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ABSTRACT: The contribution of organic aerosol from biomass
burning is poorly constrained, and the lack of consensus regarding its
overall contribution to global radiative forcing leads to significant
uncertainties in climate modeling. Identification of potential brown
carbon chromophores from common biomass burning emissions may
reduce this uncertainty. Biacetyl (BA) is found in emissions from
industry and biomass burning from various ecosystems and shares
structural similarities with other small carbonyls that react with
ammonium sulfate (AS) to produce brown carbon compounds. Like
previous carbonyl + AS studies, the BA + AS system results in the
formation of hundreds of different products; these were separated and
identified using supercritical fluid chromatography−tandem mass
spectrometry, isotopic substitution experiments, and comparisons to standards. Kinetic information was obtained through spectral
decomposition of experimentally measured UV−visible absorbance data. Theoretical TDDFT calculations were utilized to extract
more information on the light absorbance of identified products and to determine how these individual chromophores would
contribute to the light absorbance of organic aerosol. This information could provide insight into unknown organic aerosol behavior
by furthering our understanding of the reactivity of a common biomass burning emission product like biacetyl.
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■ INTRODUCTION

With projections for wildfire frequency on the rise in the U.S.,
understanding the extent of environmental health impacts
associated with biomass burning (BB) has become critical in
recent years.1−3 BB contributes significant concentrations of
black carbon aerosol and organic aerosol (OA) emissions, both
of which influence global positive radiative forcing. Black
carbon radiative forcing effects are better understood in their
consideration in global climate models and contribute more
significantly than OA.4 The struggle to capture the complex-
ities of the OA component in determining the global energy
budget, however, has contributed to large uncertainties in these
models for both black carbon and OA estimates.1−3,5

The wide variety of structural differences in OA results in
aerosol that can scatter and/or absorb sunlight, the latter of
which is considered brown carbon (BrC). BB generates BrC
both directly, where BrC aerosol are emitted as OA, and
indirectly, where volatile gases emitted from BB undergo
oxidative aging reactions that lead to secondary OA (SOA)
that can undergo further aging and BrC evolution.1−3,5,6

Because of the multifaceted nature of SOA formation, field and
laboratory studies measuring BB SOA are inconsistent, and a
definitive conclusion has yet to be reached regarding whether
BB SOA yield and its overall net radiative forcing are

significant.1,2,7 Multiple studies, including newly developed
SOA parametrization for laboratory studies, show that SOA
contributions have been both grossly overestimated and
underestimated in biomass burning models when compared
to ambient observations.1−3,5−7

The identities of the plants and ecosystems that burn
influence the classes of BrC chromophores produced and
overall BrC atmospheric lifetime from BB.1,3,6 BrC chromo-
phores may persist longer in the environment than previously
considered and could indicate that BrC aerosol has a larger
positive radiative forcing contribution than originally antici-
pated.1,3,6 Therefore, to decrease the uncertainty from OA in
climate modeling, numerous studies have requested that work
be conducted in determining individual BrC chromophore
identity, including BrC chromophores that range in polarity,
aging effects, and BB source identity.1,3,8 In response to the fact
that BB source-type affects emissions, a 2019 study updated
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emission factors and specific compound identification from
various types of BB.9 That study found that gas-phase biacetyl
(2,3-butanedione; BA) is a product of multiple anthropogenic
and biogenic BB sources.9 The photooxidation of volatile
organic compounds, including various methylated benzenes,
found in significant concentrations in urban areas from sources
like BB, transportation exhaust, gasoline, and solvent
evaporation, also results in high production of BA.10−12

Wang et al. identified BA as the major degradation product
of the reaction of ozone with several unsaturated ketones
found in the troposphere.13

BA is a diketone and will readily undergo reactive uptake
into aqueous droplets in the atmosphere; it has been observed
in concentrations of up to tens of micromolar in urban fogs,
clouds, rain, and mists.10,12,14−17 Despite the presence of BA in
the atmosphere as a result of both direct sources and
atmospheric sinks, few studies exist to investigate its
atmospheric reactivity and potential contribution to BrC
formation.18 The lifetime for aqueous BA photolysis has been
measured to be 1−1.6 h at midday in North Carolina.10 Kampf
et al. studied the BA + ammonium sulfate (AS) system among
a comprehensive analysis of different dicarbonyl + amine
systems but did not determine any product structures for this
system, and it was concluded that BA + AS may not contribute
to BrC light absorption because no absorbance peaks were
observed at wavelengths greater than 250 nm after 144 h of
reaction.18

BA is structurally similar to other small water-soluble
difunctional carbonyl compounds like methylglyoxal (MGly),
glyoxal (Gly), glycolaldehyde (GAld), and hydroxyacetone
(HA). The aqueous reactions of these small carbonyl
compounds with AS have been shown to result in BrC
formation.19−35 The Gly + AS and MGly + AS reactions have
been given specific attention due to their abundance in the
atmosphere and increased light absorbance compared to the
other carbonyl + AS systems.18,19,23,24,26,28,32−39 These studies
included product identification of specific BrC chromophores
and concluded that imine-containing oligomers and substituted
aromatic N-heterocycles are mainly responsible for the
observed increase in absorbance in the actinic re-
gion.18,19,23,24,26,33,35,36 While the hydroxycarbonyl systems of
GAld + AS and HA + AS were previously thought to be unable
to form these N-heterocycles and, therefore, be less relevant to
BrC formation, Grace et al. identified these species within the
GAld + AS and HA + AS reaction systems.35 Due to their
comparable abundance in the atmosphere to Gly and MGly or
their capability to dominate absorbance at specific wave-
lengths,26 that study highlighted why a more extensive range of
BrC precursors needs to be considered to eliminate error in
modeling global radiative forcing.35

Atmospheric condensed-phase concentrations of BA are
approximately an order of magnitude lower than Gly and
MGly and are similar to GAld and HA,14,15,17 and the BA + AS
system will likely undergo similar Maillard-type browning
reactions. BA can self-react to form aldol and acetal dimers and
trimers,40−42 and it is reasonable to assume that the important
reaction pathways identified in previously studied carbonyl +
AS systems could produce analogous BrC products in the BA +
AS system.41 Although the ketone functional groups make this
reaction less favorable than the analogous reaction with an
aldehyde, imine formation is possible, as was observed in the
HA + AS and MGly + AS reaction systems.35,36 Key structural
features of products in the BA + AS system and its reaction

kinetics were identified using a combination of experimental
methods. Theoretical methods accompanied these experiments
to extract relevant absorption information for the individual
identified products.

■ MATERIALS AND METHODS
Reagents. Biacetyl (2,3-butanedione; 99%) was obtained

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

Preparation of BA + AS Standards. Separate standard
solutions of 1 M each of BA, AS, and 15N-AS and a 3.5 M AS
solution were prepared in Millipore Milli-Q Ultrapure water
(Milli-Q, 18.2 MΩ cm resistivity). All standard solutions were
used within 1 month of preparation.

SFC-MS/MS. Solutions analyzed using supercritical fluid
chromatography−tandem mass spectrometry (SFC-MS/MS)
contained 50 mM BA + 50 mM AS and were aged for 8 days
under dark conditions at room temperature. Analogous sets of
50 mM BA + 50 mM 15N-AS were prepared for the isotopic
substitution experiments. Samples were analyzed using a
Waters ACQUITY Ultra Performance Chromatography
(UPC2) supercritical fluid chromatography system coupled
to a Waters XEVO TQD tandem quadrupole mass
spectrometer. This technique is described in detail by Grace
et al.43 A binary gradient of CO2 and methanol was used for
elution of all samples through a Viridis UPC2 BEH column
(3.0 × 100 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 17% until 15 min. The
modifier content was increased again to 45% until 20 min and
held until 26 min before the system returned to initial
conditions for 4 min. The total flow rate was held constant at
1.0 mL/min with 0.25 mL/min MeOH + 1% formic acid
makeup flow. The UPC2 system back pressure was set to 1500
psi for the duration of all sample runs. Positive mode ESI
conditions were set as follows: capillary voltage = 1.18 kV,
cone voltage = 30 V, desolvation temperature = 250 °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
(fragmentation voltage = 20 eV) was also utilized to determine
structural features.

Kinetic Experiments. A Cary 300 spectrophotometer was
used to measure the absorbance of aqueous BA + AS samples
blanked against a background of Milli-Q water. Three sets of
reaction conditions were tested; 10, 25, and 50 mM BA were
individually reacted with 3 M AS to be consistent with the high
inorganic content of aqueous atmospheric aerosol.44 A
constant volume of 800 μL of solution was added to a 2
mm path length quartz cuvette (Starna Cells). The absorbance
of the solution was collected over the range of 190−600 nm
every 2 min for 48 h in a temperature-controlled cuvette holder
maintained at 18 °C. The observed mass losses for the BA +
AS solutions were comparable to the blank. After 48 h, an
aliquot of the aqueous solution was diluted by a factor of 1:10
v/v in acetonitrile to precipitate the AS from solution and
analyzed via SFC-MS/MS, as discussed above.
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Kinetics were inferred from time-resolved absorbance data in
a similar fashion to those described in Fan et al.44 In brief,
spectra were decomposed into three Gaussian lineshapes that
collectively represent their major peaks and geometries, fitted
to observations using MATLAB (Mathworks, 2019b):
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Each Gaussian line shape contains a constant peak location,
c, and spread, σi, and magnitudes that increases from an initial
value, Mc,i, by an offset value, Mi, via first-order kinetics with a
time constant, Mτ,i

I . The mass absorbance coefficient, MAC(λ,
t), normalizes absorbance data across different initial organic
concentrations, CBA

O , for mimic solutions with organic
molecular weight, MWBA, and measurement path length, l:

λ λ=
lC

MAC( )
A( ) ln 10

MWBA
O

BA (2)

In representing spectra as multiple time-dependent
functions, rate constants may be inferred for each major
peak, enabling a separation of kinetic information for different
potential chromophores contributing to a single dark chemistry
system. Rate constants, kI, were calculated assuming first-order
kinetics and constant, excess concentration of NH4

+ ions
compared to organic concentration, which has been employed
in several studies exploring water-soluble, carbonyl-containing
organics:22,44,45

=
[ ] τ

+k
M

1
NH i

I

4 ,
I

(3)

Here, the concentration of NH4
+ is set to 6 M. The maximum

absorbance wavelengths of the previously mentioned computa-
tional estimations for potential chromophoric species were

then matched against the fitted line shape peaks from the
decomposed spectra. The highest contributing species or
family of species that absorbed at each wavelength were
assigned inferred rate constants, accordingly. An aerosol will
have solution nonidealities (i.e., inorganic activity coefficients)
that are not captured by bulk mimic solution studies, and as a
result, the inferred rate constants are lower bound estimates.
As in similar kinetic analyses on carbonyl-containing reaction
systems,21,22,24,45−49 these inferred rate constants encapsulate
entire suites of reactions, rather than individual steps in the
mechanism. As these isolated mechanistic steps cannot be
meaningfully decoupled from the overall reaction and are
handled as a composite reaction, the bulk reaction rate of BA
to form dark chemistry products is treated as effectively first-
order. While these are not rate constants in the strict sense of
the term, they nonetheless provide rate-based kinetic
information for these reaction systems in a comparable
fashion. The first-order dependence with respect to NH4

+

concentration has also been applied in these same previous
studies.22,45,46,48

Computational Methodology. Density functional theory
calculations were performed at the wB97X-D50,51/6-311G(2d,
p)52,53 level of theory using Gaussian 1654 for all proposed BA
+ AS products following the procedure reported by Grace et
al.35 The procedure included ground state optimization of each
compound and vibrational frequency calculations that
confirmed all optimized geometries were at an energy
minimum. The 15 lowest-lying excitations were calculated
for each compound using time-dependent density functional
theory (TDDFT). The excitation energies were also calculated
using the CAM-B3LYP functional for comparison.55 All
calculations employed a conductor-like polarizable continuum
model (CPCM) with water as the solvent.56,57 The bright
excitations for most of the compounds were overestimated, so
a −0.6 eV shift was applied to calculated spectra in order to
compare directly to experiment. The applied −0.6 eV red-shift
takes into account overestimation of excitation energies by the
exchange-correlation functionals, as well as average effects from
the explicit solvent environment, and was found to provide

Figure 1. Self-reactions of BA to form aldol and acetal oligomers, along with a furanone (m/z 199) and quinone (m/z 137). Quinone formation
was only observed in the presence of AS. Identified products are labeled with their observed m/z value ([M + H]+).
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reasonable agreement with experiment in this study and in
previous work.35 The applied red-shift does not take into
account explicit solvent−solute interactions, and further
discussion on the effect of explicit solvent molecules on
spectral shifts is provided in the SI. A simulated absorption
spectrum was constructed for each compound by applying a
Gaussian broadening function to each excitation, using the
default standard deviation of 0.4 eV as in GaussView 6.58

Natural transition orbitals (NTOs) and molecular orbitals
(MOs) were visualized using GaussView (isosurface value:
0.02).

■ RESULTS AND DISCUSSION

All products identified in this study were observed in both the
8-day aged 50 mM BA + 50 mM AS samples and the 48-h aged
samples containing BA + 3 M AS; proposed structures can be
found in Figures 1 and 2 and Table S1.
Product Identification. BA (m/z 87) oligomerizes to

produce dimers and trimers (Figures 1 and 2), like the
previously mentioned carbonyl + AS systems.40−42 Typical of
carbonyl oligomerization reactions, BA readily forms aldol

dimers (m/z 173) via the corresponding enol.40,59 The EIC for
m/z 173 showed the presence of two isomers, which are likely
to be the cyclic and open-chain forms of the dimer (Figure
S1). The cyclic hemiacetal form of m/z 173 can react with
hydrated BA to form trimers (Figure 2);41,42 however, no
trimers were observed via SFC-MS/MS. The trimer in Figure 1
can react with additional BA to produce a substituted furanone
dimer (m/z 199).42 Fragmentation data for m/z 199 aligns
with known fragmentation for methylated furanones, further
supporting this assignment.60 The decrease in pH over the
course of the kinetics experiments supports the formation of
acetic acid (Table 1), which has a mass too small to be
observed by the MS.
From the open-chain form of m/z 173, dehydration results

in the formation of m/z 155, which then reacts through two
different aldol condensation pathways to yield different
products. The first enol intermediate from the pathway
(shown to the right of m/z 155 in Figure 1) can either (1)
react with another molecule of BA and lose water to produce
another open-chain oligomer (m/z 223) or (2) cyclize and lose
water to form 2,5-dimethyl-1,4-benzoquinone (m/z 137).

Figure 2. Nitrogen-containing compounds observed in the BA + AS system. Identified products are labeled with their observed m/z value ([M +
H]+).
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Notably, m/z 137 is only seen in the BA + AS system and not
in reactions when only BA is present, suggesting that quinone
formation requires acid catalysis supplied by the ammonium
ions in this system.61 In previous studies, 2,5-dimethyl-1,4-
benzoquinone was shown to form as an aldol condensation
dimer of BA but only in aqueous alkaline solutions.62

Fragmentation comparison to a standard (≥98%, Sigma-
Aldrich) supports the structure of m/z 137 (Figure S2). The
presence of a quinone is significant to note, as quinones are
unique to the BA + AS system compared to the products
identified in the other carbonyl + AS systems mentioned
above. All proposed structures shown in Figure 1 were further
supported by 15N-AS experiments (i.e., no nitrogens were
present in the structures). Fragmentation information is
provided in Table S1.
As shown in Figure 2, incorporation of imines and amines

into the BA oligomers enables the formation of substituted
imidazoles (m/z 111, 197), oxazoles (m/z 112, 154, 172, 198,
302), a pyrrole (m/z 198), and aliphatic N-containing
heterocycles (m/z 172, 240, 258). Larger, N-containing
oligomers in the BA + AS system (e.g., multiple isomers of
m/z 258; Figure S3) react with water to produce Schiff bases
and hydrates, thus enabling the cleavage of acetic acid and
subsequent elimination to produce a substituted imidazole,
oxazole, or pyrrole (m/z 197, m/z 198, and m/z 198,
respectively). Similar reaction series were proposed by Yu et
al. for imidazole formation in the Gly + AS system and by De
Haan et al. for methylimidazole formation in the MGly + AS
system.23,24 Acetic acid production during oxazole, imidazole,
and pyrrole formation could also contribute to the observed
decrease in the system pH over time (Table 1).
From m/z 198, either (1) subsequent hydration and

oligomerization with another BA can produce further
substituted oxazoles (m/z 302) or (2) reactions with NH3
and BA can produce an intermediate capable of forming
another Schiff base that subsequently undergoes fragmentation
and water loss, resulting in additional oxazole derivatives (m/z
112, 154, 172). An analogous reaction pathway to m/z 197
produces 2,4,5-trimethylimidazole (m/z 111). An alternate
reaction pathway to trimethyl- oxazole and imidazole
formation can be found in Figure S4. Kampf et al. previously
identified a strong ESI-MS signal at m/z 112, but this mass was
not attributed to trimethyloxazole.18 However, the reported
m/z, sum formula, and fragmentation data match that of this
study,18 and a standard prepared using 2,4,5-trimethyloxazole
(95%, Sigma-Aldrich) further confirmed the validity of this
identification method. All oxazole derivatives were found to
elute earlier on the column than their analogous imidazole
derivatives (Figure S1). Furthermore, the substituted oxazoles
and imidazoles exhibited fragmentation behavior consistent
with that of the trimethyloxazole standard or imidazole and
substituted imidazole standards used previously by Grace et
al.35 Notably, it was previously thought that imidazole

formation would not be possible due to competing trimeric
cyclic acetal formation.18 However, introducing nitrogens
during trimer production enables imidazole formation to
occur through Schiff base intermediates, as shown in Figure 2.
Isotopic substitution experiments using 15N-AS confirm the
nitrogen(s) in all structures reported in Figure 2.
The reduced reactivity of the ketone carbonyls in BA

compared to the aldehydes found in MGly, Gly, and GAld may
influence the classes of products formed. The presence of the
α-diketone in BA leads to a decreased number of imidazole
derivatives and an increased presence of oxazole derivatives
compared to other carbonyl + AS systems.28,35 Additionally, no
pyrazines were identified in the BA + AS system. While BA can
react with glycine to form tetramethylpyrazine, its reaction
with AS does not favorably produce a species able to reduce
the imine-substituted BA (m/z 86) needed for pyrazine
formation.63

Light Absorbance. The reacted BA + AS system exhibits
light absorbance similar to that of other small carbonyls,44 with
absorbance peaks at approximately 190, 224, and 280 nm. An
example of the empirical spectral decomposition of the BA +
AS spectra across multiple time points is shown in Figure 3.

Complete spectral decomposition results, aggregated by
concentration, can be found in Figure S5. Across all
concentrations tested, the three Gaussian lineshapes were
found to converge as one slowly increasing peak at 224 ± 3
nm, with two quickly converging peaks at 280 ± 3 and 190 ± 6
nm. There is little to no statistical difference in inferred
locations for the peaks at 190 and 224 nm with respect to BA
concentration (p = 0.104 and 0.282, respectively). A
statistically significant (p = 0.015) dependence with respect
to BA concentration was observed for the location of the peak
at 280 nm, slightly red-shifting as BA concentration increases,
from 278 nm for 10 mM samples to 282 nm at 50 mM.
However, as this method cannot definitively identify individual
chromophores that may be contributing to this slight shift,
combined with the relative variation in fitted peak location,
little additional information can be inferred from this observed
shift.
Inferred lower-bound first-order rate constants, calculated

via eq 3, are summarized in Figure 4 and Table S2. These rate
constants inferred for the BA + AS system are comparable in

Table 1. pH before and after 48 h of Reaction for BA + 3 M
AS Systemsa

BA concentration (mM) initial pH final pH

50 4.72 ± 0.09 4.16 ± 0.02
25 5.09 ± 0.07 4.33 ± 0.07
10 5.47 ± 0.08 4.68 ± 0.02
all samples 5.14 ± 0.32 4.42 ± 0.12

aReported error is 1σ.

Figure 3. Observed mass absorbance coefficient (MAC) for 50 mM
BA + 3 M AS (points) and approximated MAC values using a three-
curve Gaussian decomposition (lines).

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.0c00096
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00096/suppl_file/sp0c00096_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00096?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00096?ref=pdf


magnitude to values calculated from similar carbonyl + AS
solutions using this method, which ranged from 2 × 10−4 to 5
× 10−3 M−1 min−1 for lineshapes within the GAld + AS, Gly +
AS, and MGly + AS reaction systems.44 The inferred rates for
all three fitted lineshapes demonstrate statistically significant
concentration dependence, as seen in Figure 4. Inferred rate of
formation at 280 nm was observed to slow as BA
concentrations increased, while increases in the 190 nm region
accelerated with BA concentration. The peaks at 190 and 280
nm exhibit comparable rates of formation, ranging across
modeled concentrations from 4.1(±1.7) × 10−5 to 3.3(±0.1)
× 10−3 M−1 min−1 and from 2.7(±1.6) × 10−4 to 2.9(±0.6) ×
10−3 M−1 min−1, respectively. Both peaks achieve nominally
steady MAC values within approximately 12 h of solution
aging and demonstrate relatively small changes in magnitude of
absolute MAC over the observed time frame. This small shift
implies that, while the relevant chemistry in these wavelengths
occurs quickly, the total absorbance contribution of evolved
chromophores is somewhat small.
While averaging nearly 2 orders of magnitude slower than

the other two lineshapes, ranging from 3.2(±0.1) × 10−5 to
6.9(±0.3) × 10−5 M−1 min−1 across modeled concentrations,
the peak at 224 nm demonstrated the largest change in overall
peak intensity, indicating formation of significant chromo-
phoric products in this region, as discussed below. Like the
peak at 280 nm, the increase in light absorbance over time
slowed as organic concentration increased; however, this
concentration dependence is relatively smaller by comparison,
staying within less than an order of magnitude over the
concentration ranges tested.
Many of the identified compounds were shown via TDDFT

calculations to absorb light in the 190 nm range (Figures S6
and S7), including imidazoles, oxazoles, a quinone, a pyrrole,
and several open chain oligomers. While monitoring this peak
is useful for determining reaction progress, the observed peaks
at 224 and 280 nm offer more insight into the composition of
the reacted mixture. The identified oxazole, imidazole, and
pyrrole derivatives all have calculated absorbance values near
220 nm (Figures 5 and S6), suggesting that a significant
portion of the chromophoric reaction products in this mixture
are oxazoles, imidazoles, and pyrroles.
TDDFT calculations show that imidazole and oxazole

exhibit similar low-lying excitations that result in absorption
maxima centered around 190−200 nm. Natural transition
orbitals for the excitations in oxazoles, imidazoles, and pyrroles
were analyzed and are provided in the Supporting Information
(Figures S11−S25). In imidazole and oxazole, the first

excitation is the π−π* transition, which has a large oscillator
strength (i.e., absorption intensity) compared to other low-

Figure 4. Inferred lower-bound first-order rate constants for decomposed absorbance peaks by location. Peak locations were estimated to be (a)
190 ± 6, (b) 224 ± 3, and (c) 280 ± 3 nm.

Figure 5. Calculated absorption spectra (left y axis) for aromatic
heterocycles with and without substituent groups for (a) oxazole and
its identified derivatives in green and (b) imidazole and its identified
derivatives in blue. The calculated vertical excitation energies are
shown as sticks, with oscillator strengths corresponding to the right y
axis. Calculated spectra are compared to spectra measured for relevant
experimental standards (EXP). Experimental absorption intensity is
provided in arbitrary units.
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lying transitions. The excitation energy for this lowest-lying
π−π* transition is lower in oxazoles than imidazoles. The
second excitation is the n−π* transition from the nitrogen
and/or oxygen nonbonding p-electrons to the heterocycle π*
orbital, and the third excitation is a π−π* transition. The
relative energy of the second π−π* transition is higher in
oxazole than imidazole, which results in two distinct
absorption maxima in the calculated spectra for oxazole,
compared to a single broad peak for imidazole.
The addition of a substituent group red-shifts the absorption

maxima of these characteristic excitations with respect to
oxazole and imidazole, as shown in the spectra for the observed
substituted oxazole compounds (m/z 112, 154, 172, 198, 302;
Figure 5a). When carbonyl moieties are present in the
substituent groups, additional low-lying excitations appear in
the spectrum. For instance, in the case of m/z 154, the first
excitation is the n−π* transition localized on the substituent
carbonyl, and the second is a charge transfer transition
between the heterocycle-localized π orbital to the carbonyl-
localized π* orbital. As a result, these transitions have small
oscillator strength and do not significantly red-shift the overall
absorption spectrum. However, with much larger substituent
groups containing a carbonyl, the orbitals become more
delocalized across the molecule, resulting in red-shifted
excitation energies for transitions involving the carbonyl as
well as increased absorption intensity. For example, in the
similar imidazole, pyrrole, and oxazole compounds (i.e., m/z
197, 198, 198) the carbonyl π* orbital becomes more
delocalized, which decreases the charge transfer character of
the transition between heterocycle π orbital and carbonyl π*
orbital and increases the oscillator strength of the transition so
that it contributes to the overall spectrum. In both the
imidazole derivative (m/z 197) and the pyrrole derivative
(m/z 198), this charge transfer excitation energy is lower than
the heterocycle π−π* excitation, as shown in Table S3.
Two of the identified fused heterocycles are predicted to

absorb in the region between the 224 and 280 nm peaks, with
excitation wavelengths of 247 (m/z 240) and 237 nm (m/z
258). These fused heterocycles contain a carbon−carbon
double bond and at least one carbonyl moiety. The presence of
the carbonyl groups results in low-lying n−π* transitions
between the nonbonding oxygen orbitals and the carbonyl-
localized π* orbital. These are symmetry-forbidden excitations
which have little to no oscillator strength and do not
contribute greatly to the overall absorption spectrum. The
strongly absorbing excitation is the π−π* transition of the
heterocycle double bond, which is delocalized across the
carbonyl moieties.
For the fused heterocycles that contain a carbon−nitrogen

double bond, the protonation state of the nitrogen can have a
significant effect on the absorption energy (Figure S7). Exact
pKa values are difficult to predict for these previously
unidentified compounds, but m/z 240 and 258 are likely to
be protonated under these pH conditions due to their
similarity to other compounds with pKa values in the range
of 2.5−6.0.64,65 In the case of these fused heterocycles, when
the nitrogen is deprotonated, the absorption maximum is
closer to the 224 nm peak, but when the nitrogen is
protonated, the absorption maximum is red-shifted closer to
the 280 nm peak, suggesting that these compounds could
contribute to either absorbance peak depending on their
protonation state. The remaining N-containing species,
excluding the oxazoles and pyrrole, are expected to be

protonated under these pH conditions when compared to
structurally similar compounds with pKa values in the range of
4.5−9.0.64,65 However, protonation has minor effects on the
strongly absorbing excitations of these compounds and does
not result in significant spectral shifts (Figure S7).
The slight increase in light absorbance with solution age

observed at 280 nm is attributed to formation of 2,5-dimethyl-
1,4-benzoquinone (m/z 137). The quinone excitations consist
of multiple low-lying transitions that are symmetry forbidden
and thus have little to no oscillator strength and do not
contribute significantly to the absorption spectrum. The first
two excitations for m/z 137 are the n−π* transition involving
the carbonyl-localized nonbonding p-electrons and the
quinone-localized π* orbital. The third excitation is the low-
lying symmetry forbidden π−π* transition localized on the
quinone, and the fourth excitation is the symmetry-allowed,
strongly absorbing π−π* transition (277 nm), also localized on
the quinone.
The increased absorbance in the 280 nm region can also be

attributed to the formation of the furanone derivative (m/z
199) and open chain oligomers (m/z 155, 223). Similar to the
quinone derivative, the furanone derivative and the open chain
oligomers contain multiple carbonyl moieties, and thus their
absorption spectra also include multiple low-lying excitations
that involve carbonyl n−π* transitions. These excitations have
little to no oscillator strength and do not contribute
significantly to the overall spectrum. The π−π* transitions in
these compounds contribute to absorption that tails into the
actinic region. For the furanone derivative, the π−π* transition
with a large oscillator strength is predicted at about 270 nm,
slightly higher in energy than the 280 nm peak. For the open
chain oligomers, the π−π* transition with a large oscillator
strength is predicted in the vicinity of 300 nm, slightly lower in
energy than the 280 nm peak.

■ CONCLUSIONS

BA reacts with AS to produce open chain oligomers and
heterocycles, similar to those observed in other carbonyl + AS
reaction systems.28,35 However, the presence of the α-diketone
in BA leads to an increase in the number of oxazole
compounds formed when compared to analogous systems
containing similar small α-dicarbonyl and α-hydroxycarbonyl
compounds (i.e., MGly, Gly, GAld, and HA) and a decrease in
the number of imidazole compounds and pyrazines.28,35,36

Reaction pathways to produce the quinone are also more
accessible for this α-diketone than the other carbonyl + AS
systems. Kampf et al. observed no absorbance at wavelengths
greater than 250 nm in solutions containing reacted 1 M BA +
1 M AS and concluded that BA + AS does not contribute to
BrC.18 However, the peak observed at 280 nm in this work
shows that BA + AS can exhibit tailing absorption in the actinic
region (λ>300 nm),18 analogous to the Gly + AS and HA + AS
BrC systems. This indicates that BA + AS could be classified as
a BrC contributor in the same way as these carbonyl + AS
systems.24,35,44

Photolysis rate constants inferred from the aqueous BA half-
lives measured by Faust et al. are on comparable orders of
magnitude to the dark chemistry reactions modeled in this
work.10 Therefore, while photolysis will contribute to a loss of
BA under irradiated (daytime) conditions, the dark chemistry
reactions that are occurring in parallel (with or without
incident radiation) are likely to participate to a relevant degree.
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Thus, studying the dark chemistry reactions is important for
understanding how BA + AS chemistry affects radiative forcing.
As previously stated, urban atmospheric condensed-phase

BA concentrations are approximately an order of magnitude
lower than those of Gly and MGly and are similar to those of
GAld and HA.14,15,17 Therefore, while the products identified
herein are likely to form in smaller quantities than the products
of Gly and MGly with AS, they form at the same rates as the
products of GAld and HA with AS and therefore are likely to
be found in similar quantities. In addition, the presence of BA
in the condensed-phase and its ability to react to form
substituted heterocyclic compounds opens up the possibility of
cross-reactions between other carbonyls in the complex
mixtures found in aqueous atmospheric aerosol and may
shift the product formation toward oxazole formation,
changing the products formed.18,45 Further oligomerization
by cross reactions of other compounds found in aqueous cloud
or aerosol droplets could red-shift the absorbance into the
actinic region.
MGly and its dark chemistry reaction products have been

observed to be surface-active,22,39 and it is possible that the
additional methylation in BA will result in its analogous
reaction system being surface-active as well. However, there is
currently a lack of surface activity information for the BA + AS
reaction system, and this analysis must therefore assume that
the relevant dark chemistry reactions are uniformly occurring
within the condensed-phase. More studies are necessary to
determine how BA-dependent interfacial phenomena will affect
aerosol systems, and gaining an understanding of bulk BA + AS
behavior is an important step toward this goal. This system
could also contribute another pathway for aqueous condensed-
phase reactions from gas-phase BB emissions, providing
another link between BB and aged SOA. Improved under-
standing of BrC sources from BB can help guide future studies
probing more complex reaction systems in order to achieve
better accuracy when factoring these emissions into global
climate models.
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