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ABSTRACT: Complementary methods of high-resolution
mass spectrometry and microspectroscopy were utilized for
molecular analysis of secondary organic aerosol (SOA)
generated from ozonolysis of two structural monoterpene
isomers: D-limonene SOA (LSOA) and a-pinene SOA (PSOA).
The LSOA compounds readily formed adducts with Na* under
electrospray ionization conditions, with only a small fraction
of compounds detected in the protonated form. In contrast,
a significant fraction of PSOA compounds appeared in the
protonated form because of their increased molecular rigidity.
Laboratory simulated aging of LSOA and PSOA, through
conversion of carbonyls into imines mediated by NH; vapors in
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humid air, resulted in selective browning of the LSOA sample, while the PSOA sample remained white. Comparative analysis of the
reaction products in the aged LSOA and PSOA samples provided insights into chemistry relevant to formation of brown carbon
chromophores. A significant fraction of carbonyl-imine conversion products with identical molecular formulas was detected in both
samples. This reflects the high level of similarity in the molecular composition of these two closely related SOA materials. Several
highly conjugated products were detected exclusively in the brown LSOA sample and were identified as potential chromophores
responsible for the observed color change. The majority of the unique products in the aged LSOA sample with the highest number
of double bonds contain two nitrogen atoms. We conclude that chromophores characteristic of the carbonyl-imine chemistry in
LSOA are highly conjugated oligomers of secondary imines (Schiff bases) present at relatively low concentrations. Formation of this
type of conjugated compounds in PSOA is hindered by the structural rigidity of the a-pinene oxidation products. Our results suggest
that the overall light-absorbing properties of SOA may be determined by trace amounts of strong brown carbon chromophores.

B INTRODUCTION

Light-absorbing organic aerosol (i.e,, brown carbon, BrC) has
recently been recognized as a significant climate forcing
factor."”* However, limited knowledge of the chemical composi-
tion and physical properties of BrC hinders understanding of
the mechanisms and rates of its formation and transformation
in the atmosphere. Biomass burning has been identified”> as a
major source of BrC. Substituted aromatics formed in biomass-
burning and residential coal combustion were reported®* as
light-absorbing chromophores in ambient aerosol. In addition,
various high molecular weight (high-MW) compounds (in
excess of ~300 Da) produced in atmospheric multiphase
reactions between gas-phase, particulate, and cloud micro-
droplet constituents may also contribute to light absorption.
Examples include NOj-mediated oxidation of various volatile
organic compounds (VOCs; especially polycyclic aromatic
hydrocarbons, PAHs) leading to formation of nitro and nitro-
oxy compounds in secondary organic aerosol (SOA);*° re-
actions of OH radicals with aromatic hydroxy acids in cloud
water;” heterogeneous reactions of gaseous isoprene on acidic
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aerosol particles;® aqueous reactions of glyoxal in the presence
of ammonium sulfate or amino acids;’"* and NH;-mediated
carbonyl-to-imine reactions of secondary organic aerosols."*~'®

Recent studies demonstrated that reduced nitrogen species
(such as ammonia, organic amines, and amino acids) efficiently
react with atmospherically prevalent carbonyl compounds to
form BrC products.”~** For example, chemical aging of biogenic
SOA formed by ozonolysis of p-limonene (LSOA) in the
presence of ammonia results in efficient browning of SOA
material, which has been attributed to carbonyl-to-imine
conversion.'*"'%'® We hypothesized®' that the chromophores
responsible for the observed browning of LSOA are highly
conjugated species containing molecular moieties of secondary
imines (Schiff bases). It has also been demonstrated that
formation of BrC chromophores depends on the initial structure
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of the carbonyl species involved in the process. For example,
while the vast majority of the SOA constituents are susceptible
to the carbonyl-to-imine conversion, only a small subset of
these species lead to BrC formation.”’ Due to the inherent
complexity of SOA, identification of specific BrC chromophores
is challenging. In this study, we address this challenge by
comparing the molecular composition of LSOA and a-pinene
SOA (PSOA), two closely related SOA systems, after identical
exposures to gaseous ammonia and humid air. Identical aging
processes result in efficient browning for LSOA and no change in
the PSOA color. Because limonene and a-pinene are structural
isomers, this comparison provides information on the effect of
the organic precursor chemical structure on the chemical aging
and the light-absorbing properties of SOA.

B EXPERIMENTAL SECTION

Generation and Aging of SOA Samples. LSOA and
PSOA samples were generated through ozone-initiated oxida-
tion of D-limonene (>98% purity, Sigma-Aldrich, Inc.) and
a-pinene (>98% puritg, Sigma-Aldrich, Inc.), respectively, as
described elsewhere.”>** Briefly, SOA samples were produced
in an inflatable ~400 L Teflon reaction chamber by injecting
10 4L of a mixture containing 25 vol % of the precursor terpene
and 75 vol % cyclohexane (HPLC grade) in the presence of
2 ppm of ozone generated by a commercial generator (Pacific
Ozone, Model L11/R-LAB111) and measured by a UV photo-
metric O; analyzer (Thermo Electron, Inc.). The resulting SOA
was collected after ~90 min onto Teflon (polytetrafluoroethylene,
PTFE) 46.2 mm ring supported membranes (GE Healthcare Bio-
Sciences, Inc.) using a ten stage rotating Micro-Orifice Uniform
Deposition Impactor (MOUDI, model 110R, MSP Corporation).
The collected particles were deposited fairly uniformly over a
27 mm diameter impaction area. Silicon wafer chips (10 X
10 mm*) and Si;N, thin film windows (Silson Ltd.) were
mounted on the PTFE membranes to collect particle samples
for analysis using infrared reflection absorption spectroscopy
(IRRAS) and transmission X-ray spectro-microscopy techniques.
Most of the SOA samples described in this manuscript were
collected on the eighth stage of MOUDI, which corresponds to
particles in a size range of 0.18—0.32 um aerodynamic diameter.
The eighth stage was chosen to facilitate comparison with our
previous studies.'>*>*>™ Larger particles in a size range of
0.56—1.0 um (the sixth stage of the impactor) were collected for
the X-ray spectro-microscopy analysis of individual particles.

Chemical a§ing of SOA samples was performed as described
elsewhere.'>'® Specifically, the Teflon membrane with the
collected SOA was attached to a plastic plate and allowed to
float in a covered Petri dish on the surface of a 0.1 M aqueous
solution of NH,NOj; (Sigma-Aldrich Inc., 99.99% purity). It is
estimated'® that SOA samples were exposed to equilibrium
partial pressures of NHy() (<12 X 1077 atm) and HNO;,
(<1.6 X 107" atm) and RH in excess of 85% for 24 h.

Infrared Reflection Absorption Spectroscopy (IRRAS).
Grazing-incidence IRRAS experiments®>' utilized a Bruker
Vertex 70 Fourier transform infrared (FTIR) spectrometer
(Bruker, Billerica, MA) equipped with a liquid nitrogen cooled
mercury—cadmium—telluride (MCT) detector. IRRAS spectra
were obtained at a resolution of 4 cm™" using p-polarized light.
The angle of incidence was 80° with respect to the surface
normal. Each spectrum was collected from a film of SOA material
deposited on silicon wafer chips and acquired for 2 min cor-
responding to an average of 512 scans. The IR beam path was

purged with the nitrogen gas. A blank silicon wafer chip was used
as a background.

Scanning Transmission X-ray Microscopy (STXM).
Carbon bonding in fresh versus aged individual LSOA particles
deposited over the SizsN, filmed substrate was probed using the
STXM instrument at beamline 11.0.2 of the Advanced Light
Source at Lawrence Berkeley National Laboratory. In these
experiments, the intensity of a narrowly focused X-ray beam
transmitted through a particle sample was measured at fixed
energies within the carbon K-edge absorption (280—320 eV).
The sample was raster scanned at each of the energies to record
a “stack” of images from which near edge X-ray absorption
fine structure (NEXAFS) spectra of individual particles were
extracted. Additional details of particle analysis using STXM/
NEXAFS can be found elsewhere.”*~>*

High Resolution Mass Spectrometry (HR-MS). Fresh
and aged LSOA and PSOA samples were analyzed using a high
resolution LTQ-Orbitrap mass spectrometer (Thermo Electron,
Bremen, Germany) equipped with a custom built nanospray
desorption electrospray ionization source (nano-DESI). 336
The heated inlet capillary of the instrument was maintained
at 250 °C. The mass spectrometer was operated in the positive
ion mode with a resolving power of ~10° at m/z 400. The instru-
ment was calibrated daily using a standard mixture of caffeine,
MRFA, and Ultramark 1621 (calibration mix MSCAL S, Sigma-
Aldrich, Inc.). Analysis of the LSOA and PSOA samples
deposited on the PTFE membranes was performed by bringing
the sample in contact with the nano-DESI probe.

Following the procedures described in our previous
publications,”***** the background signal was acquired in
each experiment by placing the probe on the part of the PTFE
substrate that was free of SOA for 1-2 min during data
acquisition. The probe was subsequently moved to the SOA
covered area of the sample, and the signal was acquired for
another 3—4 min. Background peaks could be distinguished
from the analyte peaks by their time dependence during the data
acquisition. Specifically, background peaks typically show a
significant decrease when the nano-DESI probe is placed on the
sample due to the presence of other analyte molecules competing
for ionization.’> Mass spectra were subsequently obtained by
averaging the signal over the time window during which the nano-
DESI probe was in contact with the SOA sample.

HR-MS data were analyzed as described in our previous
studies.>”*® Specifically, peaks with a signal-to-noise ratio of
5 and higher were extracted from the spectra using Decon2LS
(http://ncrr.pnl.gov/software/). The background peaks were
removed by aligning the spectrum of the sample with the
corresponding background spectrum and eliminating most of
the features observed in the background spectrum except for
the peaks occurring with a minimum of 2.5 times greater
intensity in the spectrum of the sample than in the background.
Peaks corresponding to ions containing '*C isotopes were
eliminated as well. The signal peaks were subsequently grouped
using the first- and second-order mass defect analysis described
elsewhere.”® Formula assignments were performed using the
MIDAS Molecular Formula Calculator (http://www.magnet.
fsu.edu/usershub/scientificdivisions/icr/icr_software.html).

B RESULTS AND DISCUSSION

The chemical mechanisms of NHj-mediated aging of SOA
are complex, but the initial steps involve reactions illustrated
by Schemes R1 and R2. Following its uptake into SOA
particles, ammonia reacts with carbonyls forming primary
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Figure 1. Photographs and IRRAS spectra of LSOA and PSOA samples before and after exposure to NH;. Dashed arrows draw attention to the
relatively weak absorption bands next to the strong carbonyl peak (1700 cm™) indicative of the carbonyl-imine chemistry. The bands are attributable
to (a) Schiff base (secondary imines) products (~1600 cm™') and (b) secondary oxidation products of Schiff bases (~1750 cm™).

imines and amines. These transient products continue to react
with unreacted carbonyls forming condensation (oligomer)
products containing more stable secondary imines (Schiff
bases) (reaction Scheme R1).

o
R2 NH, Ro \ 3" >R, R2 As
_\=0 = _B—NHZ —> \\>\ /)\Ra (Rl)
R, -H0 R1 -H0 R N

Some of the SOA compounds possess multiple carbonyl
groups allowing intramolecular cyclization into products with
N-heterocyclic structures. For instance, reaction Scheme R2
illustrates plausible N-heterocyclic cyclization of keto-limo-
none-aldehyde (KLA), a major product of p-limonene
ozonolysis, resulting in formation of a pyrrole derivative. KLA
is selected as an example because of its critical importance to
BrC formation in LSOA.”' However, many other LSOA com-
ponents and their derivatives may undergo intramolecular
cyclization forming N- heterocycles of different sizes (pyridines,

pyrazines, imidazoles, etc.)
CEV "
NH2 N

Products of reaction sequences R1 and R2 continue to react
forming larger oligomers through intermolecular carbonyl-imine
and aldol condensation reactions. In the case of LSOA, these
reaction sequences result in formation of oligomeric prod-
ucts with extensive conjugation of 7-bonds creating the BrC
chromophores that contribute to the overall orange-to-brown
color of the reacted sample. In contrast, PSOA does not display
the browning effect which indicates that the molecular structures
of its constituents are critically important in the formation of
BrC through reactions with ammonia.
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Figure 1 shows photographs of LSOA and PSOA samples
before and after laboratory aging experiments with NH;, along
with their corresponding IRRAS spectra. Visual appearance
of the aged LSOA and PSOA samples is remarkably different
indicating browning of LSOA and no color change of PSOA in
agreement with our previous reports.'® Changes in the mass
absorption coefficients (MAC) upon NH;-mediated aging were
quantified on the basis of UV—vis measurements with the
reported wavelength averaged <AMAC;00 700 nm™> values of 400
and 50 cm? g~! for LSOA and PSOA, respectively.'® The details
of these measurements and the definition of <AMAC;0_700 nm>
are included in Figure S1 of the Supporting Information file.
Although UV—vis absorption properties of the LSOA and
PSOA aged spectra are different, their IRRAS spectra are very
similar. Comparison of the IRRAS spectra acquired from the
same samples before and after NH;-aging experiments show
only minor changes in their overall chemical composition.
Carbonyl-to-imine conversions are indicated by a minor buildup
of two bands at ~1600 cm™ (band a) and ~1750 cm™’
(band b) adjacent to the shoulders of the strong carbonyl
peak (1700 cm™). Bands a and b can be attributed to the
formation of N-heteroatom products through reaction RI.
Specifically, band a is consistent with the C=N stretching
mode reported” in a range of 1616—1643 cm™" for different
secondary imines (Schiff bases); band b is consistent with the
red-shifted C=0 stretching mode reported®’ in a range of
1720—1780 cm™" for compounds with mixed carboxyl-imine
moieties such as alanines and oxazolidinones.

Minor changes in the overall composition of the LSOA sample
resulting from NH;-mediated aging were corroborated by the
X-ray absorption spectroscopy of individual SOA particles (see
Figure S2 of the Supporting Information file for details).
Combined together, IRRAS and NEXAFS data indicate that
NH;-mediated reactions do not appreciably change the overall
composition of the SOA materials but rather induce formation of
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small quantities of N-containing products. Assuming the same
absorption cross sections for carbonyl (~1700 cm™) and Schiff
base (~1600 cm™") groups contributing to the broad (1500—
1800 cm™') IRRAS feature, we estimate that the overall extent of
the carbonyl-to-imine conversion is less than 5% for both LSOA
and PSOA samples. Furthermore, only a small fraction of these
products may have light-absorbing properties relevant to BrC
chromophores, and the BrC chromophores are selectively
formed only in the LSOA material.

We used the nano-DESI/HR-MS platform to probe
molecule-specific differences in the fresh and aged samples of
LSOA and PSOA. Positive mode mass spectra of SOA typically
contain both protonated [M + H]" and sodiated [M + Na]*
molecules. The source of sodium available for ionization is
usually related to minor impurities leached from the analytical
glassware and may vary significantly between the samples.
In this study, a controlled amount of NaCl was added to
the working solvent to maximize the extent of sodium
adduct formation in the analysis of LSOA and PSOA samples.
Figure 2 shows HR-MS data obtained for fresh LSOA and
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Figure 2. Assigned peaks in nano-DESI high resolution mass spectra
of (a) fresh LSOA and (b) fresh PSOA. Normalized abundances of the
peaks are plotted against the corresponding neutral masses to facilitate
comparison. Protonated molecules are shown in black; sodiated
species are shown in red.

PSOA samples using 20 M NaCl in acetonitrile as a solvent to
facilitate the formation of [M + Na]* ions. Systematic examina-
tion of the effect of the NaCl concentration on the observed
peak distribution showed that at this concentration of NaCl
the sodium adduct formation for compounds in LSOA reaches
saturation (data not shown). Both LSOA and PSOA spectra
contain characteristic peaks corresponding to monomeric
oxidation products (typically with 9 or 10 carbon atoms)
along with dimers, trimers, and tetramers. However, while
a majority of peaks in the LSOA spectrum correspond to
[M + Nal]® ions, ozonolysis products of a-pinene were
observed as both [M + Na]* and [M + H]* species. To
facilitate the comparison between LSOA and PSOA spectra,
Figure 2 displays neutral masses of all the peaks assigned in the
spectra (more than 90% of the detected peaks were assigned).
In both spectra, black traces correspond to species observed
as [M + Na]* adducts, while molecules observed as [M + H]*
species are highlighted in red. Although distributions of neutral
masses obtained for LSOA and PSOA samples are similar,

Table 1. Number of Protonated and Sodiated Peaks in the
HR-MS Spectra Corresponding to Oxygenated Organic
Compounds without Nitrogen Atoms (CHO) in Nano-
DESI/HR-MS Spectra of Fresh LSOA and PSOA Samples

LSOA DPSOA
assigned CHO peaks 837 778
number of [CHO + Na]* ions 826 633
number of [CHO + H]" ions 39 270

peaks observed as both [CHO + Na]* and [CHO + H]J* 28 125

the modes of ionization of the components in the two mixtures
are strikingly different. Table 1 is a summary of the number of
assigned peaks in both spectra corresponding to oxygenated
C,H,0, compounds that do not contain nitrogen atoms (CHO).
The number of peaks corresponding to [M + H]" species
increases from 5% for LSOA to 35% for PSOA. Most of the
[M + H]* peaks in the LSOA spectrum are also observed as
sodiated species. In contrast, the extent of overlap between the
populations of [M + H]* and [M + Na]* ions in the PSOA
spectrum is significantly smaller meaning that a majority of
molecules are observed as either [M + H]" or [M + Na]" ions.

Normalized abundances of the peaks corresponding to
[M + H]" and [M + Na]* ions of the primary ozonolysis pro-
ducts of p-limonene and a-pinene are summarized in Table S1,
Supporting Information. Most of the primary ozonolysis pro-
ducts reported in previous studies*>** are observed in nano-DESI
spectra. Surprisingly, limonaldehyde and keto-limonaldehyde,
observed by Walser et al** as major peaks in ESI-MS, are only
minor features in the nano-DESI spectrum of the fresh LSOA
sample examined in this study. Because of the high reactivity
of the aldehyde group, these primary products may undergo
secondary reactions on filters prior to analysis. Most of the
observed primary ozonolysis products of a-pinene are protonated
species. Interestingly, two structural isomers, pinonic and
limononic acids, are observed as [M + H]* and [M + Na]*
ions, respectively, of approximately equal intensity.

The difference in the mode of ionization of compounds in
LSOA and PSOA is related to structural differences between
the isomeric species present in these mixtures. Specifically,
the embedded cyclobutane ring contained in the primary
products of a-pinene ozonolysis (e.g, pinonaldehyde (PA),
norpinonic acid, 10-hydroxylpinonaldehyde, norpinonaldehyde,
and pinonic and pinic acids) result in rigid structures that
cannot readily solvate sodium cations. In contrast, the products
of limonene ozonolysis (e.g, limonic acid, limononic acid, KLA,
and other products in which the limonene endocyclic C=C
bond is severed by ozone) have more flexible structures that
have better affinity to sodium cations (see, for example, the
structures of KLA and PA shown below).

o N,

Keto-Limonone-Aldehyde (KLA) Pinone-Aldehyde (PA)

It is reasonable to assume that the ozonolysis products of
limonene have more flexible structures with higher sodium
affinities, which facilitates the formation of [M + Na]* species.
Although gas-phase basicities of terpenes and their ozonolysis
products are not known, the relative trends can be inferred from
the known ionization energies (IE). Correlations of the gas-phase
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basicity with core IE have been reported for many classes of
compounds,*' for which ionization occurs on the same site as
protonation. Molecules with higher electron binding energy
(corresponding to higher IE) have lower propensity to share
electron density with the ionizing proton. As a result, the gas-
phase basicity decreases with increasing IE. Because the IE of
limonene (8.07 eV) is lower than the IE of a-pinene (8.3 eV), it
is reasonable to assume that the gas-phase basicity of a-pinene
is higher than that of limonene. Facile protonation of the PSOA
constituents indicate that this trend in the gas-phase basicity is
largely preserved for all PSOA products. Interestingly, while
protonation is the major ionization mode for monomeric
species in the PSOA spectrum, a significant fraction of dimers
and all trimers and tetramers are observed as [M + Na]* ions.
This observation provides further support that sodium adduct
formation in the PSOA analysis is affected by the flexibility of
the molecule that increases from monomers to dimers to larger
oligomers. Facile formation of [M + Na]* ions in the analysis of
LSOA and PSOA is consistent with previous studies.'****
Figure 3 and Table 2 show the effect of NH;-mediated
chemical aging on the types of species detected in the samples.
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Figure 3. Assigned peaks in nano-DESI high resolution mass spectra
of (a) NHj-aged LSOA and (b) NHj-aged PSOA. Normalized
abundances of the peaks are plotted against the corresponding neutral
masses to facilitate comparison. Protonated molecules are shown in
black; sodiated species are shown in red.

Table 2. Number of CHO, CHON1, and CHON2 Species
Detected (as Either Protonated or Sodiated Molecules) in
the Fresh and Aged LSOA and PSOA Samples

common species in unique unique
compound both LSOA and for for
type LSOA PSOA PSOA LSOA PSOA
Fresh Samples
CHO 837 778 464 373 314
CHONI1 234 360 135 99 225
CHON2 0 0 0 0 0
Aged Samples
CHO 647 670 414 233 256
CHONI1 701 611 430 271 181
CHON2 188 3 0 188 3

The results indicate that chemical aging of LSOA and PSOA
results in formation of compounds containing one and two
nitrogen atoms (CHON1 and CHON2). We note that spectra
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of the fresh SOA samples already contain a number of CHON1
species. In our previous study,'>”” we showed that these peaks
correspond to poorly controlled background reactions of SOA
constituents with trace amounts of ammonia in laboratory air.
However, the number of CHONI peaks shows a significant
increase (from 234 to 701 in LSOA and from 360 to 611 in
PSOA) following exposure to NH;. In addition, new peaks
corresponding to oxygenated organic compounds (CHO) are
also observed in the spectra of aged LSOA and PSOA. These
compounds are most likely produced through hydrolysis of the
primary SOA products.

Figure 4 shows a more detailed comparison between the
mass spectra of aged LSOA and PSOA with separate color
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Figure 4. Panel (a): assigned peaks observed in both aged LSOA and
aged PSOA samples (combined data sets). Panel (b): peaks unique for
aged LSOA. Panel (c): peaks unique for aged PSOA. Normalized
abundances of the peaks are plotted against the corresponding neutral
masses to facilitate comparison. Normalized abundances of molecules
observed both as protonated and sodiated species were added up. In
panels (b) and (c), mass spectral features containing no nitrogen
atoms (CHO) are shown in black, and species containing one and two
nitrogen atoms (CHON1 and CHON2) are shown in red and blue,
respectively.

coding of the CHO, CHON1, and CHON2 compounds. The
number of overlapping and unique peaks in LSOA and PSOA is
shown in Table 2. The most abundant peaks corresponding to
CHO, CHONI, and CHON2 compounds in all four samples
are listed in Table S2, Supporting Information. It is important
to note that there is a significant overlap between the spectra of
aged LSOA and PSOA samples. Specifically, 64% of CHO and
CHONT1 compounds are observed in both LSOA and PSOA
spectra (Figure 4a and Table S2, Supporting Information). This
degree of similarity is reasonable because the samples are
produced by ozonolysis of structural isomers, limonene and
a-pinene. Figure 4b,c shows neutral compounds unique to the
aged LSOA and aged PSOA samples, respectively. Detailed
comparison of the data shown in Figure 4 and listed in Table S2,
Supporting Information, indicates that chemical aging has only
a minor effect on the distribution of the CHO compounds. One
notable exception is the C;oH;,0, (166.0994 Da) species, which
is a relatively small feature in the spectrum of fresh LSOA but is
the most abundant peak in the other three spectra (aged LSOA,
fresh PSOA, aged PSOA). The relative abundance of this peak
is strongly dependent on the amount of sodium cations in the
system. Specifically, at low sodium concentrations, the ion
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at m/z 167.1067 corresponding to [C,oH,,0, + H]" is the most
abundant feature in the spectrum of the fresh LSOA sample,
while at higher sodium concentrations, [C;H,,0, + Na]* at m/z
209.0784 and [C,,H,s0, + Na]* at m/z 223.0941 dominate the
spectrum.

Several abundant CHONI species including C,,H3sNO,
CyoH3sNOg, CyoH3sNO;, CioHy3NOg, and CoH33NO; are
observed in the fresh PSOA sample. In contrast with several
other CHON1 molecules, the relative abundances of these
species do not change significantly after chemical aging with
ammonia. This indicates that they are produced from very
reactive precursors that are rapidly consumed either during SOA
formation or briefly after the aerosol is collected on the substrate
and exposed to air prior to analysis. Relative abundances of
several CHON1 molecules, for example, CoH;;NO,, C;H 3sNO,,
CoH,0NO,, CyH,0NOg, and CgH33NO; are significantly
enhanced in the aged LSOA and PSOA samples. Interestingly,
the majority of abundant CHONI species are observed in
both aged LSOA and PSOA samples. In contrast, the CHON2
species are observed almost exclusively in the aged LSOA sample
(Table S2, Supporting Information). CHON2 species account
for more than 12% of all the observed features in the spectrum
of aged LSOA (188 peaks). In contrast, only 3 low-abundance
CHON?2 compounds are observed in the spectrum of aged
PSOA. The unique CHON2 molecules in the aged LSOA
sample include products with elemental formulas characteristic
of trimers and tetramers formed through the reaction sequence
R1 and R2, e.g, Cy;H3N,0, C,sH3;N,0, and C,5H;3sN,O4
trimers; C3,H N,O,, C;-HN,Og, and C;;H,,N,O; tetramers.
Molecules containing more than 2 nitrogen atoms are not readily
observed in either aged PSOA or aged LSOA samples.

Figure S shows a plot of double bond equivalent (DBE)
values, the total number of double bonds and rings calculated

30 4

25

20 4
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15 4

10

Number of Carbon atoms

Figure 5. DBE vs number of carbon atoms plots obtained from
assigned MS features in aged LSOA and PSOA samples. Gray solid
symbols indicate common features detected in both samples. Open
symbols highlight CHO (black), CHON1 (red), and CHON2 (blue)
species unique to LSOA samples. Symbol size is proportional to the
logarithmic intensity of corresponding peaks. Lines indicate reference
DBE values of cata-condensed PAHs (solid line) and C,H,,, species
(dashed line). High-molecular weight species of CHON2 composition
in the closest proximity to the C/H,,, limit are plausible BrC
chromophores.

on the basis of assigned formulas, of various species found in
aged LSOA and PSOA samples, plotted as a function of the
number of carbon atoms in their structures.>” The data are
shown along with the reference DBE values characteristic of the

highest possible number of conjugated double bonds in linear
polyenes with a general formula C,H,,, (dashed line) and the
highest possible number of double bonds and cycles in cata-
condensed PAHs (solid line).*” Compared to all other species
in the spectrum of the aged LSOA, the CHON2 species have
the highest DBE values, indicating they are the most conjugated
of the detected products and therefore may be responsible for
the absorption of the UV/visible light by the aged LSOA. We
note that a conversion of a carbonyl to imine in the first step of
R1 does not change DBE; however, subsequent intramolecular
(R1) or intermolecular (R2) condensation reactions lead to an
increase in DBE. More than one water molecule must be lost to
afford the high observed DBE values. For example, trimer and
tetramer CHON2 species detected in the aged LSOA samples may
potentially have up to 12 and 15 conjugated bonds, respectively.
This level of conjugation would be sufficient*** for absorption of
visible light, especially if the location of the nitrogen atoms in the
molecule favors charge transfer transitions as, for example, in the
classic case of cyanine dyes. Comparison of their DBE values with
respect to the C,H,,, reference values indicates that the conjugation
of 7-bonds in these species is localized over most, but not all, of
their carbon skeleton. If they contain cyclic structures, the overall
length of the conjugated system could be even shorter.

Efficient absorption of visible light requires uninterrupted
conjugation across a significant part of the molecular skeleton.
This requirement is harder to fulfill in products of PSOA +
NHj; reactions compared to the LSOA + NH; products. All
products with the highest DBE values detected in the aged
PSOA sample are substantially less conjugated, because each of
the monomer units of PSOA preserves a four membered ring.
For example, according to the data shown in Figure 5, the
highest DBE values corresponding to the trimer and the tetramer
species in PSOA are 10 and 11, respectively. Since DBE values
include the number of rings in the molecules and each monomer
unit in PSOA contains one ring, the highest number of
conjugated z-bonds in the aged trimers and tetramers of
PSOA is only 7. Even if all 7 m-bonds are conjugated, its
length would be too short for the absorption of visible light and
longer wavelengths.**** Similarly, because of the significant
overlap between the CHONI compounds observed in the
spectra of aged LSOA and PSOA and the relatively low DBE
values obtained for these species, it is unlikely that the CHON1
products of the chemical aging of LSOA and PSOA contribute
to the observed changes in the light absorbing properties of
the SOA material. On the basis of the results of this study, we
conclude that, although the PSOA material undergoes extensive
chemical aging as a result of the carbonyl-imine reactions,
its products do not contain BrC chromophores, which require
unique and molecular-specific precursors. In contrast to PSOA,
the inherent flexibility of the LSOA molecular precursors
facilitates the formation of BrC chromophores through carbonyl-
imine chemistry and multistep condensation reactions.

This study clearly shows that visible light absorption by
organic aerosols is exquisitely sensitive to molecular composi-
tion. Table 3 shows averaged values of O/C, H/C, and N/C
atomic ratios characteristic for the SOA samples examined in
this study. The calculation assumes that ESI efficiencies are
equal between the SOA constituents, and the reported ratios
are calculated using the abundance weighted atomic ratios
in individual molecules. Utility of this approach has been
established in our previous works for quantitative description
of SOA mixtures and tracking their evolution in various aging
processes.*** The nearly identical averaged atomic ratios
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Table 3. Median Number of C Atoms and Average Ratios
of H/C, O/C, and N/C Characteristic for LSOA and PSOA
Samples before and after NH;-Mediated Aging®

median number of C atoms in

detected species <H/C> <O/C> <N/C>
fresh LSOA 28 1.58 0.39 <0.01
aged LSOA 26 1.57 0.34 0.02
fresh PSOA 28 1.58 0.32 0.01
aged PSOA 27 1.59 0.31 0.02

“The ratios are calculated on the basis of the abundance weighted
atomic ratios in individual molecules.*®

characteristic of the LSOA and PSOA samples before and after
NH;-mediated aging suggests that formation of BrC materials
cannot be predicted using bulk measurements. Although the
BrC chromophores are clearly minority compounds, which do
not significantly contribute to the average molecular composi-
tion of SOA, they exert a disproportionate level of influence
on the SOA absorption coefficient. It follows that detailed
characterization of the molecular composition of BrC aerosols
is necessary for understanding the effect of aerosol chemistry
on the optical and chemical properties of this important class of
complex atmospheric particles.

Formation of BrC chromophores in LSOA is not limited to
the gas-particle uptake of NHj; similar browning reactions of
LSOA and resilience to browning of PSOA were also reported
for their aqueous mixtures with ammonium sulfate.'®'®*!
Therefore, some of the aging processes discussed in this work
should also be relevant to reactions of monoterpene SOA
compounds in cloud droplets, fog droplets, and deliquesced
ammonium sulfate aerosols. Because of the widespread
distribution of monoterpene and ammonia emissions, these
browning reactions may have global significance. The reported
MAC values of ~500 cm” g~ (an average over the visible
spectrum) characteristic of brown LSOA suggest that its global
effects on the radiative forcing would be relatively minor, but
not negligible, compared to biomass burning aerosols for which
MAC values at the level of 10°~10* cm® g~ were reported.*’
We should stress that the lack of browning in PSOA does
not imply lack of reactivity toward NH; according to our measure-
ments, the overall PSOA molecular composition changes as much
as LSOA composition does upon exposure to NH;. The assess-
ment of the molecular selectivity of BrC chromophores presented
in this work may have additional significance extending beyond the
laboratory generated LSOA and PSOA systems studied here.
However, detection of BrC compounds formed by the NH; aging
chemistry in field samples remains challenging because it requires
wavelength-resolved UV—vis absorption spectra, which are still
limited for ambient aerosols. It is noteworthy that recent field
measurements at several locations near Atlanta, GA, reported
UV—vis spectra of biomass burning BrC material that contained a
distinctive absorption band around 500 nm,>° potentially
suggesting the presence of similar chromophores in the field
samples. It remains to be seen whether these types of BrC com-
pounds are common in the environment; the molecular signatures
of the chromophoric compounds discussed in this work should aid
in their future identification in field samples.
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