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Reactions of methylglyoxal with amino acids, methylamine,
and ammonium sulfate can take place in aqueous aerosol and
evaporating cloud droplets. These processes are simulated

by drying droplets and bulk solutions of these compounds (at
low millimolarand 1 M concentrations, respectively) and analyzing
the residuals by scanning mobility particle sizing, nuclear
magnetic resonance, aerosol mass spectrometry (AMS), and
electrospray ionization MS. The results are consistent with imine
(but not diimine) formation on a time scale of seconds,
followed by the formation of nitrogen-containing oligomers,
methylimidazole, and dimethylimidazole products on a time scale
of minutes to hours. Measured elemental ratios are consistent
with imidazoles and oligomers being major reaction products,
while effective aerosol densities suggest extensive reactions
take place within minutes. These reactions may be a source of
the light-absorbing, nitrogen-containing oligomers observed

in urban and biomass-burning aerosol particles.

Introduction

Between 80% and 95% of submicrometer particles in the
troposphere contain significant amounts of organic material
(1, 2), which can affect climate (3) through changes in aerosol
optical properties (4) and hygroscopicity (5, 6). The majority
of this organic material is usually secondary in nature,
especially for submicrometer particles (7) and for cloud-
processed particles near 1 um diameter (I). Recent studies
have found that many organic aerosol particles sampled in
urban air (8) or generated from biomass burning (9) contain
nitrogen-containing oligomerized material, but the reactions
responsible for the particle-phase formation of these oligo-
mers are not known.
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Model estimates attribute as much as one-third of global
SOA production to aerosol formation by o-dicarbonyl
compounds, especially methylglyoxal (10) and glyoxal (11),
if the uptake of these compounds by clouds and aerosol is
irreversible. Direct measurements of glyoxal in Mexico City
coupled with kinetic model predictions indicate that glyoxal
accounts for at least 15% of total SOA formation there (12);
a SOA sink for gas-phase glyoxal also improves discrepancies
between measured and predicted glyoxal concentrations.
Glyoxal can react with itself to form oligomers as it is taken
up by aerosol (13), but irreversible reactions such as
photooxidation (14, 15) and reaction with ammonium salts
(16—18) and amines (19, 20) are more important in aerosol
formation in aqueous particles (21). These latter reactions
form imidazoles (16, 19, 20) and light-absorbing compounds
(17, 18), likely through iminium ion intermediates (18).

Less is known about the atmospheric chemistry of
methylglyoxal. The atmospheric production and aqueous-
phase processing of glyoxal and methylglyoxal are sum-
marized in Scheme 1. Both glyoxal and methylglyoxal are
formed mainly by isoprene oxidation (10, 11). Some (22, 23)
but not all (24) studies indicate that methylglyoxal is
scavenged by aqueous aerosol from the gas phase. Both
compounds are oxidized at the same rate by aqueous OH
radicals (25), forming organic acids and oligomers (15, 26).
While both can also self-oligomerize upon droplet evapora-
tion, the mechanisms are different: glyoxal forms acetal
oligomers (13), while methylglyoxal reacts mainly by aldol
condensation (27). Arecent study of methylglyoxal reactivity
in ammonium salt solutions demonstrated the formation of
light-absorbing oligomer compounds by aldol condensation
reactions (28). At pH = 7.8 and 37 °C, methylglyoxal is known
toformradical intermediates and fluorescent, light-absorbing
melanoidin products upon reaction with amino acids (29).
In this work, we study the aqueous, room-temperature
reactions of methylglyoxal with ammonium sulfate, methyl-
amine, and several amino acids present in clouds. In the first
two parts, we present nuclear magnetic resonance (NMR),
aerosol mass spectrometry (AMS), and electrospray ionization
(ESI)-MS data and identify a variety of methylimidazole and
nitrogen-containing oligomer products in bulk-phase reac-
tions. In the third part, we describe AMS studies of aerosol
formed by drying aqueous droplets and show that these
reaction products are detected on a time scale of minutes.
In the last part, we discuss effective aerosol density mea-
surements which indicate complete reaction within several
minutes after drying.

Methods

Reaction solutions were generated in deionized water or D,O
(Cambridge Isotope, 99.9% D) from 40% w/w methylglyoxal
solution (Alfa-Aesar), 97% glyoxal trimer dehydrate, 40% w/w
methylamine solution, 99% glycine, serine, ornithine HClI,
ammonium sulfate, 98% aspartic acid, and arginine (all
Sigma-Aldrich), used without further purification. Experi-
mental methods have been described earlier (19, 20) and are
briefly outlined here. Bulk aqueous samples (0.5—1.0 M) were
dried in 150 «L aliquots under ambient conditions. Resulting
brown solids were redissolved for structural determination
in deionized water at 1 mg/mL for ESI-MS or time-of-flight
high-resolution (HR-ToF-) AMS analysis (30) or in D,O for
NMR analysis. Cloud droplet drying was simulated by
generating ~5 um wet diameter droplets from 4 to 8 mM
solutions using an ultrasonic nebulizer (19), neutralizing their
static charge, and sampling them from a 300 L collapsible
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SCHEME 1. Products Formed during Aqueous-Phase Processing of Glyoxal and Methylglyoxal®
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Teflon chamber containing humidified N, by size-calibrated
scanning mobility particle sizing (SMPS), quadrupole (Q-)
AMS (31), and/or HR-ToF-AMS instruments operating at a
600 °C aerosol vaporization temperature and 70 eV electron
impactionization. Sampling lines were copper or conductive
polymer tubing. Relative humidity (RH) was recorded at the
chamber outlet by a Vaisala sensor (HMT337) and was kept
between 60% and 90% RH.

Effective densities were calculated for some aerosol
populations by fitting SMPS and Q-AMS size distributions to
log-normal distributions. The geometric mean diameters
measured by the two methods are related by the effective
density (32)

Dgyips = pettDams (n

Results and Discussion

Imidazole Product Identification. In the reactions of glyoxal
with ammonium sulfate (I16) and amines (19, 20), the two
major products observed were imidazoles and diimines, with
larger oligomers detected only for the reaction with methyl-
amine and side-chain reaction products detected only for
arginine. ESI mass spectra of the products of bulk-drying
reactions between methylglyoxal and amino acids, am-
monium sulfate, and methylamine are shown in Figure 1.
No diimines are detected, but in all cases, methyl analogs of
other glyoxal products are observed (16, 19, 20). For example,
arginine forms 1:1 adducts with methylglyoxal (m/z247, 229)
by reaction at the arginine side chain, followed by water loss.
The m/z 247 adduct structure, elucidated using NMR data
(Table S1, Supporting Information), differs from the major
product of the glyoxal + arginine reaction (19) by addition
of a single methyl group. Dominant peaks consistent with
the formation of N-derivatized 4-methyl imidazoles (“me-
thylimidazole” in Scheme 2) are detected for reactions of
methylglyoxal with the other amine compounds: glycine (m/z
199), serine (m/z 259), aspartic acid (m/z 315), ornithine
(mlz 313), and methylamine (m/z 111), while ammonium
sulfate forms underivatized methylimidazole (m/z 83). A
minor peak (m/z397) in the mass spectrum of the arginine
reaction products may also be the methylimidazole product
(16, 19, 20). As with glyoxal, the carbon atom between the
two nitrogen atoms in the imidazole ring appears to come
from a second dicarbonyl molecule (as shown in Scheme 2),
for reasons described below.

Other major peaks are consistent with unique products
(black boxes in Scheme 2) that have no analogs in corre-
sponding glyoxal reactions. Imine dimers, where both
methylglyoxal molecules are still intact and incorporated into
an imidazole ring, are consistent with major peaks detected
by ESI-MS (labeled blue in Figure 1) for reactions with glycine
(m/z 241), serine (m/z 301), ammonium sulfate (m/z 125),
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FIGURE 1. ESl-mass spectra of products of the reactions of
methylglyoxal with amino acids, ammonium sulfate, and
methylamine. Peak m/z values labeled red, methylimidazole
products (analogous to imidazoles formed by glyoxal); green,
dimethylimidazole products; blue, imine dimers. A signal height
of 1 in each graph is equivalent to 10° MS ion counts. For
experiments with glycine, serine, or aspartic acid, solutions
contained 0.05 M of each reactant before drying under ambient
conditions. For experiments with ornithine or arginine,
solutions contained 0.5 M of methylglyoxal, acetic acid to
reduce the pH to 5, and either 0.5 M ornithine or 0.4 M arginine
before drying. All solutions were reconstituted in water at 1
mg/mL (assuming no solute evaporated).

and methylamine (m/z 153) and with minor peaks detected
for reactions with arginine (m/z 439) and ornithine (m/z
355). The presence of these dimers supports the idea that all
carbons in the methylimidazole ring can come from dicar-
bonyls, as proposed previously (19). A 2,4-dimethylimidazole
product is consistent with major peaks observed by ESI-MS
(labeled green, Figure 1) in reactions with glycine (m/z213),
ammonium sulfate (m/z 97), and methylamine (m/z 125)
and with minor peaks observed in reactions with serine (m/z
273), aspartic acid (m/z 329), and ornithine (m/z 327). A
methyl group in the 2 position on an imidazole ring can be
assumed to come from incorporation of acetaldehyde. This
is puzzling because acetaldehyde was not added in this study
as areactant nor is it the C, fragment one would expect from
methylimidazole formation (19, 29).
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SCHEME 2. Potential Structures of Imidazoles and Oligomers Formed in Reactions of Methylglyoxal with Amines and Ammonium
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2 All m/z ratios are given for glycine, R = CH,COOH. Boxes designate structures consistent with NMR signals and with masses detected by
positive-mode ESI-MS (Figure 1), with neutral molecules shown here detected as protonated M + 1 ions. Red box designates the methyl analog

of the product observed in glyoxal reactions.

Assignment of major ESI-MS peaks to imidazole deriva-
tives is consistent with 'H and *C NMR data collected on
identical methylglyoxal/amine reaction mixtures that were
dried and redissolved in D,O instead of water. Peak assign-
ments are listed in Tables S1—S3, Supporting Information.
Characteristic peaks for methylimidazoles are an equal-sized
pair of singlets at ~7.1 and ~8.7 ppm (visible for every amine
studied), while imine dimers (glycine, serine, and ornithine
reactions) and dimethylimidazoles (glycine and ornithine
reactions) have singlet peaks at ~8.1 and ~6.8, respectively.
These latter two products were not observed by NMR for
reactions of methylglyoxal with aspartic acid.

The chemical formulas of the proposed imidazole prod-
ucts were confirmed by accurate mass measurements by
HR-ToF-AMS on bulk-dried samples. For the reaction of
methylglyoxal with glycine, the accurate mass of the m/z
199, 213, and 241 peaks was consistent with N-derivatized
methylimidazole (CgH;;N,0,, m/z = 199.07), dimethylimi-
dazole (CoH3N,O4 m/z 213.08), and imine dimer
(C1oH13N,05, m/z = 241.08) products, respectively. ESI-MS
analysis of the products of the reaction of methylglyoxal with
5N-labeled glycine confirmed that molecules containing two
labeled nitrogen atoms were responsible for all three peaks.
Finally, elemental H/C, O/C, and N/C ratios measured by
HR-ToF-AMS (33), shown as filled circles in Figure 2 (and
Figures S1 and S2 and Tables S4—S6, Supporting Information)
were consistent, within uncertainties, with the range of
theoretical ratios for the proposed imine and imidazole
products (open symbols) for every bulk-phase methylglyoxal
reaction tested (glycine, serine, ornithine, and methylamine).
This suggests that imine and imidazole products are major
components produced in bulk-phase reactions of methylg-
lyoxal with amines and ammonium sulfate.
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Oligomer Characterization. A significant, unique feature
of the ESI-mass spectra (Figure 1) is clear evidence of oligomer
formation found for all methylglyoxal reactions. With the
exception of methylamine (20), no oligomers were observed
for corresponding glyoxal reactions studied under identical
bulk-drying conditions (19). With methylglyoxal, signals
elevated to at least 10 times background are observed
extending to atleast m/z700, with prominent peaks separated
by repeated distances of Am/z= 2 and in most cases Am/z
= 18. Patterns of Am/z= 2 are consistent with incorporation
of variable numbers of nitrogen and oxygen atoms into
oligomer structures (34, 35). Furthermore, a wave pattern
with Am/z = 18 is clearly seen for methylglyoxal reactions
with glycine, aspartic acid, and ammonium sulfate and is
present but less pronounced with serine, arginine, and
ornithine reactions. This Am/z= 18 pattern suggests repeated
additions or losses of water (m/z 18) and methylglyoxal
oligomer units (m/z 72). The strong Am/z = 72 patterns
observed with aspartic acid (m/z 366, 438, 510, 654) and
glycine (m/z 313, 385, 457, 529) support this assignment.

Although Am/z= 18 patterns were also observed by ESI-
MS with methylglyoxal in the absence of amines (27), two
lines of evidence suggest that in the presence of amines most
oligomer molecules incorporate nitrogen. First, thelocations
of Am/z= 18 oligomer peak series vary with the amine, which
would not be the case without amine incorporation. For
example, the Am/z = 18 pattern observed by ESI-MS for
methylglyoxal reactions with ammonium sulfate and glycine
are out of phase from each other by ~7 amu, and the
methylglyoxal/arginine system displays a unique Am/z=6
pattern likely due to three overlapping Am/z = 18 patterns.
Second, the observed N/C ratios in the bulk products (filled
circles in Figure 2) would be much lower if many of the
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FIGURE 2. N/C and 0/C elemental ratios provided by HR-ToF-AMS (filled symbols) and predicted (open symbols) for reaction products
of methylglyoxal with glycine (black), serine (red), ornithine (green), methylamine (blue), ammonium sulfate (orange), and
methylglyoxal self-reactions (gray). Error bars are +10. Bulk-phase reactions: filled circles, all concentration 1 M except for 0.5 M
serine. Aerosol phase reactions are shown according to time from droplet generation to aerosol sampling: 10—40 min (filled
diamonds) or ~5 s (filled triangles), all concentrations 4—8 mM. Predicted ratios: imine oligomers (open circles with diagonal lines
indicating range of values), imine dimers (open diamonds), methylimidazoles (open squares), dimethylimidazoles (open triangles),
imines (+), and methylglyoxal self-reactions (x). All values are listed in Tables S4 and S5, Supporting Information.

oligomer peaks seen in Figure 1 were due to methylglyoxal
oligomers that did not incorporate nitrogen. We conclude
that methylglyoxal is not simply reacting with itself to form
oligomers and with amines to form imidazole monomers in
our experiments; rather, both processes are acting on the
same molecules to form complex, nitrogen-containing
oligomers.

The Am/z = 2 pattern suggests that many different
oligomer structures are formed by the reaction of methylg-
lyoxal with amines, as mentioned above. However, we note
that the Am/z = 72 series of peaks (and associated Am/z =
18 series) that are most strongly detected by ESI-MS emanate
from a base peak assigned to the imine dimer for methyglyoxal
reactions with glycine, serine, ornithine, ammonium sulfate,
and methylamine. Furthermore, the dimer-based Am/z =
72 series is not observed for reactions where the imine dimer
was weak (arginine) or not observed (aspartic acid). (With
aspartic acid, the strongest Am/z= 72 series emanates from
an unassigned peak at m/z366.) This suggests that the imine
dimer can initiate aldol condensation reactions with its enol-
forming acetyl moiety, forming oligomers by reacting with
methylglyoxal as shown in Scheme 2 and presumably also
reacting with imines.

The structures of the oligomers formed in methlyglyoxal/
aspartic acid reactions were also probed in an ESI-MS-MS
ion map experiment, where every product peak from m/z 70
to 700 was fragmented sequentially in the ion trap. Figure
S3, Supporting Information, summarizes the fragments
observed, and Figure S4 shows the mass spectrum overlaid
with neutral loss spectra for parent ions between m/z 300
and 400. Most peaks beyond m/z 300 fragmented by loss of
units of water (Am/z 18 and 36), methylglyoxal (Am/z 72,
144), aspartic acid (Am/z 133), and combinations of these
(e.g., methylglyoxal and water, Am/z90). For example, peaks
at m/z 333 and 334 notably fragmented via loss of aspartic
acid (Am/z 133) with fragment ion abundances of >2 x 10°.
However, there were 28 other ions between m/z300 and 400
thatlost an aspartic acid group with fragmention abundances
at least twice typical baseline levels (3 x 10%). These common

fragmentation patterns seen in oligomer peaks across the
mass spectrum appear as diagonal stripes in Figure S3,
Supporting Information. These observations demonstrate
that methylglyoxal/aspartic acid building blocks form a large
array of nitrogen-containing oligomer structures, likely by
aldol condensation of methylglyoxal and methylglyloxal/
aspartic acid imine units onto various core molecules.

The reaction products of methylglyoxal/methylamine
exhibit in ESI-MS a unique Am/z=13 oligomer peak spacing
at lower m/z and a featureless, elevated signal at higher
masses (Figure 1) which is more than 100 times above
background. The Am/z = 13 pattern can be attributed to
methylamine addition (+m/z 31) followed by water loss
(—m/z 18), as seen in reactions with glyoxal (20). When
combined with additions of methylglyoxal (m/z 72), imine
(mlz 71) (neither divisible by 13), and the multiplicity of
oligomer structures (Am/z 2 peaks), the patterns interfere
with each other, resulting in featureless, elevated signals
beyond m/z~ 300. Similar effects can be observed with amino
acids but only at much higher m/z values because of amino
acids’ larger molecular masses.

Aerosol-Phase Product Detection. We reported thus far
on the products of methylglyoxal reactions formed in bulk-
phase drying experiments where reactant concentrations are
4—6 orders of magnitude above cloud concentrations (36—41),
and drying times are on the order of days. Computational
work on methylglyoxal self-reactions (42) suggests that
reaction pathways (acetal formation vs aldol condensation)
may depend on experimental conditions (i.e., on whether a
system is under kinetic or thermodynamic control). In order
to determine whether the reaction products described above
also form at atmospherically relevant short reaction times
and lower concentrations, we performed experiments where
aqueous droplets were generated containing the reactants
at low millimolar concentrations and sampled over time
scales of seconds to minutes. Elemental ratios measured by
HR-ToF-AMS during these experiments are shown in Figure
2 (and Figures S1 and S2 and Tables S4—S6, Supporting
Information).
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In the first set of experiments, droplets containing
methylglyoxal and ammonium sulfate (sometimes in com-
bination with methylamine) were held in a humid chamber
at ~80% RH and the resulting aerosol was sampled for 15
min by AMS. Whether or not methylamine was present, the
N/Cand O/C elemental ratios of the organic aerosol fraction
were within the expected range of imidazole products (Figure
2), although the H/C ratio was somewhat higher (Figures S1
and S2, Supporting Information). Many product peaks were
detected by HR-ToF-AMS. Although unreacted ammonium
sulfate signals dominated the mass spectra in both cases, for
methylglyoxal + ammonium sulfate large peaks matched
the accurate mass for the product ions CH;NH (m/230.034),
CH;3NH, (m/z 31.042), CH3N (m/z 29.026), and CHN (m/z
27.011), while small peaks matched up with the ions C,H,N
(mlz 42.034) and C3H4N (m/z 54.034, peaks listed in
descending order of size). All of these detected ions are
consistent with the formation of imine products in less than
15 min. When methylamine was also present (in a 40 min
experiment), the peaks from m/z 27 to 31 can no longer be
assigned only to products but the m/z42 and 54 peaks listed
above are still detectable, along with other imine fragments
C3HN (m/z56.05), C3H,NO (m/z73.05), and likely imidazole
species C,HgN, (m/z82.05), CsH;N, (m/z95.06), and C;H;3N,
(m/z 125.11).

A similar experiment was performed on droplets contain-
ing 5 mM methylglyoxal and glycine held in a chamber held
between 77% and 87% RH. Over a 25 min sampling period,
peaks were detected by Q-AMS at m/z 111 and 125. These
peaks were also observed in HR-ToF-AMS analyses of bulk-
dried products for the same reaction system at m/z 111.09
and 125.11, which match the imidazole fragments C¢H;;N,
and C;H;5N,, respectively.

The m/z 125 peak was notably absent in a “short”
experiment where droplets containing 4 mM each meth-
ylglyoxal and glycine bypassed the chamber and were sent
directly into the AMS via a diffusion dryer, indicating that
imidazole formation requires reaction times greater than a
few seconds. (The lower RH of the diffusion dryer compared
to chamber experiments should, by itself, favor reactions.)
In a similar set of short experiments, droplets containing
methylglyoxal and either serine, ornithine, or methylamine
were also sent directly to the AMS via a diffusion dryer.
Resulting elemental ratios are shown as filled triangles in
Figure 2 (and Figures S1 and S2, Supporting Information).
With the exception of ornithine, measured ratios are sig-
nificantly different than those measured for bulk-phase
reaction products and for the chamber drying experiments
just described. The measured elemental ratios of glycine
aerosol and methylglyoxal aerosol formed under similar short
conditions (from 7.5 and 4.0 mM solutions, respectively) are
listed in Tables S4—S6, Supporting Information, for com-
parison. For the short methylglyoxal/glycine experiment, the
elemental ratios are roughly midway between the measured
ratios of the two reactants, consistent with minimal reaction
taking place in only a few seconds.

Furthermore, ions detected by HR-ToF-AMS in these
experiments also suggest that little imidazole formation has
occurred after only ~5 s of reaction time. For runs where
methylglyoxal was mixed with either glycine or serine, HR-
ToF-AMS peaks are almost entirely attributable to unreacted
amino acid, methylglyoxal, and methylglyoxal oligomers, with
only a few minor exceptions such as C4HgNO (m/z 84.05)
and C4;HgNO, (m/z100.04), both likely imine fragments. For
the reaction with ornithine, small peaks are detected that
match C;HgN, (m/z121.08) and CgH 1N, (m/2135.09). These
peaks, which were also detected in bulk-phase reactions for
this system, appear to be imine rather than imidazole
fragments due to their high H/C ratios. For methylglyoxal
and methylamine, uniquely, the AMS spectrum is dominated
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by product peaks after only 5 s. In descending order of peak
height, detected peaks match the ions NO (m/z30.00), NO,
(ml/z45.99), C;HyN (m/z 42.03), CsHgN (m/z 56.05), CsHgN
(m/z82.07), CéHgNO (m/z110.06), and C;HgNO (m/z122.06).
None of these peaks, however, are likely from imidazole
products, and the imidazole peaks observed in the corre-
sponding bulk reaction are not detected at ~5 s. Methylg-
lyoxal/methylamine mixtures were the only ones to turn
yellow immediately upon mixing at these concentrations,
indicating that at least some of the products observed at
short reaction times likely formed in bulk solution before
droplet generation. These mixtures were also the only ones
with pH > 7, and preliminary studies in our lab suggest that
methylglyoxal/amine reactions are faster at high pH.

To summarize, there is evidence for detectable imidazole
product formation in less than 30 min in residual aerosol
containing methylglyoxal and either glycine or methylamine.
Imidazole formation appears to have taken place in the
aerosol phase in minutes after the drying process, rather
than in the bulk phase before aerosol generation, since
imidazole products are not detectable in any aerosol that
was sampled only ~5 s after droplet generation. Our data
suggests that imines, which are intermediates in imidazole
formation, can form to a limited extent either immediately
upon solution mixing or within seconds of droplet generation.
The nitrogen-containing oligomers detected by ESI-MS
cannot be distinguished from methylimidazole products by
AMS due to heavy fragmentation by electron ionization.
However, they would not be expected to form any faster
than the methylimidazole products.

Aerosol Densities. Aerosol densities were measured
using SMPS and Q-AMS particle time-of-flight traces with
signals above 3x noise (43) by fitting each to log-normal
distributions and using the effective density to match
geometric mean diameters (44). For runs with ammonium
sulfate, aerosol was diffusion dried before equilibrating in
the chamber. For other runs, aerosol was sent directly to
the humid chamber for equilibration. Glycine effloresces
at 55% RH (45), while ammonium sulfate does so at 35%
RH (46). Experimental RH in runs involving these sub-
stances did not fall below these values, so particles should
be in a liquid state rather than a solid state even if little
reaction occurred. For the run with methylglyoxal and
methylamine, the mixture of products would not be
expected to crystallize at any RH. Thus, all resulting aerosol
can be assumed spherical under ambient conditions.
However, particles lose water upon entering the AMS inlet
and could crystallize then, becoming nonspherical (47). If
particles remain spherical, the effective densities measured
by this method (Table 1) will equal actual material densities;
otherwise, measured densities will be lower (32).

In no case were measured effective densities time
dependent, indicating that particles have equilibrated with
water vapor and that reactions are essentially complete
within several minutes that elapse between droplet
generation and first analysis. This suggests that either
nitrogen-containing oligomers form at similar time scales
as methylimidazole products or the two products have
similar densities in every case. Our effective density data,
described below, suggests that the two products have
different densities, leading us to conclude that they likely
form at similar time scales, thereby allowing measured
effective densities to be constant.

The particles must consist of some mixture of reaction
products, low-volatility reactants such as glycine or am-
monium sulfate, and/or water. The volatile compounds
methylglyoxal, methylamine, and glyoxal should all evaporate
from drying droplets unless they take part in a reaction, and
much of the water may evaporate in the AMS inlet. The
effective density of methylglyoxal/glycine aerosol (1.74 £ 0.04



TABLE 1. Effective Aerosol Densities Measured for Aerosol Dried from Agueous Droplets

initial conc. (mM) reactants present in droplets

5and 10 methylglyoxal, methylamine

5 methylglyoxal, glycine

5 glyoxal, glycine

2 methylamine, ammonium sulfate

2 glyoxal, methylamine, ammonium sulfate
16 methylglyoxal

0.14 glyoxal

4 glycine

ammonium sulfate (dry)

chamber RH (%) sampling time (min) effective density (g/cm®)

yes 72—-84 60 1.62 + 0.04

yes 77-87 100 1.74 £ 0.07

yes 60—80 15 2.00 + 0.04

yes 77° 20 1.43 + 0.02

yes 847 20 1.48 +£0.02

yes 587 1.9+0.1°

no c 1.71 £ 0.02%9
no c 1.18 + 0.06°

1.74¢

2 Aerosol passed through a diffusion dryer en route to the humid chamber. ? Reference (27). ¢ Aerosol passed through a
diffusion dryer en route to AMS and SMPS.  Matches bulk density (76). ¢ Calculated value for comparison, based on a
shape factor of 1.02 (46) and bulk density of dry ammonium sulfate of 1.77 g/cm3.

g/cm®) is between that of aerosol containing either meth-
ylglyoxal (1.9 + 0.1 g/cm?®) or glycine (1.18 & 0.06 g/cm?)
alone but closer to that of methylglyoxal. This suggests that
asignificant quantity of methylglyoxal remains in the aerosol
via either self-reactions or reactions with glycine. The high
and constant density suggests that minimal water is present,
even as RH levels rose from 77% to 87% during 100 min of
measurements.

Interestingly, for aerosol containing glyoxal and glycine,
the effective density (2.00 & 0.04 g/cm?) is higher than that
for aerosol containing either glyoxal (1.71 £ 0.02 g/cm?) or
glycine (1.18 +0.06 g/cm?®) alone. Since this reaction produces
N-derivatized imidazole salts but not oligomers (19), this
indicates that the imidazole salts have a density > 2.0 g/cm?,
which is significantly higher than the effective aerosol density
measured for aerosol produced by any methylglyoxal/amine
reaction, where nitrogen-containing oligomers would be
expected to be present along with methylimidazole salts.

The lower effective density of methylglyoxal/methylamine
aerosol (1.62 + 0.04 g/cm® compared to methylglyoxal
aerosol (1.9 £ 0.1 g/cm?®) suggests that methylglyoxal has
reacted more with methylamine than with itself, consistent
with expectations based on nucleophilic strength and with
experiments on glyoxal (20). The bulk densities of liquid
methylamine and methylamine solutions are <1 g/cm?, but
aerosol particles containing only methylamine and water
evaporate so extensively that the resulting particles are too
small to measure effective aerosol density by this method.
Itis unlikely that the lower effective density of methylglyoxal/
methylamine aerosol is due to high water content, since
analogous glyoxal/methylamine aerosol do not shrink in size
as RH drops from 80% to 50% (Figure S5, Supporting
Information).

The density of ammonium sulfate/methylamine aerosol
(1.43 £ 0.02 g/cm?) is expected to be due to a combination
of ammonium and methylammonium sulfate salts and water,
since methylamine can be protonated by ammonium ions.
In addition, the measured effective density is between those
of solid ammonium sulfate aerosol (o = 1.74 g/cm?) (46)
and saturated ammonium sulfate solutions (o= 1.24 g/cm?)
(48). The addition of glyoxal to this system slightly increases
the overall effective density to 1.48 & 0.02 g/cm?, most likely
due to oligomer products of reactions of glyoxal with
methylamine (20) or ammonium sulfate (16—18).

In summary, measured effective densities for aerosol
generated from methylglyoxal and either methylamine or
glycine at low millimolar concentrations suggest that reac-
tions have occurred to significant extents within several
minutes of drying, in agreement with AMS measurements.
Although atmospheric temperatures are lower and initial
cloudwater concentrations are 2—4 orders of magnitude
below those used in this study, we note that atmospheric

aerosol particle lifetimes are on the order of days, significantly
longer than our aerosol experiments. The speed of product
formation observed in aerosol formed from drying water
droplets in this work suggests that these reactions will occur
in drying cloud droplets in the atmosphere, forming nitrogen-
containing oligomers, light-absorbing melanoidins, and
methylimidazole salts that will remain in the aerosol phase.
If these reactions occur at high rates in atmospheric aqueous
aerosol, they may explain why oligomers observed in urban
aerosol contain nitrogen (8) and correlate with amine signals
(49).

Methylated imidazoles were recently found to be the
dominant nitrogen-containing organic species in lab-gener-
ated biomass burning aerosol (9). While the production of
these substances has been ascribed to the pyrolysis of
biopolymers (50), we note that methylglyoxal is formed as
sugars break down at high temperatures (51). This work
suggests that the room-temperature, aqueous-phase reac-
tions of methylglyoxal with amine compounds may create
similar brown-carbon material as biomass burning but at a
much slower rate.
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