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Abstract. We show that methylglyoxal forms light-

absorbing secondary organic material in aqueous ammonium

sulfate and ammonium nitrate solutions mimicking tropo-

spheric aerosol particles. The kinetics were characterized us-

ing UV-Vis spectrophotometry. The results suggest that the

bimolecular reaction of methylglyoxal with an ammonium

or hydronium ion is the rate-limiting step for the formation

of light-absorbing species, with kII
NH4+

=5×10−6 M−1 min−1

and kII
H3O+

≤ 10−3 M−1 min−1. Evidence of aldol con-

densation products and oligomeric species up to 759 amu

was found using chemical ionization mass spectrometry

with a volatilization flow tube inlet (Aerosol-CIMS). Ten-

tative identifications of carbon-nitrogen species and a sulfur-

containing compound were also made using Aerosol-CIMS.

Aqueous solutions of methylglyoxal, with and without in-

organic salts, exhibit significant surface tension depression.

These observations add to the growing body of evidence that

dicarbonyl compounds may form secondary organic mate-

rial in the aerosol aqueous phase, and that secondary organic

aerosol formation via heterogeneous processes may affect

seed aerosol properties.

1 Introduction

Laboratory and field studies suggest that carbonyl-containing

volatile organic compounds, when absorbed by aqueous

aerosol particles or cloud droplets, participate in aqueous-

phase chemistry to form low-volatility secondary organic

material (SOA) (Jang et al., 2002; Kroll et al., 2005; Lig-

gio et al., 2005; Volkamer et al., 2006, 2007, 2009; Loeffler

et al., 2006; Zhao et al., 2006; Gao et al., 2006; Altieri et

al., 2008; Carlton et al., 2008; Nozière et al., 2009a, b; Gal-
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loway et al., 2009; Shapiro et al., 2009; Fu et al., 2009; El

Haddad et al., 2009; De Haan et al., 2009a). There is evi-

dence that SOA formation may affect properties of the seed

aerosol such as CCN activity (Cruz and Pandis, 1997; Hartz

et al., 2005; King et al., 2007, 2009; Engelhart et al., 2008;

Duplissy et al., 2008; Michaud et al., 2009), optical prop-

erties (Saathoff et al., 2003; Nozière et al., 2007, 2009b;

Nozière and Esteve, 2007; Casale et al., 2007; Shapiro et

al., 2009; De Haan et al., 2009a) and heterogeneous re-

activity towards gases such as N2O5 (Folkers et al., 2003;

Anttila et al., 2006). A variety of potentially surface-active

SOA products have been proposed, including organic acids,

organosulfates, nitrogen-containing organics, aldol conden-

sation products, and highly oxygenated oligomeric material.

In an aqueous aerosol particle, surface-active products may

partition to the gas-particle interface, lowering the surface

tension (and thus the critical supersaturation required for

cloud droplet activation) and acting as a barrier to mass trans-

port between the gas and aqueous phases. Light-absorbing

SOA products which could increase the absorption index of

the seed aerosol have also been identified in laboratory stud-

ies. Aldehydes have been reported to undergo aldol con-

densation in aqueous aerosol mimics to form π -conjugated

species (Nozière et al., 2007; Nozière and Esteve, 2007;

Casale et al., 2007). We recently reported the formation

of light-absorbing, oligomeric molecules in aqueous aerosol

mimics containing glyoxal and ammonium salts (Shapiro et

al., 2009). De Haan et al. (2009a, b) observed browning upon

the reaction of glyoxal with amino acids in aerosol and cloud

droplet mimics.

Methylglyoxal (C3H4O2) is an atmospheric oxidation

product of many anthropogenic and biogenic volatile or-

ganic compounds (Tuazon et al., 1986; Grosjean et al., 1993;

Smith et al., 1999). There is mixed evidence in the liter-

ature regarding the potential of methylglyoxal to be a di-

rect precursor for heterogeneous SOA formation in aque-

ous aerosols. Methylglyoxal becomes hydrated and forms
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Scheme 1. Proposed reaction pathways for methylglyoxal.

acetal and hemiacetal oligomers in aqueous solution (Nemet

et al., 2004; Paulsen et al., 2005; Loeffler et al., 2006; Zhao

et al., 2006; Krizner et al., 2009). Kalberer et al. (2004)

suggested that methylglyoxal acetal oligomers could explain

their observation of polymeric material in secondary or-

ganic aerosols formed in a reaction chamber by the pho-

tooxidation of 1,3,5-trimethylbenzene. Barsanti and Pankow

(2005) and Krizner et al. (2009) predicted that aldol con-

densation should be favorable for methylglyoxal in aerosols.

Singly hydrated methylglyoxal has been reported to be the

dominant monomeric species in aqueous methylglyoxal sys-

tems (Nemet et al., 2004). Singly hydrated methylglyoxal

may participate in self-aldol condensation via two possible

pathways initiating with enol formation with the C=C dou-

ble bond forming from either terminal carbon, as shown

in Scheme 1. Note that we refer to the overall process of

aldol addition followed by dehydration as aldol condensa-

tion (Muller, 1994). Zhao et al. (2006) measured non-zero

methylglyoxal uptake onto aqueous sulfuric acid solutions in

a coated-wall flow tube reactor. However, in aerosol cham-

ber studies Kroll et al. (2005) observed that methylglyoxal

uptake to acidic ammonium sulfate seed aerosols did not lead

to significant particle growth.

We studied the formation of light-absorbing secondary or-

ganic products in aqueous solutions containing methylgly-

oxal and ammonium salts. The kinetics of formation were

characterized using UV-Vis spectrophotometry. We also

characterized the reaction products via atomization of diluted

reaction mixtures followed by detection with chemical ion-

ization mass spectrometry with a volatilization flow tube in-

let (Aerosol-CIMS). We found evidence of aldol condensa-

tion products and high-molecular-weight oligomeric species,

as well as possible sulfur-containing compounds and carbon-

nitrogen species. Pendant drop tensiometry measurements

show that aqueous solutions of methylglyoxal exhibit sur-

face tension depression, and the effect is enhanced when

NaCl or (NH4)2SO4 is present. These observations add to

the growing body of evidence that dicarbonyl compounds

form secondary organic material in the aqueous phase, and

that SOA formation via heterogeneous processes may affect

seed aerosol properties.

2 Methods

2.1 Bulk solution preparation

Salt concentrations in atmospheric aerosols at typical rela-

tive humidities exceed bulk saturation concentrations (Tang

and Munkelwitz, 1994; Tang et al., 1997). In an effort

to mimic atmospheric aerosol compositions to the extent

possible in a bulk solution, solutions were prepared using

Millipore water and high (near-saturation) concentrations of

the salt of interest (3.1 M (NH4)2SO4, 5.1 M NaCl, 1.18 M

Na2SO4, 8.7 M NH4NO3). Methylglyoxal concentrations

ranged from 0–2.0 M, corresponding to ∼0–25 wt% of the

solute. Methylglyoxal was introduced from a 40 wt% aque-

ous solution (Sigma Aldrich). Mixing time was counted as

time after the 40 wt% methylglyoxal solution was introduced

to the aqueous salt solution. The aqueous methylglyoxal

stock solution was pH=2.0 (±0.1) when tested with an Ac-

cumet model 20 pH/conductivity meter (Fisher Scientific),

and the reaction mixtures that contained ≥16.2 mM methyl-

glyoxal were pH=2.0 (±0.1), without buffering or further ad-

dition of acid. This is within the range of pH relevant to tro-

pospheric aerosols (Keene et al., 2004; Zhang et al., 2007).

In experiments performed to test the effect of varying pH, di-

lute HNO3 was added to the reaction mixtures dropwise until

the desired pH was reached.

Methylglyoxal stock solution is acidic due to the presence

of a small amount of pyruvic acid impurity. Pyruvic acid

is a relatively strong organic acid, with pKa=2.49. There-

fore, the fact that our stock solution is pH=2 corresponds to

a very small (0.07% by mole) impurity of pyruvic acid in the

methylglyoxal stock solution.

Solutions were prepared in 100 mL Pyrex volumetric

flasks. Pyrex is opaque to light with wavelengths <280 nm

(Corning, Inc.), but the samples were not further protected

from ambient light except for control experiments as speci-

fied in the text. All experiments were performed at ambient

temperature and pressure.

2.2 UV-Vis spectrophotometry

The UV-Vis absorption spectra of the reaction mixtures were

measured using an HP 8453 UV-Visible Spectrophotometer

with a 10 mm open-top quartz cuvette.

2.3 Surface tension measurements

Surface tension was measured using pendant drop tensiome-

try as described in Shapiro et al. (2009). Briefly, droplets of

sample solution were suspended from the tip of a glass cap-

illary tube using a 100 µL syringe mounted inside a chamber

with quartz windows. Images were captured as described by

Anastasiadis et al. (1987). The method of Canny (1986) was

Atmos. Chem. Phys., 10, 997–1016, 2010 www.atmos-chem-phys.net/10/997/2010/



N. Sareen et al.: SOA formed by methylglyoxal in aqueous aerosol mimics 999

 

Turbo  

pump

To pumps

SMPS

Turbo  

pump

N2/CH3I

or N2/H2O

210Po

VFT

Quadrupole Mass 

Spectrometer       

CI 

Region

Atomizer 

TSI 3076

dry N2

d
il
u
ti
o
n

Fig. 1. Schematic of Aerosol-CIMS setup for the detection of products formed during the reactions of methylglyoxal in aqueous solution

with (NH4)2SO4 or NaCl. SMPS: scanning mobility particle sizer, VFT: volatilization flow tube, CI: chemical ionization. See text for

details.

implemented in MATLAB 7.0 (The MathWorks, Inc.) for

edge detection. Surface tension was calculated according to:

σ =
1ρgd2

e

H
(1)

where σ is surface tension, 1ρ is the difference in density

between the solution and the gas phase, g is acceleration due

to gravity, de is the equatorial diameter of the droplet, and H

is the shape factor (Adamson and Gast, 1997). The method

of several selected planes was used for determining H based

on the diameter of the drop at five intervals along the drop

axis (Juza, 1997). Solution density was measured using an

analytical balance readable to within ±10 µg (Denver Instru-

ments).

2.4 Aerosol-CIMS

Aerosol-CIMS enables measurements of aerosol composi-

tion simultaneously with gas-phase composition, with the

high sensitivity, selectivity, and fast time response of CIMS

(Hearn and Smith, 2004a, 2006b; McNeill et al., 2007,

2008). This technique allows speciated measurements of

aerosol organics which are selective based on the choice of

parent ion. Chemical ionization is a relatively soft ioniza-

tion technique that results in low fragmentation of organ-

ics, thus simplifying their identification and quantification.

Aerosol-CIMS has been used for laboratory studies of the ox-

idative aging of organic aerosols (Hearn and Smith, 2004b,

2005, 2006a, 2007; Hearn et al., 2005, 2007; McNeill et al.,

2007, 2008) and to characterize aerosols of unknown, com-

plex chemical composition (Hearn and Smith, 2006b).

Experiments were conducted using a custom-built

Aerosol-CIMS apparatus. Analyte molecules were detected

as the products of their interactions with I− or H3O+.(H2O)n
using a quadrupole mass spectrometer with high mass

(≤1000 amu) capabilities (Extrel CMS). The two reagent

ions used, I− and H3O+.(H2O)n, are complementary in their

versatility (H3O+.(H2O)n) and selectivity (I−). A schematic

of the experimental system is shown in Fig. 1.

Mixtures initially containing 1.62 M methylglyoxal and

3.1 M (NH4)2SO4 or 5.1 M NaCl were prepared using Mil-

lipore water as described in the previous section. After the

desired reaction time had passed, the mixtures were diluted

with Millipore water until the salt concentration was 0.2 M.

Reaction time was generally >24 h, which was sufficient

time for significant light absorption and surface tension de-

pression to develop in the methylglyoxal/(NH4)2SO4 solu-

tions. Reaction kinetics at short times were investigated as

follows: a small amount of reaction mixture initially contain-

ing 1.62 M methylglyoxal and 3.1 M (NH4)2SO4 was diluted

2 min after mixing. Another sample of the same bulk reaction

mixture was diluted 38 min after mixing. The mass spectra

of these samples were measured using Aerosol-CIMS imme-

diately after dilution.

Two control experiments were performed, the first in

which a 0.2 M (NH4)2SO4 solution at pH=2 and the second
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in which a 0.05 M methylglyoxal solution was atomized and

analyzed using Aerosol-CIMS. Additional control experi-

ments to test the performance of Aerosol-CIMS in the high

mass detection mode were performed using a solution of

0.2 M NaCl and 3.9 mM poly(ethylene glycol) (PEG) (Sigma

Aldrich, 570–630 amu) in Millipore water. The instrument

was calibrated using aerosol-phase succinic acid (C4H6O4).

Aerosols were generated by atomizing a solution of 0.001 M

succinic acid in Millipore water. Since the liquid water con-

tent of the aerosol particles was not known, we assume that

the aerosol mass measured by the SMPS was comprised

of 100% succinic acid and report the calculated sensitiv-

ity and detection limit values as lower and upper limits, re-

spectively. The instrument sensitivity to aerosol-phase suc-

cinic acid was measured using the I− detection scheme to be

≥100 Hz ppt−1 with a detection limit of ≤0.01 µg m−3. Us-

ing the H3O+.(H2O)n scheme, the sensitivity to succinic acid

was ≥66 Hz ppt−1 and the detection limit was ≤0.02 µg m−3.

The dilute solutions were aerosolized with N2 using a con-

stant output atomizer (TSI 3076), forming submicron parti-

cles. The aerosol stream was combined with a dry N2 di-

lution flow, resulting in a relative humidity of 50–60% as

measured with a hygrometer (Vaisala). The particle popu-

lation was characterized using a scanning mobility particle

sizer (SMPS) (Grimm Technologies, TSI). The aerosol had

a lognormal size distribution with a typical geometric stan-

dard deviation of 1.8 and a mean volume-weighted particle

radius of 119±1 nm. Typical number concentrations were

7×104 cm−3. The aerosol stream passed through a 23 cm-

long, 1.25 cm ID PTFE tube wrapped in heating tape in order

to volatilize the organics before entering the chemical ion-

ization region of the mass spectrometer. The external tem-

perature of the inlet was maintained at 135 ◦C using a ther-

mocouple and temperature controller (Staco Energy). No

increase in signal was observed when the inlet temperature

was increased to 160 ◦C. Some experiments were performed

with no inlet heating in order to test for species which were

volatile at room temperature.

Flow through the aerosol inlet into the chemical ioniza-

tion region was maintained at 3 SLPM using a critical orifice.

The chemical ionization (CI) region consists of a 3.5 cm ID

stainless steel manifold which is 3.8 cm long. Pressure in the

CI region is maintained at 45–55 Torr by a mechanical pump

(Varian DS302). For the negative ion detection scheme, I−

reagent ions were generated by flowing dilute CH3I (Alfa

Aesar, 99.5%) in 3 SLPM N2 (Tech Air, 99.999%) through a
210Po ionizer (NRD). The ionizer was mounted perpendicu-

lar to the CI region. For detection with H3O+.(H2O)n, ions

were generated by flowing a combined stream of 2 SLPM N2

bubbled through Millipore water and 3 SLPM dry N2 through

the ionizer. Ion-neutral reaction times were 20–30 ms. For

the H3O+.(H2O)n detection scheme, the predominant peaks

in our spectra are H3O+.(H2O)2 at 55 amu and H3O+.(H2O)3

at 73 amu. The reagent ions react with the neutral species

through proton transfer (Hearn and Smith, 2004a):

H3O+.(H2O)n +R → RH+ +(H2O)n+1 (2)

or ligand switching (Blake et al., 2009) :

H3O+.(H2O)n +R → H3O+.R+(H2O)n (3)

and the species are then detected as the protonated analyte

molecule or its cluster with H2O. In the I− detection scheme

the analyte molecules form clusters with I− via a ligand-

switching reaction:

I−.H2O+R → I−.R+H2O (4)

or they are ionized via proton abstraction:

I− +R−H → R− +HI (5)

Ions passed from the CI region through a 0.05 cm-ID charged

orifice into a collisional dissociation chamber (CDC) which

was maintained at 5 Torr by a mechanical pump (Var-

ian DS402). Ions may be accelerated through this re-

gion using a series of biased cylindrical lenses in order to

control clustering. The CDC is separated from the MS

prechamber (∼10−4 Torr) by a second charged orifice plate

(ID=0.05 cm). The prechamber contains an ion optics as-

sembly (Extrel CMS) and is separated by a 0.2 cm-ID ori-

fice from the final chamber (∼10−7 Torr) which houses the

19 mm quadrupole and detector (Extrel CMS). The final two

chambers are differentially pumped by identical turbomolec-

ular pumps (Varian TV-301 Navigator) backed by a single

mechanical pump (Varian DS302). For regular operation

the RF operating frequency for the mass spectrometer was

1.2 MHz; for high mass mode a 0.88 MHz RF supply was

used (Extrel CMS).

2.5 DFT calculations

Geometry optimizations and energy calculations were per-

formed using Jaguar 6.0 (Schrodinger, Inc.) with the Chem-

Bio3D interface (CambridgeSoft) in order to evaluate the

UV-Vis absorption of potential products and the energetics

of reaction pathways, and to evaluate the interactions of pro-

posed product molecules with I− for CIMS detection. Den-

sity functional theory (DFT) with the B3LYP functional and

the cc-pVTZ(-f) basis set (Kendall et al., 1992) was used

to predict the HOMO-LUMO energy difference (and thus

UV-Vis absorption wavelengths) of proposed products. For

purposes of comparison with Krizner et al. (2009) some

additional calculations were performed with the 6-311G**

basis set and Poisson-Boltzmann solvation (water solvent,

ε=80.37, probe radius = 1.40 Å). The Gibbs free energy of

solvated species was calculated using half the gas phase en-

tropy following Krizner et al. (2009).

For the CIMS ion-molecule reaction calculations, DFT

was used with the B3LYP functional and the ERMLER2 ba-

sis set, which allows the treatment of iodine via the use of ef-

fective core potentials (Lajohn et al., 1987). The free energy

Atmos. Chem. Phys., 10, 997–1016, 2010 www.atmos-chem-phys.net/10/997/2010/
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Fig. 2. UV-Vis spectra of aqueous solutions containing 3.1 M (NH4)2SO4 and (a) 16.2 mM methylglyoxal and (b) 1.62 M methylglyoxal as a

function of time after mixing. Absorbance is shown as a function of wavelength in the upper panels, and absorbance at selected wavelengths

is shown in the lower panels. Error bars reflect uncertainty in the measured absorbances based on variation observed in the baseline signal.

change for the ligand-switching reaction or proton abstrac-

tion was calculated. For the ligand switching reactions sev-

eral geometries for the cluster of the analyte molecule with

I− were tested for each species, and in some cases several

stable cluster geometries (local minima) were found. In each

case, 1G for the lowest-energy cluster geometry (global

minimum) is reported. The free energy values reported here

are from the output of the 298.15 K vibrational frequency cal-

culation and no further corrections were applied.

3 Results and discussion

Solutions containing ≥0.16 M methylglyoxal and

(NH4)2SO4 became visibly colored immediately after

mixing and became progressively darker in color with

time. The color varied noticeably with initial methylglyoxal

concentration; solutions with higher initial concentrations of

methylglyoxal were darker in color.

3.1 UV-Vis absorption

The products formed by methylglyoxal in aqueous solu-

tions containing (NH4)2SO4 or NH4NO3 absorb light at

UV and visible wavelengths (ref. Figs. 2–3 and Supplemen-

tary Information: http://www.atmos-chem-phys.net/10/997/

2010/acp-10-997-2010-supplement.pdf).

3.1.1 Experimental results

Aqueous methylglyoxal solutions with no salt have a broad

absorbance peak at 290 nm at ambient temperatures (Nemet

et al., 2004). A kinetics study of 16.2 mM methylglyoxal

in 3.1 M (NH4)2SO4 (aq) (Fig. 2a) shows that after a delay

of ∼1 h, peaks grow in at 213 nm and 282 nm with roughly

exponential time dependence. The measured absorbance

of a solution of 1.62 M aqueous methylglyoxal and 3.1 M

(NH4)2SO4 initially increases upon mixing across all wave-

lengths (Fig. 2b). This initial increase in baseline absorption

could indicate either formation of at least one light-absorbing

reaction intermediate that is consumed in later steps of the

mechanism, or a transient change in the bulk properties (e.g.

refractive index, density) of the solutions. After 1 h, the

www.atmos-chem-phys.net/10/997/2010/ Atmos. Chem. Phys., 10, 997–1016, 2010
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Table 1. Proposed reaction products. Predictions for the energy

of the gas phase HOMO-LUMO transition and the wavelength of

UV-Vis absorption from DFT B3LYP/cc-pvtz(-f) simulations are

shown. References are indicated by: 1) Nemet et al. (2004), 2) Zhao

et al. (2006), 3) Krizner et al. (2009).
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(a) 3.1 M (NH4)2SO4 and varying initial concentrations of methyl-

glyoxal, pH=2.0(±0.1), 3.0 h after mixing. (b) 3.1 M (NH4)2SO4,

1.62 mM methylglyoxal, and varying pH 24 h after mixing, and

(c) 16.2 mM methylglyoxal and varying initial concentrations of

(NH4)2SO4, 24 h after mixing. Error bars reflect uncertainty in the

measured absorbances based on variation observed in the baseline

signal.

Fig. 3b. The absorbance at 282 nm of solutions initially con-

taining 16.2 mM methylglyoxal 24 h after mixing is linearly

dependent on the initial (NH4)2SO4 concentration, as shown

in Fig. 3c.
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Control samples containing 1.62 M methylglyoxal and

5.1 M NaCl or 1.18 M Na2SO4 exhibited UV-Vis spectra

similar to aqueous methylglyoxal in the absence of salt af-

ter 24 h. A sample initially containing 1.62 M methylgly-

oxal and 3.1 M (NH4)2SO4 was protected from light until

analysis by covering the reaction vessel with aluminum foil,

and the resulting spectrum at 24 h was identical to that of

an unprotected solution with the same composition. This

indicates that the reactions leading to light-absorbing com-

pounds in this study are not photochemical. The results

of these control experiments can be found in the Supple-

mentary Material (http://www.atmos-chem-phys.net/10/997/

2010/acp-10-997-2010-supplement.pdf).

3.1.2 DFT calculations

The results of our B3LYP/cc-pVTZ(-f) calculations of the

HOMO-LUMO energy difference (and thus UV-Vis absorp-

tion wavelengths) of several proposed products are listed in

Table 1. When molecules absorb light, their electrons may

be promoted from the HOMO (highest occupied molecular

orbital) to the LUMO (lowest unoccupied molecular orbital).

The energy difference between these levels corresponds to

the wavelength of absorption according to E=hc/λ where E

is the HOMO-LUMO energy difference, h is Planck’s con-

stant, c is the speed of light in vacuum, and λ is the wave-

length.

Our calculations were made for gas-phase molecules.

Meller et al. (1991) reported that gas-phase methylglyoxal

has an absorption peak at 280 nm. Our B3LYP/cc-pVTZ(-

f) calculations predict that gas-phase, unhydrated methylgly-

oxal has an absorption peak at 291.1 nm. Therefore we esti-

mate that our predictions for these molecules in the absence

of solvent effects are accurate to within ∼12 nm. Further de-

viation between the theoretical results and experiment may

result from solvent effects. The n to π* excitation band char-

acteristic of carbonyl compounds appears at ∼290 nm and

is known to shift toward lower wavelengths (blue shift) for

a molecule in aqueous solvent compared to the gas phase

(Skoog et al., 1997). For acetone this shift is approximately

12 nm, and for crotonaldehyde the shift is ∼30 nm (Bayliss

and McRae, 1954). Therefore, we can estimate an error

range of (−12 nm, +42 nm) for the predicted absorbances.

Note that aqueous methylglyoxal solutions will contain a

mixture of mono- and di-hydrated methylglyoxal, aldol con-

densation products, and hemiacetal oligomers (Krizner et al.,

2009), so it is less straightforward to map the observed spec-

trum of aqueous methylglyoxal to the gas-phase absorbance

of a single molecule for purposes of this discussion.

Referring to Scheme 1, Krizner et al. (2009) showed that

aldol pathway (2) is thermodynamically favorable for aque-

ous methylglyoxal (they did not study pathway (1)). Our

B3LYP/6-311G** calculations with Poisson-Boltzmann sol-

vation show that 1G=10.5 kcal mol−1 for the formation of

the pathway (1) enol from singly hydrated methylglyoxal,

close to Krizner et al.’s value of 11.9 kcal mol−1 for the for-

mation of the pathway (2) enol, suggesting that both enol

species should be present in small quantities at equilibrium.

Aldol addition via pathway (1) is likely to terminate after

dimer or trimer formation due to the formation of organic

acid or ketone end groups (e.g. species (c–g), Table 1). It is

not energetically favorable for aldol addition at ketone end

groups to continue via pathway (1) due to steric hindrance

from the methyl group. Instead, these ketones may form

an enol and follow pathway (2) for continuing aldol addi-

tion. Additionally, because of the methyl group, many of the

products of aldol addition via pathway (1) cannot proceed

with dehydration (e.g. species (g), Table 1). Pathway (2) re-

sults in carbonyl termination (e.g. species (h) and (i), Table 1)

and therefore aldol condensation could propagate beyond the

trimer.

Referring to Fig. 2a, based on our B3LYP/cc-pvtz(-f) pre-

dictions, the species absorbing at 213 nm could correspond

to an aldol addition product such as species (f) or (g) in Ta-

ble 1. Acetals such as species (b) in Table 1 may also absorb

at this wavelength. As described above, we estimate the error

range of our theoretically predicted absorbances compared to

the observed aqueous-phase spectra to be roughly (−12 nm,

+42 nm). Therefore the absorbance band at 286 nm could

correspond to a species predicted to absorb within the range

274 nm< λ < 328 nm. Species which lie within this range

include the pathway (2) aldol addition product species (h),

which is predicted to absorb at 320 nm. Given the approxi-

mate nature of these lower and upper bounds, another candi-

date species could be species (c) which is predicted to absorb

at 271.1 nm. Species (c) is the aldol condensation product

corresponding to the aldol addition product (f). C=N bonds

could also contribute to the observed absorbance.

3.2 Surface tension

Solutions containing 3.1 M (NH4)2SO4 and varying initial

concentrations of methylglyoxal exhibit significant surface

tension depression compared to 3.1 M (NH4)2SO4 solutions

without organics (ref. Fig. 4). The surface tension depression

follows a Langmuir-like dependence on initial methylglyoxal

concentration, with a minimum (saturation) surface tension,

σmin, of 41 (±2) dynes cm−1 based on a fit to the data using

the following equation:

σ = σ0 −S
bM0

1+bM0
(6)

where σ is the surface tension, σ0 is the surface tension of

the solution with no methylglyoxal, M0 is the initial methyl-

glyoxal concentration, and S and b are fit parameters. Values

of σ0 for (NH4)2SO4 (aq) and NaCl (aq) were taken from

the International Critical Tables (2003). The physical inter-

pretation of S is the surface tension depression when the sur-

face is saturated, such that σmin=σ0 −S, and b is an equilib-

rium coefficient that describes surface-bulk partitioning. A
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Fig. 4. Results of pendant drop tensiometry measurements of aque-

ous mixtures as a function of initial methylglyoxal concentration

for aqueous solution, 3.1 M (NH4)2SO4 (aq), and 5.1 M NaCl (aq).

The ratio of measured surface tension to the measured surface ten-

sion of Millipore water is shown. The measurements were made

≥24 h after mixing. Each point reflects the weighted average of five

to eight measurements, and the error bars represent the standard de-

viation in the raw data. The best fit curve to each data set based on

Eq. (6) is also shown.

time series was performed on a solution initially containing

1.62 M methylglyoxal and 3.1 M (NH4)2SO4. The measured

surface tension fluctuated for 2.5 h before stabilizing at 45

(±1) dynes cm−1, then slowly decreased over the next 21.5 h

to the minimum value (41 (±2) dynes cm−1). Control ex-

periments were performed in order to evaluate the role of

(NH4)2SO4. For aqueous methylglyoxal solutions with no

salts present σmin=52 (±3) dynes cm−1. Therefore, while hy-

drated methylglyoxal and/or the oligomers it forms in aque-

ous solution are surface-active, the overall surface-tension

lowering effect is less than when (NH4)2SO4 is present

in solution. Solutions containing 5.1 M NaCl and varying

amounts of methylglyoxal follow a trend similar to that of

the (NH4)2SO4 solutions, with σmin=43 (±2) dynes cm−1

(Fig. 4).

Surface tension depression for methylglyoxal solutions

containing 5.1 M NaCl or 3.1 M (NH4)2SO4 is greater than

that observed for aqueous methylglyoxal in the absence of

salts. The observed enhancement in surface tension depres-

sion is likely to be a physical effect of the salts rather than

an effect of especially surface-active products formed by a

chemical reaction of methylglyoxal with the salts. High salt

concentrations can result in a decreased critical micelle con-

centration due to charge screening, and thus cause enhanced

film formation (Matijevic and Pethica, 1958; Li et al., 1998).

Salts can also decrease the solubility of organics, commonly

referred to as “salting out” (Setschenow, 1889), possibly re-

sulting in surface film formation. Salts have commonly been

  

Fig. 5. Negative-ion mass spectrum of aerosolized aqueous solu-

tions initially containing methylglyoxal alone (grey) or with NaCl

(blue) or (NH4)2SO4 (red) (see text for details). Select product

species were detected using I− as the reagent ion. Peaks associ-

ated with I− and its cluster with H2O as well as the mass-to-charge

ratios of product peaks are labeled.
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Fig. 6. Detail of a 0.5 amu-resolution negative ion mass spec-

trum of aerosolized methylglyoxal/(NH4)2SO4 solution. A peak

at 225.2 amu and a satellite peak at 227.2 amu are shown.

observed to enhance the surface tension lowering effects of

HULIS and organic diacids (Shulman et al., 1996; Kiss et al.,

2005; Asa-Awuku et al., 2008).

Glyoxal was previously observed not to be surface-active

in hydrated form or to form surface-active products in aque-

ous (NH4)2SO4 solutions (Shapiro et al., 2009). Com-

pared with glyoxal, the methyl group adds hydrophobicity

to methylglyoxal and its oligomer products, increasing their

surface activity.

3.3 Aerosol-CIMS

Representative Aerosol-CIMS mass spectra for the

aqueous methylglyoxal, methylglyoxal/NaCl and

methylglyoxal/(NH4)2SO4 systems using I− or

H3O+.(H2O)n as the reagent ion are shown in Figs. 5–

8. The spectra represented in these figures have mass
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resolution of 1 amu except as noted; peak assignments were

made using 0.5 amu resolution spectra.

3.3.1 Negative ion detection with I−

A summary of proposed peak assignments for the mass

spectra in Fig. 5 using I− as the reagent ion can be

found in Table 2. Significant signal in the aqueous

methylglyoxal control spectrum is observed at 173.0,

190.1, 217.3, and 273.5 amu. Most of the peaks in

the methylglyoxal/(NH4)2SO4 mass spectrum are also

found in the methylglyoxal/NaCl spectrum. Increased

signal appears at 271.5, 273.5, and 289.5 amu in the

methylglyoxal/(NH4)2SO4 spectrum. Peaks unique to

methylglyoxal/(NH4)2SO4 include 225.2 and 275.6 amu.

The peak at 217.3 amu is consistent with the cluster of I−

with singly hydrated methylglyoxal. The presence of multi-

ple peaks >217.3 amu is indicative of dimer formation.

DFT calculations

I− has previously been used as a reagent ion with Aerosol-

CIMS to detect organic acids in aerosols (McNeill et

al., 2007, 2008). Since the product species expected

to be present in this reactive system (methylglyoxal, ac-

etal/hemiacetal oligomers, aldol condensation oligomers)

have not been previously detected via the I− ionization

scheme, we performed ab initio calculations in order to char-

acterize the interaction of proposed product species with I−.

The results are summarized in Table 3. Optimized geome-

tries and calculated energies for each species can be found in

the Supplementary Material (http://www.atmos-chem-phys.

net/10/997/2010/acp-10-997-2010-supplement.pdf). Our

calculations show that the formation of clusters between I−

and several of the acetal and hemiacetal species proposed

by Zhao et al. (2006) via ligand switching with I−.H2O is

thermodynamically favorable, particularly when two or more

hydroxyl moieties are available to interact with I− simulta-

neously. This is also the case for hydrated methylglyoxal

species. Non-hydrated methylglyoxal is not predicted to

form strong clusters with or be ionized by I−, and therefore

we do not expect to detect it using this approach. Aldol ad-

dition products from either pathway (e.g. species (d) or (h)

from Table 3), if present, should be detected as their clus-

ters with I−. The only aldol condensation products which

we predict to form strong clusters with I− are those species

which terminate in a carboxylic acid group (e.g. species (f)

from Table 3). We do not expect to observe products of aldol

pathway (2) (ref. Scheme 1) such as species (c) from Table 3

with this ionization scheme.

Volatile species

The peaks at 173.0, 190.1, and 217.3 amu were present in

the same magnitude whether the volatilization inlet heat was

turned on or off, indicating that these signals are associated

  

Fig. 7. Positive ion mass spectrum of aerosolized aqueous solutions

initially containing methylglyoxal alone (grey) or with NaCl (blue)

or (NH4)2SO4 (red). H3O+.(H2O)n was the chemical ionization

reagent. The mass-to-charge ratios of select product peaks are la-

beled.

with volatile species. The signal observed at 173.0 amu is

consistent with formic acid (I−.HCOOH). Gas-phase formic

acid has been previously observed to be an oxidation product

of organic acids in aerosols; it was detected at this mass using

Aerosol-CIMS with the same ionization scheme used here

(McNeill et al., 2008). The signal we observe at 190.1 amu

is consistent with a molecular formula of I−.CH5O2N, but

it is more likely due to the water cluster of the formic acid

peak.

(Hemi)acetals and aldol condensation products

The peak at 271.5 amu is attributed to the molecular formula

I−.C6H8O4, which could correspond to the pathway (1) al-

dol condensation dimers or pathway (2) aldol addition prod-

ucts (ref. Scheme 1 and Table 2). 289.5 amu is consistent

with I−.C6H10O5, and therefore can be matched to acetal and

hemiacetal dimers proposed by others (Nemet et al., 2004;

Loeffler et al., 2006; Zhao et al., 2006) or pathway (1) aldol

addition products. Small amounts of signal at both of these

masses are present in the methylglyoxal/NaCl spectrum, and

temperature control experiments indicate that these species

are semivolatile.

Since succinic acid, an organic diacid, is expected to clus-

ter strongly with I− we may assume that the instrument sen-

sitivity to succinic acid (100 Hz ppt−1) is an upper limit for

the sensitivity to these species. Using this assumption, we es-

timate lower bounds for the production rates of the species at

271.5 and 289.5 to be ≥10−3 M min−1 and ≥10−2 M min−1,

respectively.

The peaks at 273.5 and 275.6 amu are assigned the molec-

ular formulas I−.C6H10O4 and I−.C6H12O4, respectively.

These molecular formulas, since they each contain six car-

bons, are consistent with the addition of two methylgly-

oxal monomers. Possible structures are shown in Ta-

ble 2, but the formation mechanisms of these species in the

methylglyoxal/(NH4)2SO4 system are not known.
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Table 2. Proposed peak assignments for Aerosol-CIMS mass spectra with I− as the reagent ion. See text for details.

 

m/z (amu) 
± 0.5 amu 

Ion 
formula 

Molecular
formula 

Possible Structure(s) 

217.3 

 
I
-.
C3H6O3 C3H6O3 

225.2 C6H9O7S
- 

C6H10O7S 

 

271.5 I
-.
C6H8O4 C6H8O4 

 

273.5 I
-.
C6H10O4 C6H10O4 

 

275.6 I
-.
C6H12O4 C6H12O4 

   

289.5 I
-.
C6H10O5 C6H10O5 
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Fig. 8. Detail of a positive ion mass spectrum of an aerosolized

methylglyoxal/(NH4)2SO4 solution. Spectrum was taken in high-

mass mode with H3O+.(H2O)n as the reagent ion.

Sulfur-containing species

The peak at 225.2 amu features a satellite peak at 227.2 amu

with an abundance roughly consistent with the expected 95:4

ratio of the stable isotopes of sulfur 32S and 34S (Fig. 6),

suggesting a compound containing sulfur. Either a molecule

with a molecular weight of 226.2 amu (in the case of pro-

ton abstraction) or 98.3 amu (in the case of a cluster with

I−) would be consistent with the 225.2 amu mass-to-charge

ratio. The species with m/z 225.2 was observed to be non-

volatile at room temperature. One possible molecular for-

mula for this species is C6H9O7S−. The proposed structure

for the C6H9O7S− organosulfate species is shown in Table 1.

Our DFT calculations predict that proton abstraction from

the sulfate group by I−, rather than clustering via the ligand-

switching reaction, is thermodynamically favorable for this

species. Kinetics studies show that the signal at 225.2 amu

develops within approximately 30 min of mixing. Assuming

an upper limit sensitivity of 100 Hz ppt−1 for this species we

can estimate a production rate of ≥4×10−3 M min−1.

H2SO4 may cluster with I− or undergo proton abstraction.

I−.H2SO4, if present, would also appear at 225.2 amu and

display a satellite peak at 227.2 amu. In order to test for this
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Table 3. Proposed reaction products. Predictions for the free energy change of the ligand switching reaction with I−.H2O to form a cluster

with I− based on DFT B3LYP/ERMLER2 calculations are shown. Strong clustering is indicated in bold.

Molecule 
Molecular 
formula 

Molecular 
weight 
(amu) 

DFT 

ΔG (kJ mol-1) 
R + I-.H2O  I-.R + H2O 

a) 

 

C3H4O2 72.1 -3.14 

b) 

 

C3H6O3 90.1 -44.1 

c) 

 

C6H6O3  126.1 -16.1 

d) 

 

C6H8O4  144.1 -34.3 

e) 

 

C6H8O4 144.1 -1.07 

f) 

 

C6H8O4 144.1 -49.2 

g) 

 

C6H10O2N2 141.2 -7.77 

h) 

 

C6H10O5 162.1 -65.2 

i) 

 

C6H10O5 162.1 -65.7 

j) 

 

   C6H10O7S
 

 
226.2 

H-abstraction from the 
sulfate group: 

-118.0 

possibility a control experiment was performed in which a

0.2 M (NH4)2SO4 solution at pH=2 (similar to the conditions

of the solutions with methylglyoxal) was atomized and ana-

lyzed using Aerosol-CIMS. There was no peak at 225.2 amu

in the spectrum of the control, suggesting that the observed

peak in the methylglyoxal/(NH)2SO4 spectrum cannot be at-

tributed to inorganic sulfate or sulfuric acid. Hearn and Smith

(2006b) previously used Aerosol-CIMS with SF−
6 as the par-

ent ion and a volatilization temperature of 220 ◦C to detect

aerosol sulfate (as HSO−
4 , 97 amu). We observed a small

(∼300 cps) peak at 97 amu in the methylglyoxal/(NH4)2SO4

spectra but not in the control experiment. We note that

organosulfates have previously been observed to decompose

during negative ion mass spectrometry to generate HSO−
4

(Attygalle et al., 2001).

3.3.2 Positive ion detection using H3O+.(H2O)n

H3O+.(H2O)n is commonly used to detect VOCs, including

methylglyoxal (Zhao et al., 2006; Blake et al., 2009) and

has been used to detect volatilized aerosol organics including

levoglucosan from tobacco and wood smoke, limonene SOA

(Hearn and Smith, 2004a) and pyridine (Thornberry et al.,

2009). Table 4 lists the proposed peak assignments for the

spectra in Fig. 7 which were obtained using H3O+(H2O)n
as the reagent ion. More peaks appear in these spectra than

in those obtained using I− as a reagent ion because pro-

ton transfer via H3O+(H2O)n is favorable for a wider va-

riety of organics than ligand switching or proton abstrac-

tion via I− is. The aqueous methylglyoxal control spec-

trum features peaks at 94.9 amu and 112.9 amu. Signal at
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Table 4. Proposed peak assignments for Aerosol-CIMS mass spectra with H3O+.(H2O)n as the reagent ion. See text for details.

m/z (amu) 
± 0.5 amu 

Ion 
formula 

Molecular 
formula 

Possible Structure(s) 

125.9 C6H8O2N
+
 C6H7O2N 

  

143.8 
C6H10O3N

+
 

C6H8O2N
+.
H2O 

C6H9O3N 

C6H7O2N 

 

163.0 

C6H11O5

+
 

 

C6H10O5 

 

 

C6H9O4
+.
H2O C6H8O4 

                     

 

165.0 

C6H13O5

+
 C6H12O5 

  

C6H11O4

+.
H2O C6H10O4 

 

167.1 

C6H15O5
+
 C6H14O5 

  

C6H13O4
+.
H2O C6H12O4 

 

 

181.2 
C6H13O6

+
 

C6H11O5

+.
H2O 

C6H12O6 

C6H10O5 

 

235.3 
C9H15O7

+
  

 

C9H14O7  

 

 

94.9, 98.8, 125.9, 143.8, and 163.0 is significantly higher

in the methylglyoxal/(NH4)2SO4 spectrum as compared to

methylglyoxal/NaCl or aqueous methylglyoxal. Other no-

table peaks include 165.0, 167.1, 181.2, and 235.3 amu.

The peaks at m/z ≤167.1 amu (except for 98.8 amu) were

present in the mass spectrum when the volatilization inlet

was not heated, indicating that these signals are associated

with volatile or semivolatile species.

Methylglyoxal has been detected previously using pro-

ton transfer mass spectrometry (Zhao et al., 2006). In
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our experiment, the expected m/z for methylglyoxal coin-

cided with that of one of the parent ions, H3O+.(H2O)3,

at 73.1 amu. Water clusters of methylglyoxal or the hy-

drated forms would correspond with H3O+.(H2O)4 and

H3O+.(H2O)5 at 91.1 and 109.0 amu, respectively. A small

signal is observed at 109.0 amu.

The peak at 94.9 amu is consistent with a molecular for-

mula of C2H7O+
4 . This is likely a decomposition product or

fragment of a larger compound.

(Hemi)acetals and aldol condensation products

The peak at 125.9 amu is consistent with the molecular for-

mula C6H8O2N+, corresponding to a type 2 aldol conden-

sation product with a single imine substitution. The peak at

143.8 amu is consistent with a water cluster or aldol addition

precursor of that species, or else a type 1 aldol condensa-

tion product with one amine or imine substitution. No peaks

corresponding to these products were observed using the I−

detection scheme. As stated previously, our ab initio cal-

culations showed that products of aldol pathway (2) would

not likely be detected using I−. Small amounts of signal

at 125.9 amu and 143.8 amu are observed in the methylgly-

oxal/NaCl spectrum; since N-substitution would not be pos-

sible in the methylglyoxal/NaCl system, we will therefore

consider this identification of C-N species to be tentative.

The peak at 163.0 amu corresponds to C6H11O+
5 ; the

species which appear at 289.5 amu in the I− spectrum should

appear at this mass. Alternatively, it could be the water clus-

ter of C6H9O+
4 , the type 1 aldol condensation or type 2 aldol

addition products which were observed at 271.5 amu in the

I− spectrum. Acetal and hemiacetal species also appear at

181.2 and 235.3 amu (see Table 4).

The peaks at 165.0 and 167.1 amu correspond to C6H13O+
5

and C6H15O+
5 , respectively, or the water clusters of

C6H11O+
4 and C6H13O+

4 . These molecular formulas are con-

sistent with methylglyoxal dimers but the structure and for-

mation mechanism are not known for these species.

Sulfur-containing products

No peak at 227 amu, which would correspond to

C6H11O7S+, was observed in the methylglyoxal/(NH4)2SO4

spectrum as detected using H3O+(H2O)n. To our knowledge

organosulfates have not been previously detected using

proton transfer ionization.

A peak was observed at 98.8 amu, but no satellite peak

was present at 100.8 amu. The signal did not appear in the

methylglyoxal/NaCl spectrum. Control experiments con-

firmed that no peak appeared at 98.8 amu when acidified

(NH4)2SO4 without methylglyoxal was present in the at-

omizer solution. Proton transfer ionization is not expected

to allow detection of inorganic sulfate or sulfuric acid at

this mass. Molecular formulas consistent with this mass-to-

charge ratio include C6H11O+, C5H7O+
2 , or C4H3O+

3 .

High-molecular-weight species

In order to test our ability to detect high-molecular-weight

organics with the Aerosol-CIMS technique, we analyzed

aerosols containing NaCl and PEG (570–630 amu) in high-

mass mode. We observed two sets of peaks separated by

44(±1) amu (one ethylene oxide unit): {475.8, 518.9, 563.7,

607.4, and 651.5} and {502.4, 546.6, 590.9, 635.1}. This is

consistent with the observations of Bogan et al. (2007).

For methylglyoxal/(NH4)2SO4 we observed peaks from

536.6–759.5 amu in high-mass mode using H3O+(H2O)n as

the reagent ion (see Fig. 8). The peaks were separated by 74

amu, which could correspond to a unit of C3H6O2. We did

not observe non-background signal for m/z >300 amu when

using I− as the reagent ion. We previously observed that gly-

oxal forms oligomers of 500–600 amu in aqueous solution

when ammonium sulfate is present (Shapiro et al., 2009).

Kalberer et al. (2004) observed oligomers up to ∼750 amu

for aqueous methylglyoxal using LDI-MS.

3.3.3 Role of NaCl from Aerosol-CIMS data

Hemiacetal species have been observed by others to be

present in aqueous methylglyoxal solutions in the absence

of salts (Nemet et al., 2004). Aldol condensation was also

predicted to be favorable in aqueous methylglyoxal solutions

by Barsanti and Pankow (2005) and Krizner et al. (2009).

Therefore, the observation of several common peaks in

the spectra of the aqueous methylglyoxal control, methyl-

glyoxal/NaCl, and methylglyoxal/(NH4)2SO4 is to be ex-

pected. Comparison of the aqueous methylglyoxal control

and methylglyoxal/NaCl spectra suggests that NaCl may en-

hance the formation of hemiacetal species, which are not

light-absorbing.

3.4 Mechanism

The evidence from our UV-Vis and Aerosol-CIMS studies

together with our ab initio calculations points to aldol con-

densation as the mechanism for formation of light-absorbing

products in this system. We observed mass spectra consis-

tent with aldol addition and aldol condensation products, and

these species were shown via our ab initio calculations to be

consistent with the observed UV-Vis absorption spectra. The

calculations of Barsanti and Pankow (2005) and Krizner et

al. (2009) suggested that aldol condensation should be fa-

vorable for methylglyoxal in aerosols, and it has long been

known that methylglyoxal undergoes aldol condensation in

the presence of amino acids to form brown products (Enders

and Sigurdsson, 1943).

The results of our UV-Vis studies indicate that the forma-

tion of light-absorbing products is enhanced by the presence

of NH+
4 and H3O+. Our Aerosol-CIMS data also provides

supporting evidence that the presence of NH+
4 increases

the formation of aldol addition and condensation products.
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H3O+ is a well-known catalyst for aldol condensation (Jang

et al., 2002; Nozière and Esteve, 2007; Casale et al., 2007).

Nozière and coworkers have recently shown that NH+
4 is

a catalyst for aldol condensation of ketones or aldehydes

(Nozière and Cordova, 2007). The most likely point of par-

ticipation of both NH+
4 and H3O+ in the aldol condensation

mechanism is the initial step when the carbonyl is protonated

before attack by the enol. A protonated carbonyl can also

lead to a number of subsequent reactions besides aldol con-

densation, including hemiacetal formation or amine substitu-

tion (Nozière et al., 2009b). Two recent studies report the for-

mation of C-N compounds by glyoxal when NH+
4 is present

in the aqueous phase under acidic conditions (Nozière et al.,

2009b; Galloway et al., 2009), and both propose mechanisms

involving ammonia and iminium intermediates. The low pH

in this study will result in low equilibrium NH3 concentra-

tions. However, the protonation of a carbonyl by NH+
4 as

proposed here and by Nozière et al. (2009b) would result in

the generation of a short-lived NH3 molecule proximal to the

reaction site. Nozière et al. (2009b) reported that the iminium

pathway was active for glyoxal in ammonium-containing so-

lutions down to pH 4.8 (the lowest pH studied).

3.5 Kinetics

The data in Fig. 3 demonstrate a linear dependence for the

absorbance at 282 nm on initial methylglyoxal concentra-

tion and initial ammonium sulfate concentration, respec-

tively, when pH=2. This is consistent with the protonation

of methylglyoxal by ammonium being the rate-limiting step

in the formation of light-absorbing dimers. The inverse de-

pendence of product formation on pH is consistent with acid-

catalyzed aldol condensation occuring in parallel with the

ammonium-facilitated process. The following model can be

used to describe this system:

d[P]

dt
= kII

A[MG][NH+
4 ]+kII

B[MG][H3O+]=−
d[MG]

dt
(7)

d[NH+
4 ]

dt
= −kII

A[MG][NH+
4 ] (8)

d[H3O+]

dt
= −kII

B[MG][H3O+] (9)

Here, MG represents methylglyoxal and P represents light-

absorbing products. This model can be used to describe the

kinetic data in Fig. 2 or the concentration-dependent data in

Fig. 3. A fit to the data can yield the bimolecular rate con-

stants kII
A and kII

B if the molar absorptivity of the absorbing

species are known. Referring to the UV-Vis absorption data

in Fig. 3b, and assuming that the species responsible for the

observed absorption at 282 nm are dimers of methylglyoxal

and therefore their maximum concentration in the solution

is half the initial concentration of methylglyoxal, a lower

bound for the molar absorptivity of the products absorb-

ing at 282 nm is ε ≥ 4938 L mol−1 cm−1. We used POLY-

MATH 6.10 to numerically integrate Eqs. (7–9). We find

that the data in Figs. 2–3 can be described by this model

with kII
A ≤ 5×10−6 M−1 min−1 and kII

B ≤ 10−3 M−1 min−1.

This is consistent with the value we find (kII
A ≤ 4.2(±0.2)×

10−6 min−1 M−1) if we assume pseudo-first-order condi-

tions and perform a weighted linear least squares fit to the

data in Fig. 3c according to:

[P] ∝ [NH+
4 ]o(1−exp(−kII

A[MG]0t)) (10)

Based on our Aerosol-CIMS/I− data we estimated a lower

bound for the production rate of the aldol addition and con-

densation products detected at 271.5 amu (ref. Table 1) to

be ≥10−3 M min−1. If protonation of the methylglyoxal

monomer is the rate-limiting step for formation of these

products Eq. (7) should apply. Aerosol particles will be-

come concentrated relative to the atomizer solution as the

100% RH atomizer output equilibrates to 60% RH. Follow-

ing Tang and Munkelwitz (1994), an ammonium sulfate con-

centration of ∼65 wt%, or 14 M, will be reached at 60%

RH. Assuming the same proportional increase in concentra-

tion for methylglyoxal and H3O+ we find [MG]0=7.32 M

and [H3O+]0=0.045 M. Applying Eq. (7) and the bimolec-

ular rate constants we derived based on the UV-Vis data

(kII
A ≤ 5 × 10−6 M−1 min−1 and kII

B ≤ 10−3 M−1 min−1) we

find that at these high salt concentrations kII
A[NH+

4 ][MG] ex-

ceeds kII
B[H3O+][MG] by a factor of 3, allowing us to ap-

proximate the production rate by dP/dt≈ kII
A[NH+

4 ][MG]. Us-

ing this and the measured production rate of ≥10−3 M min−1

we find a lower bound of kII
A ≥ 5×10−6 M−1 min−1. Cou-

pling this with the upper bound obtained using the UV-Vis

data, we conclude that kII
A ≈ 5×10−6 M−1 min−1.

4 Conclusions and atmospheric implications

The results of this study show that the ammonium ion plays

an active role in the chemistry of methylglyoxal in aqueous

aerosol mimics. This chemistry represents a new potential

pathway for heterogeneous SOA formation.

We have made tentative identifications of an organosulfate

product and C-N containing species using Aerosol-CIMS.

To our knowledge, organosulfate formation by methylgly-

oxal in ammonium sulfate aerosols has not been observed

previously, although Liggio et al. (2005a, b) and Galloway

et al. (2009) identified organosulfate products in ammonium

sulfate aerosols exposed to gas-phase glyoxal. Organosul-

fates have been identified in ambient aerosol (Gao et al.,

2006; Iinuma et al., 2007; Gómez-González et al., 2008; Sur-

ratt et al., 2007, 2008; Russell et al., 2009; Lukács et al.,

2009). Lukács et al. (2009) observed that organosulfate mass

concentrations were at a maximum for submicron aerosol

size fractions, suggesting a link between organosulfate for-

mation and heterogeneous SOA formation pathways. If C-N
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species form in this system, this could contribute to the

nitrogen-containing aerosol organics which have been ob-

served in ambient aerosol (Denkenberger et al., 2007; Aiken

et al., 2008; Lin et al., 2009; Gilardoni et al., 2009).

To our knowledge, the concentrations of the methylgly-

oxal reaction products we have proposed here have not been

measured in atmospheric aerosol samples. Kawamura and

coworkers have measured methylglyoxal monomer and re-

lated compounds (glyoxal, ketocarboxylic acids, and dicar-

boxylic acids) in ambient aerosols (Sempere and Kawamura,

1994; Kawamura et al., 1996; Kawamura and Yasui, 2005;

Ho et al., 2007; Kundu et al., 2009). Methylglyoxal was

found to comprise roughly 0.005–0.05% of aerosol mass in

urban environments (Kawamura and Yasui, 2005; Ho et al.,

2007). Assuming a particle density of 1 g cm−3 this corre-

sponds to an in-particle methylglyoxal concentration range

of 0.7 mM to 7 mM.

A typical ammonium sulfate concentration in an aqueous

atmospheric aerosol particle at 60% RH is ∼65 wt% (Tang

and Munkelwitz, 1994), or 14 M, with 0≤pH≤5 (Keene et

al., 2004; Zhang et al., 2007), resulting in pseudo-first-order

rate coefficients of kI
A=1.4×10−4 min−1 and 10−8 min−1 ≤

kI
B ≤ 10−3 min−1 for the loss the of methylglyoxal through

reaction with NH+
4 and H3O+, respectively. Given an

aerosol-phase methylglyoxal concentration of 7 mM, this

corresponds to a production rate of 10−6 M min−1 (at pH=5)

to 8×10−6 M min−1 (at pH=0). Based on our reaction model

this corresponds to 0.7 to 6 mM of light-absorbing products

formed after 12 h (up to 86% conversion of methylglyoxal to

products).

What we have observed for the methylglyoxal/(NH4)2SO4

system is another example of aerosol-phase chemistry which

may increase the absorption index of atmospheric aerosols

with increasing aerosol age. These results add to the grow-

ing body of evidence that SOA formation and aging may

be a source of “brown carbon” in atmospheric aerosols.

Brown carbon, including the products observed here, does

not absorb as strongly as black carbon at high wavelengths

(∼550 nm and higher) and therefore its contribution to

aerosol absorption in this range may be minor in compari-

son (Andreae and Gelencsér, 2006). However, the absorption

of UV radiation by brown carbon has the potential to reduce

tropospheric O3 levels (Jacobson, 1999, 2002). Based on our

calculated molar absorptivity of ε282 ≥ 4938 L mol−1 cm−1

and our estimated production rate of 0.7 to 6 mM light-

absorbing products formed after 12 h, we estimate that the

contribution to the dimensionless absorption coefficient at

282 nm from methylglyoxal reaction products is A282,MG =

λε282/4π ∼ 10−5. On a per-mole basis, the light-absorbing

products observed here are stronger absorbers in the range

250–400 nm than pyruvic or oxalic acids (Lund Myhre and

Nielsen, 2004) or the light-absorbing products of glyoxal in

aqueous ammonium sulfate solutions observed by Shapiro et

al. (2009).

Our observation of surface tension depression is consistent

with observations of surface tension depression by HULIS

in ambient aerosol samples (Kiss et al., 2005; Salma et al.,

2006; Taraniuk et al., 2007; Asa-Awuku et al., 2008). Re-

ferring to Fig. 4, based on our estimated in-particle methyl-

glyoxal concentration of 7 mM, and assuming that the parti-

cles are primarily composed of ammonium sulfate, this cor-

responds to surface tension depression of approximately 8%

due to methylglyoxal in urban particles. We note that, since

methylglyoxal will react in the particle to form potentially

surface-active products, this value likely underestimates the

total amount of surface tension depression associated with

methylglyoxal uptake to the particle. Decreased aerosol sur-

face tension may affect the cloud nucleation ability of the

aerosol. The ability of an aerosol particle to activate at a

given supersaturation condition depends on the amount of

solute present in the particle (i.e. its dry diameter) and the

surface tension of the droplet at the point of activation. The

Kohler curve that describes this process is given by (Kohler,

1936; Seinfeld and Pandis, 1998):

s =
A

Dp

−
B

D3
p

(11)

with

A =
4Mwσ

RTρw
and B =

6nsMw

πρw
(12)

where s is the supersaturation, Dp is the diameter of the

aqueous droplet, Mw is the molecular weight of water and

ρw is its density, R is the gas constant, T is temperature, σ

is surface tension, and ns is the number of moles of solute.

Surface tension depression in aqueous aerosols by methyl-

glyoxal SOA material could therefore result in increased

CCN activation due to its effect on the parameter A. It has

been suggested that this effect may be partially compensated

for by the effect of surface-active organic solute partitioning

from the bulk to the gas-aerosol interface, thereby reducing

the bulk solute concentration (and the value of B) (Sorjamaa

et al., 2004). However, in a heterogeneous SOA formation

scenario the bulk solute content of the particle is expected

to be dominated by salt. Furthermore, in order to maintain

Henry’s law equilibrium, gas-phase methylglyoxal will con-

tinuously be taken up at the aerosol surface as it is consumed

by particle-phase reactions. Therefore we assume here that

the effect of methylglyoxal and its reaction products on equi-

librium CCN activity is purely surface-tension based. For

particles of a given size, this effect can be expressed as:

s∗
c =

(

σ

σw

)3/2

sc (13)

where s∗
c is the critical supersaturation, σw and σ are the sur-

face tension of water and the particle, respectively, and sc

is the critical supersaturation for a particle with the surface

tension of water (Engelhart et al., 2008). Based on 7 mM
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methylglyoxal in the particle, we estimate σ /σw ∼ 1.01, com-

pared to σ /σw=1.09 for a saturated ammonium sulfate solu-

tion (see Fig. 4). Using Eq. (13), this corresponds to a critical

supersaturation ∼11% lower than that of a pure ammonium

sulfate particle. CCN activation measurements are planned

in order to confirm this effect. We note that the relevant sur-

face tension is that of the droplet at the moment of activa-

tion, at which point the surfactant concentration will be lower

than that in the aqueous aerosol at lower relative humidities,

especially for larger particles. A film of surface-active or-

ganics coating an aqueous particle may also affect the kinet-

ics of particle equilibration with the surrounding water va-

por, thereby affecting cloud droplet growth rate and cloud

droplet number (Archer and La Mer, 1955; Rosano and La

Mer, 1956; Chuang et al., 1997; Feingold and Chuang, 2002;

Garland et al., 2005; Ruehl et al., 2009).

The small size, and thus high surface area-to-volume ratio

of a submicron aerosol particle means that, compared to the

bulk solutions used here, a greater fraction of the total sur-

factant molecules present in the aerosol will partition to the

interface. This will effectively decrease surface coverage for

a given surfactant concentration and increase the critical mi-

celle concentration (CMC) (McNeill et al., 2006). Based on

this effect, we would expect the minimum surface tension in

an aerosol particle to be similar to what was observed here,

but the plateau region of the surface tension curve may not

be reached until higher methylglyoxal concentrations. How-

ever, this effect may be balanced by the fact that the small

size of aerosol particles also leads to supersaturated salt con-

centrations which were not accessible in this study (Tang and

Munkelwitz, 1994; Tang et al., 1997; Tang, 1997). The CMC

lowering effect of the salt and the increased “salting-out”

may counteract the size effect.

Kroll et al. (2005) reported negligible particle growth

when ammonium sulfate particles were exposed to ∼960 ppb

of methylglyoxal in aerosol chamber experiments on a

timescale of several hours, and attributed this to the Henry’s

law coefficient of methylglyoxal, which is low relative to

that of glyoxal (Betterton and Hoffmann, 1988; Zhou and

Mopper, 1990). Surface film formation such as is suggested

by our surface tension measurements, even at submonolayer

coverages (i.e. concentrations below the CMC), can also in-

hibit the reactive uptake of gas-phase species into the aerosol

(Folkers et al., 2003; Thornton and Abbatt, 2005; Anttila et

al., 2006; McNeill et al., 2006, 2007; Stemmler et al., 2008).

Film formation upon uptake of methylglyoxal to the aerosol

could result in suppressed VOC uptake (and therefore sup-

pressed SOA formation and particle growth).

Finally, we have demonstrated here that Aerosol-CIMS us-

ing I− and H3O+(H2O)n as the parent ions is suitable for the

detection of the products of heterogeneous SOA formation

by α-dicarbonyls, and high molecular weight organics up to

759 amu. This technique can be extended to aerosol chamber

studies and, when coupled with a suitable aerosol collection

or concentration technique, field studies.
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