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ABSTRACT: Submicrometer aerosols in the urban atmosphere of
Nagoya, Japan, were collected in late winter and early spring, and the
water-insoluble organic matter (WISOM) in the samples were
fractionated into six subfractions based on their polarities by using
solvent and normal-phase solid-phase extractions: nonpolar (F1), low-
polar (F2 and F3), and medium-polar (F4, F5, and F6) fractions. The
overall structural characteristics of these subfractions were then analyzed
using Fourier transform infrared spectroscopy, nuclear magnetic
resonance spectroscopy, and high-resolution aerosol mass spectrometry.
Quantitative information related to the overall chemical characteristics of
the WISOM in the different polarity fractions, including their elemental
compositions, the relative abundances of different functional groups and
their fragments from electron impact ionization, was obtained. These
water-insoluble fractions accounted for half of the total light absorption by the extracted aerosol matter at 400 nm. The
contributions of the medium-polar fractions to both the total organic carbon and light absorption by the extracts were dominant
among the contributions from the six subfractions. Large molecules with aromatic and heteroatomic (O and N) groups, including
charge transfer complexes, might have greatly contributed to the light absorption by the fraction F4, which is the largest fraction
of the extracted water-insoluble organic matter.

■ INTRODUCTION

Submicrometer aerosol particles in the atmosphere contain
abundant organic compounds (20−90%).1,2 Their presence
influences the properties of these aerosols and thereby affects the
roles of the aerosols in the climate and in human health.3 The
chemical characterization of these organic compounds is
important to understand and predict these roles. However, the
organic aerosol components remain poorly characterized
because of the highly complex nature of their composition.4−6

The brown carbon (BrC) in organic aerosols can absorb light at
visible and near-ultraviolet (UV) wavelengths. Hence, BrC
potentially plays important roles in the photoinitiated reactions
of organic aerosols and thus in the radiative balance of the Earth.
The characterization of BrC is important to gain insight into their
source and formation processes and to evaluate the effects of BrC
on the climate.7,8

Over the past decade, much of the work on the character-
ization of organic aerosol components has focused on water-
soluble organic matter (WSOM).9−13 However, the overall
characteristics of the remaining organic matter, that is, the water-
insoluble organic matter (WISOM), have not received much
attention14 even though the remaining organic matter constitutes

a large fraction of the organic carbon in urban and marine
aerosols (26−94% in OC; 19−92% in OM).14−17 Aerosol
WISOM is a complex organic matter that is composed of not
only hydrocarbons but also N- and O-containing com-
pounds.16,18,19 WISOM also contains high-molecular-weight
oligomers.20−22 The analysis of the chemical composition of
aerosol WISOM has generally been performed using gas
chromatography (GC) or two-dimensional GC (2D-GC) in
combination with mass spectrometry.19,23,24 However, the
composition of a large mass fraction of the organic matter,
including unresolved complex mixtures (branched and cyclic
compounds) and nonvolatile or thermally unstable compounds
(oxygenated compounds with high molecular weights), has not
been well characterized.6,19,23,24 BrC is in both the WSOM and
WISOM fractions, and recent studies have shown that WISOM
has a significant light absorptivity that is stronger than that of
WSOM.9,25 The light absorption by the methanol-extracted
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matter from the ambient aerosols in Los Angeles was ∼3 (365
nm) and 21 (532 nm) times higher than that extracted by water.9

Among the organic compounds in WISOM, unsaturated
compounds, such as polycyclic aromatic hydrocarbons (PAHs)
and oxygenated and nitrated PAHs, have electron-conjugated
systems and absorb light at near-ultraviolet and -visible
wavelengths.26−28 It is important to clarify which classes or
structures of the organic compounds contribute largely to the
light absorption of WISOM.
In this study, we employed Fourier transform infrared (FT-IR)

spectroscopy, nuclear magnetic resonance (NMR) spectroscopy
and high-resolution aerosol mass spectrometry (HR-AMS) to
characterize the structures of a WISOM comprised of a wide
variety of organics. These analytical techniques are suitable to
obtain the overall structural information on complex organic
matter.6 A normal-phase solid-phase extraction (SPE) method
was employed to separate the WISOM into six subfractions, that
is, nonpolar (F1), low-polar (F2 and F3), andmedium-polar (F4,
F5, and F6) fractions. The fractions were quantified, and the
characteristic compound classes were identified using the above
analytical techniques. Furthermore, the light-absorption charac-
teristics of the WISOM and its subfractions were investigated
using the UV−visible spectra. The major organic compound
groups contributing to light absorption in the WISOM were
identified, and their relationship to the chemical structures is
discussed.

■ EXPERIMENTAL SECTION
Collection, Extraction and Separation of Aerosol

Components. Submicrometer urban atmospheric particles
(aerodynamic diameter: <0.95 μm) were collected on the
rooftop of a building at Nagoya University in Nagoya, Japan.
Nagoya is in Chukyo, which is a large metropolitan area
(population of the area: 9 million); the studied aerosols should

have been strongly influenced by local traffic/industrial/
domestic sources. Aerosol sampling was performed using a
high-volume sampler (model-120B, Kimoto Electric Co. Ltd.)
equipped with a cascade impactor (TE-230, Tisch Environ-
mental, Inc.). The <0.95 μm diameter particles in the air were
collected on 8 × 10-in. quartz-fiber filters (Tissuquartz 2500
QAT-UP, Pall Life Science) after the removal of >0.95 μm
particles in the impactor. A total of 24 samples, including four
weekly samples (for all the chemical analysis and light-absorption
measurements) and 20 two-day samples (for analysis using FT-
IR and UV−visible spectrometers), were collected from 25
August to 28 September 2013 and from 4March to 7 April 2014.
The filters for the determination of the field blank were prepared
by operating the sampler for 10 s. The collected aerosol samples
were stored at ∼−20 °C or lower until further analysis.
Three filter punches (diameter: 34 mm) for each sample were

used for the extraction and fractionation of the organic
components (Figure 1). The water-soluble matter (WSM) was
extracted by ultrasonicating the punches with 3 g of Fluka water
(Sigma-Aldrich) three times (10 min each) and filtering through
0.2 μm polytetrafluoroethylene (PTFE) membrane filters on a
stainless-steel syringe filter holder (Millex). After the extraction,
the WISOM was further extracted from the same filter punches
by ultrasonicating continuously with 3 g of methanol (MeOH),
dichloromethane (DCM) and n-hexane for 10 min, respectively.
The PTFE membrane filter used to filter the WSM was used
again to filter the extract containing the WISOM to recover the
remaining organics on the PTFE filters.
The extracted WISOM fractions were dried using a rotary

evaporator and were redissolved in different solvents in the order
of 6 mL (2 mL × 3 times) of n-hexane, n-hexane/DCM (2/1, v/
v), DCM,DCM/MeOH (2/1, v/v), andMeOH and 4mL (2mL
× 2 times) ml of MeOH containing 2 wt % of ammonia for the
same samples. These solutions were placed on the same silica gel

Figure 1. Procedure of the solvent extraction, fractionation and analysis of the organic mixtures in aerosols.
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columns (500 mg, glass hardware, Sigma-Aldrich) one by one in
the order of the redissolution, and the six effluents after the
addition of the extracts with the respective six solvents were
collected separately in 15 -ml precleaned glass bottles. The
extracts obtained with the solvents of n-hexane, n-hexane/DCM
(2/1, v/v), DCM, DCM/MeOH (2/1, v/v), and MeOH and 4
mL of MeOH containing 2 wt % of ammonia are hereafter
referred to as F1, F2, F3, F4, F5, and F6, respectively. The silica
gel columns were prerinsed with 6 mL of MeOH, DCM and n-
hexane prior to the sample loading. Note that the Snyder’s
polarity indices of the organics used for solvents, n-hexane, DCM
and MeOH, are 0.0, 3.4, and 6.6, respectively.29

Analysis of Carbonaceous Components. The extracts
from the weekly samples were dried under a nitrogen flow and
redissolved in 100 μL of the corresponding solvents to analyze
the carbonaceous components. Then, 20-μL aliquots of the
extracts were dropped onto 1.0 × 1.5 cm prebaked quartz-fiber
filters, and the solvents were allowed to volatilize for ∼25 min.
The prepared filter samples were analyzed using a laboratory-
based thermal-optical carbon analyzer (Sunset Laboratory Inc.)
with the IMPROVE temperature protocol.30 The quantified
carbon fractions were OC1−4 (OC1, OC2, OC3, and OC4
detected at 120 °C, 250 °C, 450 °C, and 550 °C, respectively, in a
helium atmosphere) and EC1−3 (EC1, EC2, and EC3 detected
at 550 °C, 700 °C, and 800 °C, respectively, in a 2% oxygen/98%
helium atmosphere). The reflectance and transmittance of laser
signals with the light wavelength of 658 nm were used for
monitoring the pyrolyzed organic carbon. The relative standard
deviation of the quantification of the carbon masses in the
extracts by the thermal-optical analysis was 3.9% (n = 5). In the
analysis, three blank samples for each fraction were also analyzed
to correct for blank levels. The blank levels corresponded to 1−
2%, 3.5%, and 7.6% of the lowest concentrations of the extracts
F1−F4, F5, and F6, respectively.
The concentrations of the extracted organic carbon (EOC =

WSOC + extracted water-insoluble organic carbon (E-WISOC))
were 1.96 ± 0.16 μg m−3 (mean ± standard deviation (SD)),
which corresponds to 87% ± 5% and 106%± 10% (mean± SD)
of the filtered total organic carbon (TOC) derived via the
laboratory-based thermal-optical carbon analyzer with the
thermal-optical transmittance (TOT) and reflectance (TOR)
methods, respectively. The mean ± SD of the ratios of EOC to
TOC were 74% ± 5% if the TOC concentrations from a
semicontinuous carbon analyzer (Sunset Laboratory Inc.) were
used (Supporting Information (SI) section S2). The high
percentages indicate that most of the TOC on the filters was
extracted, although the percentage smaller than 100% may, in
part, be caused by the presence of organics insoluble to the
solvents used, and the loss of some organics during the extraction
procedure, for instance, by the volatilization.
Diffuse Reflectance FT-IR Analysis. The liquid extracts

from the weekly samples and those from the combination of five
two-day samples were concentrated to∼0.5 mL under a nitrogen
flow. Then, 0.1 g of KBr (FT-IR grade, Sigma-Aldrich) was added
and concentrated to be fully dried. The mixture of the extracts
and KBr was ground in an agate mortar for FT-IR spectroscopy
analysis.
An FT-IR spectrometer (6100, JASCO) with a diffuse

reflectance accessory (DR PR04 10-M, JASCO) was employed
at ambient pressure to quantify the chemical functional groups in
the extracts. FT-IR spectra in the range of 600−4000 cm−1 were
recorded 64 times, with a resolution of 4 cm−1. The spectrum
baseline was determined by analyzing the pure KBr before the

analysis of the aerosol-extract samples. Six types of functional
groups, that is, aliphatic C−H (saturated and unsaturated),
alcoholic C−OH, nonacidic carbonyl CO, carboxylic COOH,
amine C−NH2, and organic nitrate C−ONO2, were quantified.
The details of the processing for the quantification are described
in Chen et al.,31 which is based on works by Takahama et al.,32

among others. No comparable signals were detected in the blank
samples for each fraction (SI Figure S1).

1H NMR Analysis. Extracts of the fractions from the four
weekly filters were combined, dried under a nitrogen flow, and
redissolved in 0.6 mL of chloroform-d (CDCl3) and 0.75 mL of
methanol-d4 (99.8 atom % D, Sigma-Aldrich) for the fractions
F1−F4 and F5, respectively; 0.03% (v/v) of the TMS in
chloroform-d and methanol-d4 served as the internal standards
for the 1H NMR measurements. The 1H NMR spectra of the
different extracts in 5 mmNMR tubes were recorded 1024 times
on a JEOL JNM ECA-600 spectrometer equipped with a 5 mm
FG/HCN probe.
The baseline and phase corrections and the data integration

were performed using matching software (JEOL). The peaks in
the 1H NMR spectra of the blank samples were subtracted from
the 1HNMR spectra of the samples. The intensities of the signals
in the four chemical shift ranges, that is, the saturated aliphatic
region (H−C−C, δ0.6−δ1.9 ppm), the unsaturated aliphatic
region (H−C−C, δ1.9−δ3.2 ppm), the oxygenated saturated
aliphatic region (H−C−O, δ3.2−δ4.5 ppm) and the aromatic
region (H−Ar, δ6−δ9 ppm), were integrated.33−35 For the
identification of specific molecular structures that correspond to
the peaks in the 1H NMR spectra and the 1H−1H correlation
spectra (COSY), the online tools available at nmrdb.org were
employed.36

HR-AMS Measurements. The extracts from the weekly
samples were atomized with argon (purity: 99.9999%) and then
passed through two diffusion scrubbers (one with silica gel and
the other with activated carbon mixed with silica gel (12 wt %))
to remove the water and organic solvent vapors. The HR-AMS
spectra were acquired in both the V- and W-modes. The data
were analyzed using the Squirrel v.1.56A and Pika v1.15A
software (http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/). In the analysis using Pika,
all the CO+ ion signals were considered to be from organics
because pure argon was used as the carrier gas, and all organic
ions were classified into Cx, CH, CHO1, CHOgt1, CHN, CHON,
NO, HO, CO, and CO2 groups based on their elemental
compositions. The elemental analyses to determine the molar
elemental ratios and the mass ratio of organic matter (OM) to
organic carbon (OC) were performed as described in Aiken et al.
(for N/C)37 and Canagaratna et al. (for O/C, H/C, and OM/
OC).38 The mass concentrations of the organics in the WSM
extracts were quantified by using the internal standard method
and phthalic acid.17,39 When the solvents for the extraction were
atomized, the signal intensities of the organics in the HR-AMS
spectra were only 0.8% or less of those of the organic aerosol
components extracted using the appropriate solvents for the HR-
AMS analysis. Hence, the interference of the signals from the
organic vapors from the solvents was not evident.

UV−visible Absorption Spectra. The extract solutions
from the weekly and two-day samples were placed in 1 cm path-
length quartz cells and were subjected to analysis using a UV−
visible spectrophotometer (V-570, JASCO). The UV−visible
absorption spectra in the range of 250−800 nm were recorded at
intervals of 0.5 nm 3 times. The UV−visible absorption spectra of
the blank samples were also recorded to subtract their
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contribution from the spectra of the extracts. Based on the light-
absorption spectra, themass absorption efficiency (MAEλ, m

2 g−1

C) at a wavelength of λ nm of the organics in the extracts were
calculated:11

= ·λ λ CMAE Abs ln(10)/ OC (1)

where Absλ is the light-absorption coefficients (m−1) of the
extract solutions at λ, and COC (g m−3) is the organic carbon
concentrations in the extracts. For the fraction F4, the
contribution of structures with charge transfer (CT) to the
observed absorption was assessed by the addition of NaBH4,
according to the protocol described by Ma et al.40

Analyses of Molecular Weight Distribution. Analyses of
the molecular weight distributions of the fractionated organics
for F4 and WSOM were performed using a mass spectrometer
(micrQTOF-QII, Bruker) equipped with electrospray ionization
sources (ESI). Details are provided in the SI.

■ RESULTS AND DISCUSSION
Carbon Concentrations and Carbon Fractions. The

concentrations of carbon in the aerosols and the six subfractions
of WISOM therein were determined using the thermal-optical
method (SI Tables S1 and S2). The thermograms from the
thermal-optical analysis of the extracted organic carbon are
shown in SI Figure S2. The concentrations of E-WISOC in each
aerosol sample were calculated as the sum of the concentrations
of the organic carbon in the six subfractions, where the
concentrations of the organic carbon in each fraction, F1−F6,
were the total concentrations of the thermally derived carbon
(OC1−4 + EC1−3) detected in the thermal-optical analysis.
Figure 2a presents the mean of the relative abundances of the

organic carbon masses in the different fractions. The ratio of E-
WISOC toWSOCwas 0.41± 0.02 (mean± SD), indicating that
a substantial part of the organic compounds in PM0.95 was
insoluble. On average, half of the E-WISOC (50%) was found in
F4, a low-polar fraction of WISOM. By contrast, relatively small
fractions of carbon were detected in the nonpolar fraction F1

(mean: 9%), low-polar fractions F2 (15%) and F3 (18%), and
medium-polar fractions F5 (6%) and F6 (2%).
The carbon-mass percentages of the thermally derived carbon

fractions (OC1−4 and EC1−3) in the six subfractions of
WISOM were obtained (SI Table S1). The relative abundances
of OC2, which is associated with high-volatility compounds
(≤250 °C), in the nonpolar fraction F1 and low-polar fraction F2
were higher than those of the other fractions. This result
indicates that the organic compounds in the fractions F1 and F2
have relatively high volatilities. Furthermore, the thermal
decomposition of the organic compounds during the carbon
analysis was evident from the decrease in the reflectance and
transmittance laser signals during the steps to analyze OC3 and
OC4, and a large fraction of the organic carbon was found to be
pyrolyzed organic carbon (SI Figure S2). There was a positive
correlation between the total mass fractions of the carbon in
EC1−3 and the mean of the O/C ratios of the organics in each of
the fractions F1−F6 that were derived from the HR-AMS spectra
(r = 0.88, p < 0.05). This result suggests that the oxygenated
organic compounds in E-WISOC were prone to charring.41

Analysis of Functional Groups Using FT-IR Spectros-
copy. The FT-IR spectra of the organic fractions studied, which
provide quantitative information about the different organic
functional groups in the aerosol extracts, are presented in Figure
3. The main peaks and their assignments are shown as the color
bars in the top part of the figure. The relative contents of the
organic functional groups are also presented. Nearly all of the
quantified organic functional groups in F1 were aliphatic C−H
groups (mean: 98%). The result suggests that F1 were aliphatic
hydrocarbons, which is supported by the NMR analysis as
exaplained in the next section. A weak absorption in the range of
1000−1100 cm−1 was observed, typically corresponding to the
C−O stretching vibration of alcohols, ethers and esters.42

However, absorption from esters (C−O−CO) was unlikely
because the peaks of carbonyl (CO) groups were absent in the
FT-IR spectra. Hence, a small mass fraction of alcohols (mean:
<2%) and/or ethers was present in F1.
The FT-IR spectra of F2 exhibited strong absorption peaks at

1728, 1280, 1125, and 1073 cm−1. These originated from the
stretching vibrations of CO and C−O. Peaks at 1600 and 1580
cm−1, which are generally assigned to aromatic CC ring
vibrations, were also observed. The peak at 744 cm−1

corresponded to the H−Ph plane bending vibration, indicating
that the phenyl rings in this fraction were ortho-substituted. The
above peak assignments and comparison of the spectra to those
of the IR spectra of phthalate esters (PAEs) in the NIST library
and previous studies suggest that F2 contained abundant
PAEs.43−45

An abundant C−ONO2 in F3 was indicated by the peaks at
1630, 1280, and 863 cm−1.46,47 The mean of the mass
percentages of C−ONO2 in F3 were estimated to be 15%,
which was higher than the percentages in the other fractions.
This result suggests that F3 contained abundant organic nitrates.
In addition, the peaks at 1720 cm−1 (CO) and in the range of
1000−1200 cm−1 (C−O−C) suggest that F3 may also have
contained abundant aliphatic esters.
Strong absorptions of the C−OH (3100−3600 cm−1), CO

(1720 cm−1), and C−O−C (1000−1200 cm−1) groups were
observed for F4, indicating that the organics were primarily
esters, alcohols, ketones and/or ethers. The peaks at
approximately 1635 cm−1 corresponded to nitrogen-containing
groups, which were presumably organic nitrates and/or amines.
A peak at 1580 cm−1 was also observed, suggesting that this

Figure 2. (a) Mean of the relative abundances of the organic carbon
mass in the different fractions of the aerosol components and (b) mean
of the relative contributions of the aerosol extracts to the light
absorption at 400 nm.
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fraction contained aromatics.48 The peaks at 1384 and 1462 cm−1

were attributed to the C−H deformation of methyl (CH3) and
methylene (CH2) groups;

42 the high intensity ratio of CH3/CH2

for F4 (mean: 2.9) was higher than that in fractions F1 (mean:
0.2), F2 (mean: 0.5), and F3 (mean: 0.8), indicating abundant
branched structures.
The FT-IR spectra of F5 were characterized by the high

relative abundances of alcohols, which were indicated by strong
absorptions in the wavenumber ranges of 3100−3600 and 1100−
1200 cm−1. Significant absorptions at approximately 1715, 1675,
and 1580 cm−1, which are generally assigned to saturated and
unsaturated carbonyl (CO) groups and aromatics (CC),
were also observed.49 Substantial parts of the C−OH (mean:
35%) and CO (mean: 5%) functional groups were not in the
carboxylic acids because the carboxylic COOH in F5 was not
abundant (mean: 3%). The fraction F5 may have contained
abundant alcohols and quinones, resulting in the observed
spectra.

1H NMR Spectroscopy. The 1H NMR spectra further
provided quantitative information about the structural character-
istics of the complex water-insoluble organic matter with respect
to the organic functional groups with protons. Although the
functional groups detectable by 1H NMR and FT-IR spectra
overlap, 1H NMR analysis has an advantage in the identification
of some of the detailed chemical structures, such as aromatics,
esters and ethers. As seen in Figure 4f, aromatic protons (δH 6−9
ppm) accounted for, on average, 5% of the total protons in the
organics of F2 and F5, which was significantly higher than the
percentages in the other fractions (≤2%). This result is
consistent with the assignment of the compound groups from

the FT-IR spectra. Multiple signals at approximately δH 7.71,
7.53, 4.22, and 1.69 ppm were identified in the 1H NMR spectra
of F2 (marked as a−d in panel (B) of Figure 4), which are
assigned to protons from PAE molecules. Long-chain ester or
ketone structures were identified in F4 based on the 1H−1H
correlation spectra (COSY) (SI Figure S3).35 The oxygenated
saturated aliphatic region of δH 3.2−4.5 ppm corresponds to H−
C−Oproton resonances from the aliphatic forms of esters, ethers
and alcohols. The signals in this range accounted for 3%, 7%, 8%,
8%, and 20% of the total proton signals for the fractions F1, F2,
F3, F4, and F5, respectively.

HR-AMS Characteristics of Various Organic Fractions.
The HR-AMS analysis provides the bulk chemical structural
characteristics of the complex organic matter in aerosols,
although their molecular structures are lost in the electron
ionization. Further, more molecular-level information can be
inferred from the fragmentation patterns. Figure 5(a) shows the
HR-AMS spectra of the six subfractions ofWISOM. Based on the
high-resolution analysis (m/z < 130) of the HR-AMS spectra for
the fractions F1, F2, F3, F4, F5, and F6, the mean of their O/C
ratios were determined to be 0.01, 0.06, 0.13, 0.20, 0.69, and 0.79,
respectively. As expected, this result suggests that the O/C ratios
of the six subfractions of WISOM increased as their polarities
increased. Among them, the O/C ratios of F5 and F6 in this
study were significantly higher than the O/C ratios of the total
WISOM reported by Chen et al. for 12 total suspended
particulate samples.31

The ions in the mass spectra of the non- and low-polar
fractions F1−F4 were primarily CxHy

+, which are presumably
attributed to aliphatic hydrocarbon structures. The CxHy

+ ions

Figure 3. (a−e) FT-IR spectra of the five fractions of the organic matter. Because the signals of the organics in the FT-IR spectra of the fraction F6 were
low, the result is not presented. (f−j) Enlarged views of the spectra. (k) Pie charts of the mean of the mass fractions of the quantified functional groups in
the organic matter. The mass fractions of the functional groups are also summarized in SI Table S4.
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accounted for an average of 97%, 82%, 63%, and 55% of the total
mass of the fractions F1, F2, F3, and F4, respectively. Conversely,

the ions of CxHyOz
+, CO2

+, CO+ and HyOz
+ in the mass spectra

of the medium-polar fractions F5 and F6 accounted for more

Figure 4. (a−e) 1H NMR spectra of the five fractions of organic matter. Because the signals of the organics in the 1H NMR spectra of the fraction F6
were low, the result is not presented. (f) The pie charts represent the mean of the mass fractions of the quantified functional groups in their respective
fractions. The mass fractions of the quantified functional groups are also summarized in SI Table S5.

Figure 5. (a) Mean of the normalized HR-AMS spectra collected in the W-mode for fractionated organic matter groups, F1−F6. (b) Mean of the mass
fractions of the ion groups in the HR-AMS spectra. The mass fractions of the ion groups are also summarized in SI Table S6.
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than 70% of the total signals, indicating an abundance of
oxygenated functional groups. The CO2

+ ion generally originates
from acids and esters in the HR-AMS spectra.38 The high relative
intensity of CO2

+ in the HR-AMS spectra of the fractions F5 and
F6 (on average 20% and 25%, respectively) suggests that
carboxylic acids and/or carboxylate esters are abundant in these
fractions. Because the carboxylic acid group was not found in
abundance in F5 in the FT-IR analysis, a large fraction of the
CO2

+ signals from F5 may have originated from carboxylate
esters and other oxygenated compounds, such as organic
hydroperoxides.50

Nitrogen-containing ions CxHyOzNm
+, CxHyNm

+ and NmOz
+

were observed in the HR-AMS spectra of the extracts. The
CxHyNm

+ ions, attributed to amines, accounted for an average of
<0.1%, 0.1%, 0.2%, 0.7%, 2.2%, and 3.2% of the ions from the
organics in the mass spectra of the fractions F1, F2, F3, F4, F5,
and F6, respectively, showing an increase with the increase in the
O/C of the extracted organics. Furthermore, the ratios of NO+/
NO2

+ in the HR-AMS spectra of the fractionated organic matter
(5.1 ± 0.4) were higher than those of NH4NO3 (2.4 ± 0.2),
confirming the presence of organic nitrates.51,52 The percentage
of ions from the organic nitrates was highest in the case of F3
(mean: 4%); this result agrees with that from the FT-IR spectra.
The specific PAEs and PAHs molecules in the extract were

investigated using the HR-AMS spectra. The high-resolution
analysis of the mass spectra for F2 showed the high signal
intensities of the C7H4O

+ (m/z 104), C8H5O3
+ (m/z 149),

C8H6O3
+ (m/z 150) and C8H7O4

+ (m/z 167) ions (SI Figure
S5). These ions in the EI mass spectra are generally attributed to
PAEs,53 suggesting that F2 contained abundant PAEs. This is
also suggested by the FT-IR and 1H NMR spectra of F2. Because
Bis(2-ethylhexyl) phthalate (DEHP) has previously been
identified as the predominant PAE in the atmospheric environ-
ment,54 it may have been abundant in F2. The prominent
fragment ion of C16H23O4

+ in the HR-AMS spectra of F2 is a
characteristic ion of DEHP, supporting the likelihood that DEHP
was abundant in F2. Furthermore, the possible fragment ions of
PAHs in the fractionated organic matter were investigated by
processing the unit resolution AMS spectra in the m/z range of
198−479, as per Dzepina et al.55 The PAH marker signals,
including those at m/z 202, 215, 239, 252, and 276, were further
separated by processing the high-resolution spectra of the
fractions F1−F4 (SI Figure S6). The ion-formula analysis
indicated that at least a part of these signals was attributed to the
C16H10

+, C17H11
+, C19H12

+, C20H12
+ and C22H12

+ ions (SI Figure
S7). The analysis showed that PAHs accounted for an average of
0.26%, 0.13%, 0.14%, and 0.11% of themasses of the fractions F1,
F2, F3, and F4, respectively. The PAH ions in the mass spectra
for the fractions F3 and F4 likely originated from oxygenated-
PAHs or nitro-PAHs because the organics in the fractions must
have a certain degree of polarity.56

Light-Absorption Characteristics of Extracts and Their
Relationship to the Chemical Structures. The fractionation
method in this study determined the important light-absorption
organic groups in WISOM. Figure 2b presents the relative
contributions of the aerosol extracts to the light absorption at 400
nm. The average UV−visible spectra of the different aerosol
extracts and the relative contributions of the extracted organics
from the weekly samples to the total light absorption in the
wavelength range of 280−600 nm are also presented in Figure 6.
The result indicated that the relative contributions to the light
absorption were markedly different between different extracts
and wavelengths. In the wavelength range of 250−400 nm (UV

region), the light absorption by the organic matter was
dominated by that of the water-soluble fraction, which accounted
for an average of 66% of the total light absorption of the extracts
at 300 nm. By contrast, the light absorption in the wavelength
range of 400−600 nm (visible region) was primarily due to the
extracted water-insoluble fractions F1−F6, which accounted for
an average of 64% of the light absorption at 600 nm. Hence,
WISOM accounted for a large part of the total light absorption by
organic matter, and the contribution was higher than that of
water-soluble organics in the visible region. This finding is in line
with a previous report by Zhang et al.; their result for the ambient
aerosols in Los Angeles also suggested that water-insoluble
organics were more light-absorbing than water-soluble organics
in the visible frequencies.11 In Nagoya, although the light
absorption by water-insoluble BrC was relatively more important
than that by water-soluble BrC in the visible region, the total light
absorption coefficients by the extracted aerosol organics in the
atmosphere was low (0.43 and 0.08 Mm−1 at 400 and 500 nm,
respectively). The absorption corresponds to an average of 0.099
and 0.023 times the light absorption by EC at 400 and 500 nm,
respectively, which were estimated by the method in Chen et al.
(SI Figure S8).25

The light absorption of WISOM was dominated by the
medium-polar fractions F4, F5, and F6. The sum of the light
absorption by the three components in the visible region (≥400
nm) accounted for more than 90% of the light absorption by the
fractions F1−F6. In particular, an average of 62% of the light
absorption by WISOM was attributed to F4. Furthermore, the
MAEs of the fractions F4, F5, and F6 at 365 nm (on average 0.77,
2.3, and 1.3 m2 g−1, respectively) were much higher than those of

Figure 6. (a) Mean of the light absorption of aerosol extracts and (b)
mean of the relative contributions of the extracts to the total light
absorption. (c) Mass absorption efficiencies (MAEs) of the aerosol
extracts at the wavelengths of 280, 400, and 550 nm. The solid circles
and whiskers indicate the mean and standard deviation, respectively.
The MAE values of the organics in the different extracts are also
summarized in SI Table S7.
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the fractions F1−F3 or of the water-soluble extracts (<0.4 m2

g−1). The results show that the medium-polar fractions F4, F5,
and F6 contain light-absorbing substances, whose mass
absorption efficiencies were higher than those of the water-
soluble BrC in Los Angeles, Atlanta and even Beijing (0.1−0.7
m2 g−1 at 365 nm).11,57 Aromatic and polar functional groups,
containing O or both O and N atoms, in the organic matter may
contribute to the light absorption of those low- and medium-
polar fractions because these functional groups were more
abundant in the fractions F4, F5, and F6 than in the other
extracts, as shown by the structural characteristics identified by
the FT-IR, 1H NMR and HR-AMS analysis (SI Table S3). This
result is in line with the general knowledge that heteroatomic (O
and N) and aromatic groups in molecules can form conjugated
systems such as quinone, nitrophenol, nitro-aromatic and N-
heterocyclic structures, and lower excitation energies of electrons
in the molecules and lead to light absorption in the visible
range.27,28,58,59 In particular, F5 had the highest MAE value. This
result was likely due to the large contribution by quinones, the
presence of which is suggested by the FT-IR spectra, given that
they are considered an important source of BrC in atmospheric
particulates.60−62 Note that the large contributions of WISOM
and the subfractions F4 and F5 to the light-absorption in the
visible region were further confirmed by the analysis of a set of
two-day samples (SI Figure S9). This result suggests that their
contributions are generally large, at least in the studied urban
area.
The light absorption in the studied organics may also be

caused by CT interactions. In the case of the WSM in Athens,
GA, the CT complexes that formed from interactions between
alcohol and carbonyl moieties accounted for approximately 50%
of the absorption (300−600 nm) based on reduction experi-
ments using NaBH4.

63,64 Because F4 greatly contributed to both
the light absorption and organic masses of WISOM, similar
experiments were performed for the F4 of two samples, which
resulted in 20−60% decreases in the light absorption in the
wavelength range of 300−600 nm (SI Figure S10). This result
suggests 20−60% contributions of the CT complexes to the light
absorption of F4 because the decrease of the absorption was
likely caused by the loss of CT complexes through the reduction
of the electron acceptor carbonyl groups. As seen in Figure 3k,
the fraction F4 contained abundant aromatic and oxygenated
groups (primarily CO and C−OH); the CT complexes may
have formed between carbonyl groups as electron acceptors and
as electron donors in other groups, for example, phenolic and
aliphatic hydroxyl groups. The CT complexes in F4 may have
been associated with the high molecular weights and branched
structures of organics. The abundant branched structures in F4
were identified from the FT-IR spectra, and the ESI mass spectra
of the fraction F4 showed that the number-average molecular
weight of the organic compounds with an m/z in the 50−1000
range was higher (464−516 Da) than that in WSOM (316−372
Da) (SI Figures S11and S12). The branched and large molecular
structures of the organics in F4 with aromatic and oxygenated
groups may have led to the abundant presence of CT complexes
and may have contributed to the light absorption in the visible
range. Note that organometallic complexes may have also
contributed to part of the light absorption by aerosol matter.
Novelty of Results and Environmental Implications.

This study obtained the elemental composition, the relative
abundances of different functional groups, and the characteristics
of the fragments from the electron impact ionization of the
subfractions of WISOM, which provided novel quantitative

information related to the overall chemical structure character-
istics of WISOM. The clarified characteristics, such as the large
abundance of high-molecular-weight and oxygenated com-
pounds, provide basic information to elucidate the possible
effects of WISOM on the physicochemical properties of
atmospheric particulates and therefore its potential environ-
mental impacts. Furthermore, these characteristics might be
useful for the development and validation of a representation of
the relation between the chemical structures of organic matter
and their physicochemical properties, that is, the development of
Quantitative Structure Activity Relationships (QSAR). For
organic aerosols, such representations have been proposed for
density, viscosity, hygroscopicity parameter k, reaction rates with
hydroxyl radicals, and phase distribution parameters.65−70

As expected, the O/C ratios and the relative abundances of the
polar functional groups (e.g., C−OH and CO) of the six
subfractions of WISOM increased as their polarity increased.
However, the relationship between the light absorptions and the
polarities of the organic matter is not as simple. The result warns
that the light absorption of the brown carbon in the models
might not be represented accurately by the degree of the
oxidation alone. The results showed that WISOM accounts for a
large part of the total light absorption by organics. The
contribution in the visible region was noticeably greater than
that of the water-soluble organics. The obtained values of light
absorption and MAEs of the organic aerosol components might
serve as inputs for atmospheric radiative models and might be
useful to evaluate estimates of the direct radiative effect of BrC in
model simulations. Although the total light absorption by the
organic aerosol components in the visible region probably does
not greatly contribute to the total light absorption by aerosols in
urban areas, the light absorption in the ultraviolet region is
expected to be important because the calculated MAEs increased
sharply toward shorter wavelengths. Consequently, WISOM
would affect photochemistry by accelerating the photolysis rate
of aerosol organics71 and decreasing the concentrations of O3

and NO2.
72 It is noteworthy that applying the obtained values of

light absorption and MAEs of the studied components to
atmospheric aerosol particles requires an approximation; The
MAEs in the matrices of the aerosol components might not be
identical to those in solutions because of the different
intermolecular interactions and the morphology of the ambient
aerosol particles.
The light-absorption properties of WISOM have been

characterized: the medium-polar fractions (F4, F5, and F6)
had high MAEs and showed strong light absorption. These
results underscore the potential importance of the WISOM
fractions for organic-phase photoreactions in particles,73 which
can alter the chemical composition and therefore various other
properties of organic aerosols. The light absorption by the
medium-polar fractions might be associated with aromatic and
heteroatomic (O and N) groups. Further studies must be
conducted for these compound groups, including investigations
of the abundances and sources in different environments. These
water-insoluble organic fractions might be important reactive
oxygen species, given that the oxidative potential of aerosol
extracts has been reported to be positively correlated with the
light absorbance of the extracts.74 The analytical approach
presented herein, using solvent extraction and normal-phase
solid-phase extraction, is important for the study of WISOM
toxicity.
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