethyl hydroperoxide (1-HEHP) formation different reaction media (Volkamer et al., 2009; Ervens and

from acetaldehyde. Volkamer, 2010; Lim et al., 2010) due to orders of magni-
tude differences in their liquid water content (LWC), surface-
TemperaturedC) Kapp(M~1)  # Replicates to-volume ratio, and aqueous-phase reactant concentrations.
25 132+ 15 12 The aldehyde species studied here span a wide range of wa-
15 2064+ 40 6 ter solubility. Specifically, the aqueous-phase concentrations
5 311+ 38 8 of volatile species such as acetaldehyde, propionaldehyde,

and methacrolein, whos& values are typically below
20Matnt ! (Zhou and Mopper, 1990; Allen et al., 1998),
are expected to be low. However, aqueous-phase concentra-
tions of highly water-soluble aldehydes, such as glycolalde-

The results of the inorganic salt addition experiments areYde: methylglyoxal, and glyoxal can be substantial. In par-
summarized in Table 4. We observed that the addition of Asticular, the concentration of glyoxal can be up to hundreds
and SS caused a small increaseigq and a small decrease of uM in polluted fog water (Carlton et al., 2007; Tan et al.,

in Kappfor both acetaldehyde and glycolaldehyde. To asses£009) and has been proposed to be present up to the molar
whether the differences are statistically significant, onettail V€l I ALW (Volkamer et al., 2009). Furthermore, there are
tests were performed to make comparisons between the aveSC Studies suggesting thai® concentration in ALW can
ageKnya andK appvalues with and without salt addition, and also be unexpectedly high. Based on filter extracts of ambi-
the p values from the tests are listed in Table £ values ent aerosol and model calculations, Arellanes et al. (2006)

that are statistically significant at the 95 % confidence leve/SuSPected that 4D, concentration in ALW might be up to
(i.e. p <0.05) are indicated with an * label in Table 4. All 100mM, although there is some possibility that theC
the equilibrium constants for glycolaldehyde and &igq of that is detected has arisen from dgcomposition frpm other
acetaldehyde with AS addition have been determined to b&P€cies or been formed post collection in such off-line anal-
statistically significant, whereas the other three values poin¥S€S- The concentration ok, in cloud water usually does
in the same direction but with less statistical significance. not excee_d 100 uM (Sakugawa et aI:11990_). . .
These observations qualitatively agree with Yu et al. Assuming an avera_gﬁapp of 100 M™%, which is approxi-
(2011), who observed that addition of SS shifted the hy-Mately the middle point of the measuré@p, values from
dration equilibrium of glyoxal to the dihydrated form of the e current study, we calculated the concentrations:-of
monomer. The enhancement Kfyg and the suppression of HHPs 'Fhat would be present with various equilibrium con-
Kapp by SS and AS observed in the current study is likely centrations of HO; and total aldehyde (Fig. 8). Note that
arising from similar effects at the molecular level, especially (N€ €ffect of inorganic salts is not considered in this calcu-

those associated with éo. The current observation implies lation but our studies suggest that these effects are likely to

that the inorganic effects may affect aqueous-phase equit-’e minor relative to the uncertainties in the assumed reactant

libria of aldehydes in general. Yu et al. (2011) suggestedconcentrations. The simulation indicates thatiHP forma-
that this effect might be more pronounced for aldehydict'on in cloud water is unlikely to be significant, with its con-
functional groups adjacent to an electron-withdrawing groupCenration not exceeding 10 uM even with the highest combi-
(e.g. glyoxal). Glycolaldehyde has an additional electron-nation of reactant concentrations. In ALW, howevediHP

withdrawing hydroxyl group compared to acetaldehyde, CONcentrations may be comparable to that eOpl When
which may explain why the inorganic salt effect appears tothe equilibrium concentrations ofJd@, and aldehydes reach
be larger for glycolaldehyde. 10 mM and 100 mM, their respective upper limits in ALW,

100 mM ofe-HHPs may be formed.

3.5 Effects of inorganic salt addition

4.2 Impact of e-HHP formation on the atmospheric

4 Atmospheric implications partitioning of aldehydes and H,O

With the first thorough assessment of the equilibrium con-
stants fow-HHP formation, we can make initial assessments
for the likely atmospheric significance for these compounds

The water solubility o&.-HHP can be very high. Th&y has
only been reported for one-HHP, i.e. that from formalde-
‘hyde (HMP): 5x 10° Matm~1 (Zhou and Lee, 1992) and
1.67x 10® Matm~1 (O’Sullivan et al., 1996). These values
are two orders of magnitude larger than that of formaldehyde
and one order of magnitude larger than that efOpl This

The amount ofa-HHP formation via the carbonyl path- implies that the formation of-HHP in the aqueous phase

way in atmospheric aqueous phases is directly dependetftill €nhance th&ierr of aldehydes and/or #0:
on the abundance of the different reactants. Cloud/fog wa-

4.1 Equilibrium concentrations of «-HHPs in cloud
water and aerosol liquid water
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Table 4. Effects of inorganic salt addition on the hydration equilibrium constapgKand the apparent-HHP formation equilibrium

constant Kapp).
Acetaldehyde \ Glycolaldehyde

Experiment Khyg and # Replicates pvalue Khyg and # Replicates pvalue
Kapp(M~1) Kapp(M™1)

No Salt Knyd1.43+£0.04 15 - Knhyg16.0+1.3 16 -
Kapp94.8£125 11 - Kapp 43.3£39 12 -

1M (NHg)2S0; Khyg1.48+0.07 4 0.11 Khyq 17.8+0.3 3 4.3x 107°*
Kapp81.3£12.7 3 4.0<107%* | Kapp35.6+2.4 3 9.7x 107*

1 M NapSOy Khyq1.58+0.04 3 0.10 Khyq18.5£05 3 3.8x10°%
Kapp 82.3£10.0 3 0.072 Kapp30.8+£2.4 3 4.8x 1074

* Statistically significant at the 95 % confidence levehalue <0.05).

Aerosol Liquid Water
Relevant Conditions

log( [H20z]eq (M) )

Cloud Water
Relevant Conditions

log( [Total Aldehyde]q (M) )

e —

10 -8 6 4 -2
log( [a-HHP]¢q (M) )

Fig. 8. Simulation of the equilibrium concentration of-
hydroxyhydroperoxide §-HHPJeg) arising from various equilib-
rium concentrations of p0, ([H20O2]eq) and total aldehyde ([To-
tal Aldehydetq). The concentrations are all presented in log scale.

Table 5. Conditions assumed in the atmospheric partitioning simu-
lation of 1 ppb of aldehydes or4D-.

Cloud Aerosol liquid

water water (ALW)
Temperature 25C 25°C
Atmospheric pressure 1 atm 1 atm
Liquid water content LWC) ~ 1gm3 1 g ni3
Aqueous-phase $0, 100puM  10mM
Aqueous-phase total aldehyde 100 uM 100 mM

water). TheKpef and Ky values used here should be con-
sidered as Henry’s law constants with and withautiHP
formation, respectively. As shown in Egs. (6) and (7), the en-
hancement oK et compared t&Ky depends on the value of
Kapp and the amount of pD, or total aldehyde existing in
the aqueous phase.

We simulated the partitioning of an initial mixing ratio of
1ppb gas-phase aldehyde op®4 that is exposed to typ-
ical cloud water or ALW conditions, both with and with-
out ¢-HHP formation (see Table 5). In particular, in the
case of the aldehydes, we assume a fixed concentration of

Conditions relevant to cloud water and aerosol water are also indit1202 in solution (as specified in Table 5), and in the case

cated. This simulation considezsHHP formation via only the car-
bonyl pathway, with an average equilibrium constant of 100M

Kneft, aAld= KH,ald (14 Kapp[H202]ag) (6)

KHeff,Hzoz = KH’ H202 (1+ KapF{Total A|dehyd@aq) . (7)

Note that theKy values for aldehydes are the effective

of HoO», we assume a fixed concentration of dissolved to-
tal aldehydic functional group. The LWC is orders of mag-
nitude higher in the cloud water scenario than with ALW,
i.e. 1gnr3vs. 1 ug 3. By contrast, the equilibrium con-
centrations of total aldehyde and®, are assumed to be
much higher in the ALW case. The purpose of this simple
simulation is to assess how the enhancemerk gfi aris-

ing from «-HHP formation leads to an associated alteration
in the gas-aqueous phase partitioning ofdd and aldehy-
des based only on the thermodynamic equilibria of Henry’s
law partitioning andx-HHP formation. Kinetic issues, such

Henry’s law constant of these aldehydes over pure water (i.eas formation rate constants and mass transfer rates, are not
they incorporate the hydration reaction of these aldehydes imddressed, and we assume the HHPs are involatile. We again
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Table 6. Results of the atmospheric partitioning simulation.

Formaldehyde \ Acetaldehyde \ H,05
Cloud water ALW | Cloud water ALW | Cloud water ALW

Withouta-HHP Ky 3.0x 10 17 7.10x 10%
formation (M atm—1)2

Gas-phase 0.932 1.000 1.000 1.000 0.366 1.000
mixing ratio
(ppb)

Fraction in 0.068 7.3% 108 | 4.15x10°% 4.15x 10710 0.634 1.74< 1076
agueous phase

Kapp(M~1) 164 112 100°

With a-HHP KHeff 3.05x10°  7.92x 10° 17 36 7.17x 10 7.81x 10°
formation (Matm—1)

Gas-phase 0.931 1.000 1.000 1.000 0.363 1.000
mixing ratio
(ppb)

Fraction in 6.93x 1072  1.94x 107 | 4.20x 1074 8.86x 10°10 0.637 1.91x 1075
agueous phase

Aqueous-phase 4.27x 1078 4.92x1076 | 1.92x10710 1.92x 1078 | 9.43x10% 7.1x107%
total
a-HHP (M)

a Ky values for formaldehyde and acetaldehyde represent their effective Henry's law constants in pure water, not having been affideteddynation. References:
formaldehyde (Betterton and Hoffmann, 1988); acetaldehyde (Zhou and Mopper, 19@B){Martin and Damschen, 1981).

b value taken from the current work as the average of the NMR results and the PTR-MS results.

€ Value assumed as the averagigop for «-HHP from all the aldehyde species.

stress that the chemical concentrations in ALW are highlyenhancement in th&es values, the gas-phase mixing ra-
uncertain. The assumed concentrations here (i.e. 10 mM fotio of aldehydes and $D, are essentially unchanged from
H>0, and 100 mM for total aldehyde) can be considered asthe case without-HHP formation because of the low LWC.
their respective upper limits, and these calculations should b&he Knes values for formaldehyde and acetaldehyde were
viewed as a simple modelling exercise to highlight potentialalso enhanced by over a factor of two in ALW whetHHP
atmospheric importance only. The simulation was performedormation occurs.
for formaldehyde, acetaldehyde and®$, and the results The second conclusion arises from the resultingiHP
are shown in Table 6. concentration in the aqueous phase. Particularly in t@H
Without «-HHP formation, the majority of formaldehyde simulation, by assuming a total aldehyde concentration of
and acetaldehyde exists in the gas phase under both sc&00 mM at equilibrium in the ALW scenario, approximately
narios, leaving their gas-phase mixing ratio essentially un-0.7 mM of «-HHP forms in ALW. We raise the possibility
affected at 1 ppb. More than half of the®, population will  that this high concentration of-HHP may partially explain
dissolve into the aqueous phase under the cloud water scehe surprisingly high concentrations of8, previously ob-
nario due to its relatively higlky, but the majority stays served from ambient aerosol (Hasson et al., 2003; Arellanes
in the gas phase under the ALW scenario due to the smalkt al., 2006). As suggested by these researchers, because of
LWC. The measure&,pp values for formaldehyde and ac- the dilution associated with ambient aerosol extraction,
etaldehyde from the current work are used for the simulationHHPs should completely decompose tg@4 upon analy-
of «-HHP formation. For the case ofJ®, simulation, an  sis, contributing to its high concentrations observed from the
averagek app of 100 M~ was assumed. extract. Indeed, for this simulation, the concentration of the
The first conclusion from the simulation is that, in the a-HHP present in solution is roughly an order of magnitude
ALW scenario, Keff Values of BO, are enhanced by up larger than the concentration of,8, in solution. Thea-
to an order of magnitude relative to ti&, values whenx- HHP concentrations in the formaldehyde and acetaldehyde
HHP formation occurs, while the enhancement in the cloudsimulations were all enhanced, but not nearly as much as the
water scenario was minor. However, even with such largeH,O, simulation case.
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Of course, these assumptions are highly dependent oacid observed during glyoxal photooxidation proceeded via
the assumed concentration of aldehydic functional groupsana-HHP intermediate.
in ALW, and that they all participate in-HHP formation Finally, we note thatx-HHPs will likely decompose if
with the assumed ,pp. The degree to which such groups are aerosol is exposed to the fluid lining the lung, providing a
present in ALW is poorly characterized; however it would be source of reactive oxygen species such a®+to the body.
expected that fresh SOA, for example that formed by ozonoldn particular, Hasson and Paulson (2003) indicate that the

ysis, will have these species present. minimum H,O» concentration to cause damage to alveolar
cell is likely to be at the order of 0.1 to 1 mM in ALW.
4.3 Other atmospheric implications Our simulations above suggest that sh&lHP concentration

have the potential to be at or above this minimum level.
As mentioned previouslyy-HHP can also form via the hy-
drolysis of SCI, i.e. the Criegee pathway. If this reaction oc-
curs in cloud water, the resultantHHP would most likely
decompose to pD, and a corresponding carbonyl com-
pound. However, if a hydrolysis reaction of SCI occurs in
ALW, which is generally more concentrated than cloud wa-
ter, the resultinge.-HHP may not fully decompose given the
a-HHP equilibria studied in the current work. If theHHP
does decompose, the,8, generated from the decompo-
sition of «-HHP may meet another aldehydic species with
higher concentration (e.g. glyoxal) to form a different

5 Conclusions

We have investigated the thermodynamics of aqueous-phase
formation of a-hydroxyhydroperoxides o-HHP) arising
from HoO2 reacting with a suite of atmospherically relevant
carbonyl compounds. We find that formationcoHHP was
significant from many small, atmospherically relevant alde-
hydes, but not from methacrolein and ketones. We have also
performed preliminary simulations to demonstrate that
HHP formation will likely be of minor importance in cloud
HHP. . . . . S
water but is more likely to be of importance in aerosol liquid

As o-HHP concentration puﬂds up in ALV-HHP thef“' water (ALW) where the concentrations op8, and aldehy-
selves can act as nucleophiles and form peroxyhemiacetal

des are higher. In ALWg-HHP may significantly enhance
by reacting with aldehydic functional groups (see pathway . .
3in Fig. 1), as in the case of BHMP formation from HMP the effective Henry's Law constants of aldehydes an®]

and formaldehyde (Sect. 3.3.1). This reactiondfiHP is a leading to significant _concentranons @fHHP in solution
o . . L but probably not affecting the gas-phase levels of these chem-
specific mechanism of peroxyhemiacetal formation initially . . .
. . . icals. The influence o&-HHP formation at lower tempera-
proposed by Ziemann and co-workers (Tobias and Ziemann ures, however, may be more significant due to the enhance
2000; Docherty et al., 2005) and later confirmed by severaF ' » may 9

recent laboratory studies (Hall and Johnston, 2012; Yee egﬁzgilge'_r:'ﬂ?saggg ?3:#:'::';2 g:nr?li?:lnetz ngigi;lrsno
al., 2012). The current study is an indication thad can " P

underao the analogous reaction peroxyhemiacetals. In general, this chemistry is likely to lead
Forr%ation of sugh hydroxyl aﬁd hydroperoxy! functional to higher concentrations of organic peroxides than expected
groups reduces the vapour pressure of an organic compounlcgnf:\le_vi\r/{ ;hﬁefztjes?f;g:ecisasct(i);rf OnTeF::%lg;\(ijssrr?sn i:c])illrdlrgtleu;ur—
substantially (Kroll and Seinfeld, 2008) and increases its soI—ther invesg ated P
ubility. Itis possible that peroxyhemiacetals artHHPs can 9 '

stay in the particle phase even after water evaporation and
can thus be a pathway by which relatively volatile aldehydeSSupplementary material related to this article is

are involved in SOA formation. Recently, Liu et al. (2012) available online at: http://www.atmos-chem-phys.net/13/
observed that addition of #D, to the water extract of iso- 5857/2013/acp-13-5857-2013-supplement.pdf
prene SOA caused significant increases in its degree of oxy-

genation and enhancement of its hygroscopicity. It is likely

that thea-HHP and peroxyhemiacetals contributed to such

physico-chemical changes of the SOA water extract. In fact,

decay of carbonyls and significant formation of 1-HEHP AcknowledgementsThe authors thank NSERC and QEII-GSST

were observed in their study. for financial support.
The«-HHPs may also be photolysed by actinic radiation, )

leading to the cleavage of the peroxide (O-0) bond and thé-dited by: V. F. McNeill

regeneration of an OH radical (Monod et al., 2007; Roehl et

al., 2007; Kamboures et al., 2010). It needs to be determined

whether this process occurs more readily wittHHPs or

with their precursor, HO,. As well, the reactivity ofr-HHPs

with the OH radical is likely to be high. Our previous study

(Zhao et al., 2012) suggested that a major fraction of formic
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