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ecular diversity of brown carbon
formed by Maillard-like reactions in aqueous
aerosols†

Shanshan Tang, ab Feifei Li,bf Jitao Lv,*bf Lei Liu, cd Guangming Wu,ef

Yarui Wang,bf Wanchao Yu,bf Yawei Wang*abf and Guibin Jiangabf

Atmospheric brown carbon (BrC) exerts a key impact on the global radiative balance due to its light-

absorbing properties. Maillard-like reactions between carbonyl and amino compounds have been

identified as an important pathway for forming secondary BrC. Although optical properties have been

widely studied, the molecular composition of secondary BrC generated in Maillard chemistry remains

unclear, resulting in a knowledge gap to understand its formation and light-absorbing mechanism. In this

study, a combination of optical spectroscopy, 1H nuclear magnetic resonance (NMR), and Fourier

transform ion cyclotron resonance mass spectrometry (FT-ICR MS) was employed to comprehensively

characterize the chemical and light-absorbing characteristics of secondary BrC. The results indicate that

both the light-absorbing and molecular characteristics of secondary BrC were highly related to the

structures of their precursors. Organic amine precursors consistently result in enhanced light-absorbing

capacities of BrC compared to ammonium, but have inconsistent effects on the molecular diversity of

BrC. Compared to amino precursors (i.e., glycine, ethylamine, propylamine, and ammonium), carbonyl

precursors play a more important role in determining the molecular diversity of BrC. Different from black

carbon, the light-absorbing products from Maillard-like reactions are mainly nitrogen-containing

heterocycles. Unexpectedly, 35–64% of molecular formulae detected in real atmospheric samples were

found in simulated Maillard reaction products, implying a potentially important contribution of Maillard

chemistry to the atmospheric organic molecular pool. These results will improve our understanding of

the formation and molecular diversity of BrC, and further help to manage emissions of secondary

aerosol precursors.
Introduction

Brown carbon (BrC) is dened as the light-absorbing fraction of
atmospheric organic aerosols,1 which represents an important
climate forcer due to its effective absorption of solar radiation.2

Despite signicant efforts, considerable uncertainty remains in
the assessment of direct radiative forcing of BrC (0.09–0.6 W
m�2),3–6 due to the incomplete understanding of BrC formation
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and aging processes as well as its chemical composition and
optical properties.

Generally, atmospheric BrC can be produced from various
primary emissions (e.g., biomass burning7 and fossil fuel
combustion8) and secondary formation,9,10 and the latter is
more complex because it involves gas-, particle- and aqueous-
phase reactions through various precursors.11 In recent years,
the sources, and optical and chemical characteristics of
secondary BrC have been widely studied in eld and laboratory
studies.12–16 In particular, BrC produced by Maillard-like reac-
tions between carbonyls and reduced nitrogen species (e.g.,
organic amines and ammonium) in clouds and aqueous aero-
sols has attracted increasing attention,9,10,17,18 because the
related precursors are abundant in the atmosphere and the
related reactions can be greatly accelerated in atmospheric
aerosols. The light-absorbing capacities of BrC formed by
reactions between a series of carbonyl compounds and ammo-
nium sulfate (AS) and/or amines were evaluated, and it is
conrmed that amines are considerably more effective than AS
for the production of BrC on a per mole basis.18 A recent study
has reported that the single scattering albedo of a methylglyoxal
Chem. Sci., 2022, 13, 8401–8411 | 8401
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(MG)–amine mixture is smaller than that of a glyoxal (GX)–
amine mixture and proposed that the single scattering albedo
decreases with the methyl substitution of carbonyls.10 However,
the molecular composition of products formed by Maillard
chemistry is highly complicated, which presents a great chal-
lenge in identifying which products contribute to the light-
absorbing properties of BrC. Recently, Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) has been
successfully used to study the molecular diversity of organic
aerosols, which provides an opportunity to explore the molec-
ular composition of products formed by atmospheric Maillard
chemistry. Moreover, through the analyses of molecular
composition, optical and other chemical characteristics of
products from different precursors, light-absorbing products
formed through Maillard chemistry can be explored at the
molecular level rather than few individual compounds.

On the other hand, the applications of ultrahigh resolution
mass spectrometry in the studies of organic aerosols in recent
years have greatly improved our understanding on the chemical
and molecular diversity of atmospheric aerosols. Atmospheric
dissolved organic matter (DOM) extracted from aerosol samples
from Guangzhou was characterized using FT-ICRMS. The results
indicated that BrC composition was largely driven by meteoro-
logical conditions and anthropogenic activities.19 In addition, the
high molecular diversity of organic nitrogen was illuminated in
urban snow by the same means.20 However, it is difficult to
distinguish the contribution of secondary processes to the
molecular diversity of atmospheric organic aerosols. Although
Maillard chemistry has been considered as an important pathway
for the formation of BrC in atmospheric droplets, the presence of
Maillard-like reaction products in real atmospheric organic
aerosols has not been revealed. To improve the real Maillard-like
reactions in many laboratory simulations, it is necessary to
conrm how Maillard chemistry contributes to the molecular
diversity of atmospheric organic aerosols. A comparison of
molecules identied by FT-ICR MS between laboratory simula-
tions and real atmospheric samples can partially answer this
question, although there are some inevitable limitations.

In this study, ve carbonyl and four amine compounds as
precursors were combined into twelve systems to produce
secondary BrC through aqueous-phase reactions. The precursor-
mediated molecular composition of Maillard-like reaction prod-
ucts was analyzed by FT-ICR MS, and the relationships between
chemical, optical, and molecular characteristics of BrC produced
byMaillard-like reactions were revealed. In addition, the extensive
presence of molecules produced through Maillard-like reactions
in real atmospheric organic aerosols was found. The results
indicate that the products of atmospheric Maillard reactions dis-
played unexpected molecular diversity, and their contribution to
the atmospheric molecular diversities as well as their effects on
atmospheric nitrogen cycles deserve more attention.

Experimental section
Chemicals

Ammonium sulfate (AS, $99.0%), glycine (Gly, $99%), ethyl-
amine (EA, 66.0–72.0 wt% solution), propylamine (PA, $99%),
8402 | Chem. Sci., 2022, 13, 8401–8411
hydroxyacetone (HA, 90%), glyoxal (GX, 40 wt% solution),
methylglyoxal (MG, 40 wt% solution), and glycolaldehyde (GAld)
were purchased from Sigma-Aldrich (USA). Acrolein (AC) was
purchased from Aladdin (China). All chemicals were used as
received without further purication. Ultrapure water (18.2 MU

cm) was supplied by a Milli-Q water purication system.

BrC formation experiments

To simulate an intermediate case between saturated and over-
saturated secondary organic aerosol particles, a solution (0.5 M)
of each carbonyl compound (i.e., HA, GX, MG, AC, or GAld) was
mixed with 1 M AS or amine (i.e., Gly, EA, or PA), respectively.17

For each carbonyl compound-AS/Gly system, the initial pH was
adjusted to 4.0. However, it was difficult to adjust the pH value
of the MG-EA/PA systems before reactions, and thus, the MG-
EA/PA systems are only for reference and are not compared
with other systems in the following discussion. The entire
reaction process was monitored using UV-Vis and uorescence
spectrophotometers. The solutions of each reactant and their
reaction products were desalinated by solid-phase extraction
(SPE) using Bond Elute PPL cartridges (1 g per 6 mL; Varian,
Palo Alto, CA), followed by redissolving in methanol (MS grade),
and drying with high purity N2 before analysis. The product
mass yield, Y (%), was calculated by weighing the dried samples.
The ESI (Text S1†) provides details of the sample desalination
and calculation equation of Y (%).

PM2.5 sample collection and preparation

Field observations were carried out at the Baoding rural site
(39�080N, 115�440E) and Jinan urban site (36�400N, 117�030E)
during 13–27 November 2016. The sites were located on the
rooop of a three-story building (12 m a.g.l.). Detailed infor-
mation about the PM2.5 samples can be found in a previous
study21 and Table S1.† All the collected samples were stored at
�20 �C for further analyses. A portion of the lter (3–17 cm2)
was used to extract BrC. The water-soluble fraction was extrac-
ted twice with 10 mL of Milli-Q water under ultrasonication for
30 min and was ltered through a syringe lter (PVDF, 0.45 mm,
Durapore). The water-soluble fractions were further treated and
analyzed using FT-ICR MS.

Measurement of light-absorbing and uorescence properties
of BrC

The SPE puried samples were dissolved in ultrapure water for
UV-Vis spectra and total organic carbon (TOC) analyses. UV-Vis
spectra were recorded on a Shimadzu UV-2600 spectrometer at
200–800 nmwith a step size of 0.5 nm. TOC concentrations were
measured on a Shimadzu TOC-L-CPH instrument by high-
temperature catalytic oxidation. The optical properties of BrC
samples were quantied by calculating the mass absorption
efficiency at 365 nm (MAE365, m2 g�1 C) and absorption
Ångström exponent (AAE).22

Fluorescence properties of BrC samples were characterized
using a Horiba Fluoromax-4 spectrouorometer at room
temperature. Fluorescence spectra were recorded in the signal/
reference (S/R) mode and calibrated by inner lter correction,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Raman normalization, and blank subtraction.23,24 The specic
equations used for the calculation of MAE365, the AAE, uo-
rescence parameters, and corrections are described in detail in
the ESI (Text S2†).
Nuclear magnetic resonance (NMR)

SPE puried BrC samples were redissolved in D2O for 1H NMR
analysis using a Bruker-500 MHz NMR spectrometer.25 The
signals were distinguished according to the following assign-
ments: (1) aliphatic hydrogen (H–C, 0.6–1.8 ppm); (2) unsatu-
rated alkyl hydrogen (H–C–C¼, 1.8–3.2 ppm); (3) oxygenated
aliphatic hydrogen (H–C–O, 3.2–4.4 ppm); (4) aromatic
hydrogen (Ar–H, 6.0–9.0 ppm).9,26
ESI FT-ICR MS analysis and molecular formula assignment

The SPE puried BrC samples were redissolved using a 1 : 1 (v/v)
methanol/water mixture to obtain a soluble carbon concentra-
tion of �100 mg L�1 and analyzed using a 15 T SolariX FT-ICR
MS (Bruker, Germany) coupled with�ESI and +ESI sources. The
lower and upper mass limits were set to a mass-to-charge ratio
(m/z) of 120 and 928, respectively. The detailed analysis condi-
tions are described in the ESI† following the settings utilized in
previous studies.27,28 Meanwhile, ultrapure water and reactants
(i.e., Gly, EA, PA, HA, GX, MG, AC, and GAld) were analyzed to
represent the blank samples using the same pretreatment
procedures as BrC samples. The ESI (Text S3†) provides addi-
tional details about the operation procedures.

All possible formulae for each BrC sample were identied
according to stringent criteria for elemental combinations of
C5–50H10–100O0–40N0–3S0–2 using Bruker Compass Data Analysis
soware (version 5.0). The molecular formula assignment was
performed in the range of m/z 180 to m/z 700. The requirement
for the mass error between the measured and calculated masses
for a given chemical formula should be less than 0.5 ppm.
Molecular formulae were assigned to peaks with a signal-to-
Fig. 1 Pictures of products formed by each reaction system (a–c) a
absorption Ångström exponent (AAE) at 300–400 nm and 400–480 n
above or below each line in (d–f).

© 2022 The Author(s). Published by the Royal Society of Chemistry
noise ratio (S/N) $ 6, and the elemental ratios of H/C # 2.2
and O/C # 1.2 were used as further restrictions. The molecular
formulae of BrC samples could be divided into four compound
groups according to the modied aromaticity index (AImod) and
H/C: condensed polycyclic aromatics (AImod > 0.66), poly-
phenols (0.66 $ AImod > 0.5), highly unsaturated and phenolic
compounds (AImod # 0.5 and H/C < 1.5), and aliphatic
compounds (2.0 $ H/C $ 1.5).29 Details of the molecular
parameters and the relevant equations are provided in the ESI
(Text S4†).

Network analysis

Cytoscape30 with a MetaNetter plug-in31 was used to conduct the
network analysis. The list of m/z values from BrC samples was
imported into Cytoscape, and each m/z value was dened as
a node. In networks, nodes are connected to each other by
edges. Network analysis requires a list of m/z values as edges in
MetaNetter. Except for a possible mass difference between m/z
values in AS–MG, the other edges are reactants: MG for AS–MG;
Gly and MG for Gly–MG (Table S2†).

Results and discussion
Effect of precursors on optical properties of secondary BrC

Light-absorbing property is an important characteristic and
evaluation indicator of BrC, and thus, the light-absorbing
capacity of BrC formed by different precursors was character-
ized rst. Considering that the initial solutions exhibit almost
no absorption at wavelengths of 300–600 nm, the increased
absorption aer the reaction is attributed to the newly gener-
ated BrC, which can also be seen from the white–yellow–brown
color variation of the solutions (Fig. 1). Specically, for AS-
related reactions (i.e., AS–GX, AS–MG, AS–acrolein (AC), and
AS–glycolaldehyde (GAld)), all of their products show enhanced
light absorbance as the reaction time increases (Fig. S1†),
demonstrating the increased formation of BrC during the
nd their corresponding mass absorption efficiency (MAE) (d–f). The
m wavelengths for secondary brown carbon products is also marked

Chem. Sci., 2022, 13, 8401–8411 | 8403
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reaction. However, according to the absorbance variation trend
during the reaction (Fig. S2a†), large differences in the forma-
tion rate of BrC exist between different reaction systems. The
absorbance of the AS–AC system at 268 nm shows a rapid
increase during the rst 40 hours, followed by slower increases
until equilibrium, while the AS–MG and AS–GAld systems have
moderate reaction rates with the absorbance increasing nearly
diagonally during the whole reaction time. In contrast, the AS–
GX system exhibits minor absorbance variation during the
reaction, which demonstrates that fewer BrC compounds are
formed. Aer a 216 hour reaction, the AS–GAld products have
the strongest light absorption over the wavelength of 200–
600 nm (Fig. S3a†), indicating the importance of the carbonyl
precursor in the formation of BrC through the Maillard reac-
tion. Moreover, the BrC derived from the reaction of carbonyl
compounds with organic amines (glycine (Gly), ethylamine (EA),
and propylamine (PA)) displayed higher reaction rates and
higher light-absorbing capacities than AS, highlighting the
importance of organic amines in BrC formation. However,
absorption enhancements can be barely observed for the AS–
hydroxyacetone (HA) mixtures (Fig. S1†), indicating that most of
the products are non-absorbent in the reaction of AS and HA. In
contrast, the absorbance of the Gly–HA system at 345 nm
increased by 0.09 a.u. aer 120 hours, indicating that a reaction
does occur between Gly and HA. It proves again that Gly has
a stronger ability than AS in the formation of secondary BrC.

The absorption spectra were converted into mass absorption
efficiency (MAE) using equation S2 in the ESI.† For the BrC
derived from reactions between carbonyl compounds and AS,
the AS–GX products exhibit the highest mass absorption effi-
ciency at 365 nm (MAE365) (Table S3†). Similarly, the Gly–GX
products exhibit the highest MAE365 value in the BrC derived
from reactions between carbonyl compounds and Gly. However,
the MAE365 values of BrC formed by Gly are greater than those of
AS, resulting from the higher electronegativity of the
Fig. 2 1H NMR spectra of secondary brown carbon products (a–l) and th
The red, light blue, yellow, and green colors in panel (m) represent the H
solvent peak near 4.7 ppm.

8404 | Chem. Sci., 2022, 13, 8401–8411
–CH2COOH group in Gly than that of NH4
+ in AS. In addition,

we notice that methyl substitution can decrease the MAE365
value, i.e., AS–HA (0.15 m2 g�1) < AS–GAld (2.45 m2 g�1) and AS–
MG (0.59 m2 g�1) < AS–GX (4.50 m2 g�1). In contrast, replacing
the alcohol group by the carbonyl group leads to an increase in
the MAE365 value, i.e., AS–HA (0.15 m2 g�1) < AS–MG (0.59 m2

g�1) and AS–GAld (2.45 m2 g�1) < AS–GX (4.50 m2 g�1). BrC
formed by MG and GX (dicarbonyls) has a larger light-absorbing
capacity than HA and GAld (monocarbonyls), respectively,
indicating that dicarbonyls are more important precursors in
BrC formation. The absorption Ångström exponent (AAE) is
used to reect the wavelength dependence of light absorption
and is commonly in the range of 2–7 or even greater up to 12 for
atmospheric BrC.32 The AAE value of each system herein was
calculated at UV (300–400 nm) and visible wavelengths (400–480
nm), as shown in Fig. 1 and Table S3.† The overlapping AAE
range of atmospheric and water-soluble BrC indicates that they
can be regarded as a surrogate of the moderately absorbing type
of BrC. According to the above results, reactions between simple
carbonyl and amino (i.e., Gly, EA, PA, and AS) compounds have
the potential to form secondary BrC, but the reaction rates and
light-absorbing properties of products are different. Many
organic aerosols exhibit strong uorescence, especially for the
aqueous-phase reaction products of small carbonyl compounds
with AS/amines.9,18 Considering its high sensitivity and non-
destructive analysis characteristics, uorescence has been
used recently to analyze water-soluble organics in atmospheric
aerosols.9,33,34 The uorescence results of AS–GX and AS/Gly–AC
systems herein reveal a peak at excitation/emission at 290–315
nm/370–420 nm (Fig. S5†). This region exhibits relatively
shorter excitation and emission wavelengths than in a previous
study.9 Red shis in both emission and excitation wavelengths
are shown in the peak of BrC generated by Gly compared to that
of AS, which indicates that products generated by Gly have
larger molecular weights and higher aromaticity.
e relative content of four classification groups for 1H NMR spectra (m).
–C, H–C–C], H–C–O, and Ar–H. The 1H NMR spectra include a D2O

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Chemical characterization of secondary BrC by NMR analysis
1H NMR techniques can provide detailed structural character-
istics and quantify the composition of different functional
groups of secondary BrC, in particular, to offer partial validation
of our major ndings. As shown in Fig. 2, similar 1H NMR
spectra are observed for secondary BrC formed by the same
carbonyl precursor with AS or amines. However, a notable
difference is observed when different carbonyl compounds are
used as precursors to react with AS or amines. Dividing the
spectra into several key proton regions and evaluating the
relative contributions of the total spectral intensity can reveal
the chemical environment of protons (Fig. 2). The low amounts
of the Ar–H type (6.0–9.0 ppm) for all samples studied here
(Table S4†) means that the light-absorbing groups in BrC
formed by Maillard reactions may be nitrogen-containing
heterocycles rather than carbon-only homocyclic aromatic
carbon structures. In addition, the products using HA and MG
as the precursors exhibit higher amounts of the H–C type (in the
range of 0.6–1.8 ppm, >30%) than the other products, possibly
attributed to the existence of a methyl group in HA and MG
molecular structures (Table S4†). Meanwhile, the methyl
substitution in amine precursors (EA and PA) also leads to
higher amounts of the H–C type (>50%). Lack of a methyl group
in GX and GAld precursors causes higher amounts of the H–C–
O–R type (>60%), indicating that the methyl substitution in the
precursor has a great inuence on the structure of BrC. The
ndings through NMR suggest that different precursors may
exert a crucial effect on the chemical structures of secondary
BrC, especially carbonyl precursors, which further supports the
Fig. 3 Reconstructed mass spectra of BrC formed by AS–MG (a) and
spectrum (%). The inserted pie charts indicate the number distribution
percentages of CHO, CHON, CHOS, and CHONS of each sample (c); van
and the color bar represents the aromaticity index (AImod) and bubble s
Krevelen diagram are delineated by AImod and H/C cutoffs (f), Group 1: co
unsaturated and phenolic compounds; Group 4: aliphatic compounds).

© 2022 The Author(s). Published by the Royal Society of Chemistry
abovementioned ndings that the precursor carbonyl
compounds are more important in determining the optical
properties of secondary BrC than amino precursors.
Molecular components of secondary BrC detected by ESI FT-
ICR MS

To further explore the chemical composition of secondary BrC
produced by different precursors at the molecular level, non-
target analysis based on ESI FT-ICR MS was employed to
reveal the molecular components of BrC. Unlike aqueous DOM
or humic acids which contained more detected molecular
formulae in negative-ion ESI (�ESI) mode, BrC produced by
Maillard reactions contained a larger number of detected
molecular formulae in positive-ion ESI (+ESI) mode (Table S5†).
This is ascribed to the fact that products formed by Maillard
reactions are rich in basic functional groups (e.g., amino) and
poor in acidic functional groups (e.g., carboxyl), and are thus
readily ionized in the +ESI mode.35 More molecules with higher
oxygen-containing groups (higher O/Cw) were detected in the
�ESI mode, while molecules with higher nitrogen-containing
groups were detected in the +ESI mode (Fig. S6†). In addition,
more high molecular weight molecules were detected in the
+ESI mode, indicating more high molecular weight molecules
in Maillard reactions contained basic functional groups. The
van Krevelen diagrams of assigned molecular formulae display
that +ESI detects more molecules in the lower O/C region
(Fig. S7 and S8†). All these results indicate that a combination of
+ESI and �ESI modes is necessary to explore the molecular
composition of BrC. Therefore, we recommend the usage of
Gly–MG (b). Intensities were normalized to the largest peak in each
of the CHO, CHON, CHOS, and CHONS molecular formulae. The

Krevelen diagrams of identified formulae in AS–MG (d) and Gly–MG (e),
ize represents the signal-to-noise ratio (S/N); four groups in the van
ndensed polycyclic aromatics; Group 2: polyphenols; Group 3: highly

Chem. Sci., 2022, 13, 8401–8411 | 8405
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a combination of +ESI and �ESI modes to analyze BrC or water-
soluble organic carbon (WSOC) extracted from atmospheric
aerosols rather than a single mode.

To simplify the description and comprehensively display the
molecular diversity of BrC samples, molecular formulae detec-
ted in the �ESI and +ESI modes were combined for further
analyses. The overlapped molecular formulae between two
modes were below 5% of the formulae identied in a single
mode. The molecular formula detected in two modes may
represent the same compound or different isomers, which
cannot be identied by FT-ICR MS. In this respect, we adopt the
most conservative strategy by considering the formula detected
in two modes as a compound molecule. As shown in Fig. 3a and
b, S9, and S10,† the typical FT-ICR mass spectra of secondary
BrC show that the m/z values are in the range of 180–700, and
the most intense ion peaks are in the range of 300–500. These
values are similar to the range observed for atmospheric parti-
cles and smoke particles produced from coal combustion.19,36

According to Table S6,† for all secondary BrC, the number of
assigned molecular formulae ranges from 749 to 4323. The
number of compounds in secondary BrC will be much higher
than this, because the results obtained by FT-ICR MS are only
based on the molecular formulae and do not consider isomeric
information. It is worth noting that BrC formed by AS–HA dis-
played the lowest MAE365 value, but contained the greatest
number of molecular formulae, indicating that BrC with low
light-absorbing capacity did not mean it has low molecular
diversity, and vice versa. In addition, the methyl substitution
signicantly increased the molecular diversity of BrC, i.e., AS–
HA (4323) > AS–GAld (2079) and AS–MG (2914) > AS–GX (2313). A
similar characteristic is also shown by BrC produced by Gly
(Table S6†). It is contrary to the results of changes in MAE365,
which showed that the methyl substitution in carbonyl
precursors decreased the light-absorbing capacity of BrC (Table
S3†). These results further indicate that the higher light-
absorbing capacity of BrC does not mean it has higher molec-
ular diversity. In other words, only a part of the compounds
produced by the Maillard reaction belong to BrC, and others
displayed little light-absorbing capacity. The H/Cw and O/Cw

ratios are in the range of 1.21–1.57 and 0.35–0.70, with average
values of 1.34 and 0.47, respectively (Table S6†). The O/Cw ratio
is within the range of atmospheric aerosols (0.40–0.77)37,38 and
secondary organic aerosols (0.46–0.53),39 whereas it is slightly
greater than that of cloud water (0.37)40 and fog water (0.43).41

Interestingly, the products of the reaction between AS or Gly
with GX (dicarbonyls) displayed a higher O/Cw ratio and OScw
than the products of the reaction between AS or Gly with AC
(monocarbonyls), which are consistent with the relative
percentages of H–C–O detected by 1H NMR (Fig. 2). These
results indicate that BrC produced from dicarbonyl precursors
has a higher oxidation state.

The identied molecular formulae can be divided into CHO,
CHON, CHOS, and CHONS groups according to their elemen-
tary compositons.42 CHON compounds account for the largest
proportion (>50%) of the overall identied molecular formulae,
even greater than 90% for AS–GAld, Gly–MG, Gly–AC, and Gly–
GAld systems (Fig. 3c). The BrC formed by GX exhibits a lower
8406 | Chem. Sci., 2022, 13, 8401–8411
proportion of CHON than others, which is consistent with the
lower relative percentage of the H–C–C¼ type in the NMR
results (Fig. 2). Because of the participation of amine in Mail-
lard reactions, the proportions of CHON compounds in
produced BrC are higher than most water-extractable organic
matter or HULIS extracted from atmospheric particulates.25,42

This may be an important pathway for the conversion of amino
compounds into high molecular weight organic nitrogen in
secondary aerosols. Moreover, the compounds detected herein
were divided into four classes based on the differences in the O/
C, H/C, and modied aromaticity index (AImod) values as shown
in the van Krevelen diagrams (Fig. 3d and e, S11, and S12†). The
detailed classication criteria are described in the Experimental
section. The majority of the formulae belonged to highly
unsaturated and phenolic- (Group 3) and aliphatic compounds
(Group 4) (Fig. 3f), contributing to 73.30–99.67% of the total
formulae (Table S8†). The proportion of nitrogen in Group 2 is
above 50%, except for AS–HA and AS–AC, which proves that
most of the light-absorbing compounds in BrC formed by
Maillard reactions are nitrogen-containing heterocycles rather
than polyphenols. This result further conrms the speculation
obtained from NMR analysis (Fig. 2). Furthermore, despite the
different relative percentages of eachmolecular group in AS and
Gly, a similar trend was observed for Group 2: GX > MG > GAld >
HA > AC, which is consistent with the MAE365 values of BrC
formed by Gly, illustrating that compounds in Group 2 may play
important roles in the light-absorbing of BrC, and carbonyl
precursors rather than amino determine the yield of light-
absorbing products in BrC.
Chemical differences between BrC generated from different
precursors

To analyze the chemical difference between secondary BrC
formed by different precursors, the unique common molecules
in BrC with different precursors are selected using Venn
diagrams (Fig. S13†). First, the effect of amino precursors on the
molecular components of BrC was compared when MG was
xed as another precursor. Their shared molecules account for
4.08–7.18% (Fig. S13a†), demonstrating that amino compounds
have a signicant impact on BrC formation. When the same
carbonyl compound is used as one of the precursors, the m/z,
double bond equivalents (DBE) and carbon oxidation state
ðOScÞ values for BrC formed by AS are lower than those for BrC
formed by Gly (Fig. S14†). Only 0.14–0.78% and 0.22–1.07%
shared molecular formulae are detected when ve carbonyl
precursors reacted with AS and Gly, respectively (Fig. S13b and
c†). These ratios are smaller than those when amino precursors
reacted with MG, demonstrating that the carbonyl precursors
are the main factors determining the chemical composition of
secondary BrC instead of amino precursors (i.e., Gly, EA, PA,
and AS). Fig. 4a and b show the van Krevelen diagram of the
unique formulae of each BrC sample generated from AS and Gly
reacting with HA, GX, MG, AC, and GAld, respectively. Each BrC
sample shows its distinctive H/C and O/C ranges in the van
Krevelen diagram, which possibly led to the variable MAE values
and uorescent spectra of different BrC samples (discussed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The van Krevelen diagram of BrC formed by AS (a) and Gly (b) with five different carbonyl compounds. Different color indicates unique
formulae detected in each sample. DBE vs.C number for the CHON compounds of BrC formed by AS–MG (c) and Gly–MG (d). The color bar and
marker size denote the number of O atoms and the peak intensities of the compounds. The formulae for the compounds with high intensity are
presented in figures. Note that the proposed structures are referenced in a previous study.14 MS/MS fragmentation analysis for the proposed
structures in FT-ICR MS (e and f).
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below). AS–GX and Gly–GX products exhibit relatively lower H/C
and higher O/C ratios (red circle in Fig. 4a and b) compared to
other reaction products, which is consistent with their lower
H–C response detected by 1H NMR (Fig. 2). For the other four
carbonyl compounds (i.e., HA, MG, AC, and GAld), similar
regions are identied between the BrC samples of the same
carbonyl compound reacting with AS and Gly (Fig. 4a and b),
suggesting that the molecular characteristics of secondary BrC
generated by the Maillard reaction are determined more by
carbonyls than by amino precursors.
Molecular components responsible for light-absorbing
properties of BrC

According to previous research, the light-absorbing capacity of
BrC is highly variable and strongly correlated with the molec-
ular characteristics.19,36,42 During the atmospheric transport, the
light-absorbing properties of BrC are subject to the aging effect,
and the related mechanism is extremely complex. A total of 12
samples with substantially different molecular components
were obtained in this study, which provides a possibility to
investigate this link. On the other hand, not all molecules are
light-absorbing as discussed above, and thus it is necessary to
further analyze the links between molecular characteristics and
light-absorbing properties of BrC. First, MAE365 values are in
good agreement with the results of FT-ICR MS. For example, the
highest O/Cw ratio and higher proportion of polyphenols
(Group 2) in secondary BrC formed by GX (dicarbonyl) support
the explanation of the high MAE365 values. By comparison, AC,
a monocarbonyl precursor, exhibits the lowest O/Cw ratio and
higher amounts of aliphatic compounds (Group 4) than other
© 2022 The Author(s). Published by the Royal Society of Chemistry
precursors, corresponding to its lowest MAE365 value. Consid-
ering that most molecules in Group 2 are considered to contain
nitrogen-containing heterocycles, they may be the main light-
absorbing compounds in BrC products rather than carbon-
only homocyclic aromatics. This also illustrates that chemical
specicity for different carbonyl compounds in the formation of
secondary BrC could lead to a different effect on the optical
properties. Moreover, an FI value of <1.4 indicates that the
uorophore has higher aromaticity, while an FI value of >1.9
corresponds to lower aromaticity.23 FI values of all samples
except for the Gly–GX and Gly–AC systems herein are less than
1.4 (Table S3†), indicating that a majority of secondary BrC are
formed by Maillard reactions with higher aromaticity. This
nding agrees well with the high relative percentages of Group 2
in the FT-ICR MS results. A red shi in the emission and exci-
tation wavelengths is observed in the peak of BrC generated by
Gly compared with that generated by AS. It indicates that
products generated by Gly exhibit higher molecular weight and
higher aromaticity, which agrees well with the FT-ICR MS
results as described in the above text.

Fig. S15† displays the Pearson correlation matrix of optical
property parameters with chemical and molecular characteris-
tics of BrC. A signicantly positive correlation between MAE365
and OSc (r ¼ 0.73, p < 0.05) is observed, suggesting that the
oxidation level plays a vital role in the light-absorbing capacity
of secondary BrC generated by Maillard reactions. MAE365
values are positively correlated with the chemical compositions
related to condensed polycyclic aromatics (r¼ 0.72 and p < 0.05)
and polyphenols (r ¼ 0.85 and p < 0.01), conrming the
dependence of the light-absorbing capacity on chemical char-
acteristics. Moreover, the AAE value is also a signicant
Chem. Sci., 2022, 13, 8401–8411 | 8407
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parameter in climate models, whereas correlations are not
observed between AAE values and molecular characteristics,
implying that the AAE can be affected by various factors.
Therefore, we speculate that the molecular structure consider-
ably affects the light-absorbing capacity, which provides clues
for the molecular-level study of atmospheric BrC in the future.
This study conrmed that the physicochemical properties of
BrC are associated with their molecular composition, which
improves our understanding of BrC.

The light absorption of the benzene ring is at 260 nm (p /

p* electronic transition),43 while the nitrogen-containing
Fig. 5 Proposed reaction mechanism and molecular structures of C12H1

the results from a network analysis for AS–MG (c) and Gly–MG (d). Each c
(MW) value. The nodes are connected by edges which correspond to
transformations is given in Table S8.†

8408 | Chem. Sci., 2022, 13, 8401–8411
heterocyclic ring is different from the benzene ring. For
example, imidazole, imidazole-2-carboxaldehyde (IC), and 2,20-
biimidazole (BI) have been characterized to absorb at 207, 273,
and 280 nm, respectively.44,45 The observed UV-Vis spectra in
this study revealed three major bands: �280 nm, �320/340 nm,
and a broad band extending from 400 nm, which further prove
the conclusion that light-absorbing groups in the products
formed by Maillard-like reactions are nitrogen-containing
heterocyclic rings rather than carbon-only homocyclic
aromatics. The absorption peaks at 250–320 nm in the AS–MG
mixtures are consistent with methylimidazole products (e.g., 4-
4O4N2 (�ESI) in AS–MG (a) and C8H9O4N (�ESI) in Gly–MG (b); parts of
ircle within (c) and (d) represents a node which is the molecular weight
one of the chemical transformations. The complete list of chemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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methyl-2-acetylimidazole and 4-methylimidazole),46 and the
absorption peak at�340 nmmight be 1,3-diglycine-imidazole.47

Therefore, the light-absorbing capacity of Maillard-like reaction
products may be due to the formation of compounds containing
the imidazole group. In addition, the FT-ICRMS results indicate
that the high-intensity products detected in the AS–MG system
mainly have a C number from 9 to 17 with a DBE from 3 to 7
(Fig. 4c), such as C9H13O6N, C10H17O7N, C12H14O4N2, and
C17H25O11N. As shown in Fig. 4d, the high-intensity compounds
detected in the Gly–MG system have higher C numbers (12–18)
and DBE (5–10), such as C8H9O4N, C14H19O8N2, and
C16H17O8N3, illustrating that most of the products from the Gly–
MG system are unsaturated compounds with a high molecular
weight. The C number vs. DBE plots of other systems are in the
ESI (Fig. S16 and S17†). It is worth noting that the N-heterocyclic
structures of C12H14O4N2 and C8H9O4N have been identied in
the products of the dicarbonyl–imine reaction using HPLC-
diode array detector (DAD)-ESI MS/MS.14 Here, besides an
accurate m/z being identied, FT-ICR MS/MS was used to detect
fragment ions of C12H14O4N2 and C8H9O4N (Table S9†). No N
was lost in all detected fragment ions indicating the stable
structure of N-containing groups (Fig. 4e and f). Therefore, we
considered that N was present in compounds as an N-
heterocyclic structure as previously reported.14 Based on the
considered structures of C12H14O4N2 and C8H9O4N, typical
reaction pathways to form BrC are proposed in Fig. 5. The light-
absorbing substances formed by the Maillard-like reaction are
mainly nitrogen-containing organics with imidazole and
pyrrole as the parents produced via the Debus–Radziszewski
reaction48 and Paal–Knorr reaction,49,50 respectively (Fig. 5a and
b). Following the above mechanism, the structures of other BrC
systems are proposed tentatively based on the FT-ICR MS
results (Fig. S18†). These results indicate that the light-
absorbing products from Maillard-like reactions are mainly
due to N-heterocycles, which are different from the black carbon
structure released from primary combustion.

Molecular network analysis is a method to visualize how
molecules are connected to each other by a specic mass
difference. In order to explore the universality of these reaction
Fig. 6 Relationship between shared formulae and NH4
+ concentration

(lake blue represents all molecules and purple represents CHON molecu

© 2022 The Author(s). Published by the Royal Society of Chemistry
pathways, molecular network analyses were conducted using
mass data of the products of AS–MG and Gly–MG, respectively.
Two mass differences were set according to the proposed reac-
tions in Fig. 5a and b, and the edges of the network refer to the
proposed transformations. The results reveal that plenty of
molecular clusters were formed for each system. Fig. 5c and
d show the parts of the results from a network analysis for AS–
MG and Gly–MG, respectively. Molecules with an m/z between
200–600 are generated through continuous reactions, and the
connection between molecules indicates that thousands of
molecules are both products and reactants, which contributed
to the high molecular diversity of BrC products. The statistics of
edges show that carbonyl compounds are involved in a larger
number of reactions (Table S2†), indicating a larger contribu-
tion of carbonyl precursors to the diversity of BrC. Maillard-like
reactions are considered to be important pathways for the
formation of these nitrogen heterocyclic compounds in BrC,
and their contributions may be enhanced regionally if dicar-
bonyls and amines overlap in agricultural regions that experi-
ence persistently high amine concentrations. Future studies are
encouraged to develop specic molecular markers to quantify
the contribution of BrC formed by Maillard-like reactions.
Potential contribution of Maillard chemistry to the molecular
diversity of atmospheric organic aerosols

In summary, 14 045 unique molecules were detected in the
simulated systems in this study. Considering the coexistence of
various precursors in a real atmospheric environment, the
molecular composition of secondary BrC produced through
Maillard chemistry would be much more complex. In order to
verify whether molecular formulae in BrC formed through
Maillard chemistry contributed to real atmospheric aerosols,
water extracted fractions of ten PM2.5 samples collected from
rural and urban sites were analyzed by FT-ICR MS and the
shared molecules in real samples and molecules obtained in
simulated experiments were further extracted (selected Venn
diagrams are provided in Fig. S19 and Table S1†). The results
show that the number of shared molecules accounts for 35.34–
64.08% of the total molecular formulae detected in real
s (a); proportion of secondary BrC molecules in atmospheric samples
les) (b).

Chem. Sci., 2022, 13, 8401–8411 | 8409
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samples. Moreover, considering that NH4
+ is an important

precursor for the secondary BrC formation through Maillard-
like reactions, a correlation analysis between the number of
shared molecules and the concentration of atmospheric NH4

+

was performed and a signicantly positive correlation is
observed (r ¼ 0.81 and p < 0.01) (Fig. 6a). This further supports
that these shared molecules detected in atmospheric aerosols
are mainly derived from Maillard reactions. Although some of
the molecular formulae may have different chemical structures
and/or other sources, the high proportional shared molecules
still indicate the extensive presence of molecules produced
through Maillard-like reactions in real atmospheric organic
aerosols, highlighting the potential importance of Maillard
chemistry in the formation of secondary BrC. It is worth noting
that a greater proportion of shared CHON formulae (66.04–
81.25%) were detected in real samples (Fig. 6b), suggesting that
Maillard chemistry contributed more to the atmospheric
organic nitrogen molecular pool. Future studies are needed to
pay more attention to the effect of Maillard chemistry on the
atmospheric nitrogen cycle.

Conclusions

In this study, a combination of UV-Vis, uorescence, 1H NMR,
and FT-ICR MS was employed to characterize the chemical and
light-absorbing characteristics of secondary BrC produced by
twelve Maillard-like reaction systems. The results indicate that
both the light-absorbing and molecular characteristics were
highly related to the structures of precursors. Dicarbonyls
contributed more light-absorbing products than mono-
carbonyls, and organic amines (Gly, EA, and PA) induced the
formation of stronger light-absorbing products than ammo-
nium. The light-absorbing products from Maillard-like reac-
tions are mainly nitrogen-containing heterocycles and some
proposed strutures were provided. Carbonyl precursors rather
than ammonium or amine precursors play a more important
role in controlling the molecular diversity of BrC. Therefore,
controlling the release of carbonyl precursors may signicantly
inhibit the chemical diversity of secondary BrC formed through
Maillard chemistry. Furthermore, over 14 000 molecular
formulae were identied in the simulated system with 35–64%
of molecular formulae detected in real atmospheric samples,
demonstrating that Maillard chemistry has a potentially
important contribution to atmospheric organic molecules. This
study provides molecular information insight into secondary
BrC formed by Maillard-like reactions, which will help us to
understand the formation and chemical diversity of BrC and
further provide a scientic basis for managing emissions of
secondary aerosol precursors.
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Y. Cheng and P. Fu, One Earth, 2022, 5, 293–304.

5 X. Wang, C. L. Heald, D. A. Ridley, J. P. Schwarz,
J. R. Spackman, A. E. Perring, H. Coe, D. Liu and
A. D. Clarke, Atmos. Chem. Phys., 2014, 14, 10989–11010.

6 R. Saleh, M. Marks, J. Heo, P. J. Adams, N. M. Donahue and
A. L. Robinson, J. Geophys. Res.: Atmos., 2015, 120, 10285–
10296.

7 A. P. S. Hettiyadura, V. Garcia, C. Li, C. P. West, J. Tomlin,
Q. He, Y. Rudich and A. Laskin, Environ. Sci. Technol.,
2021, 55, 2511–2521.

8 C. Yan, M. Zheng, C. Bosch, A. Andersson, Y. Desyaterik,
A. P. Sullivan, J. L. Collett, B. Zhao, S. Wang, K. He and
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