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ABSTRACT: Brown carbon in aerosol remains a significant source of error in global
climate modeling due to its complex nature and limited product characterization. Though
significant efforts have been made in the previous decade to identify the major light-
absorbing brown carbon chromophores formed through the reactions of carbonyl-
containing compounds with ammonium, substantial work is still required to identify the
main absorbing species resulting from reactions of glyoxal, glycolaldehyde, and
hydroxyacetone with ammonium sulfate (AS). Using tandem mass spectrometry and
15N experiments to confirm proposed structures and support their mechanistic pathways,
compelling evidence is provided for the formation of pyrazines and imidazoles in the
glyoxal + AS, glycolaldehyde + AS, and hydroxyacetone + AS systems. Through density
functional theory calculations, the N-containing oligomers and aromatic heterocycles
formed within these reaction systems are shown to contribute to brown carbon light
absorption, thus holding significant relevance toward accurately predicting their effects on global climate.
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1. INTRODUCTION

Aqueous aerosol particles can take up small, water-soluble
carbonyl compounds,1−4 which undergo Maillard-type brown-
ing reactions with ammonium salts and amines to produce
nitrogen-containing heterocycles and oligomers capable of
absorbing solar radiation.5−7 The carbonyl-containing com-
pounds methylglyoxal (MGly), glyoxal (Gly), glycolaldehyde
(GAld), and hydroxyacetone (HA) have been identified as
atmospheric organic compounds capable of these reactions
(see Figure 1). These carbonyl species are abundant in the
atmosphere, originating primarily from the gas-phase oxidation
of biogenic and anthropogenic volatile organic com-
pounds.8−11 Ammonium ions, primary amines, and amino
acids have all been shown to nucleophilically attack at the
carbonyl carbon, effectively promoting the aldol condensation

and intramolecular cyclization pathways that produce the
imines, N-heterocycles, and aromatic compounds that act as
the major contributors to brown carbon (BrC) light absorption
in the atmosphere.6,7,12−25

MGly and Gly, the two simplest and most abundant α-
dicarbonyls in the atmosphere, have been extensively studied,
and mechanistic pathways and structural characteristics of
several classes of their resultant BrC chromophores have been
identified.6,9,14,16,18,19,21,26−29 The carbonyl groups on MGly
and Gly enable intramolecular reactions to form heterocyclic
products like pyridines, pyrazines, and, most notably, imidazole
derivatives.7,9,11,13,17,29,30 Along with open-chain reduced N-
containing oligomers, these species comprise the majority of
the chromophoric behavior in these carbonyl + AS systems.19

For the Gly + AS system, Nozier̀e et al. found that
oligomerization occurs via ammonium-catalyzed formation of
acetals followed by imine formation and subsequent
oligomerization to open chains or heterocycles.15 Thus, the
primary BrC products from the Gly + AS system are imidazoles
and diamines.22 Kampf et al. further characterized the
contributions of BrC chromophores in the Gly + AS system
by identifying trace levels of biimidazole as the major
contributor to the absorption band at 280 nm,18 thus
emphasizing the importance of identifying even small
concentrations of BrC chromophore structures within organic
aerosol mass if they have large absorption coefficients.9,16 The
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Figure 1. Small water-soluble carbonyl compounds react with
ammonium sulfate to produce atmospheric BrC.
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MGly + AS system forms similar products, yet these products
are more structurally inclined to follow mechanistic oligome-
rization routes through aldol condensation pathways rather
than acetal formation,11,17 and forms analogous methylimida-
zole products to the Gly + AS reaction system.17 In addition to
imidazole derivatives, Hawkins et al. also identified novel
pyrazine derivatives in the MGly + AS system.30 High water
content may suppress the formation of these compounds,
which may explain why they were not previously observed in
studies of bulk, aqueous atmospheric mimics that did not
involve an evaporation step.30 These chromophoric species
may contribute to previously unexplained light absorption in
this carbonyl + AS system.19

Powelson et al. conducted experiments that show the
relative amounts of BrC production in carbonyl + AS systems
as follows: MGly > Gly > GAld > HA.7 Though they
contribute to less BrC production than MGly in controlled
reactions containing identical carbonyl + AS concentrations,
Gly, GAld, and HA are still relevant in studies regarding BrC
due to their abundance in the atmosphere. Gly is 1.5 times
more abundant on average than MGly in cloud and aqueous
aerosol droplets and is commonly used as a tracer for
secondary organic aerosol formation in atmospheric mod-
els.7,14,31 GAld and MGly are found in nearly equal
concentrations in the atmospheric condensed phase.7 Though
HA is far less abundant than GAld in the atmosphere, the HA
+ AS system can contribute to twice the absorbance as the
GAld + AS system in the 200 to 300 nm range, thus elevating
its relative potential for BrC production.7 Therefore, it is
essential to identify the major BrC chromophores in these
lesser-understood carbonyl + AS systems in order to accurately
account for BrC production in global climate models.
Aldol condensation is not likely to be a significant

oligomerization pathway for GAld in the presence of
ammonium due to poor catalytic activity of AS in this system.7

While Powelson et al. surmised that GAld + AS systems in the
presence of formaldehyde could form pyrazine and pyridine
derivatives, these assertions have yet to be confirmed with
experimental analysis.7 Yi et al. also analyzed the GAld + AS
reaction system, concluding that GAld follows similar BrC
product formation as the α-dicarbonyl + AS systems, where
nucleophilic attack by AS (or an amine) precedes aldol self-
condensation and dehydration in order to form oligomers and
higher molecular weight products.25 They reported the major
absorption products as open-chain imine- and carbonyl-
containing oligomers. Most notably, Yi et al. proposed that
the lack of a second carbonyl group in GAld prevents it from
forming cyclic aromatic compounds like imidazole in its
reaction with glycine.25

De Haan et al. reported that HA + AS will only produce
sufficient products to contribute to aerosol yields if HA
participates in oligomerization reactions, mainly with MGly.12

However, its structural similarities to MGly and GAld may
allow the HA + AS system to undergo similar acetal and
amination reactions to α-dicarbonyl + AS and GAld + AS,
resulting in the formation of BrC compounds. To the authors’
knowledge, no reaction products have been proposed for the
HA + AS reaction system.32

Much is still unknown about the reactions of AS with Gly,
GAld, and HA. These reaction systems are likely to undergo
similar initial reactions with ammonia in solution and to form
aldol and acetal oligomers as well as imidazole and pyrazine
products. To characterize the highly polar, complex com-

pounds originating from each of these carbonyl + AS systems,
supercritical fluid chromatography−tandem mass spectrometry
(SFC-MS/MS) and 15N-AS isotopic substitution experiments
were utilized to separate and analyze these reaction mixtures
for structural identification.

2. MATERIALS AND METHODS
2.1. Reagents. Glyoxal (40% w/w in H2O) and

hydroxyacetone (95%) were obtained from Alfa Aesar, and
glycolaldehyde dimer and ammonium sulfate were purchased
from Sigma-Aldrich. For the isotopic substitution (15N)
experiments, 15N-AS (99%) was purchased from Cambridge
Isotope Laboratories, Inc. Food grade carbon dioxide was
obtained from Airgas. Methanol (Optima LC/MS grade) and
formic acid (Optima LC/MS grade) were purchased from
Fisher Chemical.

2.2. Preparation of Carbonyl and Ammonium Sulfate
Mixtures. Separate standard solutions of 1 M each of GAld,
Gly, HA, AS, and 15N-AS were prepared in Millipore Milli-Q
Ultrapure water (Milli-Q, 18.2 MΩ cm resistivity) and used
within 1 month. Solutions containing 50 mM carbonyl + 50
mM AS were prepared from the stock solutions using Milli-Q
water and evaporated until dry at 40 °C using a Buchi
Rotavapor RII to simulate atmospheric cloud processing.22 An
analogous set of 50 mM carbonyl + 50 mM 15N-AS solutions
was prepared for the 15N experiments. The solutions were
reconstituted back to their original volume using Milli-Q water
for analysis via SFC-MS/MS.

2.3. SFC-MS/MS. All samples were analyzed immediately
after reconstitution using a Waters ACQUITY Ultra Perform-
ance Chromatography (UPC2) supercritical fluid chromatog-
raphy system coupled to a Waters XEVO TQD tandem
quadrupole mass spectrometer. Further details about this
instrument and chromatography technique can be found in the
study of Grace et al.33

A binary gradient of CO2 and methanol was used for elution
of all samples through an ACQUITY UPLC BEH Amide
column (2.1 × 50 mm, 1.7 μm particles). Starting conditions of
99% CO2 and 1% methanol were held for 2 min, and then the
modifier content was increased to 45% over 18 min and then
held at 45% until 26 min before the system returned to initial
conditions for 3 min. The total flow rate was held constant at
1.0 mL/min with 0.25 mL/min MeOH + 1.0% formic acid
makeup flow. The UPC2 system back pressure was set to 1500
psi throughout the duration of all sample runs. All data were
collected in positive ESI mode. ESI conditions were set as
follows: capillary voltage = 1.18 kV, cone voltage = 30 V,
desolvation temperature = 200 °C, desolvation gas flow = 650
L/h, and cone flow = 1 L/h. Once a mass was identified in the
mass spectrum, the sample was reanalyzed using extracted ion
chromatography (EIC) to provide better sensitivity. Tandem
mass spectrometry was also utilized to determine structural
features.

2.4. Computational Methods. Density functional theory
calculations were carried out for all compounds at the wB97X-
D34,35/6-311G(2d, p)36,37 level using Gaussian 16.38 The
ground-state geometry was optimized for each compound, and
a frequency calculation was performed to confirm the energy
was at a minimum on the potential energy surface. Time-
dependent density functional theory (TDDFT) was used to
calculate the 15 lowest-lying excitations per compound. All
calculations utilized a conductor-like polarizable continuum
model (CPCM) with water as the solvent.39,40 UV−vis
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absorption plots based on these calculations were generated
according to the protocol implemented in GaussView.41 To
construct simulated absorption spectra, a Gaussian broadening
function was applied to each excitation38
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where ε is the extinction coefficient, e is the fundamental unit
of charge, c is the speed of light, N is Avogadro’s number, me is
the electron mass, and f i and ν ̃i are the oscillator strength and
excitation energy (in wavenumbers), respectively, correspond-
ing to the electronic excitation of interest. The width of the
gaussian curve is denoted by σ, which is the standard deviation
in wavenumbers. In this work, we used the default value in
GaussView 6 of σ = 0.4 eV. The overall spectrum (ε(ν)̃) was
determined by summing the contributions of each excitation
according to the following equation.

∑ε ν ε ν̃ = ̃
=

( ) ( )
i

n

i
1

Natural transition orbital (NTO) analysis was performed for
the compounds identified in this work.42 Electron orbitals,
including NTOs and molecular orbitals (MOs), were
visualized using GaussView.41 An isosurface value of 0.02
was used in visualizations.
The calculated absorption energies were somewhat over-

estimated compared to the experimental standards measured in
this work. Previously, it has been shown that the ωB97X-D
functional can overestimate excitation energies by ∼0.36 eV
root mean square error, with overestimations reported up to
0.8 eV.43 In addition, the highly absorbing π−π* transition in
pyrazine is typically overestimated by DFT methods.44,45 In
order to compare calculated spectra directly to experimental
results, a -0.6 eV shift was applied to calculated excitation
energies (see Figure S6). For reference, we have provided the
nonshifted excitation energies and corresponding oscillator
strengths in the Supporting Information.

3. RESULTS AND DISCUSSION
Upon drying, the Gly and GAld reaction mixtures formed a
brown solid that resulted in a light brown aqueous solution
when reconstituted in Milli-Q water. The HA reaction samples
formed a white solid that was colorless when reconstituted.
The product masses for the reactions of GAld or Gly with AS
observed in this study are consistent with published masses,

while the authors are not aware of any published HA + AS
masses.9,11,18,25,32 New structures proposed in this study can be
found in Table S1, and extracted ion chromatograms (EICs)
for each mass can be found in Figures S1−S3.

3.1. Gly + AS. The major products in the Gly + AS system
are consistent with those that have been identified in the
previous literature.9,18 We propose two new imidazole
derivatives at low intensity (m/z 99 and 129) in this system.
For these compounds, 15N experiments confirm the presence
of two nitrogen atoms in each structure, thus supporting the
imidazole backbone. In addition, fragmentation patterns of
m/z 69 and 42 further confirm the parent ion breakdown into
the imidazole present in the structure, and fragments of m/z 83
correspond to methylimidazole.33 The formation of these
compounds is likely to follow a similar mechanism to the
imidazole derivatives observed in previous studies.9,18

While imidazole-based compounds have been established as
major products present in the Gly + AS reaction system, we
also observe a low-intensity signal that corresponds to pyrazine
(m/z 81). This is confirmed by comparison to a standard
prepared using 98% pyrazine reagent (Alfa Aesar). The
pyrazine standard and observed m/z 81 both fragment to
m/z 54 and elute at approximately 18 min (see Figure S1).
This finding is supported by the observation by Hawkins et al.
of methylpyrazines in the MGly + AS system under acidic
conditions.30 The formation mechanism in the Gly + AS
system is likely to follow the same formation mechanism as
that suggested for 2,5-dimethylpyrazine since the carbonyls are
the relevant reaction sites, and the methyl groups do not
participate in the reaction itself.30 As stated previously,
Hawkins et al. observed that high water content may suppress
pyrazine formation in atmospheric systems; this detail may
explain why previous studies on aqueous, bulk phase Gly + AS
did not detect pyrazine formation.30

3.2. GAld + AS. Aliphatic heterocycles have been
previously observed in atmospheric aerosol mimics of the
GAld + AS system,25 but aromatic heterocycles have yet to be
identified. Aromatic molecule formation is thought to be
inaccessible due to the lack of a second carbonyl on the GAld
molecule,25 but we provide evidence to support the formation
of both imidazole and pyrazine derivatives in the GAld + AS
system. Similar to the Gly + AS system, imidazole derivatives
(m/z 69, 99, and 115) are observed. A mass at m/z 69 was
observed by Yi et al., but the authors did not propose a
structure for this mass.25 However, through the use of MS/MS,
15N experiments, and comparison to a standard prepared using
99% imidazole (Sigma-Aldrich), we have identified this mass as

Figure 2. Proposed mechanism for the formation of imidazoles in the GAld + AS system. Structures in bold with m/z labels indicate compounds
identified in this work.
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imidazole. Figure 2 shows a possible mechanism for the
formation of imidazole and imidazole derivatives (m/z 99 and
115) in the GAld + AS system. The presence of 2-
hydroxymethylimidazole was also confirmed by comparison
with a standard (Sigma-Aldrich).
To produce m/z 99, GAld first undergoes imine formation.

The imine then condenses with an additional GAld molecule,
where subsequent dehydration produces the conjugated enol
intermediate. An ensuing series of proton transfers, cyclization,
and subsequent oxidation results in the stable aromatic 2-
hydroxymethylimidazole product (m/z 99). Alternatively, the
conjugated enol intermediate can tautomerize to form an
aldehyde and the imidazole ring in hydrated imidazole-2-
carboxaldehyde (m/z 115). As with the Gly + AS system, it is
also possible for an alternate oxidation pathway to occur that
cleaves formaldehyde from the compound to produce
imidazole (m/z 69); the formaldehyde is likely lost to
evaporation during the sample drying process and is too
small for the MS to detect even if it remains in the sample.9

In addition to the imidazole derivatives found in the GAld +
AS system, pyrazine derivatives are also observed. An MS/MS
signal of m/z 81 fragments to m/z 54 and elutes at
approximately 18 min (see Figure S2), which matches the
fragmentation and retention time of the pyrazine standard.
Furthermore, 15N experiments reveal that two nitrogen atoms
are present in this compound, thus further supporting the
presence of pyrazine. Based on their fragmentation patterns
(see Figure 3), the structures for m/z 125, 143, and 185 can be

identified as pyrazine derivatives. Though Yi et al. proposed
oxazine-based structures for m/z 143 and 185,25 these
fragmentation data support the observation of pyrazine
derivatives. Each of these compounds fragments to m/z 80
during MS/MS analysis, which is typical of a pyrazine
derivative. If these compounds contained oxazine within
their structures, then it is highly unlikely that they would all
fragment to m/z 80 based on their chemical structures. While
m/z 143 was not identified in this study, the similarity of its
fragmentation pattern to pyrazine (m/z 81) and pyrazine

derivatives (m/z 125 and 185) suggests that it contains a
pyrazine ring rather than an oxazine ring.
Though the formation of pyrazine and its derivatives has not

been previously identified in aerosol mimics, Yu et al. reported
that reactions between glycolaldehyde and hydroxyacetone in
the presence of ammonia can produce methylated pyrazine in
food chemistry.46 While the mechanism they propose is not
likely to occur in this slightly acidic system, the mechanism in
Figure 4 shows a pathway for pyrazine and pyrazine derivatives
to form under these reaction conditions. Amine-substituted
glycolaldehyde (aminoacetaldehyde) undergoes dimerization
followed by double dehydration. From this step, the
intermediate can either oxidize to form pyrazine (m/z 81) or
nucleophilically attack a GAld molecule via a tautomer. After
subsequent dehydration and aromatization, m/z 125 is formed,
with which another GAld unit can then react to form m/z 185.

3.3. HA + AS. The HA reaction system has not been
studied in as much detail as the other small water-soluble
aldehydes,7,32,47 but it is reasonable to expect that its products
have many similar functional groups to the other carbonyl
systems discussed herein. HA is not a dicarbonyl and contains
a ketone functional group rather than an aldehyde, so it does
not react as quickly with ammonium in the dilute aqueous
phase as Gly and MGly. However, reactions proceed orders of
magnitude more quickly during the drying process than in the
dilute solution, so many products are observed that are
otherwise only seen after several months of dark reaction in the
aqueous phase.7,48 The products identified in this reaction
system are shown in Figure 5, along with their formation
pathways.
One of the masses observed via SFC-MS includes m/z 75,

which corresponds to the HA monomer and indicates that not
all of the original carbonyl reacted with ammonium during
drying. HA can dimerize and then dehydrate to form an open-
chain oligomer (m/z 131), which can further react with
additional HA units (m/z 205) or ammonia to produce an
imine (m/z 204). Like the initial amination of the GAld + AS
system, HA can react with ammonia to produce aminoacetone
(m/z 74). Notably, when aminoacetone dimerizes, it can form
a heterocycle that is oxidized to 2,5-dimethylpyrazine (m/z
109), as shown to occur in the MGly system by Hawkins et
al.30 From m/z 131, furan derivatives (m/z 169) can be
produced through aldol condensation pathways with HA or
aminoacetone. Further reactions at the aldehyde carbonyl with
additional HA units can produce extended furan derivatives
(m/z 243).
Figure 5 also demonstrates a formation pathway for 1-(5-

methyl-1H-imidazol-2-yl)ethanol (m/z 127), in which an
aminoacetone dimer undergoes dehydration followed by
tautomerization to form an imine, which acts as an electrophile
for the amine nitrogen. The resulting heterocycle is then
oxidized to 1-(5-methyl-1H-imidazol-2-yl)ethanol. Alterna-
tively, this imidazole derivative could be formed via the
reaction of 2-hydroxypropanal (in equilibrium with HA
through an enol intermediate) and 1-propene-1,2-diamine
(through imine formation and subsequent tautomerization) to
form a cyclic intermediate that is then oxidized to the stable
imidazole (m/z 127). Like the GAld + AS system, imidazole
derivatives in the HA + AS system have not been reported
previously, yet ample evidence is provided by SFC-MS/MS
data and 15N experiments to confirm the formation of
methylated imidazole derivatives. The formation of this
imidazole derivative (m/z 127), along with other observed

Figure 3.MS/MS data for pyrazine-containing compounds within the
GAld + AS system. The similarities in the fragment masses indicate
common structural features. All labeled peaks have an intensity above
zero but may not be visible on the scale shown.
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imidazoles (m/z 83, 97, and 113), is supported by MS/MS
data. Fragmentation of the masses shows a common pattern
(Figure S4), which includes fragment ions that indicate the
presence of imidazole and methylated imidazole (m/z 42, 56,
69, and 83),33 and 15N experiments confirm the presence of
two nitrogen atoms within their structures. Although HA + AS
has been speculated to not contribute to major BrC
chromophores like imidazole derivatives, it is important to
note that there are multiple mechanistic pathways for
imidazole formation in this system, even though the proposed
mechanisms for HA + AS include steps that are less favorable
than the corresponding α-dicarbonyl + AS imidazole formation
pathways.

3.4. Light Absorption Calculations. The imidazole and
pyrazine reaction products identified herein are further
supported by the fact that the Gly + AS, GAld + AS, and
HA + AS reaction systems absorb light in the BrC region (see
Figure S5). The absorption spectra of the compounds
identified in Table S1 were calculated using time-dependent
density functional theory (see Figures S7−S9). The calculated
absorption spectra indicate that pyrazine, furan, and imidazole
derivatives exhibit high absorptivity in the region from 200 to
300 nm. When these aromatic heterocycles are alkyl-
substituted, the absorption spectrum becomes red-shifted
into the actinic region as shown in Figure 6. This indicates
that these compounds likely contribute to BrC absorption in
the Gly + AS, GAld + AS, and HA + AS mixtures studied in
this work.
Pyrazine absorbs light in the actinic region, with a peak

centered at 255 nm corresponding to the π−π* transition. The
n−π* excitation centered at 341 nm has a small oscillator
strength, which may contribute to the absorption tail into the
visible spectrum. This peak energy, however, is slightly
underestimated and is likely to appear at somewhat shorter
wavelengths in aqueous solutions. The excitation is typically
observed at 312 nm in aqueous solutions, where hydrogen
bonds between solvent water and nitrogen lone pairs blue-shift
the excitation.44,49,50 Further discussion on pyrazine excitation
wavelengths is included in the Supporting Information. The
substituted pyrazines identified in Table S1 absorb even further
into the actinic region, with the π−π* transition maxima
shifting from 255 to 264 nm. To visualize the change in
electron density upon absorption, a natural transition orbital
analysis was performed. The highest occupied and lowest
unoccupied transition orbitals (HOTO and LUTO, respec-
tively) correspond to a one-electron representation of the
change in electron density from the ground to excited state
(i.e., a single particle-hole excitation) and are provided for
representative compounds in Figure 7. As shown in the
pyrazine transition orbitals, the electron density is more
delocalized upon alkyl substitution. The red-shift in absorption
energy occurs due to coupling between the π-orbital localized
on the pyrazine ring and the highest occupied molecular orbital
(HOMO) of the substituent group, which includes the pz
orbitals of the proximal carbon and oxygen atoms. This
coupling between occupied states raises the energy of the
occupied π-orbital that contributes the most to the excitation

Figure 4. Proposed mechanism for the formation of pyrazine and its derivatives in the GAld + AS system. Structures in bold with m/z labels
indicate compounds identified in this work.

Figure 5. Proposed mechanism for HA + AS formation of open
chains and heterocycles. Structures in bold with m/z labels indicate
compounds identified in this work.
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(as shown in Figure S12). The virtual π* orbital involved in
the excitation is less coupled to the substituent group, so the
energy of the orbital remains unchanged. Because the energy
gap between these orbitals is smaller upon substitution, the
excitation in the pyrazine derivative is red-shifted compared to
that in pyrazine. The red-shift in absorption spectra indicates
that pyrazine and its derivatives identified in this work are
responsible for light absorption in the Gly + AS, GAld + AS,
and HA + AS mixtures.
Furan derivatives were identified in the HA + AS system,

and as shown in Figure 6, these aromatic heterocycles are also
likely to contribute to light absorption into the BrC region.
While furan absorbs light at 212 nm, substitution red-shifts the
excitation to 226 nm. Upon substitution, the occupied and
virtual π-orbitals in the furan ring can couple to the p orbitals
of neighboring carbon and oxygen atoms of the substituent
group (shown in Figure 7). As a result of the decreased orbital
energy gap, the substituted furans absorb longer wavelength
light, and their absorption spectra shifts toward the visible
region.
As shown in Figure 6, the calculated spectrum for imidazole

does not exhibit significant absorption in the BrC region.
Instead, the maximum absorption peak is situated at 200 nm,
which is in agreement with experimental values.51 However,
the substituted imidazoles identified herein do absorb into the
BrC region. For example, the imidazole derivative in Figure 6

exhibits a π−π* transition peak centered at 212 nm. Like the
other aromatic heterocycles, the occupied and virtual π-orbitals
in the imidazole couple to neighboring carbon and oxygen
atoms upon substitution. As a result, the excitation energy
becomes red-shifted. In addition, the calculated oscillator
strength (absorption intensity) for the π−π* transition in
imidazole derivatives is fairly large compared to the other
compounds considered in this study. The imidazole com-
pounds have very high absorptivity coefficients, so even small
concentrations will absorb significantly in the atmosphere.52 It
is likely that further substitution and conjugation of the
molecule will shift this absorbance to lower energies, and
unidentified substituted imidazoles within this system may be
present. An example of such a compound is provided in Figure
S14. Thus, it is expected that imidazole derivatives identified in
this work are responsible for light absorption around 212 nm
in Gly + AS, GAld + AS, and HA + AS mixtures, and further
substituted imidazole compounds that may be present could
contribute to light absorption at higher wavelengths.
Previously identified products in the GAld + AS system are

open-chain acetal and amine oligomers and aliphatic hetero-
cycles.7,25,53 Light absorption spectra for several of these
compounds were also calculated. In the case that π-conjugation
extends across multiple bonds in an oligomer, it is possible for
there to be significant absorptivity in the BrC region. However,
in general, the open-chain acetal and amine oligomers did not

Figure 6. Calculated absorption spectra for aromatic heterocycles with and without substituent groups for (A) imidazole, derivative in blue, (B)
furan, derivative in green, (C) pyrazine, derivative in red, and (D) oxazine, derivative in gray. The calculated vertical excitation energies are shown
as sticks, with oscillator strengths corresponding to the right y axis.

ACS Earth and Space Chemistry Article

DOI: 10.1021/acsearthspacechem.9b00235
ACS Earth Space Chem. 2019, 3, 2472−2481

2477

http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00235/suppl_file/sp9b00235_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00235/suppl_file/sp9b00235_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00235/suppl_file/sp9b00235_si_001.pdf
http://dx.doi.org/10.1021/acsearthspacechem.9b00235


significantly absorb light in the ultraviolet or visible region (see
Figures S10 and S11), indicating that the observed absorption
likely arises from pyrazine, imidazole, and furan reaction
products.
On the other hand, non-aromatic oxazine derivatives were

also proposed by Yi et al. as potential BrC reaction products,
and the absorption spectra for several of these compounds
were calculated.25 The absorption maximum for the π−π*
transition is centered at 216 nm, as shown in Figure 6D. There
is an n−π* excitation with a small oscillator strength near 290
nm that could enable these compounds to absorb into the
visible region. The peak around 216 nm occurs at a similar
range as the imidazole derivatives, albeit with a significantly
smaller absorption intensity (i.e., approximately 60% smaller
oscillator strength on average, as shown in Table S6). The
smaller oscillator strength can be attributed to the smaller
amount of spatial overlap between the HOTO and LUTO for
the oxazine derivative compared to the other heterocycle
derivatives. As shown in Figure 7, the HOTO is more localized
on the oxazine moiety, while the LUTO is more localized on
the imine moiety. The oxazine peak near 290 nm is somewhat
near the peak maximum for the pyrazine derivatives (around
260 nm), and like imidazoles, the pyrazine derivatives exhibit a
significant absorption intensity in this region. The oxazine
derivatives exhibit an average oscillator strength that is only 7%
that of pyrazines in this region. While the low molecular
absorptivity of previously proposed oxazines in the actinic
region does not definitively rule out the formation of oxazines
in this system,25 it does indicate that the imidazoles and
pyrazines are overwhelmingly contributing to the observed
light absorption.
The GAld + AS and HA + AS systems do not absorb light to

the same extent as MGly and Gly, which indicates that many of

the products of this reaction are not chromophoric or are
chromophores that are found in very small concentrations, as
was observed via MS/MS. However, there are chromophoric
products within this system that absorb light further into the
actinic region; this absorbance is not explained by the oxazine
and open-chain oligomers previously observed.25,53 Previous
studies disagree when it comes to the significance of the HA +
AS system as a source of atmospheric BrC as compared to the
other carbonyl + AS systems based on its light absorption
properties. For example, Gao et al. found that this system did
not absorb significant light, while Powelson et al. reported that
its potential for BrC production may be on par with GAld +
AS.7,32 The HA + AS mixture does absorb light in the mid-UV
region and exhibits some BrC character (see Figure S5). The
structures identified in this study support the conclusion that
while the light absorbance may be lower than that of the Gly +
AS system, the HA + AS system is likely to contribute to BrC
absorption in the atmosphere. These newly identified aromatic
imidazole and pyrazine derivatives absorb light in the actinic
region and can help to fill the gap between previous knowledge
and experiments.

4. CONCLUSIONS

It has previously been thought that small atmospheric
aldehydes lacking an α-dicarbonyl (e.g., GAld and HA) cannot
form aromatic heterocycles such as imidazoles in the presence
of ammonium or amines.25 This work shows that these
reactions are possible. Aromatic heterocycles such as imidazole
and pyrazine derivatives in sparsely studied carbonyl + AS
systems has been identified in atmospheric aerosol mimics for
the first time. Though lacking the reactivity that comes from
the second carbonyl moiety in the extensively studied MGly
and Gly systems, this product formation occurs in both the
GAld and HA systems. In bulk phase reactions, these
compounds are likely to form much more slowly than
comparable compounds in the MGly or Gly + AS systems,
but their formation can be accelerated by rapidly drying the
aqueous solution, simulating cloud processing.
The addition of the formation mechanisms for these small

heterocyclic compounds into our scientific knowledge may
help us to further understand the light absorbing properties of
atmospheric droplets. As conjugated imine systems and N-
containing aromatics have been thought to provide some of the
major absorbing species in the MGly + AS and Gly + AS
systems, the discovery of these compounds in the HA and
GAld systems could play an important role in informing more
detailed characteristics of BrC formation in global climate
models, especially in regions susceptible to generating these
carbonyl precursors.
The observation and identification of these cyclic com-

pounds has significant impacts on our understanding of the
formation and abundance of these BrC compounds. Since α-
hydroxycarbonyl compounds can form 5- and 6-membered
heterocyclic rings in the presence of ammonia, it is likely that
analogous compounds can also be formed in the presence of
other simple amines such as methylamine and amino acids. As
these amines are also abundantly found in the atmosphere,7

these reactions highlight an additional area of study for
potential BrC formation in order to expand our knowledge on
their significance in global climate modeling.

Figure 7. Natural transition orbitals (NTO) for the excitations with
highest intensity shown in Figure 6 for the (A) imidazole + derivative,
(B) furan + derivative, (C) pyrazine + derivative, and (D) oxazine +
derivative. An isosurface value of 0.02 was used to generate the plots.
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