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Glyoxal and methylglyoxal are scavenged by clouds, where
a fraction of these compounds are oxidized during the lifetime
of the droplet. As a cloud droplet evaporates, the remaining
glyoxal and methylglyoxal must either form low-volatility
compounds such as oligomers and remain in the aerosol
phase, or transfer back to the gas phase. A series of experiments
on evaporating aqueous aerosol droplets indicates that over
the atmospherically relevant concentration range for clouds and
fog (4-1000 µM), 33 ( 11% of glyoxal and 19 ( 13% of
methylglyoxal remains in the aerosol phase while the remainder
evaporates. Measurements of aerosol density and time-
dependent AMS signal changes are consistent with the
formation of oligomers by each compound during the drying
process. Unlike glyoxal, which forms acetal oligomers, exact
mass AMS data indicates that the majority of methylglyoxal
oligomers are formed by aldol condensation reactions, likely
catalyzed by pyruvic acid, formed from methylglyoxal
disproportionation. Our measurements of evaporation fractions
can be used to estimate the global aerosol formation potential
of glyoxal and methylglyoxal via self-reactions at 1 and 1.6 Tg C
yr-1, respectively. This is a factor of 4 less than the SOA
formed by these compounds if their uptake is assumed to be
irreversible. However, these estimates are likely lower limits for
their total aerosol formation potential because oxidants and
amines will also react with glyoxal and methylglyoxal to form
additional low-volatility products.

Introduction
Tropospheric submicrometer aerosol particles usually con-
tain significant organic material (1, 2), and this material
impacts particle growth (3) and subsequent cloud conden-
sation (4). Conversely, cloud processing (the passage of gases
and aerosol through the aqueous phase in clouds) is now
recognized as an important source of secondary organic
aerosol (SOA) (5). In this process, water-soluble gases are

scavenged by cloud droplets, where they may be converted
to low-volatility compounds via oxidation (6) or by oligo-
merization reactions triggered by oxidation (7) or droplet
evaporation (8).

Highly water-soluble R-dicarbonyl compounds are sus-
pected of producing large amounts of SOA via aerosol uptake
(9) and cloud processing (10). Assuming glyoxal and meth-
ylglyoxal are taken up irreversibly by clouds and aerosol with
an uptake coefficient measured for glyoxal (R) 0.0029 (11)),
it has been estimated that 11 Tg C yr-1 SOA would form (10),
an amount equal to about one-half of recent estimates of the
total primary organic aerosol emissions from biomass burning
(12). Almost 70% of this amount is due to cloud processing of
methylglyoxal.

The value of the initial uptake coefficient of methylglyoxal
is subject to considerable uncertainty (13, 14), and the
assumption of irreversible uptake for either R-dicarbonyl
compound is controversial (11, 13, 15, 16). Aqueous-phase
oxidation of R-dicarbonyl compounds is the best-character-
ized pathway to SOA formation (and therefore irreversible
uptake). Both glyoxal and methylglyoxal react with OH radical
at similar rates (k ) 1.1 × 109 M-1 s-1 and E/R ) 1516 and
1600 K, respectively) (17, 18), producing low-volatility reaction
products including oligomers (7, 19). However, since the
lifetime of a typical cloud droplet is 10 min, only ∼5% of the
R-dicarbonyl compounds would be oxidized during this time
if [•OH] ) 1 × 10-13 M (20, 21) and T ) 280 K. Cloud droplet
evaporation may then trigger further oligomerization reac-
tions of the remaining R-dicarbonyl compounds. Drying
droplets containing 1 M R-dicarbonyls have been shown to
oligomerize fast enough that 100% of the glyoxal and 60% of
the methylglyoxal is trapped in the condensed phase (8). In
atmospheric cloud droplets, where concentrations of both
compounds are in the µM range (22-27), the rates of self-
reactions should decrease. However, other nucleophiles
present in cloudwater, such as amines (28), will also react
with glyoxal (29, 30) and likely with methylglyoxal. Reactions
between glyoxal and amines, like glyoxal self-reactions, are
greatly accelerated by droplet drying (29).

The goals of the current study are to quantify the aerosol-
forming potential of methylglyoxal and glyoxal via self-
reactions during simulated cloud processing, and experi-
mentally verify the chemistry responsible for the observed
behavior. We use vibrating orifice aerosol generation (VOAG)/
scanning mobility particle sizing (SMPS) experiments to show
that over the concentration range 4-1000 µM, nearly constant
proportions of methylglyoxal (19 ( 13%) and glyoxal (33 (
11%) remain behind in the residual aerosol particles produced
when aqueous droplets evaporate. Oligomer formation
triggered by droplet drying appears to be the dominant
process responsible for this production of aerosol-phase
material. We compare high-resolution time-of-flight aerosol
mass spectrometry (HR-ToF-AMS) data with electrospray
ionization (ESI) MS data from bulk solutions to show that
methylglyoxal forms oligomers largely by aldol condensation,
as predicted by theory (31, 32). Finally, the effective densities
of glyoxal and methylglyoxal oligomers are determined using
the AMS/SMPS method (33). For glyoxal, this density matches
that of glyoxal trimer dihydrate (16), as expected.

Experimental Section
We generated 1.0 M stock solutions by overnight hydrolysis
of solid glyoxal trimer dihydrate (Sigma-Aldrich) (15) and by
dilution from 40% w/w methylglyoxal solution (MP Bio-
medicals). These were stored in the dark at 4 °C under
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nitrogen to minimize oxidation reactions. Stock solutions
were diluted in D2O for analysis by NMR (Varian, 400 MHz),
in 18-MΩ reagent-grade H2O (NERL Diagnostics) for VOAG
experiments, and in HPLC-grade H2O (Honeywell) for other
experiments. Solution pH was measured with a Corning 320
pH meter and Sensorex S200C sensor.

The fractions of glyoxal and methylglyoxal that evaporate
from droplets were determined in VOAG/SMPS experiments
(Supporting Information (SI) Scheme S01). Monodisperse
22-µm-diameter aqueous droplets were generated from
glyoxal and methylglyoxal solutions (4-100 µM) in reagent-
grade water by VOAG (TSI model 3450, 10 µm orifice, liquid
flow rate Q) 0.09 mL/min, vibration frequency f) 280 kHz).
All solution contact with glass was avoided in order to
minimize leaching of nonvolatile impurities. Immediately
after generation, droplets were dispersed at room temper-
ature into a 10 L/min flow of dry, prepurified N2 to minimize
coagulation, achieving number concentrations below 2 ×
103 cm-3. Droplets passed through an in-line neutralizer (NRD
model P2021-1000, Po-210), a series of 4 L gas dryers, and
a diffusion dryer before SMPS analysis (TSI 3080/3081/3010,
0.071 cm impactor). Excess flow was vented through a HEPA
filter. RH was monitored at the vent (Vaisala HMT337) and
ranged from 18 to 30%. Drying times were varied from 0.5
to 3 min by changing the number of in-line gas dryers in the
flow path. Low concentration runs preceded higher con-
centration runs each day to avoid contamination of low
concentration runs byR-dicarbonyls from prior experiments
desorbing from the walls (13). Higher concentration (100
µM) runs could produce gas-phase dicarbonyl concentrations
as high as 14 ppb.

Typical measured aerosol size distributions exhibited a
distinct peak with geometric standard deviations of ∼1.1.
Geometric means of these peaks were compared with those
generated from water, which was run before every R-dicar-
bonyl solution, to determine the increase in residual particle
size and volume due to the organic solute, ∆Vmeas ) Vorg -
VH2O. These volume increases were divided by the calculated
residual volume of the organic solute present in the original
wet droplet, Vcalc (eq 1) to find the aerosol-phase recovery,
Raerosol.

where Vwet is the wet drop volume generated by VOAG, Corg

is the organic concentration in the droplet-generating
solution (moles cm-3), MWmonomer is the average monomer
mass in the residual particle (g mole-1), and Feff is the effective
density of the resulting aerosol particles (g cm-3). The VOAG
wet drop size was verified with SMPS measurements of 37
µM NaCl solutions, resulting in NaCl aerosol recoveries of
100% within experimental error (Raerosol)106(8% if spherical
and 91 ( 7% using Feff, NaCl ) 1.85 to correct for nonspherical
particle shapes (34)). Since glyoxal oligomerizes into a trimer
dihydrate with a mass of 210 amu, MWglyoxal monomer ) 210/3
) 70 amu. In this work, we find that methylglyoxal oligomers
have MWMeGly monomer ) (65 ( 3) amu. Effective density
measurements are described below which suggest minimal
aerosol water content. The measured nonvolatile fraction of
impurities in solvent water varied between 0.1 and 0.5 ppm
and was the major source of uncertainty in quantifying the
amount of glyoxal or methylglyoxal recovered in residual
aerosol.

In order to link VOAG/SMPS data with previous quan-
titative evaporation experiments performed at 1.0 M (8),
analogous SMPS evaporation experiments were also per-
formed at intermediate (mM) concentrations with polydis-
perse aerosol held for 5-20 min in the chamber at >55% RH
(SI Scheme S02). In some experiments dry air was added to

reduce RH to 25-40%, but this addition had no apparent
effect on size distributions. Aerosol particles were generated
using ultrasonic or pneumatic nebulization and solute
concentrations in the range 1-20 mM, and SMPS size
distributions of the residual organic aerosol were recorded.
Aerosol coagulation rates were minimized by keeping number
concentrations at 2 × 105 cm-3 or less. Wet drop size
distributions were back-calculated from residual NaCl aerosol
size distributions accounting for nonsphericity (34), and were
assumed to be invariant for a given aerosol generation
technique. Vcalc was determined using eq 1, this time
integrating across the size distribution. In the mM concen-
tration range, volume contributions from nonvolatile solvent
impurities are negligible and ∆Vmeas = Vorg. Total number
density for organic aerosol were normalized to NaCl number
density to correct for atomizer variability.

To determine effective particle densities of residual glyoxal
and methylglyoxal aerosol, SMPS and quadrupole (Q)-AMS,
Aerodyne (35)) size distributions were measured simulta-
neously after both instruments were size calibrated using
polystyrene latex spheres with nominal diameters between
100 and 700 nm (Nanosphere size standards, Thermo
Scientific). Droplets were generated by pneumatic nebuliza-
tion of ∼15 mM solutions. Effective density is equal to the
actual density of aerosol particles if they are spherical (33).
Glycine (Sigma-Aldrich) aerosol density was also measured
to test the method (SI Scheme S02).

Atomic force microscopy (AFM) was used to verify that
dried glyoxal aerosol particles were spherical. Monodisperse
aerosol particles were produced by VOAG from a 50 µM
glyoxal solution (SI Scheme S01). The aerosol particles were
dried for 1 min in a flowing system at ∼25% RH and collected
on an impactor, where further drying under ambient
conditions occurred for an hour. AFM SiOx/Si(100) sub-
strates that were cleaned using sequential sonication in
toluene, acetone, and methanol were used as impaction
plates. AFM images were obtained in tapping mode using a
Veeco Dimension 3100 AFM with a Nanoscope IVa controller.
Silicon tips (Nanosensors PPP-FMR) with a spring constant
of 2.5-4 N m-1 were used.

A combination of AMS and electrospray ionization (ESI)-
MS were used to study methylglyoxal oligomerization. In
AMS experiments, stock solution were diluted and nebulized
pneumatically (TSI model 9300) or ultrasonically (29) into a
dilute aqueous aerosol. This aerosol was dried either quickly
by passing through a diffusion dryer (SI Scheme S03), or
slowly in a collapsible 300 L Teflon chamber held between
60 and 95% relative humidity (RH) (SI Scheme S02). The
latter conditions are meant to simulate atmospheric condi-
tions just outside a cloud. The resulting residual or cloud-
processed aerosol particles were analyzed by a combination
of Q-AMS, high-resolution time-of-flight (HR-ToF)-AMS
(Aerodyne (36)), and SMPS over the size range 10-1000 nm.
Heavy fragmentation of analyte molecules is observed in
both AMS instruments. In ESI-MS experiments (a soft
ionization method causing little fragmentation), 150 µL
aliquots of 50 mM methylglyoxal solutions were dried under
ambient conditions, redissolved in 18 MΩ water to reach 1
mg/mL, and analyzed without any chromatographic pre-
separation (SI Scheme S04, Thermo-Finnigan LCQ Advantage,
syringe pump at 2.5 µL/min with ESI nozzle voltage ) +4.3
kV, medical N2 sheath gas flow ) 25, capillary temp ) 250
°C). Q-AMS and ESI-MS were operated slightly above unit
mass resolution, whereas HR-ToF-AMS allowed chemical
formulas to be determined by exact mass.

Results and Discussion
VOAG experiments were used to determine the amount of
drying time necessary for 22 µm diameter monodisperse

Vcalc )
VwetCorgMWmonomer

Feff
(1)
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droplets initially containing 30 µM glyoxal or methylglyoxal
to achieve stable residual particle sizes (SI Figure S01). For
bothR-dicarbonyls, differences in residual particle sizes were
statistically insignificant as drying times increased beyond 2
min at 18-30% RH. All VOAG evaporation experiments were
therefore conducted with drying times of 2 min or more.

Results from VOAG and chamber evaporation experiments
on aqueous droplets initially containing 0.004-20 mM
concentrations of one R-dicarbonyl compound are sum-
marized in Figure 1, shown with our published high-RH,
high-concentration data. Residual SMPS size distribution data
has been converted to percentages ofR-dicarbonyl recovered
in the aerosol phase, plotted as a function of initial solute
concentrations. Loeffler et al. (2006) (8) showed that at 1 M
methylglyoxal concentrations, recovery in the aerosol phase
actually goes up as RH drops. Thus, it is highly unlikely that
the differences in RH among the measurements could cause
the observed trend, which is in the opposite direction. We
also note that different atomization techniques produce wet
droplets with different size ranges (Bulk droplets (8).VOAG
> ultrasonic nebulization > pneumatic nebulization). How-
ever, the data does not follow this trend. Thus it is both more
plausible and expected that aerosol-phase recoveries depend
on concentration.

Aerosol-phase recoveries appear to be nearly constant
for each compound for initial aqueous concentrations e1
mM, with 33( 11% of glyoxal and 19( 13% of methylglyoxal
recovered in the aerosol phase. This aerosol production must
be due to either pre-existing, nonvolatile impurities in the
glyoxal and methylglyoxal solutions or to the formation of
nonvolatile products in reactions that occur as water
evaporates from the droplets. These possibilities are explored
in the experiments described below.

Products such as oxalic and pyruvic acids form when
glyoxal and methylglyoxal are oxidized by hydroxyl radicals

in aqueous solution (19, 20). Stock solutions of methylglyoxal
(0.5 M) and glyoxal in D2O were analyzed in 1H-, 13C-, and
heteronuclear multiple quantum coherence (HMQC)-NMR
experiments in order to identify and quantify such impurities.
No oxalic acid was observed by 13C NMR in either solution.
(It is not observable by the other two techniques.) For
methylglyoxal, peak assignments are listed in SI Table S01.
Monohydrate and dihydrate methylglyoxal monomers were
present at a 55:45 ratio, while unhydrated methylglyoxal was
not detected, consistent with previous work (37) and with
computations (32). Peaks assigned to specific acetal oligomers
(37) were not observed in D2O solutions, consistent with
previous studies. Several new peaks were observed (SI Figure
S02 and Table S01), along with hydroxyacetone and pyruvic
acid hydrate, the twin products of methylglyoxal dispro-
portionation (SI Scheme S05) occurring either by electrocyclic
ring-opening (38) of an acetal dimer with a dioxolane ring
structure, or by Cannizzaro reaction (39). 1H NMR peak
integrations in the methyl group region (1.0-2.3 ppm)
indicate that the solution contained 53% monomers, 37%
dimers and oligomers, and equimolar amounts (e5%) of
hydroxyacetone and pyruvic acid hydrate. The measured pH
of a 10 mM methylglyoxal solution was 3.7, consistent with
a 2% pyruvic acid impurity. Pyruvic acid at these concentra-
tions is itself responsible for no more than 3% of the aerosol
formation observed for methylglyoxal solutions, but it likely
serves as an acid catalyst for aldol condensation reactions
in our experiments. Hydroxyacetone is volatile and will not
contribute to the observed aerosol yield unless it participates
in oligomerization reactions.

Effective particle densities were extracted from SMPS and
Q-AMS size distributions measured for glycine, glyoxal, and
methylglyoxal aerosol dried in the chamber. The measured
effective density of solid glycine aerosol generated from 4
mM solution was 1.18(0.06 g cm-3 (SI Figure S03), consistent
with the known density of solid glycine (1.16 g cm-3),
indicating that particles were spherical. SI Figure S04 shows
that residual glyoxal aerosol generated from 18 mM solution
has an effective density of 1.71 ( 0.02 g cm-3. This overlaps
the recently measured density range of solid glyoxal trimer
dihydrate pellets (1.67 to 1.70 g cm-3) (16), consistent with
dry, spherical aerosol made of this substance or of other
oligomers with the same density. SI Figure S05 shows an
AFM image of dried, spherical glyoxal aerosol particles
generated by VOAG. An 18 mM glyoxal solution at equilibrium
should contain 99.5% monomers, given a dimerization
constant Kdimer)0.56 (40, 41). This corresponds to a negligible
aerosol yield of 0.5% due to pre-existing oligomers in the
starting solution. The observed 33 ( 11% yield starting from
lower initial concentrations can therefore be consistently
attributed only to glyoxal oligomer formation during droplet
drying. Previous work has shown that glyoxal acetal oligomers
can form within minutes in drying 1 µL droplets (8) and
aerosol particles (11). While our measured aerosol yields are
significantly less than those observed for 1 M solutions (8),
we note that some concentration dependence is expected
for oligomer formation.

As shown in SI Figure S06, the effective density of residual
methylglyoxal aerosol generated from 16 mM solution is 1.9 (
0.1 g cm-3. This effective density is comparable to glyoxal
oligomers, and is incompatible with spherical or nonspherical
particles composed mainly of the methylglyoxal oxidation
product pyruvic acid (F)1.26) or of water. Furthermore, as will
be shown below, Q-AMS signals assigned to oligomer species
increased during droplet drying even as all other signals declined
due to wall losses. Thus, we conclude that the measured density,
and by extension the 19(13% aerosol yield, is due to oligomers
formed during the droplet drying process.

The oligomers formed in drying methylglyoxal droplets
and bulk solutions were chemically characterized using mass

FIGURE 1. Percent methylglyoxal (black) and glyoxal (red)
recovered in the condensed phase as a function of carbonyl
concentration in original wet droplets. Filled diamonds:
averages of VOAG experiments where droplets were dried by
decreasing RH from 50 to 25% over 2 min before SMPS
measurements. Open symbols: polydisperse aerosol experiments
where aerosol generated by ultrasonic nebulization (circles) or
pneumatic nebulization (diamonds) was dried at RH > 70% for
10 min or more before SMPS measurements. Filled squares:
bulk 1 µL droplets, RH > 95%, ref (8). Exponential fits are
shown. Glyoxal experiment at 1 M is not included in fit.
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spectrometry data. When methylglyoxal solutions are pneu-
matically nebulized through a diffusion dryer, or ultrasoni-
cally nebulized and dried in a chamber at 60% RH for ∼20
min, HR-ToF-AMS analysis detects many peaks at m/z ratios
higher than the molecular mass of the reactant (Figure 2).
Signal strengths allow the accurate assignment of high-
resolution peaks below m/z 200 to unique molecular
formulas. Prominent peaks appear at m/z 87 (C4H7O2

+), 97
and 99 (C5HxO2

+), 111 (C6H7O2
+), 115 (C5H7O3

+), 125 (C7H9O2
+

and C6H5O3
+), 127 and 129 (C6HxO3

+). These fragment species
can be attributed to oligomers formed from methylglyoxal
and, in some cases, methylglyoxal and hydroxyacetone.

The O/C ratios of C4-C6 fragments measured by HR-
ToF-AMS (SI Table S02) were used to distinguish between
different classes of oligomers. Potential acetal methylglyoxal
dimers analogous to glyoxal dimers have O/C ratios of 0.83
or more, but could decline to 0.67 after water loss by EI
fragmentation. Less than 3% of the total C4-C6 fragment
signals have O/C ratios g0.67. Acetal dimers formed from
methylglyoxal and hydroxyacetone could, after water loss,
have O/C ratios as low as 0.5 (SI Scheme S06), consistent
with 60% of the total C4-C6 fragment signal. On the other
hand, possible dimers formed by aldol condensation (Scheme
1) have the lowest O/C ratios and are consistent with over
99% of the total C4-C6 fragment signal. Thus, aldol con-
densation products could be responsible for 40-99.7% of
the observed signal in methylglyoxal samples.

Because of heavy analyte fragmentation in the AMS, a
bulk methylglyoxal solution that was dried and redissolved
in water was analyzed by ESI-MS in order to determine the
extent of oligomer formation. Figure 3 shows multiple ESI-
MS peaks separated by ∆m/z 18, 56, 72, and 128 out to at
least m/z 585. Oligomers seen by both AMS (M-1)+ and ESI-
MS (M+1)+ are m/z 110 (C6H6O2

+), 128 (C6H8O3
+), and 168

(C8H8O4
+), which are consistent with aldol condensation or

acetal products of methylglyoxal and hydroxyacetone reac-
tions. Given the repeating pattern of peaks that differ by m/z
56, 72, and 128, and our ability to accurately assign these
fragments using HR-ToF-AMS to C3H4O, C3H4O2, and C6H8O3,
respectively, we can assign molecular formulas to larger peaks
made from these building blocks with a high degree of
confidence (30). These include most of the labeled peaks in
Figure 3, including m/z 201, 257, 273, 313, 369, 385, 441, 457,
513, and 585. Several other prominent peaks are reached by

the addition of single water molecules to peaks listed above:
m/z 147, 331, 403, and 531.

These repeating series of MS peaks are consistent with
aldol condensation products of C6H8O3 (m/z 128), meth-

FIGURE 2. HR-ToF-AMS stick spectrum of methylglyoxal aerosol generated from 4 mM solution by pneumatic nebulization at 15 psi.
Aerosol passed through diffusion dryer en route to AMS. The y-axis of the data on the right has been expanded by a factor of 15.
Green: organic compounds. Red: sulfate. Yellow: instrument background signals. Insets: high-resolution fits at m/z 110 and 127, with
data in purple, individual ion peak fits in red and the sum of fitted ions in dotted blue.

SCHEME 1. Methylglyoxal Oligomerization Reaction Products
Consistent with MS Data (Hydration of Carbonyl Functional
Groups Not Shown)
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ylglyoxal and hydroxyacetone units (Scheme 1). Hydroxy-
acetone can react with methylglyoxal in an (pyruvic) acid-
catalyzedaldolcondensationreactiontoformdihydrodiacetyl-
formoin (C6H10O4, m/z 146). This product has been previously
identified in methylglyoxal solutions treated with zinc and
acid (42). In acid, 3-hydroxy-3-hexene-2,5-dione (C6H8O3,
m/z 128) is the major product of the subsequent reaction
(42). After this, continued aldol additions of methylglyoxal
and hydroxyacetone can form multiple structures with the
correct chemical formulas, examples of which are shown in
Scheme 1. An oligomer formed from five methylglyoxal
monomers and four hydroxyacetone monomers matches the
chemical formula of the largest peak in the series at m/z 584
(C27H36O14).

Since NMR measurements indicated that methylglyoxal
stock solutions contained ∼37% oligomers, but dilute solu-
tions produced only a 19 ( 13% aerosol yield, it is clear that
at least some of the oligomers observed in stock solutions
are in equilibrium with methylglyoxal monomer and revert
to the monomer upon dilution. However, because pre-
existing oligomers would not be present in cloudwater it was
necessary to determine whether the methylglyoxal oligomers
observed by AMS and ESI-MS (and likely responsible for the
observed 19 ( 13% aerosol yields) were pre-existing or were
formed during the aerosol drying process. To this end,
changes in AMS signals during the density experiment
described above were analyzed. Figure 4 shows [final signal]/
[initial signal] ratios for five masses that showed the greatest

FIGURE 3. Positive-mode ESI-MS spectrum of bulk 50 mM methylglyoxal solution after drying/redissolving cycle. Background
spectrum of water has been subtracted using linearly varying scaling to minimize instrument background peaks at m/z 304, 371, and
445.

FIGURE 4. Changes in AMS signals observed during the drying of aerosol droplets formed by pneumatic nebulization of 16 mM
methylglyoxal solution at 60% RH. Peak identifications were confirmed by HR-ToF-AMS; the peak at m/z 125 had a contribution from
two different formulas. Average loss in AMS signal due to chamber wall losses was 42%, which is used as the x-axis. Bars pointing
downward represent AMS signal masses that declined faster than this. Peaks that changed by the greatest percentages relative to
the average are shown here.
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changes relative to the average signal decline observed due
to aerosol wall losses. Large decreases in m/z 15, 17, and 73
were observed, consistent with the loss of methylglyoxal (m/z
15, 73) and water (fragment m/z 17) due to either reaction
or evaporation. Significant increases were observed at m/z
111 and 125, which we have identified as C6H7O2

+ and
[C7H9O2

+ + C6H5O3
+] oligomers and fragments using HR-

ToF-AMS. These observations are consistent with significant
oligomer formation during the 45 min time scale of this
aerosol evaporation experiment.

Past work has shown that glyoxal can be trapped in the
aerosol phase during droplet drying due to acetal oligomer
formation (8). At atmospherically relevant concentrations,
we find that this process traps 33 ( 11% of the glyoxal in the
aerosol phase. Methylglyoxal, with a Henry’s law constant
11 times smaller than glyoxal (3.2 × 104 vs 3.6 × 105,
respectively, in seawater at 25 °C (43)), evaporates more
readily, consistent with the lower 19 ( 13% aerosol yield
measured here. These numbers are near the average gas/
particle partitioning ratios measured in a remote forest for
these compounds: 46% for glyoxal and 36% for methylglyoxal
(44). While we cannot rule out a contribution to our measured
aerosol yields from pre-existing oligomers in the methylg-
lyoxal stock solution, AMS observations indicate significant
oligomer formation during droplet drying. Although it
appears that aldol condensations occur only in methylglyoxal
solutions (perhaps due to the presence of hydroxyacetone),
both glyoxal and methylglyoxal can be expected to form
aerosol via oligomer formation in evaporating cloud droplets.
Under tropospheric conditions, aldol condensation reactions
are likely to be catalyzed by ammonium ions (45), which
could increase the rate of formation of methylglyoxal
oligomers relative to dehydration and evaporation processes.
This could potentially increase the fraction that forms aerosol
during cloud processing relative to our measurements
conducted in the absence of ammonium salts.

As a first approximation, our measurements of concen-
tration-independent aerosol recoveries across most of the
concentration range of glyoxal and methylglyoxal in atmo-
spheric cloudwater can be used to provide better estimates
of SOA formation by these compounds. The uptake of glyoxal
and methylglyoxal into clouds and fog can lead to, first,
aqueous-phase oxidation, whose rates depend on highly
variable hydroxyl radical concentrations. Subsequently, as
cloud droplets evaporate, 33 ( 11% and 19 ( 13% of the
remaining glyoxal and methylglyoxal, respectively, will form
oligomers, and therefore SOA, due to self-reactions. These
percentages can be multiplied by the estimates of Fu et al.
(10) to show that, ignoring oxidation and reactions with other
nucleophiles, glyoxal and methylglyoxal can produce 1 and
1.6 Tg C/yr SOA, respectively, via self-reaction to form
oligomers. This is a factor of 4 lower than the estimated SOA
production from glyoxal and methylglyoxal when evaporation
from cloud droplets was neglected (10). However, these
estimates are likely lower limits because oxidation, which
takes place prior to oligomer formation, will form additional
low-volatility products during each cloud cycle (46). In
addition, the presence of amino compounds (28) and
hydroxyacetone (27) in clouds may increase the amount of
SOA formed.
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