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ABSTRACT: Brown Carbon (BrC) aerosols scatter and
absorb solar radiation, directly affecting the Earth’s radiative
budget. However, considerable uncertainty exists concerning
the chemical mechanism leading to BrC formation and their
optical properties. In this work, BrC particles were prepared
from mixtures of small α-dicarbonyls (glyoxal and methyl-
glyoxal) and amines (methylamine, dimethylamine, and
trimethylamine). The absorption and scattering of BrC
particles were measured using a photoacoustic extinctometer
(405 and 532 nm), and the chemical composition of the α-
dicarbonyl-amine mixtures was analyzed using orbitrap-mass
spectrometry and thermal desorption-ion drift-chemical
ionization mass spectrometry. The single scattering albedo
for methylglyoxal-amine mixtures is smaller than that of glyoxal-amine mixtures and increases with the methyl substitution of
amines. The mass absorption cross-section for methylglyoxal-amine mixtures is two times higher at 405 nm wavelength than
that at 532 nm wavelength. The derived refractive indexes at the 405 nm wavelength are 1.40−1.64 for the real part and 0.002−
0.195 for the imaginary part. Composition analysis in the α-dicarbonyl-amine mixtures reveals N-heterocycles as the dominant
products, which are formed via multiple steps involving nucleophilic attack, steric hindrance, and dipole−dipole interaction
between α-dicarbonyls and amines. BrC aerosols, if formed from the particle-phase reaction of methylglyoxal with methylamine,
likely contribute to atmospheric warming.

1. INTRODUCTION

Atmospheric aerosols influence the Earth-atmosphere system
in several distinct manners. For example, the effects of aerosols
include modifying the Earth’s radiative balance, altering cloud
formation and precipitation processes, reducing air quality and
visibility, changing global biogeochemical cycles, and imposing
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adverse human health effects.1−4 In particular, the climate
system is impacted by aerosols, by aerosol-radiative (ARI) and
aerosol-cloud (ACI) interactions. Currently, the ARI and ACI
effects represent the largest uncertainty in climate predictions
using global climate models.5,6 The large uncertainty of the
aerosol radiative forcing is attributed in part to the chemical
complexity of aerosols and the lack of understanding of their
formation, transformation, and physicochemical properties
(such as cloud-forming and optical properties).
The optical properties of aerosols are important not only to

the direct radiative forcing on climate but also relevant to air
quality and weather. Light absorption and scattering by
aerosols stabilize the atmosphere by retarding vertical trans-
port, resulting in a negative feedback on air quality and
inhibition of cloud formation.7 For example, black carbon
(BC) particles affect radiative transfer in the atmosphere
because of their strong ability to absorb light over a broad
range of the solar spectrum, representing the second most
important anthropogenic climate-warming agent after carbon
dioxide.8 The magnitude of BC direct radiative forcing
depends on the mixing state (i.e., whether particles are
externally or internally mixed with other aerosol types) and
atmospheric aging by coating with secondary aerosol
constituents (such as organics and sulfate), thereby enhancing
the mass absorption cross-section.9−11 There is growing
evidence that light-absorbing organic aerosols, known as
brown carbon (BrC), also represent a significant climate-
forcer.12 Typically, BC absorption is wavelength independent,
while BrC exhibits the strongest light absorption at shorter
wavelengths.13 BrC is produced from various primary and
secondary sources. The main sources of primary BrC include
biomass burning,14 fossil fuel combustion,15 and biogenic
releases.16 Additionally, light-absorbing secondary organic
aerosols (SOA) are generated by a variety of atmospheric
chemical processes, such as multiphase reactions or cloud
processing, yielding high molecular weight light-absorbing
organic compounds.17−22 Atmospheric measurements have
shown that BrC exists throughout the tropospheric column
and its prevalence relative to BC is proportional to the altitude,
indicating the contribution of SOA to BrC formation.23

However, light absorption by BrC has yet to be accounted for
in estimation of the aerosol direct radiative forcing,3 since
global climate models typically have assumed that SOA is
purely scattering (nonabsorbing).24,25 The light absorption by
organics depends on their molecular structures12,26 and is
influenced by supramolecular interactions.27 Currently, the
understanding of formation, chemical composition, and optical
properties of BrC is limited.
Recent studies have shown the importance of particle-phase

chemistry in producing light-absorbing high molecular weight
oligomeric species.28−30 Those earlier studies of aqueous
chemistry have focused on water-soluble volatile organic
compounds (VOC), such as small α-dicarbonyls, particularly
glyoxal (GL) and methylglyoxal (MG). As the important SOA
precursors, GL and MG are produced by the photo-oxidation
of anthropogenic aromatics and biogenic terpenes and
isoprene.31−33 Despite their high volatility, GL and MG
undergo polymerization to produce low-volatil ity
oligomers.34,35 In the troposphere, particularly in urban areas,
the small α-dicarbonyls likely coexist with amines at
comparable concentrations.36,37 Low molecular weight ali-
phatic amines, such as methylamine (MA), dimethylamine
(DA), and trimethylamine (TA), are the most abundant.

Amines are emitted from various biogenic sources (e.g., ocean
organisms, protein degradation, and biomass burning) and
anthropogenic sources (e.g., animal husbandry, automobiles,
industry, and treatment of sewage and waste).38,39 The small
α-dicarbonyls react irreversibly with ammonium salts and
primary amines, forming imidazoles and other nitrogen-
containing and light absorbing products, but their chemical
identities have yet to be characterized.20,40−42

Previous studies by De Haan and co-workers investigated
cloud processing of GL and MG via the reactions with amino
acids and MA in evaporating aqueous droplets and bulk
solutions leading to the formation of BrC using nuclear
magnetic resonance (NMR), electron spray ionization−mass
spectrometry (ESI−MS), and aerosol mass spectrometry
(AMS).19,20,40 The products were identified as imidazoles,
and the imine formation was recognized as the rate-limiting
step, as later confirmed by theoretical calculations.43 Laskin
and co-workers26 have studied the bulk-phase and chemical
aging of biogenic SOA in the presence of ammonia to form
BrC. Using nanodesorption electron spray ionization (DESI),
the authors concluded that the light-absorbing properties of
SOA are determined by trace amounts of strong BrC
chromophores. In another recent study, Lin et al.44 have
identified a relationship between the optical properties and
chemical composition, showing that all chromophores are
nitrogen-containing compounds. It has been hypothesized that
the chromophores responsible for the browning are highly
conjugated nitrogen-containing compounds such as N-hetero-
cycles.12,41,43,45,46 Most previous studies have focused on
primary amines, although tertiary amines are the most
abundant in the atmosphere.38 Most recently, it has been
suggested that formation of brown carbon from aqueous- and
aerosol-phase reactions involving methylglyoxal occurs at rates
that are orders of magnitude faster than that in bulk
solutions.47

In this work, particles containing BrC oligomers were
synthesized from the mixtures of small α-dicarbonyls (i.e., GL
and MG) and amines (i.e., MA, DA, TA). The optical
properties (i.e., absorption and scattering) were measured
using a commercial photoacoustic extinctometer (405 and 532
nm), and the chemical composition was characterized by two
complementary mass spectrometric techniques. Also, the
refractive indexes at the 405 nm wavelength were derived,
including the real and imaginary parts. Additionally, the
relative radiative forcing of those BrC particles was estimated.

2. METHODOLOGY
The unbuffered model reaction systems in our study included
6 different mixtures, i.e., MG-MA, MG-DA, MG-TA, GL-MA,
GL-DA, and GL-TA. All reagents were used as received and
purchased from Sigma-Aldrich except for DA, which was
purchased from Sinopharm Chemical Reagent. An aqueous
solution of 1 M of each reagent was prepared, and 1 mL of the
α-dicarbonyl (MG or GL) was combined with 1 mL of the
amine (MA, DA, or TA) and sonicated for about 5 h in small
vials. The resulting colored products were dried using nitrogen
for several hours (in order to speed up the reaction) to yield
0.5 mL of the solution, which was then redissolved in up to 12
mL of Mill-Q water for optical and chemical composition
analysis. The procedure to synthesize the samples and the
concentration used in our work were similar to those by De
Haan et al.19,20,40,48 who suggested that drying increased the
product yields.
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Aliquots of 1 mL were used for determination of chemical
composition using two complementary techniques, i.e., thermal
desorption-ion drift-chemical ionization mass spectrometry
(TD-ID-CIMS) and orbitrap-mass spectrometry (Orbitrap-
MS, Thermo Scientific Inc.). The TD-ID-CIMS operated in
the positive mode using the hydronium ions (H3O

+) for
analysis of a 2 μL sample. The Orbitrap-MS employed
electrospray ionization in the positive mode (ESI+). In the
Orbitrap-MS, a sample was diluted 10 times with Mill-Q water
before injection at a flow rate of 5 μL min−1.49

The experimental setup for measuring optical properties is
shown in Figure S1 of the Supporting Information (SI). The
main components included an atomizer (DMT portable
aerosol generator), differential mobility analyzer (DMA, TSI
3081), condensation particle counter (CPC, TSI 3775), and a
commercial photoacoustic extinctometer (PAX-014, DMT).
The procedures for aerosol production and processing have
been described elsewhere and are described here only briefly.9

Aqueous solutions of the mixtures were atomized using
prepurified nitrogen to generate poly disperse aerosols. The
particles were diluted with a dry, particle-free nitrogen flow and
passed through a silica gel diffusion dryer to reduce the relative
humidity to less than 10%. The aerosols were size-selected
using a DMA to produce a monodisperse distribution. The
monodisperse aerosol flow was then split between the CPC
and the PAX to measure the aerosol concentration and the
optical properties, respectively.
The PAX used in situ photoacoustic technology to measure

absorption and reciprocal nephelometry to measure scatter-
ing.50 In the absorption cell, a laser beam directed through the
aerosol stream was modulated at the resonant frequency of the
acoustic chamber. The energy absorbed by particles was
thermally transferred to the surrounding air, and subsequent
air expansion produced a sound wave, which was recorded by a
microphone. In the scattering cell, the standard nephelometer
was used, but the locations of the light source and detectors

were reversed. The instrument was calibrated with polystyrene
latex spheres and Aquadag soot particles. The extinction was
calculated from the sum of the absorption and scattering. Most
of the measurements using the PAX were made at 405 nm, and
only limited data were at 532 nm.
The effective densities (ρ) of aerosols were measured by

using a DMA-APM (aerosol particle mass APM 3600,
Kanomax) analyzer.9 The effective density is defined as the
ratio of the measured mass to the volume, which is determined
by the measured size by assuming spherical particles.
Measurements were repeated for a range of particle diameters
between 150 and 350 nm and at different concentrations. For
each diameter, the optical properties (extinction, scattering and
absorption), the density, and the particle concentration were
determined. The data was corrected for doubly charged
particles by assuming that 20% of the optical properties was
contributed from doubly charge particles.
For a cell containing only particles in nitrogen gas, the

absorption coefficient (babs) depends on the particle size (Dp)
and concentration (N). The absorption cross section (σabs) is
calculated by normalizing babs with N. σabs is a function of Dp,
the wavelength of incident radiation (λ), and the complex
refractive index (RI). Mass absorption cross sections (MAC) is
calculated using ρ measured,

σ
ρ π

=
× × D

MAC
6 abs

p
3

(1)

The complex refractive index (RI) is defined by RI = n + ik,
where the real part n represents scattering and the imaginary
part k represents absorbing. RI is independent of the particle
size and is calculated by using a range of different particle sizes
and concentrations. To determine RI, the absorption efficiency
at each size is calculated for a given value of n and k using the
Mie code for spherical particles, on the basis of the FORTRAN
code from Bohren and Huffman.51 The calculated absorption
cross-section value is determined by summing the absorption

Figure 1. Measured optical properties for MG-DA at the 405 nm wavelength (a and b). (a) Absorption coefficient (babs) as a function of the
particle number concentration. (b) Single scattering albedo (SSA), absorption cross section (σabs), and extinction cross section (σext) as a function
of the particle size. Dependence of the optical properties on amines (c and d). (c) Size average of SSA at 405 nm wavelength. (d) MAC values of
the MG-amine mixtures at 250 nm particle size.
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from both doubly (20%) and singly (80%) charged particles
for a given RI. The calculated total absorption is compared to
the measured absorption. The best-fit refractive index is
determined by minimizing the reduced cumulative fractional
difference (CFD),48

∑
σ σ

σ
=

| − |

=N
CFD

1

i

N

r
1

abs(theory) abs(measured)

abs(measured) (2)

The CFD is calculated for a wide range of n and k values, and
the lowest CFD value is taken to be the refractive index for the
mixture. The uncertainty in the retrieved n and k is determined
by varying σabs with the uncertainty of the measurements.52 To
estimate direct radiative forcing due to the presence of our
particles, the modified version of the Bond and Bergstrom
equation by Chylek and Wong is used.53,54 To compare the
direct radiative effect as a function of size, the relative forcing
equation (ΔFrel) is chosen for simplicity:

βΔ = −[ − − ]F Q Q(1 a) 2arel
2

sca abs (3)

where a is surface albedo, β is the backscatter fraction, Qsca is
the scattering efficiency, and Qabs is the absorption efficiency.
The surface albedo is set to 0.15, and the scattering and
absorption efficiencies are calculated using the RI from the Mie
Theory.
In addition, we performed theoretical calculations of the

structures and natural bond orbitals (NBO) for MG, GL, MA,
DA, and TA and using quantum chemical calculations at the
M06-2X/6-311G(d,p) level,55,56 to elucidate the fundamental
mechanism leading to the formation of N-Heterocycles.

3. RESULTS AND DISCUSSION
3.1. Optical Properties. The optical properties of particles

at the 405 nm wavelength using the PAX at five
concentrations, and five diameters are shown in Figures 1
and S2. Figure 1a shows the absorption coefficient (babs) as a
function of the particle number concentration (N) with
different particle sizes for the MG-DA mixture. The measured
babs increases with particle number concentration and particle
size, in accordance with the Beer−Lambert Law. In addition,
the results for all sizes and mixtures exhibit a high linearity (R2

≈ 0.99) and an intercept close to zero. The similar behaviors of
babs are observed for all 6 mixtures, i.e., MG-MA, MG-DA,
MG-TA, GL-MA, GL-DA, and GL-TA. The σabs value (i.e., the
slope of the lines) is plotted as a function of particle size for
MG-DA in Figure 1b. The values for σext and σabs increase with
particle size, as is shown for the MG-DA mixture. In contrast,

the single scattering albedo (SSA = σsca/σext) decreases as a
function of size, which is explained by a relatively larger
increase in σabs than in σsca. Figure S2 shows a comparison of
the σext, σabs, and SSA values for all 6 mixtures. The trend of the
SSA variation with particle size for MG-MA is similar to that of
MG-DA, except with SSA lower values. However, the SSA is
invariant with particle size for other mixtures, because of the
much smaller σabs values.
To compare the SSA values between the different mixtures,

the size average SSA is shown in Figure 1c. At the 405 nm
wavelength, the SSA values increase from MA, DA, to TA
(ranging from 0.75 for MG-MA to near unity for MG-TA), but
is nearly invariant for the GL mixtures (i.e., close to unity). For
the MG mixtures, the SSA variation is consistent with the
darkness of the solutions, i.e., the darkest for the primary
amines and the lightest for the tertiary amines. This trend is
explained by the chemical reactivity and steric effects.39 The
MG mixtures exhibit lower SSA than those for the GL mixtures
with the respective amines, consistent with the previous studies
showing that the MG reactions form light-absorbing materials
more efficiently than the analogous GL reactions.57,58

The wavelength dependence of MAC for 250 nm particle
size is shown in Figure 1d for the MG samples. There is an
enhancement of light absorption by a factor of more than 2 at
the shorter wavelength (i.e., 405 nm), which is characteristic of
BrC. The size averaged MAC values for all mixtures are also
listed in Table 1, in the range of 0.079 to 4.83 g m−2. Note that
the MAC value is inversely proportional to the density,
according to eq 1. We measured the effective density for each
particle size (Table S1). Our average densities were
considerably lower than those for organic aerosols under
ambient conditions (1.40 to 1.65 g cm−3),59,60 explaining the
higher values for MAC.
The RI values at 405 nm are determined according to eq 2,

and the results are summarized in Table 1. The contour of the
CFD values for the MG-MA mixture is plotted against n and k
in Figure S3. The reddest colors correspond to the lowest (best
fit) CFD values. All CFD values are less than 0.01 (as shown in
Figure S3 for MG-MA), indicating that the derived n and k
values agree with the measured data within 1%. Both the real
part (n, scattering) and the imaginary part (k, absorption) of
the RI values are higher for the MG mixtures than for the
analogue GL mixtures (Table 1). For example, the retrieved RI
is 1.64 (±0.10) + 0.195i (±0.023) for MG-MA and 1.53
(±0.05) + 0.004i (±0.001) for GL-MA. The k values follow
the same trend as the SSA values, similarly to the darkness of
the solutions. Figure 2 shows a comparison between the

Table 1. Summary of the Refractive Indexes Derived from the Measured Effective Density and Mass Absorption Cross
Sectiona

MIE theory experimental bulk comparisond

mixturesb n k ρ (g cm‑3)c MAC (m2 g‑1) kb MACb (m
2 g‑1)

MG-MA 1.64 ± 0.10 0.195 ± 0.023 1.28 ± 0.02 4.72 ± 0.3 0.195 4.73
MG-DA 1.60 ± 0.01 0.032 ± 0.006 1.35 ± 0.01 2.39 ± 0.2 0.104 0.74
MG-TA 1.58 ± 0.07 0.009 ± 0.001 1.37 ± 0.02 0.71 ± 0.1 0.031 0.20
GL-MA 1.53 ± 0.05 0.004 ± 0.001 1.22 ± 0.02 0.129 ± 0.04 0.005 0.10
GL-DA 1.44 ± 0.06 0.010 ± 0.002 0.98 ± 0.04 0.366 ± 0.12 0.012 0.32
GL-TA 1.41 ± 0.01 0.002 ± 0.001 1.28 ± 0.02 0.077 ± 0.01 0.003 0.02

aAll values are for λ = 405 nm. For comparison, the calculated bulk properties are also included. bThe abbreviations correspond to MG-MA
(methylglyoxal−methylamine), MG-DA (methylglyoxal−dimethylamine), MG-TA (methylglyoxal−trimethylamine), GL-MA (glyoxal−methyl-
amine), GL-DA (glyoxal−dimethylamine), and GL-TA (glyoxal−trimethylamine). cSize average of the measured effective densities. Average
between the systems is 1.25. dCalculated using MAC = 4πk/ρλ.
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measured and calculated values of σabs for all six mixtures. The
σabs values for the MG mixtures decrease with the methyl
substitution (i.e., from primary to tertiary amines), and the
values for the GL mixtures are about an order of magnitude
lower. Some of the differences between the measured and
calculated σabs values may be explained by larger instrument
uncertainty for PAX at smaller σabs values. Also, the assumption
using a fixed ratio to partition the optical properties between
singly and doubly charged particles contributes to the
differences. We estimated the uncertainty in our calculated
σabs associated with this assumption. For particles of 150 nm
diameter at 405 nm wavelength, doubly charged particles of
the same electrical mobility would have a diameter of 215 nm.
From the MIE theory, the ratio of the σabs values for the two

sizes is = =σ
σ

π

π
=
= 13.7d

d

Q r

Q r
( 215 nm)
( 150 nm)

abs

abs

abs,2 2
2

abs,1 1
2 . If doubly charged

particles contribute to 30% of the σabs value, then the
c a l c u l a t e d σ a b s i n c r e a s e s b y

= − =σ
σ

σ
σ

Δ = + =
= + = 1 36%d d

d d
0.7( 150 nm) 0.3 ( 215 nm)
0.8( 150 nm) 0.2 ( 215 nm)

abs

abs

abs

abs
. Hence, the

increase in the estimated σabs by 30% of doubly charged
particle contribution is by 31% for the sizes from 150 to 350
nm. Similarly, the increases in the estimated absorption cross
section are by 62%, 93%, 124%, and 155%, if the contribution
of doubly charged particle increases to 40%, 50%, 60%, and
70%, respectively. For small particles, the contribution of
doubly charged particles to the absorption is larger than 20%,
and the actual values of the calculated σabs values are higher
than the calculated ones. This likely explains the large
differences between the calculated (dashed line) and
experimental values (circles) for small particles (150∼250
nm). Furthermore, the particle morphology likely exhibits a
nonlinear dependence on the particle size and chemical
composition, as is the case for soot particles,61,62 likely
explaining some of the fluctuation in measured σabs. Note that
the σabs values for GL-DA are larger than those for GL-MA.
Interestingly, the measurements also show the smallest density
for GL-DA (0.98 g cm−3), compared to the averaged value of
1.25 g cm−3 for all mixtures. The density variation in Table S1
is within the uncertainties of the instruments.63,64 In this work,

Figure 2. Absorption cross section experimental measurements at 405
nm (circles) and the MIE theory calculation fit (dashed lines) for MG
(a) and GL (b) mixtures. The colors correspond to the different
amines, MA (red), DA (green), and TA (orange). For selected
particle sizes, the measurements were repeated at least twice, and the
error in the figure reflects 1σ of the measurements. The measured
absorption cross-section was partitioned between singly (80%) and
doubly (20%) charged particles and applied in eq 2 to derive the CFD
values. The lowest CFD corresponds to the combination of the real
and imaginary RI and is used to determine the absorption cross-
section from the MIE theory for particles of 100−400 nm (dashed
lines). The experimental (exp) points correspond to singly charged
particles (80%).

Figure 3. Mass spectra from two complementary methods for the MA mixtures. TD-ID-CIMS spectra for (a) GL-MA and (b) MG-MA. Orbitrap-
MS spectra for GL-MA (c) and MG-MA (d).
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we used the average values from all sizes, rather than treating
the data for each size, density, and mixture.
The measurements show a large range of values for RI, i.e.,

1.41 to 1.64 for the real part and 0.0 to 0.195 for the imaginary
part of the various mixtures of α-dicarbonyls and amines.
Except for MG-MA, the uncertainty for the real part of RI
ranges from 0.01 to 0.07. The largest uncertainty (0.10) for the
real part of RI corresponds to the MG-MA mixture. Zarzana et
al.48 reported a RI value of (1.55 + 0.114i) for MG-MA at 532
nm on the basis of extinction measurements, which is smaller
than our values at 405 nm wavelength. Such a difference is
explainable because absorption is enhanced at shorter
wavelengths (Figure 1d). For ambient humic-like substances
(HULIS), Dinar et al.65 derived the RI values at 532 and 390
nm, which are within the ranges of our k values at 405 nm. For
comparison, we calculated the k using the equation for the bulk
relationship (MAC = 4πk/ρλ) and the MAC values obtained
experimentally. Also, we calculated MAC using the k obtained
via the MIE theory calculations. The bulk values of MAC and k
shown in Table 1 are generally comparable to the ones
obtained from the experiment and MIE theory, respectively,
except for the mixtures of MG-DA and MG-TA. The later
disparity is attributable to the combined experimental and
theoretical uncertainty.

Because the reactions between the α-dicarbonyls and the
amines lead to multiple products, the RI values determined
from our experiments represent those of the various products
within each mixture. However, errors likely occur when the RI
for a mixture is determined from the RI of the individual
components when k is not equal to zero.66,67 Most previous
studies used the extinction data to retrieve RI, likely leading to
large uncertainty, particularly for k.68 Additionally, the
uncertainty in our n values is large because the real component
for absorbing aerosols is difficult to retrieve, especially at larger
sizes.52 The particle sizes in our study are smaller than 400 nm,
which can still exhibit significant size dependence. Alter-
natively, our present work employed only the absorption data
for RI retrieval, also contributing to the uncertainty.

3.2. Chemical Composition. In the present work, two
complementary mass spectrometer techniques were used for
the chemical composition analysis. The MG-MA and GL-MA
spectra from the TD-ID-CIMS and the Orbitrap-MS are
shown in Figure 3. The detail peak assignments are presented
in Tables S2−S7. For the same chemical composition, the
spectra obtained with both techniques show similar peaks in
the low mass range, i.e., 111 and 125 m/z for MG-MA and 143
m/z for GL-MA corresponding to the N-heterocycles. The
TD-ID-CIMS shows well-defined peaks typically at the lower

Figure 4. Proposed reaction pathways leading to N-heterocycles for MA reaction with MG (a) and GL (b). The numbers correspond to the m/z
values for the pronated species.
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mass range, possibly because of thermal decomposition. In
contrast, the spectra from the Orbitrap-MS technique exhibit
many peaks in the high mass range, because the ionization
method does not rely on thermal desorption. For the results of
MG-MA using Orbitrap-MS, all the products with more than
20% relative intensity contain 6 to 8 carbon atoms for the
estimated chemical formula; the product distribution corre-
sponds mainly to dimers, instead of a combination of dimers
and trimers. In general, the GL spectra are much cleaner than
the MG spectra (Figures S4−S5), indicating lower reactivity of
GL with amines, less complexity of the products, or a smaller
number of reaction pathways available to GL.
The possible pathways leading to the identified products for

MG-MA and GL-MA are illustrated in Figure 4 (see also
Figures S6 and S7). The reactions involve nucleophilic attack
of amines at the reactive carbonyl site, followed by dehydration
before/after intermolecular cyclization of dimers or trim-
mers.46 The dehydration also regulates the kinetics for the
reactions between α-dicarbonyls and amines.69 MG reacts
efficiently with the amines, leading to the formation of
chromophores, which are identified as nitrogen-containing
heterocycles (N-heterocycles) by both the TD-ID-CIMS and
Orbitrap-MS techniques. However, during drying, GL-
dihydrate is converted into GL-monohydrate, yielding a
carbonyl reactive site.42,70 For GL, there is a competing
reaction between the hydration process and the nucleophilic
attack of amines at the carbonyl site.
For MG and GL, the N/C ratio is higher for the primary

amines than for the tertiary amines, but the O/C ratio is higher
for the tertiary amines (Table S8). These ratios are explained
by the reactivity and steric effect of amines at the reactive
carbonyl site. The Double Bond Equivalent (DBE) is
indicative of the molecular structure, which can be related to
the reactivity and optical properties. The average DBE value is
the highest for MG-MA (Table S8), consistent with its
strongest absorption. It has been postulated that supra-
molecular interaction governs the absorption property.27 In
contrast, Aiona et al. have concluded that absorption in the
MG/ammonium sulfate system is dominated by individual
chromophores as opposed to supramolecular charge-transfer
complexes.71

3.3. Chemical Mechanism Leading to BrC. The
measured optical properties (e.g., SSA and MAC) for the
mixtures of α-dicarbonyls and amines are explainable by their
distinct reactivity, i.e., the nucleophilic attack of the α-
dicarbonyls by amines. We calculated the NBO for the α-
dicarbonyls and amines. The NBO analysis reveals that the
carbonyl C atom of MG possess a strongly positive charge
(0.545 e), which is larger than that of GL (0.383 e). The N
atom of MA exhibits the strongest negative charge (−0.875 e),
and the negative charge decreases with increasing methyl
substation (i.e., −0.693 e for DA and −0.532 e for TA). The
methyl substituent increases the carbonyl bond polarization
through the inductive electron donating and hyperconjugation
effects, as reflected by a more negatively charged O atom but a
more positively charged C atom for MG than GL. In addition,
the dipole moments for MA, DA, and TA decrease with
increasing methyl substitution, with the values of 1.31, 1.03,
and 0.61 D, respectively. The dipole moments of MG (0.44 D)
is larger than that of GL (e.g., 0 D because of a symmetric
structure). Consequently, the electrostatic attraction between
the carbonyl group and the amine group facilitates the
nucleophilic attack, representing the key mechanism for the

formation of N-heterocycles. In addition, there exists steric
hindrance for DA and TA, also likely explaining their less
reactivity. Furthermore, the formation of N-heterocycles
proceeds by nucleophilic addition involving multiple α-
dicarbonyls. Since there are fewer vacant sites for further
nucleophilic addition with increasing methyl substitution, the
formation of N-heterocycles is inhibited for DA and TA.
Hence, nucleophilic addition occurs most efficiently for the
MG-MA interaction, consistent with our measurements
showing the smallest SSA, but the largest MAC for the MG-
MA mixture.

4. ATMOSPHERIC IMPLICATIONS
BrC represents an important component of atmospheric fine
aerosols and affects the Earth’s radiative balance, directly by
interfering with solar and terrestrial radiation and indirectly by
altering cloud formation and microphysics. In this work, BrC
particles containing the mixtures of small α-dicarbonyls and
amines were synthesized, and the optical properties of the BrC
particles were measured. The SSA for MG is smaller than that
of GL and increases with the methyl substitution of amines.
The mass absorption cross-section for MG is two times higher
at 405 nm wavelength than that at 532 nm wavelength. The RI
values at the 405 nm wavelength are in the range of 1.40−1.64
for the real part and 0.002−0.195 for the imaginary part. The
analysis of the chemical composition of the α-dicarbonyl-
amine mixtures with two complementary mass spectrometry
techniques reveals N-heterocycles as the dominant products,
which have been suggested to be responsible for browning.44

The measured optical properties of the α-dicarbonyl-amine
mixtures are explained by nucleophilic attack, steric hindrance,
and dipole−dipole interaction between α-dicarbonyls and
amines via multiple steps to form N-heterocycles.
To evaluate the impact of the optical properties and

radiative forcing of BrC particles, a modified version of the
Chylek and Wong equation49,50 is used to estimate the relative
forcing (ΔFrel). The backscatter coefficient was determined
from the asymmetry parameter obtained from the MIE theory
calculations, according to the procedure described by Zarzanas
et al.48 The ΔFrel values for the six α-dicarbonyl-amine
mixtures as a function of the particle size are shown in Figure
5, with the positive and negative values representing warming

Figure 5. Relative forcing (ΔFrel) ratios calculated from the complex
refractive index at the 405 nm wavelength as a function of particle
size. The solid and dashed lines correspond to the α-dicarbonyl-amine
mixtures (MG-MA in orange, MG-DA in red, MG-TA in purple, GL-
MA in blue, GL-DA in green, and GL-TA in olive) and other
compositions with the RI values previously reported at the 405 nm
wavelength (BC in black, SRFA in gray, ambient NPF in light blue,
and chamber NPF in light pink), respectively.
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and cooling, respectively. Also for comparison, four additional
cases are considered using the RI values previously reported at
the 405 nm wavelength, including ambient nucleation (1.55 +
0i),10 chamber nucleation of α-pinene−OH photo-oxidation
(1.40 + 0i),72 suwanee river fulvic acid (SRFA, 1.68 + 0.05i),52

and BC (1.95 + 0.79i).73 All results examined in this study are
within the range of BC (most absorbing) and nucleation of
organic aerosols (less absorbing, mainly scattering). The MG
mixtures exhibit significantly less cooling than that for the GL
mixtures. The MG-MA mixture shows a warming effect similar
to that of BC, whereas the other five cases exhibit a cooling
effect. For particles less than 300 nm, the magnitude of cooling
is similar for most of the α-dicarbonyl-amine mixtures (except
for MG-MA), but for particles larger than 500 nm, the ΔFrel
values are distinct for the various mixtures. SRFA and MG-DA
show a cooling effect for smaller sizes (<640 nm for SRFA and
<880 nm for MG-DA) but a warming effect for larger sizes
(>640 nm for SRFA and >880 nm for MG-DA). Hence, our
results indicate that BrC aerosols, if formed from the
heterogeneous reaction between MG and MA, likely
contributes to atmospheric warming. Our results may be
more applicable to urban areas because of high concentrations
of aerosol precursor gases, i.e., for aged pollution plumes,74

HULIS (urban and rural),65 biomass burning,75 urban
plumes,76,77 or newly formed SOA.72 While a full radiative
transfer atmospheric model is needed to accurately determine
the direct radiative forcing for BrC particles, our results
provide the key optical properties (i.e., size-dependent SSA,
MAC, and RI) for incorporation of the α-dicarbonyl-amine
mixtures into atmospheric models.
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