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Radical-Initiated Brown Carbon Formation in Sunlit Carbonyl-Amine—Ammonium
Sulfate Mixtures and Aqueous Aerosol Particles

Abstract

Brown carbon (BrC) formed from glyoxal+ammonium sulfate (AS) and methylglyoxal+AS reactions
photobleaches quickly, leading to the assumption that BrC formed overnight by Maillard reactions will be
rapidly destroyed at sunrise. Here, we tested this assumption by reacting glyoxal, methylglyoxal,
glycolaldehyde, or hydroxyacetone in aqueous mixtures with reduced nitrogen species at pH 4-5 in the
dark and in sunlight (>350 nm) for at least 10 h. The absorption of fresh carbonyl+AS mixtures decreased
when exposed to sunlight, and no BrC formed, as expected from previous work. However, the addition of
amines (either methylamine or glycine) allowed BrC to form in sunlight at comparable rates as in the dark.
Hydroxyacetone+amine+AS aqueous mixtures generally browned faster in sunlight than in the dark,
especially in the presence of HOOH, indicating a radical-initiated BrC formation mechanism is involved. In
experiments with airborne aqueous aerosol containing AS, methylamine, and glyoxal or methylglyoxal,
browning was further enhanced, especially in sunlight (>300 nm), forming aerosol with optical properties
similar to “very weak” atmospheric BrC. Liquid chromatography-electrospray ionization-mass
spectrometry (LC-ESI-MS) analysis of aerosol filter extracts indicates that exposure of methylglyoxal+AS
aqueous aerosol to methylamine gas, sunlight, and cloud processing increases incorporation of
ammonia, methylamine, and photolytic species (e.g., acetyl radicals) into conjugated oligomer products.
These results suggest that when amines are present, photolysis of first-generation, “dark reaction” BrC
(imines and imidazoles) initiates faster, radical-initiated browning processes that may successfully
compete with photobleaching, are enhanced in aqueous aerosol particles relative to bulk liquid solutions,
and can produce BrC consistent with atmospheric observations.
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ABSTRACT: Brown carbon (BrC) formed from glyoxal+ammonium sulfate (AS) and
methylglyoxal+AS reactions photobleaches quickly, leading to the assumption that BrC formed
overnight by Maillard reactions will be rapidly destroyed at sunrise. Here we tested this
assumption by reacting glyoxal, methylglyoxal, glycolaldehyde or hydroxyacetone in aqueous
mixtures with reduced nitrogen species at pH 4-5 in the dark and in sunlight (>350 nm) for at least
10 h. The absorbance of fresh carbonyl+AS mixtures decreased when exposed to sunlight, and no
BrC formed, as expected from previous work. However, the addition of amines (either
methylamine or glycine) allowed BrC to form in sunlight at comparable rates as in the dark.
Hydroxyacetone+amine+AS aqueous mixtures generally browned faster in sunlight than in the
dark, especially in the presence of HOOH, indicating a radical-initiated BrC formation mechanism
is involved. In experiments with airborne aqueous aerosol containing AS, methylamine, and
glyoxal or methylglyoxal, browning was further enhanced, especially in sunlight (>300 nm),
forming aerosol with optical properties similar to “very weak™ atmospheric BrC. LC-ESI-MS
analysis of aerosol filter extracts indicates that exposure of methylglyoxal+AS aqueous aerosol to
methylamine gas, sunlight, and cloud processing increases incorporation of ammonia,
methylamine, and photolytic species (e.g. acetyl radicals) into conjugated oligomer products.
These results suggest that when amines are present, photolysis of 1%-generation, “dark reaction”
BrC (imines and imidazoles) initiates faster, radical-initiated browning processes that may
successfully compete with photobleaching, are enhanced in aqueous aerosol particles relative to

bulk liquid solutions, and can produce BrC consistent with atmospheric observations.
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Introduction

Aerosol particles negatively impact human health,® and aerosol particles that absorb light,
such as brown carbon (BrC), also exacerbate climate change.®'® Determining ways to limit
atmospheric BrC concentrations is desirable on both accounts. While a majority of brown carbon
is emitted directly from incomplete combustion (primary BrC), about a third is formed in the
atmosphere via poorly-characterized reactions in the gas or aqueous phase.'® 2° Significant
amounts of secondary BrC are thought to be formed by aqueous Maillard reactions involving
closed-shell reactions of small, water-soluble carbonyl species with ammonium or amine salts,?*-
2" producing imine intermediates?® which oligomerize to form light-absorbing species (the “imine
pathway™),%-33 and by aqueous photo-oxidation of phenolic species,3*4° especially when catalyzed
by Fe(Ill) ions.***® Co-oxidation of glyoxal and dissolved SO2 has also been recently shown to
form BrC.** The relative importance of these various BrC formation pathways in the atmosphere
has not been determined.

BrC in the atmosphere is subject to aging processes which are even less understood than BrC
formation.*>-5! Light-absorbing molecules may be destroyed by hydroxyl radicals or other oxidant
species that diffuse into the aqueous phase or are formed in situ.#® Photobleaching of BrC may
also occur, triggered by direct light absorption?” 4% 45 or indirectly via reaction with
“photosensitizer” species.®>* Rapid photobleaching of BrC formed in mixtures of glyoxal or
methylglyoxal with AS has been observed in several studies performed in bulk-phase solution.>>
59 In some more complex systems, photolysis, photooxidation, or oxidation by radical species can
at least temporarily increase BrC formation,>* 57 €0. 61 especially in evaporating droplets.®? In the
vast majority of these studies, BrC is formed in the dark, then photolyzed or photooxidized

separately, simulating a diurnal cycle, guided by an implicit assumption that BrC forms at night
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and is destroyed during the day. This two-step experimental design, however, does not address
the extent to which BrC might form in the sunlit atmosphere, perhaps aided by radical-initiated
reactions. Experimental photobleaching results are also dependent on photolysis wavelengths,
highlighting the importance of simulating the solar spectrum in laboratory simulations of
photobleaching.

In this work, we study the effects of sunlight and an OH radical source (hydrogen peroxide,
HOOH) on aqueous-phase BrC formation involving reactions of glyoxal (GX), methylglyoxal
(MG), hydroxyacetone (HA), and glycolaldehyde (GAIld) with ammonium sulfate, glycine, and
methylamine in order to determine whether daytime radical-initiated mechanisms play a

significant role.

Methods

Bulk-phase studies. The initial UV/vis absorption spectra of bulk phase aqueous reaction

mixtures (0.25 M of each reactant, pH set to 4 with oxalic or sulfuric acid) were recorded with 2
nm spectral resolution over the range 200-800 nm using 1 cm quartz cuvettes in a diode array
absorption spectrometer (HP8452A). Each reaction mixture was then placed in a capped Pyrex
vial with a 50% transmittance cutoff of ~350 nm, and the set of vials were exposed to ambient
midday sunlight for 4 h (~12-4 pm on days with little or no cloud coverage in San Diego,
California, day-to-day solar intensity varied by ~30%). A matching set of solutions were placed
in most experiments at the same location under aluminum foil so that they would react in the dark
at comparable temperatures. Temperature monitoring of select vials indicated that dark and sunlit
samples remained within 3 °C of each other, unless specified otherwise. After the 4-h reaction

time, the UV/vis spectra of the contents of each vial were recorded and the samples were stored in
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the dark at 4 °C until the next day. The process was repeated for at least two subsequent days for
each vial. Minimal spectral changes were observed during overnight cold storage. The initially
measured absorbance spectrum for each mixture was subtracted from subsequently measured

spectra to generate A4bs difference spectra, to show the change in absorbance during sample aging.
Absorbance changes were converted to mass absorption coefficients changes (AMAC) by the

following equation:

_ In(10) AAbs
b Corg

AMAC
where b is the pathlength in cm and Corg is the sum of the concentrations of the carbonyl reactant
species and the amine species (if any) in the reaction mixture in g cm™3. The Angstrom absorbance
exponents (AAE) were also characterized by power law fits to absorbance spectra in the range 330
— 400 nm. This fit range was adjusted to longer wavelengths by up to 50 nm when necessary to

avoid saturated absorbance readings (Abs > 2.0).

Aerosol studies. Mixtures of carbonyls, AS, and amines (0.056 M of each reactant) were

aspirated into a 300 L Tedlar chamber. The airborne aerosol particles were then aged for 1 h in
midday ambient sunlight, or indoors away from sunlight in control experiments. After 1 h of
aging, aerosol particles were collected onto Teflon filters, which were then extracted in 10 mL
deionized water (>18 MQ). The absorbance of filter extracts was analyzed by diode array
absorption spectroscopy (HP8452A) in 1 cm cuvettes. AMAC values were calculated using Corg
calculated from the mass increase of the filter during sampling divided by the extraction volume;
AAE fits were determined as described above.

Simulation chamber experiment / high-resolution MS analysis. 100 mM MG and 10 mM AS /

30 mM MG solutions were atomized (TSI 3076) and, for control experiments, 100 ug of diffusion-
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dried aerosol was immediately collected onto teflon filters (Tisch, 1.0 um pore size) without any
chamber exposure time. The same AS+MG mixture was also atomized without diffusion drying
into the humidified, 4.2 m® CESAM chamber, which has been described earlier.5? 8 There, these
deliquesced seed particles were exposed to 2 ppm methylamine gas, 80 minutes of simulated
sunlight, and 1-2 cloud events of 5 to 10 min. duration each, triggered by a combination of water
vapor injection and a gradual, 10% pressure reduction to reach supersaturation. Chamber
experimental conditions are summarized in Table S1. After processing in the chamber concluded,
aerosol were collected onto Teflon filters at a flow of 15 L/min over 16 h, while chamber pressure
was held constant with a compensating flow of dry nitrogen, resulting in a continuous reduction
in RH during sampling. All filters were kept frozen at -20C until extraction by acetonitrile and
analysis using a HPLC/PDA/HRMS platform.%* The instrument consists of a Surveyor Plus
system (including HPLC pump, autosampler and PDA detector), a standard lonMAX electrospray
ionization (ESI) source, and a high resolution LTQ-Orbitrap mass spectrometer (all modules are
from Thermo Electron, Inc.). Details about the experimental setup, data acquisition, peak
deconvolution, and molecular formula assignment have been described previously.3! Exact masses
detected for peaks with areas greater than 10® and elevated relative to blank extract runs are

reported here.

Results and Discussion

Carbonyl + AS mixtures. Changes in absorbance (expressed as AMAC) of aqueous mixtures

containing 0.25 M carbonyl compounds and 0.25 M AS reacting for 10-14 h are shown in Figure
1. (See Figure S1 for corresponding AAbs graph.) Under dark conditions (green lines), the relative

levels of browning observed, MG >> GX > GAIld ~ HA, matches previous observations.® In fact,
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MAC increases at wavelengths below 400 nm in MG+AS and GX+AS mixtures after 6 h are quite
similar to those reported after 4 days at the same pH and concentrations,®® indicating that UV-
absorbing reaction products form in these mixtures in hours rather than days under these
conditions. In HA+AS and GAId+AS mixtures, however, significant browning is not observed at
any wavelength even after 14 h of reaction time. Figure 1 shows that MAC increases in the visible
range (> 400 nm) remains negligible (< 5 cm? g*) in all samples through 14 h of reaction time.
Visible browning — the development of an absorbance “tail”” extending to wavelengths beyond 400
nm — is quite slow in acidified bulk aqueous samples, developing only after a few days of reaction
time_23, 25, 65

The effects of sunlight on duplicate reaction mixtures are shown in Figure 1 (gold lines). During
the initial 2 h of photolysis, the overall absorbance of the GX+AS and MG+AS samples declined.
Clearly, no BrC is forming in sunlight, validating the conclusion of other studies that BrC formed
overnight by dark GX+AS and MG+AS reactions would be rapidly destroyed during the day.>": %8
Indeed, BrC formed by dark GX+AS and MG+AS reactions has been shown to photobleach
rapidly, with a lifetime on the order of minutes,>*-% much faster than its slow formation over hours
in bulk samples, even at slightly elevated temperatures here. For GX and MG, MAC declines in
sunlight in Figure 1 are strongest at wavelengths where the most browning occurred in the dark,
producing AMAC spectra that look like negative mirror images of those recorded under dark
conditions. Declining absorbance observed in sunlight indicates a loss of reactants (or loss of
rapidly-formed products already present in the initial t = 0 absorbance measurement) due to direct

photolysis or reactions with photosensitizers.
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GAld and HA only). Color indicates sunlit (gold) or dark (green) conditions).
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For GAId+AS and HA+AS reaction mixtures (which did not brown significantly during 14 h
in the dark), the effects of sunlight are subtle and wavelength-dependent. Sunlight caused the
absorbance of the GAId+AS sample to decrease at most wavelengths, but also caused an
absorbance band centered at 270 nm to appear. Similarly, sunlight caused an absorbance band at
312 nm to increase in the HA+AS sample. Each of these bands increased in height by only <12
cm? gt (+0.08 absorbance units) during 10 h. In contrast, absorbance did not increase at any
wavelength in sunlit MG+AS and GX+AS mixtures.

Carbonyl + amine + AS mixtures. It is sometimes suggested that the rapid photobleaching of

MG+AS and GX+AS mixtures can be generalized to all imine-based brown carbon systems. The
validity of this inference was tested in experiments where carbonyl compounds reacted with

AS+glycine and AS+methylamine mixtures (Figures 2, S2, and S3).
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dotted), 12 h (solid). Color indicates sunlit (gold) or dark (green) conditions). See Figure S2 for

corresponding AAbs graphs.

The addition of an amine to the mixtures profoundly changes their browning behavior in the
dark and especially in the sun, even though pH is held constant. In the dark, UV absorbance is
intensified by amine addition in all four reaction mixtures, as observed in previous studies.5 6
Absorbance clearly extends into the visible range for GX, MG and GAld+glycine+AS solutions
after a few hours reaction time. In sunlight, the presence of glycine counteracts the photobleaching
of starting materials that was observed in carbonyl+AS solutions. Instead, absorbance now
increases under both dark and sunlit conditions for all carbonyl+glycine+AS solutions. With
GX+glycine+AS, the magnitude of the absorbance increase is less in sunlight than in the dark,
indicating that photobleaching is occurring but cannot keep pace with BrC production. The same
is true with HA+glycine+AS at wavelengths >335 nm. Browning in sunlight and in the dark is
nearly identical for MG and GAld+glycine+AS solutions, suggesting that either the BrC products
are resistant to photolytic degradation or that rates of photobleaching and an additional
photolytically-activated browning process are nearly balanced. Generally similar browning
behavior was observed using methylamine rather than glycine as the amine species (Figure S3).
Methylamine-containing mixtures browned in sunlight for 12 h, but more slowly than in the dark
for MG, GAId (> 340 nm), and GX+methylamine+AS (> 300 nm) reaction mixtures, which
suggests that photobleaching is slower than BrC production in these systems.

The extreme differences between sunlit browning in carbonyl+amine+AS mixtures and rapid
photobleaching in carbonyl+AS mixtures demonstrate that the effects of sunlight on BrC formation

and photobleaching cannot be generalized across imine-based BrC reaction systems. These bulk-
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phase experiments show that carbonyls can form BrC even in the daytime atmosphere if they are
present with amines in aqueous aerosol particles at high enough concentrations.

In contrast to the three aldehydes tested, the ketone species HA unexpectedly browned faster in
sunlight than in the dark when mixed with AS and an amine species, especially at wavelengths
below 350 nm. This indicates the existence of a fast browning mechanism initiated by a radical
or photosensitizer species. This “photobrowning” was observed below 350 nm in 5 out of 8
replicate experiments on HA+methylamine+AS mixtures (Figure S4) including all three runs
where methylamine was acidified with sulfuric acid. In other runs, acidifying to the same pH with
oxalic acid unexpectedly®” enhanced the dark browning of these mixtures without having a
consistent effect on sunlit samples. Within each acidification group (using sulfuric or oxalic acid),
while the absorbance that developed in dark HA+methylamine+AS mixtures varied from
experiment to experiment, likely due to day-to-day temperature variation, sunlit experiments
exhibited a larger variation in absorbance. This higher variation in photobrowning may be caused
by the additional variable of solar intensity, and/or by an important role of some photolytically-
active species in the mixture, such as a photosensitizer first-generation product or trace oxidant
precursor absorbed from the air when the reaction vial is opened. We explore the role of one such

oxidant precursor species, hydrogen peroxide, in the next section.

Effects of HOOH on BrC formation. Figure 3 summarizes the effects of two different
concentrations of HOOH for HA+methylamine+AS mixtures in the dark and in sunlight. In the
dark, the addition of HOOH (light and dark blue lines) suppresses the buildup of light-absorbing
products, especially at higher HOOH concentrations (dark blue lines), likely due to direct oxidation
of BrC species. High concentrations of HOOH initially suppress the accumulation of BrC species

in sunlight, too (dark red lines), but after a few hours BrC formation accelerates and eventually
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overtakes that of HOOH-free samples. Since HOOH is slowly being photolyzed by sunlight and
converted to OH radicals, we hypothesize that the initial large excess of HOOH rapidly destroys
BrC products as they form, as seen in dark samples, while OH radicals trigger BrC production
reactions that are faster than, and distinct from, the dark pathways involving only closed-shell
reactants. Thus, it is only when most excess HOOH is used up that radical-initiated brown carbon
products can rapidly accumulate. Furthermore, the similarity of absorbance spectra in all sunlit
samples after 12 h reaction times is consistent with some baseline level of OH radical production
in HOOH-free samples from photosensitization by starting materials or first-generation products.5?

The hypothesis that OH catalyzes rapid brown carbon production in HA+amine+AS mixtures
while excess HOOH destroys brown carbon was supported by experiments where the timing and
amounts of HOOH added and the amine species were varied. With 10x less initial HOOH added
(Figure 3), some suppression of browning was still observed in the dark (light blue lines), but
rapid browning in sunlight (orange lines) started immediately, without the initial induction period
seen with higher HOOH concentrations. In other experiments, 0.25 M HOOH was added not only
att =0 but also at 4, 8, and 12 h (Figure S6) to test the effects of replenishing excess HOOH. In
these experiments, no significant browning was observed, and some photobleaching occurred
below 325 nm, further supporting the idea that excess HOOH destroys brown carbon or its
precursors.

Similar results were observed in experiments where methylamine was replaced with glycine
(Figure S7). Although absorbance increased more slowly at 350 nm with glycine, the most brown
carbon still formed when solutions containing lower levels (0.025 M) of HOOH were exposed to

several hours of sunlight. Clearly sunlight and especially OH radicals enhance BrC production in
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277  pathways in this reaction system.
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Figure 3: Changes in

200 —
/ wavelength-dependent
= mass absorption
coefficients of paired
reaction mixtures
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EJ — Dark
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Lower panel: comparison with identical mixtures with 0.25 M HOOH in sunlight (red) or in dark
(dark blue). Inset: AMAC at 350 nm vs time, using same color code. See Figure S5 for

corresponding AA4bs graphs.

Carbonyl + amine + AS aerosol particles. Since absorption spectra® and browning chemistry

can differ in suspended aerosol particles from that in bulk solutions,3? aqueous aerosol particles
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were generated in Tedlar bags and exposed to either in full-spectrum sunlight or ambient indoor
light while suspended in air, before filtration and extraction. The mass absorption coefficients
(MAC) of filter extracts from suspended aerosol experiments are summarized in Figure 4. For the
GX + methylamine + AS system (top panel), aerosol-phase browning between 300 and 400 nm is
more pronounced when particles are aged in sunlight rather than indoor ambient light, with or
without added HOOH. This is the opposite of what is observed at these wavelengths when bulk
solutions are exposed to sunlight (Figure S3, 3" panel), demonstrating that photolytically-driven
radical reactions can produce GX-derived BrC material in sunlight, not just at night, at enhanced
rates in suspended aqueous aerosol particles compared to bulk liquid samples. While the addition
of 1.7 mM HOOH to the aerosol-generation liquid suppressed BrC formation to some extent in
both sunlight and indoor experiments, the 1 h photolysis time in these experiments may have been
insufficient to eliminate excess HOOH. In any case, sunlit samples still browned more than dark

samples in the presence of HOOH.
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333
334 For MG+methylamine+AS aerosol, slightly more browning is observed in particles protected

335  from sunlight than in those exposed to sunlight (Figure 4 bottom panel), even in the presence of
336  HOOH, but the difference is smaller than in bulk solutions (Figure S3, 1 panel). Taken together,

337  these results for dicarbonyl+methylamine+AS solutions suggest that photosensitization / radical-
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induced browning can be enhanced in aerosol particles relative to bulk liquid solutions with the
same reactants present. This is important because most BrC photobleaching studies to date have
been performed on bulk liquid solutions,>>%° even if the brown carbon was initially formed in
suspended aerosol.®

The optical parameters of BrC from each experiment are compared to the recent atmospheric
BrC classification scheme of Saleh et al.®® 7% in Figure 5. It can be seen that BrC formed in dark,
bulk-phase reactions between carbonyl species and AS (black triangle) does not match
atmospheric BrC in absorptivity, expressed as log(MACuos), and on average has a wavelength
dependence (expressed as AAEss0-400) that is steeper. (Since no BrC forms from this system in
sunlight, this condition cannot appear in Figure 5.) The addition of an amine species to bulk-phase
carbonyl-AS mixtures brings the wavelength dependence of absorption into the range of very weak
BrC and allows brown carbon to form in the sun, but the average MAC values are still lower than
atmospheric BrC. MAC values extracted from aerosol-phase experiments are higher than in bulk-
phase experiments, especially in experiments where suspended aerosol were exposed to 1 h of
sunlight. Under these sunlit aerosol conditions, the BrC formed from carbonyl+AS+amine
reactions, on average, matched the wavelength dependence and absorptivity of the “very weak”

class of BrC observed in the atmosphere.
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Figure 5: Optical parameters of BrC formed in this study compared to Saleh’s field-based BrC
classification scheme, graphed as Angstrom absorption exponent vs MACaos. Each data point
represents an average of experiments with different carbonyl compounds; shapes indicate bulk
phase (triangle) or aerosol phase (round) experiments, while fill indicates dark (filled) or sunlit
(open symbol) conditions. All experiments contain carbonyl species and ammonium sulfate.

Symbol color indicates amine present: no amine (black), methylamine (red), or glycine (green).

Chemical analysis of aerosol particles. Additional MG+methylamine+AS experiments with
offline LC-ESI-MS analysis were conducted in the CESAM chamber to further our mechanistic
understanding of the photolytic browning pathway involving amines. In these experiments we
compared pure MG seed aerosol particles and 3:1 MG:AS seed aerosol particles with no chamber
exposure to 3:1 MG:AS aerosol particles that had been exposed to 2 ppm methylamine gas, 80

minutes of simulated sunlight, and cloud processing in the chamber. A list of observed ions with



20

369  exact masses, peak area ranking, minimum light/dark experiment peak area ratios, and proposed
370  molecular formulae, structures, and precursor species is shown in Table 1. Product molecules
371  detected only with chamber exposure to methylamine and sunlit clouds are labeled “unique,” while
372  remaining products are listed in order from most increased to most decreased due to chamber
373  exposure.

374

375 Table 1: Changes in Reaction Products Detected in Methylglyoxal+AS Aerosol Particles Upon

376  Exposure to Methylamine Gas, Simulated Sunlight, and Cloud Processing

Exptl. ion Peak Peak Neutral lonization A? Proposed structure
m/z area area formula (ppm)
rank, ratio vs (precursor
post- seed species)
exposure | particles
311.2191 12 unique® | CiaHz6N6O2 H* 15 Q NHz Q NHz
(4MG AN
2MA 4NH,)
NH HN\ NH
198.1477 13 uniqueb C11H19N02 H* 8.4 OH
(5AAIld
1IMA) NN
OH
217.0500 17 unique® C10H1004 Na* -10.6 o
(BMG © N X F
1AAId -
OH (0]
1C0O»)
267.1928 19 unique® | CiH22N6O H* 1.9 NHe N nH
(3MG 1HA M/\’(\)‘\/OH
6NH) NH NH, NH
214.1188 5 35 CoH15N303 H* 18 " N "
(3MG Q‘\)\(\H‘\
3NHs3) o NH,
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368.2410 10 2.0 C16H2sN703 H* 0.1
(5MG
1MA 6NH;)
301.1410 1 1.8 C13H20N206 H* -35
(4MG
1IMA 1NH;)
185.0420 3 0.038 CeH100s Na* 2.9
(2MG)
140.0021 4 0.022 | C;HsNSO4 H* 2.4
(1AAId
1S04
1NHs)
329.0843 7 0.012 Cle1309 Na* 1.6
(4MG)
347.0950 2 0.0034 C12H20010 Na* 1.1
(AMG)
126.0391 6 0.0024 C2H40s NH* 9.0 Oxalic acid hydrate
377 Seven peaks detected by positive ion mode ESI-MS that increased in sunlight are listed, followed
378 by the five largest peaks that decreased in sunlight (ratio < 1), listed in order of decreasing light-
379  to-dark experiment peak area ratios. Molecular formulas were detected as H* adducts unless
380 otherwise stated. Abbreviations: MG = methylglyoxal. MA = methylamine. NHsz = ammonia.
381 AAId = acetaldenyde or acetyl radical. -1CO2 = photolytic decarboxylation. HA =
382  hydroxyacetone, formed from MG photolysis. SO4 = sulfate ion. a: nominal — measured mass.
383  b: detected only in experiments with simulated sunlight, listed in order from largest to smallest
384  peak areas.
385
386 At the bottom of Table 1, it can be seen that major MS peaks that decreased in size after chamber
387  exposure to methylamine and sunlit clouds (ratios < 1) all have exact masses that match species
388  containing 0 or 1 nitrogen atom per molecule. These species include methylglyoxal dimer and
389 tetramer species (likely formed by aldol condensation) and a proposed imine-organosulfate species




390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

22

that was present only in experiments where ammonium sulfate was included in seed particles. On
the other hand, peaks that increased in size during chamber exposure (Table 1 top) matched
molecular formulae with 2 to 7 N / molecule. Exposure to methylamine in the chamber appears
to have increased both methylamine and ammonia incorporation into aqueous-phase products,
likely due to methylamine’s favorable exchange reaction with dissolved ammonium salts,
producing ammonia and methylaminium ions. Calculating an average number of N / molecule
weighted by peak area as described in the SI, we find that chamber exposure of methylglyoxal+AS
aerosol to methylamine and sunlit clouds increased the number of nitrogens per detected organic
molecule from 1.0 to 2.0, dominated by the production of CisH20N20¢ (m/z 301.1410) and its
incorporation of one methylamine and one ammonia molecule.

Unique peaks that were seen only after chamber exposure to methylamine and sunlit clouds were
assigned to proposed molecular structures containing 3 — 6 double bonds, and appear to form from
precursors including methylamine, acetaldehyde / acetyl radicals, and/or HA. The formation of
the unique CioH1004 m/z 217.0500 product also appears to involve oxidation followed by
decarboxylation, which can be catalyzed by ammonium salts.”* Chamber exposure increased the
weighted average number of conjugated double bonds per molecule from 1.0 (non-conjugated) to
3.0, again dominated by the production of Ci3H20N20¢ (m/z 301.1410) with its four double bonds,
three of which are conjugated. In summary, exposure to methylamine, sunlight, and cloud
processing results in the conversion of MG oligomers into more conjugated product molecules that
incorporate more nitrogen (both methylamine and ammonia) and photolysis products (acetyl
radicals and HA).

While it was apparent in a recent study that acetyl radicals played a central role in the photo-

oligomerization chemistry of methylglyoxal,® the source of these radicals was unclear. Hydration
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of methylglyoxal, even in the gas phase,’? removes any absorbance bands in the actinic range,”
suggesting that direct photolysis of agueous methylglyoxal is unlikely in the atmosphere or in any
realistic laboratory simulation. Aqueous solutions of HA, GX, and GAId are less light-absorbing
than MG, making direct photolysis of these dissolved compounds even less likely. Once small
carbonyl species react with reduced nitrogen compounds in the aqueous phase, however, imines
and derivatized N-containing heterocyclic products are formed.”* These products are more
strongly light absorbing than the reactants, moving absorbance into the actinic range where light
absorption can occur.?®2% In dark reactions with GX, common atmospheric amines such as glycine
and methylamine have been shown to be more effective than ammonium salts at generating C-N
bonds®® and light-absorbing products.®® % Thus, it is likely that photolysis of first-generation
carbonyl + amine BrC products generate the radical species that trigger further oligomerization
and brown carbon production.

For example, imidazole derivatives are a class of photosensitizer C-N reaction products® 7> 76
that have been detected in aqueous-phase reactions of AS with all four carbonyl compounds used
in this study.”* Replacing ammonia with primary amines in the dark chemical mechanism
produces a permanently charged imidazolium ring whose absorbance is red-shifted by ~10 nm
compared to a neutral imidazole ring formed with ammonia.”” Additional functional groups
attached to the carbon atoms in heterocyclic rings further red-shift the absorbance bands.”* The
increased overlap of such N-containing reaction products with the solar spectrum is expected to
increase production of radicals and excited-state photosensitizer species in the aqueous aerosol
phase. In recent AS-free studies of BrC aerosol formation by methylglyoxal+methylamine
reactions,® it was noted that imidazolium derivatives were formed upon exposure to methylamine

gas, but then were greatly reduced or eliminated upon exposure to sunlight, suggesting that such
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compounds are the source of not only triplet carbon excited state species but also photolysis
fragment radicals that trigger further oligomerization and browning in sunlight. This result is
consistent with the MS product analysis in Table 1, where N-methyl imidazole species were not
detected in aerosol after combined methylamine and sunlight exposure in the chamber.

Radical and/or excited state species, once produced, will rapidly react with nearby molecules in
crowded aqueous environments, and especially at the air-water interface where surface-active
molecules accumulate.”® This effect has been noted in bulk aqueous-phase experiments on
carbonyl compounds, where oxidation by OH radicals generated oligomeric products only at high
concentrations due to accretion reactions between organic radical intermediates and other organic
molecules.” 8 A similar effect is evidently at work in the light-activated formation of brown
carbon oligomers in the carbonyl+AS+amine aqueous reaction system. Moreover, the dominance
of light-activated radical reaction pathways involving surface-active BrC may be explain the
observed divergent behavior between photobleaching experiments performed in bulk solution and

in suspended droplets.>°
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