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Abstract. Chamber studies of glyoxal uptake onto ammo- Our study shows that reversibility of glyoxal uptake should
nium sulphate aerosol were performed under dark and irrabe taken into account in SOA models and also demonstrates
diated conditions to gain further insight into processes con-the need for further investigation of C-N compound forma-
trolling glyoxal uptake onto ambient aerosol. Organic frag- tion and photochemical processes, in particular organosul-
ments from glyoxal dimers and trimers were observed withinphate formation.

the aerosol under dark and irradiated conditions. Glyoxal
monomers and oligomers were the dominant organic com-
pounds formed under the conditions of this study; glyoxal1
oligomer formation and overall organic growth were found

to be reversible under dark conditions. Analysis of high- organic aerosol has been detected in substantial concentra-
resolution time-of-flight aerosol mass spectra provides €Vijons in urban and rural atmospherehéng et al. 2007).
idence for irreversible formation of carbon-nitrogen (C-N) secondary organic aerosol (SOA) contributes significantly to
compounds in the aerosol. We have identified 1H"m'da20|e:particulate matter, though current models considerably un-
2-carboxaldehyde as one C-N product. To the authorsyerestimate SOA formatiordé Gouw et al. 2005 Heald
knowledge, this is the first time C-N compounds resulting et 5/, 2005 Volkamer et al. 2006. In order to understand
from condensed phase reactions with ammonium sulphatg,e possible health and climate effects of particulate mat-
seed have been detected in aerosol. Organosulphates wegg it is critical that the physical and chemical models of
not detgcted under dark cond|t|on§. .However, actl\{e phOSOA formation be improved. Glyoxal (GL) is produced by
tochemistry was found to occur within aerosol during ir- 5 \ide variety of biogenic and anthropogenic volatile or-
radiated experiments. Carboxylic acids and organic ester@amC compounds (VOCs), many of which are SOA precur-
were identified within the aerosol. An organosulphate, WhiChsors, and is considered a tracer for SOA formation. One cur-
had been previously assigned as glyoxal sulphate in ambierfent model estimates global GL production of 45 Tglyr, with
samples and chamber studies of isoprene oxidation, was ohgghly half due to isoprene photooxidatidfu(et al, 2008,
served only in the irradiated experiments. Comparison with 8,4 another estimates 56 Tglyr of global GL production with
laboratory synthesized standard and chemical considerationsqoy, being produced from biogenic hydrocarbon oxidation
strongly Sl_Jggest that this organosulphate is glycolic acid 5“"(Myriokefalitakis et al, 2008. In addition to acting as a
phate, an isomer of the previously proposed glyoxal sulphateacer for SOA formation, GL has been suggested as a direct
contributor to SOA $orooshian et 2006 Volkamer et al,
2007, 2009 Carlton et al.2007, Ervens et al.2008 Fu et al,
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in Mexico City (Volkamer et al. 2007, while a study using dyne aerosol mass spectrometer (AMS). This study sug-
the GEOS-Chem model found the modelled GL contributiongested that GL uptake onto ammonium sulphate (AS) aerosol
to SOA to be 2.6 Tg Clyear out of a total of 29 Tg C/yelam ( is irreversible and enhanced with acidified seed. However,
etal, 2008. Kroll et al. (2005 observed negligible acid effect and re-

Despite existing research aimed at elucidating SOA forma-Versible GL uptake onto AS seed aerosol that is possibly
tion by GL, further quantification of SOA yields as a func- controlled by ionic strength. The authors concluded that GL
tion of conditions such as relative humidity, irradiation, gas- UPtake obeys a modified effective Henry's Law at equilib-
phase GL mixing ratio, and seed aerosol composition and pHiUm (K Ag=2.6x 10" M/atm; using a density of 1 Q/C?TTO
are required in order to allow for the application of laboratory COnvert volume growth to organic mass and normalizing by
findings to ambient conditions. On a more fundamental level,te seed volume). Bothiggio et al.(2005h andKroll etal. -
it is desirable to achieve a detailed understanding of the pro{2009 observed hydration and oligomerization of GL within
cesses contributing to SOA formation from GL as a function 26rosol and, in additiorLiggio et al. (20059 proposed ir-
of the above conditions. GL is also promising as an inter-"éversible formation of the organosulphate of GL (GL sul-
esting model system for compounds that can yield SOA viaPhate) to explain certain peaks in the AMS mass spectra.
purely physical absorption processes and via complex conYolkamer et aI(ZOQQ demonstrated that ace'gylene isan SOA_
densed phase processes, such as oligomerization, organosBf€cursor and estimated that almost all particle phase organic

phate formation, condensation, and photochemical reactionglfowth was due to its oxidation product, GL. SOA yields

were shown to correlate with the liquid water content (LWC)
The standard models that have been employed to ex- )

. : . L of the AS seed. Therefore, the authors introduced a mod-
plain organic gas-particle partitioning have generally as-

. . g ified definition of molarity, calculating GL concentrations
gu dmuﬁqd e?g{sigg @ab(s)%rl?rt:i(;nb;sr?sceéiéﬁr((akzvr\r/]alll?aZ??j?c,:ar— with respect to LWC fraction of the seed volume, which gave
e . ’ ’ *k = 1
bonyl, should have virtually no SOA yield because of its high KH’A5_1'65% 10° M/atm. Evgluatlsg the data frorkroll
vapour pressure (220 Torr at 2D, Kielhorn et al, 2004, €t al- (2009 in this manner gives ', s=1.07x 1087M/atm.
However, GL partitions strongly to aqueous condenseg-However, in addition to the larger effective Henry's law con-

phase systems, which is reflected in a surprisingly high ef-Stantin the study ofolkamer et al(2009, this uptake in the
fective Henry’s law constank?; aq=3-6>< 10P M/atm for sea-  Presence of OH radicals and UV light was achieved in 90's

water hou and MopperL990) and 4.19c10° Miatm inwa-  orabey s 10 730 lours under dark conditons in the work
ter (Ip gt al, 2009. The effective Hgnry’s law constant of The differénce bétween the Henry’s law constant of wa-
Sclj-x;jisIgcr:]iiirstirr:i?utjr:?;Cglsér;;i:pggglcﬁlIy Lelli\fﬂtM”;:t?r?car'ter and AS aerosol is substantial and the reasons for this
: Hag — 7" are not well understood. Recently et al. (2009 found
(Ip et al, 2009, the acid _that results fr_om O_X|dat|o_n of one that the effective Henry’s Law increases with increasing sul-
of the aldehyde groups in GL. Glycolic aC|d_, an |som'er of phate concentration. At a sodium sulphate ionic strength
glyoxal monohydrate, also has a lower effective Hgnrys IawOf 0.03 mol/L (M), K};=2.40x 10’ M/atm. This is 50 times
?:;f\’}:ﬁg:}f;g%;ﬁgﬁ a;gn(![poftGai’ ﬁgg%é;—nhthl?h ef(-j b higher thank, ., and 12 times higher than with a sodium
nry >XPIaN€d bY ohoride ionic strength of 0.05 Mp et al. (2009 concluded
t_he hydration of the aldehyde groups, producing an .eﬁec'that the presence of sulphate has a greater effect on the ef-
tively lower vapour pressure species in aqueous solution. | ective Henry's Law than ionic strength alone. Increasing
additi_on to the !ohysical absorpti.on Processes, partiqle-phqs e ionic strength of sulphate to 0.225 M increaseskfido
phem|cal reactions have been |denF|f!ed as a possible drIthe point that it could not be measured, a value suggested to
ing force for uptake. Carbonyl containing species are known
to participate in aldol, acetal, and esterification reactions
which form low volatility compounds that add to SOA mass.
Field and laboratory studies have also yielded evidence fo
the formation of high molecular weight products within SOA
(Gross et al. 2006 Reinhardt et a).2007 Denkenberger

etal, 2007 and it is WeII.known that GL will polymerize in A similar effect was found byp et al. (2009 for sodium

the presence of watewfhipple, 197Q Loeffler et al, 2009. chloride solutions. This indicates that the amount of GL par-
These properties of GL, together with its production via titioning to the condensed phase is dependent on more than

oxidation of many VOCs, have inspired chamber investi-jyst the LWC over the entire range of sulphate concentra-

gations into GL partitioning onto a variety of seed parti- tions. The mechanism that is at work is still unknown, and

cles Jang et al.2002 Liggio et al, 2005ab; Kroll et al,  the importance of this observation over the more limited sul-

2005 Corrigan et al. 2008 Volkamer et al. 2009. Lig-  phate concentration range of ambient aerosol is unclear.
gio et al.(20058 have demonstrated reactive uptake of GL

onto several different types of seed aerosol using an Aero-

be >10° M/atm. This sulphate concentration is still substan-

tially lower than that in the AS aerosol studies, but the sug-
ested effective Henry’s law constant is substantially larger
han for the AS aerosol. It is possible that with increasing

sulphate concentration and thus decreasing LWE of GL

first increases up to a maximum and then decreases again.
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Fig. 1. Processes contributing to GL uptake on AS seed aerosol. 2.

GL=GL monomer; GLH,O=monohydrate; GI2H,O=dihydrate;
high molecular weight (MW) products include @Lorganosul-
phates, and carbon-nitrogen containing compounds; oxidation prod-
ucts include oxalate, formate, glyoxylate, and glycolate and their
oxidation products.

Bulk studies have also provided valuable insight into the
agueous GL systenCarlton et al(2007) performed photo-
chemical reactions of GL and hydrogen peroxide and demon-
strated that SOA yield from GL depends on photochemical
processing. Recent work hyoziere et al.(2009 showed
that GL reacts to form high molecular weight compounds and
postulated that the ammonium ion is a catalyst for condensed
phase GL reactions such as oligomerization. In a different
study,Shapiro et al(2009 showed that light absorbing com-
plexes were observed in solutions containing AS and GL but
not in sodium sulphate or sodium chloride solutions, indicat-
ing that nitrogen is central to the formation of light absorbing
complexes.

In light of these investigations, it is clear that particle-

Fig.
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2. Proposed structures fon/z155; glyoxal sulphate and gly-
¢ acid sulphate.

studies have demonstrated correlation of organic growth
with water content of aerosoMglkamer et al, 2009,
whereas others have shown growth at extremely low wa-
ter content and noted that GiH,O concentrations ap-
pear to be independent of gas-phase GL concentrations
(Corrigan et al.2008.

Glyoxal oligomers (Gk) have been detected by time-
of-flight and quadrupole AMS studies of aerosol growth
from GL uptake in chamber experimentsréll et al.,
2005 Liggio et al, 2005h; no definitive evidence for
GL, in field samples has been found, likely due to ana-
Iytical challenges. Gh.formation is reversible and slow
(many minutes to hour timescales) in aqueous GIOH
solutions Whipple 197Q Fratzke and Reilly 1986,
and there are indications from a previous study that it
is reversible in AS aerosoK¢oll et al., 20095.

3. The proposed GL sulphate $§83S0O;, Fig. 2) is of

much interest as it has been detected via filter sampling
methods in field samplesS(rratt et al. 2007, 2008
Gbmez-Gonalez et al, 2008 and in chamber studies
of isoprene oxidation under intermediate- to high-NO
conditions Surratt et al.2008. The formation condi-
tions for GH3SO; as well as its contribution taY,’_‘LAS

are unclear. Irreversible formation 0bB3SQ; would

not contribute toK}, ,5, however, reversible formation
would have an effect o}, 5q.

In this study we aim to investigate the processes con-

phase chemistry plays a crucial role in the gas/particle partributing to overall GL uptake as well as which of these
titioning of GL, though the processes controlling uptake areprocesses are effectively reversible, meaning reversible over
still not clear. In this study, we examine the uptake processegerosol lifetimes. These questions are important for evaluat-
onto wet AS seed aerosol using a variety of instrumentationing applicability of laboratory studies to ambient conditions
in dark conditions and in the presence of light. Figdre and net SOA vyields from GL. If most GL uptake is effec-
shows the major processes that could be contributing to Glively reversible, the organic aerosol will revolatilize at lower
uptake. The processes that have been identified by previougL gas-phase concentrations upon transport away from GL

studies are:

sources or at night. Net SOA yields from a specific process

will be higher if that process is irreversible.

1. GL-hydrate formation is fast and reversibfchweitzer
et al, 1998. Hydration equilibria up to GI2H,0, the
dominant form of GL in dilute agueous solutions, are
included in K:,,aq (Zhou and Mopper1990. Some
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Table 1. Experimental conditions of dark experiments.

Seed [GLIP RH Temp LWC Seedvolum@ v AV Mg®

pphy K pmdem®  umdlem®  pglen?
1 AS 131 65% 294  43% 84.0 18.8 31.8
2 AS 67 56% 293  37% 67.0 10.7 18.1
3 AS 182 56% 293  37% 87.0 40.4 68.3
4 AS 406 70% 293  47% 146.0 35.0 59.2
5 AS/SA 406 70% 293 49% 94.0 104.0 176
6 MgSQWSA 400 70% 293  67% 149.0 114.0 193

7 AS none 70% 294  47% 780 —— ——

a8 AS=ammonium sulphate, SA=sulphuric acid

b 20% uncertainty on gas phase glyoxal values

€ Calculated using ISORROPIAgnes et a).1998

d As measured by the DMA and corrected for wall loss
€ Calculated assuming=1.69 g/cn:’f

f Estimated

9 Not wall loss corrected

Table 2. Experimental conditions of irradiated experiments.

Seed [GL]P RH RH Temp  Temp LWE LWCE Seedvolum@ V AV

ppb, Initial  Final Initial, K Final, K Initial  Final umdfem®  pm3femd
8 AS 86.2 66.0% 42.6% 293.0 299.4 43.7% 28.4% 81.0 -14.0
9 AS/Fe 128 64.6% 42.5% 292.8 299.3 43.0% 28.4% 78.9 -135
10 AS 127 55.7% 37.9% 292.8 299.4 36.7% 25.2% 87.0 -12.0

11 AS none 59.6% 54.7% 293.1 294.4 39.4% 36.0% %23  —-

& AS=ammonium sulphate, Fe=H&0y)3

b 20% uncertainty on gas phase glyoxal values

€ Calculated using ISORROPIANgnes et a).1998

d As measured by the DMA and corrected for wall loss
€ Not wall loss corrected

2 Experimental procedures to ~160°C under vacuum. The monomer was collected in an
LN» trap as a yellow solid and stored overnight-e20°C.
Experiments were performed in Caltech’s indoor, dual 38 m Before each experiment, the frozen monomer was allowed
Teflon environmental chamber€dcker et al. 2001, Key- to vaporize into a 500 mL glass bulb and introduced into the
wood et al, 2004. The experimental conditions are sum- chamber using a gentle air stream. The chamber was kept
marized in Tabled and2. Each chamber has a dedicated at~60% RH. The concentration of an inert tracer, cyclohex-
Differential Mobility Analyzer (DMA, TSI model 3081) cou- ane, was monitored using a gas-chromatograph with flame
pled with a condensation nucleus counter (TSI model 3760)onization detector (GC-FID, Agilent 6890N).
for measuring aerosol size distribution, and number and vol- Dark experiments typically began by introducing gas-
ume concentration. Temperature, relative humidity (RH), phase GL into a dark chamber and allowing the concentration
O3, NO, and NQ were continuously monitored. AS seed to equilibrate over~10h. Approximately 160 ppb(part-
particles were generated by atomization of a 0.015 M aqueper-billion by volume) of cyclohexane was also added as a
ous AS solution using a constant rate atomizer. Acidic seedracer for dilution. Once the gas-phase GL concentration
particles were generated by atomization of a 0.015M aquereached a steady state, AS seed was introduced and the re-
ous AS solution containing 0.015 M sulphuric acid. GL was sulting organic growth was monitored by both the DMA and
prepared by heating a mixture of solid GL trimer dihydrate a high resolution time-of-flight AMS (HR-ToF-AMS, hereby
(Sigma, minimum 97%) and phosphorus pentoxidgOd) referred to as AMS). After organic growth levelled off, the

Atmos. Chem. Phys., 9, 3333345 2009 www.atmos-chem-phys.net/9/3331/2009/
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chamber air mass was diluted with clean hydrocarbon-freegrowth in the absence of light and AS seed aerosol. All fil-
air to investigate the reversibility of uptake. The amount of ters used for UPLC/ESI-HR-TOFMS analysis were exam-
dilution was calculated by monitoring the cyclohexane con-ined within 1-2 days of the filter extraction/sample prepara-
centration with the GC-FID. In some experiments, AS seedtion. Following their initial analysis, sample extract solutions
was added first and then GL, though the results are the samevere stored at-20°C. Selected samples were reanalyzed a

Experiments with irradiation began similarly to dark ex- month after initial extraction and showed no signs of degra-
periments but when the addition of GL or AS seed was com-dation.
plete, the chamber lights were turned on. No external OH
or NOy source was added, and no dilution was performed in2.2 Aerodyne aerosol mass spectrometer
irradiated experiments.

Two blank experiments (Exp. 7 and 11) were conducted inReal-time particle mass spectra were collected continu-
which wet AS seed was atomized into a humid chamber with-ously by the AMS, which is described in detail elsewhere
out GL present. A negligible organic signal was measured in(DeCarlg 2006 Canagaratna et al2007, and references
the absence of radiation, most likely due to background ortherein). The AMS switched once every minute between
ganics from the chamber walls. Under irradiation, miniscule@ high resolution “W-mode” and a lower resolution, higher
organic growth was observed. sensitivity “V-mode”. The “V-mode” data were analyzed us-

ing a fragmentation table to separate out sulphate, ammo-
2.1 Teflon filter collection and offline chemical analysis ~ nium, and organic spectra and to time-trace specific mass-to-
charge ratios. “W-mode” data were analyzed using a sepa-
Teflon filters (PALL Life Sciences, 47 mm diameter, & rate high-resolution spectra toolbox known as PIKA to de-
pore size, teflo membrane) were collected from each experitermine the chemical formulas contributing to distinct mass-
ment for offline chemical analysis. Filter sampling was ini- to-charge ratiosfeCarlq 2006. Since GL easily fragments
tiated when the aerosol volume reached its maximum (conto produce CHO™, the fragmentation table was corrected so
stant) value, as determined by the DMA. Depending on thethat the organic signal ah/z30 was equal to its total sig-
total volume concentration of aerosol in the chamber, thenal minus the contribution from air. The nitrate contribution
duration of filter sampling was 3.6—4.1 h, which resulted in was changed to approximately 1.3 times the nitrate signal at
~5.1-5.8 of total chamber air sampled. Collected fil- m/z46 as this was the 30/46 ratio during ammonium nitrate
ters were extracted in high-purity methanol, dried, and thencalibrations.
reconstituted with 25QL of a 1:1 (v/v) solvent mixture of To determine elemental ratios, the computational tool-
0.1% acetic acid in water and 0.1% acetic acid in methanobox known as Analytical Procedure for Elemental Separation
(Surratt et al. 2008. All filter extracts were analyzed by (APES) was used. This toolbox applies the analysis proce-
a Waters ACQUITY ultra performance liquid chromatogra- dure described imiken et al.(2007) to the high-resolution
phy (UPLC) system, coupled to a Waters LCT Premier XT “W-mode data’. The particle-phase signal of €@nd the
time-of-flight mass spectrometer (TOFMS) equipped with anorganic contribution to KO ions were estimated as de-
electrospray ionization (ESI) source. The ESI source wasscribed inAiken et al.(2008.
operated in both negative-j and positive ) ion mode;
acidic GL SOA components were detected in the negative2,.3 Madison laser-induced phosphorescence instru-
ion mode, whereas C-N compounds (e.g. imidazoles) were ment
detected in the positive ion mode. All other operating condi-
tions for this technique have been fully described elsewheresas-phase GL was detected with high specificity via Laser-
(Surratt et al.2008. Induced Phosphorescence (LIP) using the Madison LIP In-

Blank Teflon filters were extracted and treated in the samestrument described iduisman et al(2009. This instrument
manner as the samples; none of the SOA products detectadtilizes a White-type multipass cell in a 2-pass configuration
on the filter samples collected from the GL chamber exper-with gated photon counting and is highly sensitive, permit-
iments were observed in these blanks, indicating that theséing specific, direct, in situ measurement of GL with a one-
SOA components were not introduced during sample storminute limit of detection (8) of 6 ppt, (part-per-trillion by
age and/or preparation. Furthermore, to ensure that the SO&olume) per minute in a 32-pass configuration.
components observed were not an artefact formed from the
collection of gaseous GL onto filter media, a blank filter was
collected under dark conditions from the chamber contain-3 Results
ing a well mixed concentration of GL~2 ppm,) and ana-
lyzed with UPLC/ESI-HR-TOFMS. This blank was sampled 3.1 Glyoxal uptake in the absence of light
for the same duration as a sample filter. No SOA components
characterized in the present study or significant contaminant&or a typical experiment, gas-phase GL was present in the
were observed, consistent with the lack of observed aerosathamber and equilibrated with the chamber walls prior to the

www.atmos-chem-phys.net/9/3331/2009/ Atmos. Chem. Phys., 9, 33352009
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Table 3. GL fragments observed via AMS and suggested structures ) 58
from which the fragments are formed. 3 107
= 10° 135
m/z Fragment Formula  Suggested Structure 2 145
5 10° ]
29 CHO" 5
| HM IH“\ h nhl\ ! \ L
58 C2H20—2i- HHO 10 - 1l ||| ||| | | || |||||| || ||||| ., |
100 200
HO OH m/z
77 GHs50F . . . -
3 He o Fig. 3. Representative unit-mass AMS spectrum. Distinct GL and
o GL oligomer marker peaks are shown. The compound from which
> each fragment was formed is listed in TaBle
88 GaH40F °

2.5+

105 GHs0; j:} 204 °

OTO
Signal (Arb. Units)
>
|

117 QHs0;

HO. 0.5 \

e So¢ Qe S

135 QlH7O;_ Io/\ \ 00 T T T T — T 1

HO or 134.90 134.95 135.00 135.05 135.10 135.15 135.20

m/z
+ 0.5

145 GH50% . s
175 GH7Og 0.4

0.3
introduction of AS seed patrticles. Organic growth began im-
mediately upon particle addition, and reached a maximum
after approximately 10 h; over this time period, sulphate and ®
ammonium decreased due to particle wall losses. A repre- ,
sentative unit-mass AMS spectrum is shown in Bg.The 0.0 {ormefem , — ,
fragments of interest to this study are summarized in Tebles 144.90 144.95 145.00 145.05 145.10 145.15
and4. The most significant fragments argz44, 58, 68, 135, 05 — miz

145, and 175. The observed fragments are in general accord c

with those observed bliggio et al.(20053, though certain 047
masses such aw/z192 and 193 have lower signals in this
study. Proposed precursor structures for the fragment masse
marked in Fig3 are listed in Tabl&®. The fragment chemical
formulae are unequivocally confirmed by the high-resolution
spectra obtained in “W-mode”, verifying many of the assign-
ments made biiggio et al.(20053. Masses listed in Tabl& 0.0+ 3 S efing
which are larger than or equal to/z77 represent ion frag- 17;.90 174"95 175.00 175.05 17510 17515
ments of oligomers; as an example, the high-resolution peak miz

for m/z135 is shown in Fig4a. In the high resolution spec-

tra, the only fragment ion found to contain both sulphur andFig- 4. High-resolution ('W-mode) AMS peaks allow unequivocal
carbon ism/z79 (CH;S@) however, the signal intensity is assignment of a gH70g formula to them/z135, GHsOg formula
similar to that in the blank experiment (Exp. 7). Filter sample t0 them/z145, and @H70+ formula to them/z175 fragment ions.
analysis did not detect any organosulphates under dark con-

ditions in neutral (Exp. 4) or acidic seed (Fi, Exp. 5 and

6), as can be seen in the comparison between experiments

carried out under irradiated conditions (Fig, Exp. 10) and

experiments performed in the dark (Fidp, Exp. 3).

0.2+

ignal (Arb. Units)

0.1+

0.3

0.2+

Signal (A¥B. Units)

0.1+
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4x10% (a) glyoxal + (NH4),S0, seed + lights
RT = 0.85 min

35 035 4200
/ Measured Mass: m/z 154.9642 X .
TOFMS Suggested lon Formula: C,HOgS" - - 180
o Error Between Measured and Theoretical Mass: -0.8 mDa 3k 3 | & 0.3

3 (b) glyoxal + (NH,4),SO, seed + no lights =

4x10

N

o
4x103 (c) glyoxal + MgSO,4 + H,SO, seed + no lights

=
)

Intensity

O Organic / Sulphate
{ miz68/Sulphate * 16
Yr  m/z 58/ Sulphate
v
o

Organic to sulphate ratio
s

e
onel ayeydns o) jeubis Juswbely

m/z 105 / Sulphate 6.75|
Gas phase GL

0

o
5
T

4x10% (d) glycolic acid sulphate standard
RT = 0.85 min 4 . . PN
/ Measured Mass: m/z 154.9654 [ 500 1000 1500
TOFMS Suggested lon Formula: C,H304S" Uptake time (min)
J\___Error Between Measured and Theoretical Mass: 0.4 mDa

0.00 1.00 2.00 3.00 4.00 5.00

Time (rmin) Fig. 6. The time traces of total organim/z58, 105, and 68 frag-
ment ions normalized by the sulphate ion signal along with gas
Fig. 5. UPLC/ESI-TOFMS extracted ion chromatograms (EICs) of phase GL concentrations for a dilution experiment (Exp. 3). Dilu-
m/z155 for selected GL experiments. The comparison of these EICSion begins at the black vertical line. Upon dilution, the normalized
reveals that glycolic acid sulphate only forms under irradiated CON-grganic and GL /258 and 105) marker signals decrease by 30%,
ditions when using AS seed aerosol. Comparison of the retentioryng 179, respectively, which is less than the 25% reduction in gas-
time (RT) and massnf/2 of the compound detected in par(el) phase GL concentrations. However, the system has clearly not equi-
and the glycolic acid sulphate standafd), unequivocally shows |iprated and thus further loss of particle-phase GL is expected. In
that glycolic acid sulphate is being formed in the presence of light, contrast to the reversible behaviour of total organic and GL and GL
but not in neutral(b), or acidic,(c), dark experiments. oligomer growth, the growth of then/z68 (imidazole) marker has
markedly different characteristics, indicating irreversible uptake.

o

After particle growth has stopped, the chamber was diluted

with clean air (Exp. 1 and 3) to investigate the reversibility |ifetime of chamber aerosol. The high-resolution spectra ob-
of GL uptake. Upon dilution, the concentrations of tracer, tained with the AMS in “W-mode” show unequivocally that
gas-phase GL, and particle-phase organic, sulphate, and arthese fragments originate from compounds containing car-
monium decreased. To remove the effect of the decrease iBon and nitrogen, as discussed below. Filter sample analy-
overall particle volume due to wall loss and to dilution, the sjs also showed the presence of several nitrogen containing
organic and several marker signals are normalized to sulspecies in positive mode, including a species wiiz97.
phate. This normalized signal is proportional to the con-
densed phase concentration of each species. The normad:2 Glyoxal uptake in the presence of light
ized organic signal and GL markers mtz58 andm/z105
decrease after dilution by 15-25% and 18-30%, respectivelyThe AMS spectra in irradiated experiments initially resem-
The gas-phase GL concentration decreased by 25-40% of thsled those of dark uptake experiments, with many of the
initial concentration and the overall organic signal decreasedame marker fragments prominent, but then changed quickly.
relative to the tracer signal. Figuéesshows this for a typical ~As under non-irradiated conditions, gaseous GL partitioned
dilution experiment (Exp. 3). immediately to the AS seed under UV light. The organic
Several fragments were observed by the AMS to havesignal increased quickly upon addition of AS aerosol, but
different temporal characteristics (and thus uptake kineticspegan to decrease soon after irradiation began. Upon reach-
than the total organic or Glsignal. Relatively strong signals ing a maximum, the GL marker signal decayed faster than
occurred am/z41, 68, 69, and 70. Weaker signals, approxi- wall loss and the maximum is reached earlier than in the ex-
mately 5-10 times lower in magnitude, were also detected aperiments under dark conditions. No dilution was performed
other masses, the largest fragment occurringi/@®6. The in the irradiated experiments. The fractional contribution of
signal atm/z68 increased immediately upon seed injection m/z44 andm/z68 increased upon irradiation (Fig). The
and grew steadily, even after no further change in total or-irradiation resulted in a temperature increase-6fC and a
ganic growth was observable within the uncertainty of thatdrop in relative humidity (see TabB®. As a result, the lig-
measurement. Furthermore, during dilution, the signal con-uid water content (LWC) was lowered and the total aerosol
tinued to increase when normalized to the sulphate signalvolume decreased, which made it impossible to determine
These compounds contribute omy0.5% of total organic the mass of GL taken up into the aerosol from the DMA
mass measured by the AMS, but the sensitivity for thesedata. The fragment witim/z44 can be confidently assigned
compounds or the Glhas not been calibrated, and it is un- as Cq, and in AMS spectra is considered an indicator of
likely such a calibration can be achieved for the oligomers.the oxidation state of organic aerosol. Its increase in ir-
Dilution has very little effect on the relative growthofz68, radiated experiments points to the fact that the amount of
implying that the reactions are irreversible with respect to theoxidized organic species is increasing in these experiments.
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x10° cal formulas of both fragment ions due to the employment of
the high-resolution “W-mode”, which is not possible with a
quadrupole AMS. No sulphate esters were detected by the
UPLC/ESI-HR-TOFMS analysis of filter samples in non-
irradiated conditions with neutral or acidic seed (FHlg.and
5c¢ ). This evidence suggests that GL sulphate does not form
in dark GL uptake experiments with AS seed.
Our results do not rule out that sulphates were formed in
the study byLiggio et al.(2005h, and our irradiated exper-
‘ ‘ ‘ ‘ ‘ o iments clearly demonstrate that organosulphates can form.
° mo 2 ke - . Figure5a shows thain/z155, which corresponds to glycolic
acid sulphate (gH3SO;, see below), is measured in filter
Fig. 7. The sulphate normalized GL and GL oligomer marker sig- samples obtained during irradiated experiments (Exp. 8 and
nalsm/z58 and 105 increase rapidly on introduction of seed aerosollo)_ The AMS did not detect this sulphate, most likely due
u_nder ir_radiated conqlitio_ns_, but decrea_se rapidly without any dilu—t0 a high degree of fragmentation. The same organosulphate
tion taking place, which is in mgrked difference to _the da_rk exper- (as judged by elution time and formula)l@;SO; has previ-
Iments. Th?m/ 244, and in p.art'cu'ar.’ 6.8 m.arker ?'9”.3'5 increase ously been detected in filter samples from isoprene photoox-
steadily during these experiments, indicating oxidation of the or-.” . . .
ganic fraction of the aerosol and continued imidazole formation. idation experiments Cor]ducted |_n the Calte_ch chamSBf-(
ratt et al, 2008 under intermediate- and high-N@ondi-
tions, which favour GL production, but only with acidic seed.

In agreement with this, numerous highly oxidized organic Ambient organic aerosol collected from K-puszta, Hungary

species were detected via the UPLC/ESI-HR-TOFMS anal{G0mez-Gonalez et al. 2008 and from the southeastern
ysis, including glyoxylic, glycolic, and formic acids. Filter US (Surratt et al.2008 has also been found to contain this

sample analysis also showed the presence of a sulphur cof2H3S0O; organosulphate. In the previous work this sul-
taining compound witim/z155. No OH source was added phatg was propgsed to be GL sulphate. In all of these studies
in these experiments but a small amount of OH is potentiallythe filter extraction was performed in methanol. As sulphate
being produced via photolysis of GL, resulting in formation 'S @ better leaving group than methoxy, it appeared likely that

of the carboxylic acids. In one experiment, Fe was added tdhe initially proposed GL sulphate would not be observed
the seed (Exp. 9). The results closely resembled those of th¥ith the methanol extraction method, as it should dissoci-
other irradiated experiments (Exp. 8 and 10). Although car-2t8- Thus, isomers of £13S0; were investigated and gly-
boxylic acids are formed, the O:C ratio of the organic frac- colic acid sulphate was chosen as a likely candidate since this
tion of the aerosol is not increasing but rather decreasing. IrFulPhate should be more stable in methanol and as a different
contrast the H:C and N:C ratios both increase in these expedlycolic acid ester was proposed as one of the products of the

iments. The ammonium fraction of the aerosol is excluded inlight induced experiments in the work presented here, which
the calculation of N:C ratio. suggests that a pathway for glycolic acid production exists.

We subsequently synthesized the glycolic acid sulphate and
verified that the mass and elution time of the standard and
the GH3SO; sulphate observed in this and previous studies
were identical using UPLC/ESI-HR-TOFMS (Figd). This
4.1 Organosulphate formation analysis shows that previous assignments of glyoxal sulphate
that were obtained via filter extraction involving methanol or
The fragment ionsn/z145 and 175, which were previously related solvents, such as in the chamber and ambient aerosol
assigned the formulas GBS™ and GH70;S", respec-  studies mentioned above, should be revisited as carbonyl sul-
tively by Liggio et al. (20053, were unequivocally deter- phates are not stable under these conditions. However, this
mined to be @H5Og“ and Q;H7O§, respectively (Figdaand  does not rule out the existence of carbonyl sulphates under
b) with the AMS in “W-mode”. The detection of these frag- the conditions present in aerosol.
ments demonstrates the existence of trimers or larger GL  This is the first report of glycolic acid sulphate measured
in the aerosol. Liggio et al. (20053 suggested that these in chamber filter samples of GL uptake, and one of the
fragments correspond to fragmentation products of GL sulfew organosulphates to be positively identified in ambient
phates formed from a proposed aqueous reaction of sulphat@erosol. Acid catalysis has been traditionally been implicated
or bisulphate with GL. If this proposed mechanism were cor-in the formation of organosulphates. However, this study
rect, it would be the only evidence prior to the work pre- shows no sulphate formation under acidic conditions in the
sented here for the formation of GL sulphates in chamberabsence of light (Exp. 5 and 6) and recent studies have ques-
aerosol resulting from GL uptake. The current study is intioned this pathway for lower tropospheric conditions and in-
the unique position to unambiguously determine the chemistead proposed an epoxide pathwBinerath et al. 2008
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5 —

Table 4. Fragments containing both carbon and nitrogen ob-
served and suggested chemical formulas. The masses detected by - a
UPLC/(+)ESI-TOFMS were detected in the protonated form. 7
m/z  Fragment formula ;i,
T 2
Strongions 41  GH3NT &
68  GgH4NJ 1
69 GH3NOT
70 GgH4NO* 0 T
67.90 67.95
Weak ions 46  CHNOT
52  GgHoNT 109
53 GgHaNT 08 b
57 GH3NOt ) -
68  GzHoNO™ 5 o064
96  C4H4N,Ot g
© 0.4
ESI 97  GHsN,Ot S
115 QH7N20§ ? 024
129 GsHgN,O; -
159 GsH11N203 00 ; : — !
173  GH13N»0O 95.90 95.95 96.00 96.05 96.10

m/z

184  GH10N3O3

Fig. 8. High-resolution (W-mode) AMS peaks allow unequivocal

assignment of a §H4N§L formula to them/z68, C4H4N,O™ for-

mula to them/z96 fragment ions.
Minerath and Elrod2009. In contrast, the glycolic acid
sulphate formation observed in this work requires a light in-
duced pathway as it is only observed in the presence of lighthode ESI and had the same elution time as a standard
(Exp. 8 and 10), even in neutral seed aerosol. Although theéf 1H-imidazole-2-carboxaldehyde (Sigma-Aldrich). The
identification of GH3SQ5 as glycolic acid sulphate recon- AMS fragments are also consistent with 1H-imidazole-2-
ciles the expected chemical stability to methanol extraction carboxaldehyde. The high-resolution masses observed with
it is unclear how glycolic acid or its sulphate are formed, UPLC/ESI-HR-TOFMS and the AMS, the AMS fragmen-
although the increasingi/z44 marker shows that there is tation pattern and the observed elution time provide strong
active oxidative chemistry occurring in the presence of UV support for the assignment of the carrier of this signal to
light. However, glycolic acid is not an oxidation product of 1H-imidazole-2-carboxaldehyde. In further support of this
GL but rather a disproportionation product. We are currentlyfinding, the general Debus mechanism for imidazole forma-
investigating the pathway for glycolic acid sulphate forma- tion (see following paragraph) predicts the formation of 1H-

tion, which is unlikely to involve an epoxide. imidazole-2-carboxaldehyde as shown in Fg.Other C-N
containing products were observed, but have not been pos-
4.2 Carbon-nitrogen containing compound formation itively identified. The production of a very stable aromatic

compound such as an imidazole may be the thermodynamic
Although no significant AMS fragments containing both sul- driving force behind this reaction and explains why carbon-
phur and carbon are found, several fragments in the highnitrogen containing fragments are observed in the AMS. This
resolution spectra are found to contain nitrogen together withs in contrast to the case of organic nitrates, which fragment
carbon, hydrogen and occasionally oxygen (Talein ad-  easily via loss of the nitrogen moiety.
dition, filter samples analyzed with UPLC/ESI-HR-TOFMS  Since no NQ was present or added to the chamber before
in positive mode showed compounds containing carbon andsL addition, the only source of labile nitrogen is ammonium
nitrogen (C-N compounds), listed in Table The identifi-  from AS. Therefore, the C-N ions likely arise from fragmen-
cation of the species corresponding to the chemical formulaeation of products of a reaction between GL and ammonium.
listed in Table4 is ongoing but we have achieved a positive Although the ammonium ion is not a nucleophile and is not
identification of three masses in the AMS spectra; the strongexpected to react with GL, there will be a non-negligible con-
signals atm/z41 (GH3N) and 68 (GH4N>, Fig. 8a), and a  centration of ammonia in equilibrium with ammonium at the
weaker signal amn/z96 (C4H4N2O, Fig.8b). The carrier of  pH found in AS aerosol. The reaction of GL and ammonia
m/z97 from the filter samples also had the formulgigN,O is an established organic reaction for synthesis of imidazole
(after the subtraction of a proton) in high-resolution positive and was described in 185B¢bus 1858. In view of recent
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MMy + 20" phase aerosols. We report the first observation of the forma-
tion of C-N containing compounds from reaction of a car-
QS om0 MM A bonyl in AS seed aerosol, but this finding is not surprising
e HHO 7 H>_<\N;H given the recent findings bpe Haan et al(2009 and the
. ° SN well established chemistry reported for bulk solutions.
\ o M )%H EN Little experimental data are available on the physical
S e T T ies of 1H-imidazole-2-carboxaldehyde, though it i
VAR VAR )\{ )\( properties o imidazole-2-carboxaldehyde, though it is
" " predicted to have a vapour pressure of %48 3Torr
e N e (SciFinder Scholar2008. Under mildly acidic conditions,
"‘ this molecule would be protonated, lowering the vapour pres-
. @ on sure and making it a viable candidate for an SOA constituent.
\NK The pKg of imidazole is 7, so 50% will be protonated in neu-
~ tral solutions. Thus at the pH of AS-6) most of the imida-

H zole will be protonated and the low volatility is evidenced by
the fact that the carrier of th@/z68 signal does not reparti-
tion to the gas phase in the dilution or irradiated experiments.
The imidazole and other C-N compounds only contribute a
small amount to the total organic mass. It is possible that re-
literature describing the observation of light absorbing com-action of otherx-dicarbonyls and aldehydes could increase
plexes and higher molecular weight compounds from reacthis contribution. However, as mentioned above, some of the
tion of bulk solutions containing AS and GN(ziere et al, reaction products of GL and AS are strongly light absorb-
2009 Shapiro et al.2009, it is interesting to note the ob- ing (Shapiro et a].2009 and even amounts that do not add
servations byDebus(1858. Debus(1858 describes forma-  significantly to SOA mass could affect aerosol optical prop-
tion of a brown solution as well as two colourless products;erties. As the imidazole is formed irreversibly, it could be
imidazole (GH4N2) and GHsN4, most likely 2,2’-bi-1H-  used as a tracer for atmospheric carbonyl-nitrogen reactivity
imidazole, which is available commercially as a coloured with implications for changing aerosol optical properties.
compound. Thus the reaction of GL with ammonia has a
long history. In addition to reaction with ammonia, the re- 4.3 Overall organic growth and glyoxal oligomer forma-
action of GL with AS in bulk solution is well established. tion
In fact, a method for reaction of GL with formaldehyde and
AS in bulk agueous solution with 69% yield has been pub-Analysis of the AMS spectra collected indicates strong ev-
lished and patenteds€hulze 1973. The author states the idence for Gly within the aerosol (see Fig). It is im-
yield of imidazole is surprisingly high, which could be a re- portant to note that fragments with one or two carbons do
sult of catalytic activity by ammonium (proposed recently not necessarily arise only from GL monomers in the parti-
by Noziere et al. 2009 in addition to being a reactant, al- cle phase. They can also be fragmentation products of larger
though this is complicated by the pronounced effect of an-oligomers; thus C1 and C2 fragments are a result of frag-
ions on GL (p et al, 2009. A similar method for the pro- mentation of at least a monomer, C3 and C4 fragments are
duction of 2,2’-bi-1H-imidazole in bulk aqueous solution via the result of fragmentation from at least a dimer, and so on.
reaction of GL in AS with 43-54% yield has also been pub- The GL and Gl mass fragments stop growing in parallel
lished and patentedCho et al, 2003. Thus, reaction of GL  with overall organic growth and show analogous behaviour
with AS in bulk solutions to form coloured compounds has to total organic growth upon dilution. Organic growth in our
a well established history. Other studies have addressed th&tudy reached a plateau, providing evidence for a steady-state
effect of added gas-phase ammoni& et al, 2006 2007), point, which could either be due to a depletion of a reactant in
organic aminesAngelino et al, 2001, Murphy et al, 2007 an intrinsically irreversible process or because equilibrium,
Silva et al, 2008, and amino acidse Haan et a).2009 with a corresponding modified effective Henry’s law con-
on SOA formation as well as bulk phase reactions betweerstant, is achieved. The dilution experiments, in which the
AS and GL (Noziere et al. 2009 Shapiro et aJ.2009 and  chamber air mass was diluted with GL-free air, provide key
amino acids and GLOe Haan et a).2009, but to the au-  evidence that this plateau is not caused by the depletion of
thors’ knowledge, imidazole compounds have not been prea reactant. The dilution process itself reduces the gas-phase
viously detected in AS seed aerosol chamber studies. Th&L concentration and aerosol number density and thus to-
mass spectrum published hyggio et al. (20053 does not  tal aerosol volume but does not change the composition of
show a peak ain/z68. However, subsequent to the initial the aerosol phase. However, if the aerosol-phase composi-
publication of our work,De Haan et al(2009 identified  tion was achieved via equilibrium with the gas-phase GL,
substituted imidazole compounds formed from the reactiorreduction of the gas-phase GL concentration via dilution dis-
of GL and amino acids in both the bulk phase and in solidturbs this equilibrium. As a result the aerosol-phase organic

2NH;* + 2H,0

H—N H

H

I

Fig. 9. Proposed formation mechanism of 1H-imidazole-2-
carboxaldehyde and observedz68 and 96 fragment ion.
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content immediately after dilution is higher than the equilib-  Although the primary focus of this work are the con-
rium value for the reduced gas phase concentration wouldiensed phase reactions of GL and the reversibility of up-
predict. The system will respond by re-partitioning GL to take onto AS aerosol, effective Henry's Law values for
the gas-phase. In our dilution experiments, which reduceGL were also calculated.Kroll et al. (2005 assumed a
the gas-phase GL concentration by 25-40% (Bjgthe or-  unit density of 1 g/crh and used the seed volume to cal-
ganic:sulphate ratio decreases by 15-25%, which shows thatulate aerosol GL concentrations. In this manner the au-
organic aerosol content decreases relative to sulphate, implythors obtained a value oK} og=2-6x 10’ M/atm. How-
ing a loss of GL from the aerosol phase. This shows that GLever, the densities of GL trimer dihydrate (in our lab) and
uptake onto AS aerosol is reversible; GL will partition from GL aerosol derived from drying aerosolized 40% w/w GL
the aerosol to gas phase in the event of lowered gas phasmslutions (D. De Haan, personal communication, 2009) have
concentrations in the case of reversible uptake. The fact thasince been measured. These densities were determined to
the aerosol phase organic content decreased a little less thdre 1.67 g/cr and 1.71 g/crf, respectively. Therefore, the
the gas-phase GL concentration is expected from the (slowlensity of GL used in this work i$=1.69 g/cni, which
kinetics. is likely a lower limit due to partial molar volume effects
For the dark GL uptake experiments, only C-N com- in solution. Using this density, we calculate an effective
pounds, GL and Gh were identified, while no organosul- Henry’s Law value of 3.410’ M/atm for the data from
phate was found. C-N compounds are clearly formed irre-Kroll et al. (2005 and a value between 4«20’ M/atm and
versibly since no loss from the aerosol was seen upon di7.0x10’ M/atm from this study. The study byolkamer
lution. The fact that they only contribute a small part of et al.(2009 used a density 0h=2 g/cn? and used the frac-
the organic AMS signal and that overall organic growth astion of seed volume corresponding to LWC to calculate a
well as GL and Gk growth are reversible, suggests strongly modified GL concentration. In this manner they obtained a
that overall growth is dominated by GL and GLThe stud-  value ofKﬁfmod=1.65x 108 M/atm. Using this method and

ies byLiggio et al. (2005ab) were conducted on timescales density, we calculate a value between k&0° M/atm and
(~4h) in which equilibrium was not yet achieved in our stud- 2 52« 10° M/atm for our study, reflecting the experimental
ies. We have therefore compared our organic growth duringncertainty. However, it should be noted that the two stud-
the first 4h with that ofLiggio et al. (2005ab) for exper-  jes were conducted under different conditions, as the study
iments at similar relative humidities of 49%i¢gio et al, Volkamer et al.(2009 had an OH source present, and thus
2005ab) and 55% (this study) and gas-phase GL concentrathe corresponding Henry’s Law constants cannot be directly
tions of 5.1 ppb (Liggio et al, 2005gb) and~70ppky (this  compared. More work is needed to determine the effect of

study). The organic/sulphate ratio after 4h in the work by GL concentration, AS and LWC on the effective Henry’s
Liggio et al.(20053 is ~16, which is more than an order of | aw constant of GL.

magnitude larger than in this study@.35), and we expect

that the difference would have been even larger if we had4.4 Glyoxal uptake under irradiated conditions

employed the lower GL mixing ratios of the work lhyg-

gio et al.(2005ab). Although the first two hours of our data We present the first analysis of organic reaction products
can be interpreted with a linear slope the curvature of 2—4 hrdormed during irradiated GL uptake with AS seed aerosol.
in the study presented here shows a decreasing uptake ratithin the framework of Figl, the light induced reactions

in agreement with the fact that equilibrium is achieved afterthat are occurring should add additional product channels in
about 10 h. Itis hard to interpret a clear curvature in the workthe condensed phase, so a higher uptake would be expected
by Liggio et al.(20053. The average aerodynamic diameter under irradiated conditions. No OH source was added in our
of the seed aerosol in the study biggio et al. (20053 is study and thus conditions are not identical to those employed
initially smaller and thus the uptake rate per volume of seedby Volkamer et al(2009. However, there is a marked differ-
aerosol is expected to be faster than in this study, but it is unence in the fate of GL in the particle phase for the irradiated
likely that this alone can explain the discrepancy. In a moreconditions compared to dark conditions in our study, even
recent studyVolkamer et al(2009 showed that photochem- without an added OH source: an organosulphate and organic
ical uptake was higher within 90 s than over several hoursacids are formed. As discussed earlier, the organosulphate
in our study and the study d€roll et al. (2005. The pres- formation is a result of a light induced mechanism, as can
ence of OH in the study byolkamer et al(2009 represents  be seen in the lack of organosulphate formed even in highly
a significant difference, which could explain the large dif- acidic aerosol under non-irradiated conditions.

ference in uptake rate. However, we also currently cannot The relative signal strength af/z44, an indicator of oxi-
determine a particular reason why the non-irradiated studieslized organic aerosol in the AMS spectra, shows that a sub-
potentially show two different types of uptake (irreversible stantial amount of oxidized organics are formed over the du-
and reversible) at different rates, information that is critical ration of the irradiated experiments. This is supported by
if understanding of these processes is to be applied to ambithe organic acids found in filter sample analysis: formic,
ent studies. glyoxylic and glycolic acids, the latter a disproportionation
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product of GL, all of which have smaller Henry’s law con- typically highest during the day and thus SOA formation un-
stants than GL. The formic acid and glycolic acid are ob-der irradiated conditions should be more important than un-
served as an ester, a higher molecular weight condensatioder dark conditions. However, for a detailed understanding
product. Although no OH source was added, the observaef the processes depicted in Figand their contribution to
tion of glyoxal oxidation products strongly indicates that the SOA formation under ambient conditions, it is desirable to
irradiation resulted in radical chemistry. Whether this chem-address these processes separately, therefore an analysis of
istry occurred via OH or some other radical mechanism can-GL uptake under both dark and irradiated conditions is help-
not be ascertained. If oxidation to more volatile products,ful. While uptake and aerosol phase chemistry of GL and
such as glyoxylic acid, is not significantly faster than con- othera-dicarbonyls may differ, understanding GL is instruc-
densation (e.g. the formic-glycolic acid ester, or oxidation totive as a model for understanding the chemistry involved in
oxalic acid, which can form SOA), the net SOA yield under other systems for model and experimental studies. Our study
irradiated conditions should be higher than under dark conshows that GL uptake involves both reversible processes,
ditions as additional product channels are available. Thessuch as growth via GL monomer and oligomers, and irre-
additional product channels also make Henry’s law analysisversible processes, such as C-N compound formation and ox-
of uptake inapplicable. In contrast to the studyofkamer  idation reactions under irradiated conditions. The reversible
et al. (2009, which generally found increased uptake and processes are likely less relevant to ambient SOA formation
uptake rate but had an OH source, overall organic growthas they will repartition GL to the gas phase upon decreasing
was reduced under irradiated conditions in this study as comGL gas-phase concentrations, such as night time or transport
pared to dark conditions. Enhanced loss of particle-phase Glaway from GL sources. However, they provide a pathway for
in the presence of light was observed, but while it is possi-uptake of GL into the particle phase, allowing the irreversible
ble that rapid oxidation to higher volatility compounds, such processes to proceed. The majority of organic growth in the
as formic and glyoxylic acid, and subsequent partitioning of chamber studies under dark conditions occurs via GL up-
these to the gas phase is competing with the formation gf GL take with subsequent oligomer formation, but ambient GL
and reaction of the oxidation products to higher molecularconcentrations are substantially lower (2—-3 orders of magni-
weight compounds, it is also possible that increasing tempertude), so it is less likely the organic character of the aerosol
ature upon irradiation causes significant amounts of GL towill involve multiple GL molecules such as oligomers and
repartition to the gas phase. This is supported by the fact that H-imidazole-2-carboxaldehyde. However, it is likely that
the O:C ratio started to decrease once the chambers were ireactions with other aldehydes will occur. Aldehydes and
radiated. As the chambers heated, GL (O:C=1:1, H:C=1:1)-dicarbonyls are ubiquitous, and the discovery of this new
and possibly high volatility glyoxal oxidation products are C-N reaction pathway allows for the potential production of
revolatilized to the gas phase, leaving behind irreversiblymany different imidazole compounds. While methylglyoxal
formed compounds such as imidazoles (0:C=1:4, N:C=1:2is the most abundawt-dicarbonyl, GL is likely the most im-
and H:C=1:1) and low volatility carboxylic acids. This loss portante-dicarbonyl for formation of imidazoles due to the
of GL, together with the lack of loss of imidazole, explains fact that the Henry’s law constant for GL is larger than that
the increase in the N:C ratio and an increase in the H:C rafor methylglyoxal Q(ﬁ’aqMGL:&ZX 10* M/atm), and thus it

tio, both of which are seen in these experiments. It is im-partitions more strongly to aqueous aerosol. HoweMeat-
portant to note that heating the chambers does not result isunaga et ak2004) detected higher levels of methylglyoxal
efflorescence of the aerosol, as this would trap the GL withinthan GL in ambient particulate matter, indicating that the
the aerosol and increase oligomer formatibodffler et al, high gas phase mixing ratios of methylglyoxal may make
2006, which is not observed. GL photolysis in the gas phaseit an important contributor to SOA formation. As the un-
is also possible; however, since the walls act as a substarderlying reasons for the large difference betwé@_}]aq and

tial reservoir of GL that is at steady state with the gas phaseK;jmo 4 are not known, it is difficult to estimate the Henry’s
this is less likely. In fact, during the irradiated GL uptake ex- law constant for methylglyoxal for AS seed aerosiloll
periment shown in Fig7, the gas-phase GL concentrations et al.(2009 did not observe any organic growth for methyl-
remained constant at150 pply throughout the experiment.  glyoxal, but the growth from imidazoles, which proceeds via
A quantitative comparison of SOA yields between dark andan«-dicarbonyl monomer, might have been below the detec-
irradiated conditions is not possible for this work due to the tion threshold. Even small amounts of the newly discovered

different experimental conditions. light absorbing compounds, in particular C-N compounds, in
aerosol can influence the optical properties of the aerosol due
4.5 Implications to ambient aerosol to their strong absorptive propertieshapiro et al.2009. In

this context it is interesting to note thaarnard et al(2009

found enhanced absorption of “brown carbon” aerosol in
GL and othera-dicarbonyls, such as methylglyoxal, are Mexico City that added about 40% absorption to that of
common oxidation products of both biogenic and anthro-black carbon. Imidazoles are an ideal tracer for these C-N
pogenic VOCs. The concentration of theselicarbonyls is
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