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Secondary organic aerosol (SOA) generated from the high-NOx photooxidation of isoprene was

dissolved in water and irradiated with l > 290 nm radiation to simulate direct photolytic

processing of organics in atmospheric water droplets. High-resolution mass spectrometry was

used to characterize the composition at four time intervals (0, 1, 2, and 4 h). Photolysis resulted

in the decomposition of high molecular weight (MW) oligomers, reducing the average length of

organics by 2 carbon units. The average molecular composition changed significantly after

irradiation (C12H19O9N0.08 + hn - C10H16O8N0.40). Approximately 65% by count of SOA

molecules decomposed during photolysis, accompanied by the formation of new products.

An average of 30% of the organic mass was modified after 4 h of direct photolysis. In contrast,

only a small fraction of the mass (o2%), belonging primarily to organic nitrates, decomposed in

the absence of irradiation by hydrolysis. Furthermore, the concentration of aromatic compounds

increased significantly during photolysis. Approximately 10% (lower limit) of photodegraded

compounds and 50% (upper limit) of the photoproducts contain nitrogen. Organic nitrates and

multifunctional oligomers were identified as compounds degraded by photolysis. Low-MW 0N

(compounds with 0 nitrogen atoms in their structure) and 2N compounds were the dominant

photoproducts. Fragmentation experiments using tandem mass spectrometry (MSn, n = 2–3)

indicate that the 2N products are likely heterocyclic/aromatic and are tentatively identified as

furoxans. Although the exact mechanism is unclear, these 2N heterocyclic compounds are

produced by reactions between photochemically-formed aqueous NOx species and SOA organics.

1. Introduction

Atmospheric fog and cloud droplets are effective scavengers of

water-soluble secondary organic aerosols (SOA) and volatile

organic compounds (VOC).1–5 The aqueous-phase processing

in these systems is starting to be recognized as a key aging

mechanism for atmospheric organic material (OM), with the

most important abiotic processes initiated by sunlight. Photo-

induced processing pathways for OM in cloud/fog water

include direct photolysis where the organic compounds absorb

radiation and undergo aqueous-phase chemical transforma-

tions, and indirect photolysis where solar radiation initiates

chemistry through the production of non-selective oxidants

like hydroxyl radical (OH) or through photosensitized energy

transfers.6,7 The non-photolytic fates of OM in cloud/fog

droplets include hydrolysis8,9 and evaporative processing with

inorganic ions.4,10–13

Aqueous photoprocessing in general, including both direct

and indirect photolysis, dramatically modifies the OM

composition,14,15 which alters the optical16,17 and physical18

properties of the OM. Direct and indirect photolysis occur

simultaneously and their relative importance is highly depen-

dent on atmospheric conditions (OM concentration, pH,

inorganic ion concentration, radiation flux, and temperature)

and the physico-chemical properties of the individual organic

compounds (absorption cross section, photolysis quantum

yield, and reactivity towards OH). For example, at pH > 4,

the measured rates of direct and indirect photolysis of dinitro-

phenols in water are comparable, but indirect photolysis

becomes more important at lower pH values.19

Much attention has been paid to the indirect aqueous

photolysis of OM with the OH radical. The bulk of the

research was focused on common water-soluble organic com-

pounds including glyoxal and pyruvic acid, which produce

high molecular weight (MW) oligomers when irradiated in the

presence of H2O2 as an OH source.14–16,20–28 Fewer articles

focused on the photochemistry of complex mixtures,18,29 such

as irradiation of SOA extracts mixed with H2O2 generating
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highly-oxidized compounds. As aqueous photochemistry is

highly matrix-dependent, studying complex aqueous mixtures

such as dissolved SOA is more representative of atmospheric

cloud and fog chemistry, although it will lead to dramatically

greater complexity in the product distribution. However,

chemical analysis of such mixtures is possible using advanced

separation and/or high resolution mass spectrometry techni-

ques (HR-MS).30,31

In cloud and fog water, the overall concentration of multi-

component dissolved OM is considerably higher than the

concentrations of individual organic compounds, which are

typically in the 10�12–10�6 M range. Measured OM concen-

trations approach 200 mg mL�1 in some locations (or up to

10�3 M assuming a molecular weight of 200 g mol�1 for a

typical OM compound).32–40 In smaller aqueous droplets or in

polluted areas, [OM]dissolved can be high and the oxidative

capacity of OH may be too low to oxidize all dissolved

organics during the droplet lifetime. Furthermore, higher

OM concentrations have also been shown to suppress photo-

chemical OH production,41 sometimes diminishing the impor-

tance of OH-initiated chemistry almost entirely without

significantly perturbing the efficiency of direct photolysis for

photolabile compounds.42

Sparse literature is available on direct aqueous photolysis of

atmospherically-relevant OM even though many abundant

water-soluble OM compounds, e.g., organic nitrates and

carbonyls, are readily affected by direct photolysis due to their

significant absorption cross sections in the actinic wave-

lengths.43–52 Furthermore, organic nitrates with a neighboring

carbonyl group, which are relevant to SOA, have enhanced

absorption cross sections in the near UV wavelengths.44,45

Previously, the effect of direct aqueous irradiation on OM

composition has been studied only for pyruvic acid,27

phenols,53 and extracts of limonene/ozone SOA.54 These direct

photolysis studies can result in either a net gain or loss in high-

MW species, depending if the experiments focused on single

compounds or SOA mixtures, again underscoring the dramatic

matrix effects.

Direct photolysis rates can be estimated for carbonyls in

aqueous extracts of biogenic SOA (J B 2 � 10�6 s�1),54

aqueous solutions of organic peroxides (J B 4 � 10�5 s�1),55

organic nitrates (JB 1 � 10�6 –4 � 10�5 s�1)44 under clear-sky

conditions. Likewise, assuming a near diffusion-limited rate

for aqueous OH reaction (k B 1 � 109 M�1 s�1)56 and using

the measured [OH] observed in California’s Central Valley fog

droplets ([OH]B (2 � 10�16–4 � 10�15 M),57 a first-order rate

constant range of keff B (2 � 10�7 –4 � 10�6) s�1 can be

estimated for the non-selective aqueous OH reaction, which

is comparable with expected J values for direct photolytic

processes. Much higher [OH] values have been modeled in

clouds (B10�13 M),58,59 which would significantly increase keff
relative to J. Although the importance of direct photolysis is

dependent on specific atmospheric conditions and chemical

system, it is expected to be the dominant photoprocessing

mechanism of OM under many atmospherically-relevant

scenarios.

This work focuses on the characterization of molecules

produced and decomposed in the direct photolysis of aqueous

extracts of SOA generated from the high-NOx photooxidation

of isoprene (C5H8), the most abundant non-methane hydro-

carbon in the atmosphere.60,61 We also report the effects of

hydrolysis in the dark for the same SOA mixture, as this

process cannot be completely decoupled from aqueous photo-

lysis. The gas-phase photooxidation of isoprene under high-

NOx conditions produces water-soluble compounds such as

organic acids, carbonyls and alcohols in the aerosol phase.62–67

In particular, the substantial fraction of organic nitrates in the

SOA (18–30% by count)68 is expected to be photolabile, and

this work is the first account of the aqueous photolysis of

organic nitrates in the presence of other dissolved organic

compounds. A dramatic change in the composition of aqueous

isoprene SOA extracts is observed, compared to the minor

change induced by hydrolysis of the same sample in the dark.

The most significant change in composition is due to nitrogen-

containing organic compounds (NOC), reflected by the large

increase of heterocyclic compounds containing 2 nitrogen atoms.

2. Experimental

2.1. Secondary organic aerosol generation

SOA was generated from the photooxidation of isoprene in a

5 m3 Teflon chamber and the reaction was monitored as

previously described.67,68 No inorganic seed aerosols were

used. The reaction was carried out at 22 1C in the relative

humidity (RH) range of 60–70%. Initial mixing ratios of

isoprene (Aldrich, purity 99%), nitric oxide (NO, 5000 ppm

in N2), nitrogen dioxide (NO2), and ozone (O3) in the chamber

were 500 ppb, 700 ppb, 100 ppb and o5 ppb, respectively. No

additional precursors for the hydroxyl (OH) radicals were

added. The photooxidation time was approximately 5 h. The

majority of isoprene and first-generation products reacted

with OH; the estimated contribution of O3-oxidation to

product formation was o10% (Fig. S1 of the ESIw). Particle
mass accumulated quickly after 2 h of irradiation and SOA

mass concentration reached 100 mg m�3 at the time of collec-

tion (Fig. S2a, ESIw). The time-dependent mixing ratios of

NO, NOy–NO, and O3 and relevant volatile organic com-

pounds are shown in Fig. S2a and S2b (ESIw), respectively, for
a typical experiment. The SOA was collected through an acti-

vated charcoal denuder onto Teflon filters (Millipore 0.2 mm
pore), which were immediately vacuum sealed and deep-frozen

for offline photolysis experiments and HR-MS analysis.

2.2. Aqueous photolysis and control experiments

Filter SOA samples were extracted in 1.5–2 mL water (Fluka,

HPLC grade) with 10 min sonication, used to obtain a total

aqueous concentration of approximately 200 mg mL�1, com-

parable to the high OM ratios detected in fog water.35 Two

photolysis experiments and one dark (no irradiation) control

experiment were performed with the aqueous SOA extracts in

otherwise identical fashion.

The light source used for photolysis experiments was a Xe

arc lamp (Newport Optics model 66905 lamp housing and

model 69911 power supply). A 90-degree dichroic mirror

(280–500 nm) was used to reduce the visible and IR radiation,

and a glass filter was used to remove UV radiation with

l o 290 nm. The wavelength dependence of the photon flux

D
ow

nl
oa

de
d 

by
 P

N
N

L
 T

ec
hn

ic
al

 L
ib

ra
ry

 o
n 

25
 J

un
e 

20
12

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

09
44

E

View Online

http://dx.doi.org/10.1039/c2cp40944e


9704 Phys. Chem. Chem. Phys., 2012, 14, 9702–9714 This journal is c the Owner Societies 2012

was measured by a fiber-optic spectrometer (Ocean Optics,

USB4000) and the integrated light intensity was measured by a

laser power meter (Coherent FieldMate). The wavelength-

dependent photon flux is shown in Fig. S3a of the ESIw, where
it is compared with a modeled ground-level solar flux69

assuming zenith angle = 01. The main difference between

the experimental flux and solar flux exists in the more-

energetic l o 350 nm region. Based on the total integrated

flux for lo 350 nm, we estimate that 1 h photolysis under our

lamp equates up to 3 h photolysis under the overhead sun. The

exposure durations reported in this work have not been

converted to the equivalent atmospheric values.

The temperature of a blank aqueous sample was monitored

under actual photolysis conditions with a K-type thermo-

couple (accuracy �0.5 1C) to gauge the contribution of

thermal decomposition of the sample on the time scale of

the experiment. Fig. S3b of the ESIw shows that temperature

in an aqueous sample increased by approximately 5 1C after

2 h and stabilized at 31 1C from 2 h to 4 h. We observe a

consistent production of photoproducts throughout photolysis,

which serves as an indirect indication that temperature effects

were minimal. As the samples were open to air during photo-

lysis dissolved oxygen was present in the solution, likely at the

near-equilibrium solubility level.

During photolysis experiments, approximately 50 mL aliquots

of the aqueous SOA sample were removed with a gas-tight

syringe (Hamilton, 250 mL), without interruption of photo-

lysis, at 0, 1, 2, and 4 h intervals for high-resolution electro-

spray ionization (ESI) mass spectrometry analysis. Control

samples kept in the dark were analyzed similarly.

2.3. High resolution electrospray ionization mass spectrometry

(HR ESI-MS)

ESI-MS experiments were performed with a high-resolution

(60 000 m/Dm) linear-ion-trap (LTQ) Orbitrapt mass spectro-

meter (Thermo Corp.) in the positive ion mode with a mass

range of 100–2000 Da. Aqueous extracts of photolyzed SOA

were directly sprayed into the mass spectrometer at a flow rate

of 0.5–1 mLmin�1 and ionized with an operating voltage of 4 kV.

No other solvents were added in order to characterize only the

water-soluble fraction. Analyte compounds were detected as

sodiated [M + Na]+ and/or protonated [M + H]+ species.

The instrument was calibrated with a commercial standard

mixture of caffeine, MRFA, and Ultramark 1621 (LTQ ESI

Positive Ion Calibration Solution, Thermo Scientific, Inc.)

twice daily to maintain high mass accuracy (ca. 0.5 ppm at

m/z 500).

Data analysis was performed similarly to our previous

works.67,68,70 A mass accuracy of better than �0.001 Da was

obtained in the m/z range of 100–1000 Da through calibration.

The high mass accuracy combined with filters based on 13C

isotopic abundance and parity restraints30,71 were used to unambi-

guously assign observed ions, whose masses generally did not

exceed m/z 600. Background signals obtained from analyses of

blank filters sonicated in water were deleted from sample mass

spectra. Peaks in the samples that could not be unambiguously

assigned to protonated or sodiated molecules with the atomic

restrictions used in this work (CcHhOoN0�2Na0�1
+ ions) were

insignificant and accounted for ca. 2% of the total signal. The

unassigned peaks are shown in Fig. S4 (ESIw). Mass spectra

shown henceforth present only assigned peaks, with the m/z

values converted into the molecular weights of the corres-

ponding neutral precursors.

The signal intensities of the detected molecules were

converted to approximate mass concentration using an ESI

sensitivity calibration approach described elsewhere.72 The

calibration was performed with multifunctional carboxylic

acid standards, followed by scaling the summed signal by

the total organic mass concentration (B200 mg mL�1). It is

important to emphasize that due to the simplifying assump-

tions made in the sensitivity calibration, the analyte concen-

trations should be treated as an approximation and any errors

are reported as a measure of precision (one standard deviation

of duplicate trials) not as estimates of accuracy. Fig. S4 (ESIw)
shows raw intensity distributions for SOA mass spectra, which

are not drastically altered by the intensity-to-mass conversion.

Data in the text will be henceforth presented in terms of mass

concentration in units of mg mL�1.

2.4. Multistage tandem mass spectrometry (MSn)

Multistage tandem mass spectrometry (MSn, n = 2, 3) experi-

ments were performed for ions of interest by mass isolation

followed by collision induced dissociation (CID) in the linear

ion trap. This analysis was repeated at the MS3 level for

product ions obtained in the MS2 stage if there was sufficient

signal. Ions subjected to CID eliminate neutral fragments,

which in some cases can be used to characterize the structure

of the molecules. The collision energy was adjusted so that the

precursor ion peak was retained in the MSn spectra at relative

intensities >10%. The product ions were analyzed in the high-

resolution Orbitrap mass analyzer where they could be

unambiguously identified. MSn analyses were performed for

product or degraded peaks of interest in photolyzed SOA

samples (preliminary experiments were done to obtain m/z

positions of product and degraded peaks). MSn also confirmed

that compounds examined in this work are covalently bonded

(determined by threshold CID energy needed to fragment

covalent ions vs. dimers and complexes of standard com-

pounds listed in Table S1, ESIw).

2.5. Ion chromatography

Ion chromatography (IC, Metrohm Inc.) analyses were per-

formed using a thermal conductivity detector on the control

and photolyzed samples in both the positive and negative ion

modes to quantify the amounts of nitrates, nitrites, and other

inorganic ion impurities. In the positive ion mode, calibration

was performed in the 0.25–10 ppm range for the following

ions: Li+, Na+, NH4
+, K+, Ca2+ and Mg2+ on a commer-

cial cation column (Metrosep C4 - 250/4.0). Positive ion mode

measurements did not determine significant concentrations of

cations. In the negative ion mode, calibration was performed

in the 0.33–10 ppm range for the following ions: F�, Cl�,

NO2
�, Br�, NO3

�, PO4
3� and SO4

2� on a commercial anion

column with chemical suppression (Metrosep A Supp 5

150/4 mm). Ionic peaks were not observed in pure water

blanks. Peaks were well-resolved and calibration fits were
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linear for all ions with R2 values >0.999. Section S1 in the

ESIw describes measurements of aqueous precursors for the

OH radical in further detail, including NO2
� and NO3

� that

are measured by IC, and ROOH that is measured by a

colorimetric test.73 We estimate based on known radical yields

that less than 1% of the changes in composition are due to OH

chemistry competing with direct photolysis.

3. Results and discussion

3.1. Photolysis induced changes in composition

Fig. 1 shows representative mass spectra of SOA samples

during photolysis and control experiments for the 0 h and

4 h reaction time (1 h and 2 h mass spectra are omitted from

Fig. 1). The mass spectra change significantly upon photolytic

processing. Notably, the higher-MW (400–500 Da) compounds

are efficiently converted to lower-MW compounds (150–250 Da)

with an accompanying shift in the distribution of mass concen-

trations. In contrast, hydrolysis does not significantly change

the mass spectra. For example, the concentration of the most

abundant compound in aqueous isoprene SOA, C10H16O8,

detected as a sodiated peak at m/z 287.0738, remains constant

within 4 h in the dark (47 � 2 mg mL�1) but decreases to

B36 mg mL�1 after 4 h of photolysis. The MSn analysis of

C10H16O8 suggests that this molecule is formed by condensa-

tion of two 2-methylglyceric acid (2MGA, C4H8O4) units with

C2H4O2.

We estimate that no more than 35%, by count, of the peaks

in the initial SOA mass spectrum are retained following 4 h

photolysis, and 65% of the initially-observed peaks are

replaced by photoproduct peaks. It is not straightforward to

discern if the initially present peaks that remain in the mass

spectra are inert with respect to photolysis because the corres-

ponding compounds may be both formed and decomposed by

photolysis. Furthermore, some peaks may represent multiple

isomeric compounds, some of which are photolabile while the

others are not. The majority of the peaks that remain also

change in concentration, e.g., 30% of peaks retained in the 4 h

sample have increased or decreased in concentration by more

than a factor of 2. In comparison, 73% of the total number of

peaks was conserved in the control spectra after 4 hours in

the dark.

The control experiments demonstrate that a non-negligible

number of compounds in isoprene SOA photooxidation may

hydrolyze to some extent at room temperature. We discuss

photolysis-induced changes henceforth in this work with

respect to changes induced by hydrolysis, which we would

refer as ‘‘control samples’’ in figures and discussion. Changes

in mass concentration (r, mg mL�1) were calculated using

eqn (1) separately for photoproducts and photodegraded

compounds in the 4 h compared to the 0 h samples for the

control and photolysis experiments. (In this work, we define

‘‘photoproduct’’ and ‘‘photodegraded’’ compounds as those

with ion abundances that steadily increase (Dr/Dt > 0) or

decrease (Dr/Dt o 0), respectively, during the entire reaction

timescale).

Change = 100%[Sr4h – Sr0h]produced or degraded/200 mg mL�1

(E1)

The changes in mass concentration induced by hydrolysis are

significantly smaller (�1–2%) compared to photolysis

(B�29–32%) within a 4 h time period.

The average elemental ratios (H/C, O/C, and N/C), average

molecular size (parameterized by the number of C atoms per

molecule), and number of N atoms in the molecule, and

aromaticity index (AI)74 are extracted from the assigned

molecular formulas. For brevity, we denote compounds

CcHhOoNn where n= (0, 1, 2) as 0N, 1N, and 2N compounds,

respectively. These averaged quantities can be used to evaluate

the overall change in the SOA composition. All averaged

quantities are calculated with respect to r for all observed

compounds as shown below (note: calculations weighted by

raw peak intensities yielded similar results):

hX/Ci = S(Xr)/S(Cr) (X = O, H, N) (E2)

hCi = SCr/Sr (E3)

% nN compounds = 100%(SrnN/Sr) (n = 0, 1, 2)

(E4)

AI = (1 + c � o � 0.5h)/(c � o � n) (E5)

% Aromaticity = 100%(SrAI>0.67/Sr) (E6)

For CcHhOoNn compounds, eqn (5) defines AI as the total

number of double bonds that do not include heteroatoms.

Therefore, AI > 0 correlates to a positive number of carbon–

carbon double bonds and AI > 0.67 (E6) suggests condensed

aromatic structures in a molecule.74 The results from the

statistical analyses of photolysis and control samples are

compiled in Table 1 for each reaction time interval. Fig. 2

shows the time-dependent changes in the averaged number of

carbon atoms hCi of all the SOA compounds, and ratios of

hO/Ci, hH/Ci, hN/Ci. Fig. 3 shows the mass % of 0N, 1N and

2N compounds, and % of aromatic compounds in the photo-

lysis and dark control samples. Negligible changes in average

Fig. 1 Mass spectra of the aqueous SOA extract detected in ESI

positive ion mode and converted to neutral molecular formulas for the

dark control (panels on the left) and photolysis (panels on the right)

experiments for 0 h and 4 h time intervals. Peaks are normalized with

respect to the total mass concentration (200 mg mL�1) in the sample.

The most abundantly observed compound is sodiated C10H16O8. Mass

spectra are also plotted with respect to normalized signal-to-noise in

the ESIw, Fig. S4. Note the breaks in the vertical axis.
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quantities were observed in the control samples, with the

exception of 1N compounds that decreased slowly in the dark.

Fig. 2a shows that initially the SOA compounds have an

average of 12 carbons in their molecular structure. After 4 h of

photolysis, hCi is reduced to approximately 10 carbons. The

trend in hCi mirrors the observation that high-MW oligomers

are degraded, as reflected in the evolution of the mass spectra

shown in Fig. 1. Degradation of oligomer peaks was also an

important result in the aqueous direct photolysis of limonene

ozonolysis SOA.54 In contrast, indirect photolysis studies of

model organic compounds typically form high-MW compounds

instead of degrading them.15

The hO/Ci traditionally describes the degree of oxidation of

a compound. In isoprene SOA, hO/Ci for the water-soluble

fraction isB0.77 and increases slightly toB0.81 following 4 h

of photolysis (Fig. 2b). The results from our work are in good

agreement with the observations by Bateman et al. (2011). The

net increase in hO/Cimay be due to the production of high-O/C

molecules as a result of photodegradation of low-O/C mole-

cules in water, as proposed by Bateman et al. (2011). This

explanation is qualitatively consistent with aqueous photolysis

studies of natural organic matter.75,76 In our experiments, the

increase in the hO/Ci in photolyzed SOA samples cannot be

attributed to aqueous OH-oxidation chemistry because OH

formation is not expected to be significant (Section S1, ESIw).
The hH/Ci is a good indicator of the degree of unsaturation

in SOA molecules. Our data show that hH/Ci is decreasing

(DH/C B �0.03 in 4 h) with respect to photolysis time

(Fig. 2c). The decrease in H/C in the SOA compounds for

our samples can be attributed to the photoformation of

molecules with double bonds or rings. Our observations are

different from those of Bateman et al. (2011), who reported the

opposite trend for the limonene/O3 SOA system. The ozono-

lysis system may behave differently than the high-NOx photo-

oxidation SOA studied in this work. The high concentration

(10�5 M) peroxide quantified in the work of Bateman et al.

(2011) may produce OH radicals upon photolysis to destroy

intact CQC bonds left over from the incomplete oxidation of

limonene. In our experiments, we expect a relatively complete

oxidation of double bonds from of isoprene and its first-generation

products (Fig. S2, ESIw) prior to SOA collection and we

quantified the concentrations of OH precursors (Section S1,

ESIw) in this work to be negligible.

The hN/Ci has been quantified in lab-generated70 and

ambient77 biogenic OA samples in the range of 0.02–0.03.

Urban OA may have hN/Ci in the range of 0.01–0.09.78–81

This work determines hN/Ci of the water-soluble fraction of

isoprene photooxidation SOA to be B0.01, a value that

increases to B0.04 after 4 h of photolysis (Fig. 2c). The

increase in N/C ratio suggests that the nitrogen mass is not

conserved and we speculate that the poorly-ionizable organic

nitrates present only in the background may be transformed

into more highly-ionizable nitrogen products. Considering the

small initial hN/Ci observed in aerosol samples, the fourfold

increase in hN/Ci during 4 h photolysis is substantial.

Effect of photolysis on the distribution of N atoms in the

molecules is similarly dramatic. The mass fraction of water-

soluble 0N compounds is dominant (93%) initially in the high-

NOx isoprene SOA. This fraction increases slightly (to 95%)

after 4 h in the dark as organic nitrates are hydrolyzed to

alcohols.9,82 However, photolysis degrades 0N compounds

(Fig. 3a) and reduces the 0N fraction to an average of 79%

after 4 h. This net loss in 0N compounds occurs despite

simultaneous production of different 0N compounds in the

photoproduct pool (Section 3.5). A net loss is also observed

for 1N compounds, which are known to be organic

nitrates62,65,68,83 and further verified by MSn in this work.

The 1N compounds are present at B6% initial fraction

and are reduced to B5% from 4 h hydrolysis in the dark.

Table 1 Average mass-weighted number of carbon atoms, elemental
ratios, and percent abundance of molecules with high aromaticity
index (AI > 0.67), 0N (CcHhOo), 1N (CcHhOoN), and 2N (CcHhOoN2)
compounds at various photolysis and dark reaction times. Errors are
reported as 1s spread between experiments, where applicable

Photolysis hCi hO/Ci hH/Ci hN/Ci
%
Arom.

%
0N

%
1N

%
2N

0 h 12.1
(0.0)

0.771
(0.008)

1.553
(0.001)

0.007
(0.001)

3.7
(0.9)

92.8
(0.6)

6.2
(0.4)

1.1
(0.9)

1 h 10.8
(0.6)

0.792
(0.001)

1.549
(0.012)

0.020
(0.009)

10.1
(3.7)

88.4
(4.1)

2.6
(0.2)

9.0
(4.3)

2 h 10.5
(0.5)

0.793
(0.000)

1.545
(0.013)

0.028
(0.014)

13.7
(5.9)

84.1
(7.1)

3.3
(0.9)

12.6
(6.2)

4 h 10.3
(0.4)

0.807
(0.000)

1.526
(0.010)

0.039
(0.011)

19.4
(4.2)

78.8
(4.9)

2.3
(0.4)

18.9
(4.4)

Control hCi hO/Ci hH/Ci hN/Ci %
Arom.

%
0N

%
1N

%
2N

0 h 12.1 0.779 1.551 0.006 2.6 93.3 6.6 0.1
1 h 11.9 0.788 1.549 0.005 2.7 93.8 6.1 0.1
2 h 12.0 0.785 1.551 0.005 2.9 94.0 5.8 0.1
4 h 11.9 0.787 1.550 0.005 2.5 94.7 5.2 0.1

Fig. 2 Changes in the average (a) number of carbon atoms and (b–d)

elemental ratios of compounds in the photolysis and dark control

samples with respect to time of photolysis (open markers) or hydrolysis

(closed markers). Errors represent 1s between repeated experiments.
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The effect of hydrolysis on 1N compounds is clear from the

slow linear decline in the concentration of 1N compounds

(Fig. 3c). However, photolysis is a faster loss mechanism for

these organic nitrates. After 4 h photolysis the fraction of 1N

compounds is reduced to B2%, a four-fold enhancement in

the loss rate compared to hydrolysis. We note that nitrates

may be underrepresented in our work due to their low ionization

efficiencies in the positive ion mode, so the effect of photolysis

may in fact be greater.

A large increase in 2N compounds is observed after 4 h

photolysis (Fig. 3c), which increases the N/C of the sample

mixture despite photolysis of organic nitrates. Before irradiation,

2N compounds, most likely dinitrates,65 comprise less than

1% of the SOA molecular pool, a result consistent with our

earlier work.68 The fraction of 2N compounds increases up to

19% after 4 h photolysis. This large increase in 2N compounds

is unexpected as such a substantial change in the distribution

of NOC during photolysis of dissolved organic material has

not been previously observed.

The differences in the mass fractions do not appear to add

up: 1N fraction is reduced from 6% to 2% whereas 2N

fraction is increased from 1% to 19%. We partially attribute

this inconsistency to a change in the ionization efficiencies

between the 1N precursors and 2N photoproducts. For

example, the proton affinity of a 2N heterocyclic NOC may

be greater than a 1N alkyl nitrate of comparable molecular

size by >200 kJ mol�1.84 Additionally a portion of the 2N

products may be produced from the inorganic nitrogen

initially present (presumably from nitric acid and HONO in

the chamber). The already poor ionization efficiencies for these

organic nitrates (the majority of the 1N compounds) are

further reduced if they have low-MW and if the ionization

happens in water. It’s possible that the photolysis of non-

ionizable 1N compounds (that are undetected) serves as a partial

source of nitrogen to produce larger and more easily ionizable

2N compounds. Furthermore, our results fromMSn (Section 3.5)

show that the fragmentation signatures of these 2N compounds

are not consistent with organic dinitrates. Instead, the 2N

photoproducts may be the type of nitrogen compounds that

have high efficiency in ESI, e.g. heterocyclic nitrogen. Therefore,

the mass fraction of 1N and 2N compounds should be consid-

ered lower and upper limits, respectively.

The increase in the degree of unsaturation, hN/Ci and % of

2N compounds is reflected in the increase in abundance of

possibly-aromatic molecules (those with AI > 0.67) (Fig. 3d).

The fraction of possibly aromatic SOA compounds is B4%

initially and increases to B20% after 4 h of photolysis. The

large increase in AI is consistent with both the photoproduction

of alkenyl moieties from Norrish II photochemistry of larger

(>C4) carbonyls
85 and the production of aromatic 2N species.

Table 1 shows that the mass percent of 2N compounds and

those with AI > 0.67 are roughly equivalent throughout the

photolysis experiment, suggesting that the 2N products or

their precursors are aromatic species.

3.2. Specific photodegraded compounds

The main advantage of HR-MS is its ability to simultaneously

detect a large number of individual compounds. There were

approximately 50 specific compounds (out of ca. 300 observed)

in each sample whose mass concentration decreased consis-

tently over photolysis period. The identities and mass concen-

trations of the photodegraded compounds reproducibly

observed between duplicate trials are shown in Table 2, and

the entire list of compounds whose concentration steadily

decreased due to photolysis or dark hydrolysis (control) is

shown in Table S2a and S2b of the ESIw. The photodegraded
compounds can be quite large, up to 18 carbons in length.

Table 2 shows that 0N and 1N compounds are predominantly

photodegraded, consistent with the expectation that carbonyls

and nitrates in isoprene SOA are readily photolyzed. The

formulas of NOCs listed in Table 1 correspond to ester

oligomers of 2MGA and its nitrate derivatives (2MGAN,

C4H7O6N). These nitrate esters of 2MGA have been

previously characterized in isoprene SOA by us70 and other

groups.62,83 For example, it has been demonstrated that

C8H13O9N is formed through condensation of 2MGA and

2MGAN, and C12H19O12N is a product of condensation of

two 2MGA units and one 2MGAN unit.

Table 3a shows average characteristics for compounds

degraded by photolysis. For example, photodegraded molecules

are larger than the average SOA compound, e.g. hCi = 14

for the photodegraded compounds compared to a smaller

value of hCi = 12 for the entire SOA sample. In general the

elemental ratios for the degraded compounds are similar to

that for the SOA. Separating the degraded compounds into

NOC and non-NOC fractions can be instructive. The NOC

fraction has a much higher hO/Ci, again consistent with NOC

being oxygen-rich organic nitrates bearing three O atoms in

Fig. 3 Changes in mass abundance of compounds with (a) 0N

(CxHyOz), (b) 1N (CxHyOzN), (c) 2N (CxHyOzN2) and (d) compounds

with high aromaticity index (AI > 0.67) in the photolysis (open

markers) and dark control (closed markers) samples with respect to

time. Errors represent 1s between repeated experiments.
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nitrate groups. The hH/Ci is also higher in the NOC fraction

because the formation of organic nitrates does not involve H

abstraction by molecular oxygen like in the formation of

carbonyls from alkoxy radicals.

The time-dependent concentrations of two select 1N and

two select 0N compounds are shown in Fig. 4a, b and 5c, d,

respectively. The mass concentration changes significantly due

to photolysis for these molecules; for example, the afore-

mentioned 2MGA–2MGAN dimer (C8H13O9N) remains at

roughly 1 mg mL�1 in solution if kept in the dark but is almost

completely degraded at the end of the 4 h photolysis experi-

ment. Fig. 3b suggests that some 1N compounds may hydro-

lyze more quickly than C8H13O9N and Table S2b (ESIw) lists
several examples of 1N compounds susceptible to hydrolysis.

NOC that are able to hydrolyze may be tertiary nitrates.9 Our

data indicate that the non-hydrolyzable organic nitrates are

the major fraction of NOC in isoprene SOA, and that photo-

lysis is a faster route to the decomposition of all NOC present

in isoprene SOA compared to hydrolysis, regardless of their

specific structure.

3.3. Specific photoproducts

There were approximately 40 specific compounds in each

sample whose mass concentration increased consistently over

the photolysis period. In comparison, there were only 5

compounds in the dark control sample that increased in

concentration and they are likely hydrolysis products. The

photoproducts that were reproducibly observed between

photolysis trials are reported in Table 4. The full list of

photoproducts and hydrolysis products is available in Table

S3a and S3b (ESIw). The photoproducts shown in Table 4 are

comprised of 0N and 2N compounds with generally zero or

small initial concentrations. There are some exceptions of

compounds, such as C11H16O8 and C8H12O6, which are

already present at substantial initial concentrations in the

SOA. It is likely that the photolysis of higher-MW oligomer

Table 2 List of compounds reproducibly degraded from irradiation
of aqueous isoprene high-NOx SOA samples. The rates of degradation
are derived from linear fits of concentration vs. time profiles. Errors in
the initial concentration of a compound in the SOA extract are
reported as 1s spread between experiments, and errors in the rate of
decrease due to photolysis are reported as deviations in the slope.
Compounds are sorted by increasing number of carbon atoms

Molecular formula
Concentration in
SOA (mg mL�1)

Rate of change
(mg mL�1 h�1)

C8H13O9N
a,b,c 0.88 (�0.11) �0.17 (�0.06)

C12H19O12N
a,b,c 1.70 (�0.35) �0.35 (�0.17)

C12H20O10 2.65 (�0.82) �0.38 (�0.15)
C13H19O11N 0.26 (�0.02) �0.06 (�0.03)
C13H22O9 0.11 (�0.01) �0.03 (�0.01)
C14H20O9 0.27 (�0.05) �0.05 (�0.01)
C14H21O13N

a 2.20 (�0.19) �0.39 (�0.21)
C14H22O10 2.93 (�0.38) �0.46 (�0.19)
C14H22O11 23.33 (�1.66) �3.23 (�1.60)
C14H24O8 0.28 (�0.15) �0.05 (�0.02)
C15H22O12 3.33 (�0.16) �0.43 (�0.29)
C15H24O9 0.53 (�0.08) �0.12 (�0.05)
C16H24O11 0.50 (�0.02) �0.08 (�0.04)
C16H24O12 1.83 (�0.17) �0.30 (�0.12)
C17H26O11 0.32 (�0.02) �0.07 (�0.03)
C17H26O13 1.84 (�0.10) �0.32 (�0.14)
C18H28O14 3.48 (�0.16) �0.66 (�0.45)
Structures previously reported by: a Ref. 68. b Ref. 62. c Ref. 83.

Table 3 Average number of carbon atoms and elemental ratios for all
formed and degraded peaks, segregated into NOC (1N and 2N) and
non-NOC (0N) fractions

hCi hH/Ci hO/Ci hN/Ci

(a) Degraded compounds
Total 14 1.54 0.79 0.01
Non-NOC fraction 14 1.54 0.77 0.00
NOC fraction 13 1.67 0.93 0.05

(b) Product compounds
Total 9 1.45 0.88 0.10
Non-NOC fraction 10 1.54 0.68 0.00
NOC fraction 8 1.32 1.17 0.25

Fig. 4 Time-dependent abundance for select peaks degraded in the

photolysis samples. The same peaks do not decrease in abundance

with the same rate in the control samples. Errors represent 1s between

repeated experiments.

Fig. 5 Time-dependent abundance for select peaks produced in the

photolysis samples. The same peaks do not increase in abundance in

the control samples. Errors represent 1s between repeated experiments.
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species generates monomeric compounds that are already

present in the original SOA extract.

Fig. 5 shows the changes in mass concentration with respect

to photolysis time for select 2N (Fig. 5a and b) and 0N (Fig. 5c

and d) products. These compounds are not produced in the

absence of irradiation. Many of the photoproducts increase

with time linearly during the 4 h of photolysis. However, some

species show a saturation behavior that may be attributed to

the complete consumption of precursor molecule(s) or their

own photodegradation. The apparent concentrations of some

NOC products are high (>10 mg mL�1 out of 200 mg mL�1

total organics) at the end of 4 h. However, as previously

discussed, these nitrogen compounds may be overrepresented

in ESI techniques, and the mass concentration of photopro-

duct NOC should be treated as an upper limit.

The steady growth of 2N photoproducts is an important,

and non-obvious, result. As studies of direct photolysis of

complex mixtures comprising organic nitrates and oxygenated

compounds are not available in the literature, the observations

in this work cannot be compared to others. The particular 2N

products shown in Table 4 are generally small (oC8) and

highly oxidized. Table 3b shows average characteristics for

only photoproducts, which are smaller (hCi = 9) than non-

photolyzed SOA compounds (hCi = 12). The hO/Ci and

hN/Ci for photoproducts are higher than the average for the

SOA, and the H/C ratio is lower, which are expected results

based on Fig. 2b. Again, we can separate the photoproducts

into NOC and non-NOC fractions. The non-NOC fraction is

larger by 1 carbon and has a lower hO/Ci (0.68) and higher

hH/Ci (1.54) than the corresponding values for all the photo-

products. We can speculate that the lower hO/Ci of the non-

NOC compounds may be due to some extent to decarboxylation

of the precursor 0N compounds (loss of CO2).

Conversely, the NOC products, i.e., 2N compounds, are

generally 1 carbon smaller, have smaller hH/Ci (1.32) and

higher hO/Ci (1.17) compared to all photoproducts. The hH/Ci of
the 2N photoproducts are characteristic of aromatic molecules.

For example, unsaturated molecules that are aromatic, e.g.,

benzene (C6H6, H/C = 1.0) or trimethylbenzene (C9H12,

H/C = 1.33), have much lower H/C than unsaturated mole-

cules that are aliphatic, e.g., limonene (C10H16, H/C = 1.6) or

squalene (C30H50, H/C = 1.7). Furthermore, H/C values show

little variability for aliphatic molecules initially present in

aqueous isoprene SOA. For example, the spread in hH/Ci
for all observed molecular formulas is small (1.55� 0.14). This

places the H/C value for NOC products outside the expected

range (note the quoted error value is the standard deviation in

all observed hH/Ci in one data set and is different from the

standard deviation between trials presented in Table 1) and

further suggests that the 2N photoproducts are heterocyclic

and/or aromatic. MSn experiments can differentiate between

nitrate and other types of nitrogen functional group and

indeed results from Section 3.4 support the suggestion that

2N compounds are heterocyclic and/or aromatic. The hO/Ci is
also unexpectedly high for the 2N photoproducts, indicating

that oxidized nitrogen species are present in the formation

steps of 2N products.

3.4. MS
n
characterization of degraded compounds and

photoproducts

MSn studies provide valuable insight into the chemical struc-

ture of organic molecules. Neutral loss fragments resulting

from CID can be used to characterize certain classes of

compounds. For example, past work on isoprene SOA deter-

mined that organic nitrates tend to lose neutral molecules of

the type RNOx (e.g., HNO3, CH3NO3, HNO2, etc.). Further-

more the characteristic neutral loss of C4H6O3 for 2MGA

oligomers was determined using fragmentation studies62,68 and

the ester functionality was confirmed by chromatography

techniques.63 In order to better understand fragmentation

patterns for the instrument conditions used in our work we

first performed MSn experiments for several organic acids

listed in Table S1 (ESIw). The resulting neutral loss patterns

of standards are compiled in the same table. Losses of CO,

H2O, and C2H2O were observed for aliphatic acids, and CO2

loss was observed for the singular aromatic acid used in the

study. None of the standard acid monomers or dimers lost

C4H6O3, confirming that loss of C4H6O3 is characteristic of

2MGA oligomers when considering isoprene SOA and similar

compounds.

Fig. 6 shows combined fragmentation results of MSn char-

acterization of photodegraded compounds and photoproducts

observed with sufficient signal and in the absence of interfering

peaks. Fragmentation was performed on more than 10 peaks

in each case and the results from MS2 and MS3 are combined

for a particular peak in order to make general comments

about the chemical nature of photodegraded and photo-

product compounds. The photodegraded NOC lost neutral

RNOx fragments, in good agreement with previous reports.

The photodegraded 0N compounds lost primarily C4H6O3. A

signature fragmentation pattern emerged for photolyzed 0N

compounds in that the major loss is C4H6O3 (normalized to

100%), followed by C8H12O6 (4–6%), HCOOH (3–4%) and

H2O (1–3%). These results suggest that degraded compounds

are chemically homogeneous. Similar to our previous work,68

Table 4 List of compounds reproducibly formed by irradiation of
aqueous isoprene high-NOx SOA samples. The rates of formation are
derived from linear fits of concentration vs. time profiles. Errors in the
initial concentration of a compound in the SOA extract are reported as
1s between trials and errors in the rate of increase due to photolysis
are reported as deviations from a linear slope. Compounds are sorted
by increasing number of carbon atoms

Molecular formula
Concentration in
SOA (mg mL�1)

Rate of change
(mg mL�1 h�1)

C5H6O7N2 0.35 (�0.35) 0.35 (�0.12)
C5H12O4 0.00 (�0.00) 0.07 (�0.01)
C6H6O8N2 0.17 (�0.17) 0.29 (�0.06)
C7H8O9N2 0.09 (�0.09) 0.26 (�0.06)
C7H10O9N2 0.30 (�0.30) 1.24 (�0.20)
C7H12O5 0.00 (�0.00) 0.51 (�0.03)
C7H12O6 0.00 (�0.00) 0.13 (�0.02)
C8H10O8N2 0.16 (�0.16) 0.32 (�0.13)
C8H10O10N2 0.42 (�0.11) 1.29 (�0.24)
C8H12O4 0.00 (�0.00) 0.06 (�0.01)
C8H12O6 0.60 (�0.07) 0.99 (�0.09)
C9H12O10N2 0.39 (�0.26) 2.78 (�0.46)
C10H16O5 0.24 (�0.18) 0.18 (�0.03)
C11H16O6 0.16 (�0.11) 0.10 (�0.03)
C11H16O8 1.23 (�0.15) 1.07 (�0.06)
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the loss of C4H6O3 here suggests that the compounds under-

going CID are esters of 2MGA, and the loss of HCOOH

suggests that there are hydroxyl groups in alpha positions

relative to carboxylic acid groups. The ester group is not

known to be photolabile and is unlikely to be the part of the

2MGA oligomer that absorbs light and decomposes. Rather,

these are likely carbonyl groups in the multifunctional oligo-

mers that were photodegraded.85 Furthermore, the MSn

experiments indicate that the ester functionality is still present

in the degraded molecules.

A common fragmentation pattern was not observed for

photoproducts. The various losses shown in Fig. 6 indicate

that photoproducts are a diverse set of molecules, suggesting

that photolysis introduces more heterogeneity in the dissolved

organic composition. For example, the primary neutral loss

for two photoproducts, C8H12O6 and C11H16O8, was HCOOH

and C4H6O3, respectively. The category of ‘‘other’’ losses

shown in Fig. 6 includes a compilation of C1–C4 carbon

fragments, e.g., C3H4O3 (pyruvic acid), which was observed

only once. Losses of C2H4O2, C4H6O3, H2O and CO observed

for 0N photoproducts indicate that, as expected, photolysis

results in formation of multifunctional acids, carbonyls or

alcohols.

Unlike photodegraded compounds, 2N photoproducts do

not lose RNOx fragments. Fig. 7 shows MSn data for a

representative 2N product, C5H6O7N2, where the neutral

losses are not consistent with nitrate (–RNOx), amine

(–RNH2), or imine (–RNH) functional groups. Instead the

smallest product ion, e.g. m/z 103.0138 or C2H3N2O3
+, still

contains two nitrogen atoms. The presence of two nitrogen

atoms in the most stable part of the molecule indicates that the

2N compounds are cyclic or aromatic. Certain types of

heterocyclic 2N compounds with reduced nitrogen atoms,

e.g., imidazoles, pyrazole, pyrazines, etc.,86 have been pre-

viously associated with SOA. However, this particular product

has very high oxygen content, which does not correlate with

reduced 2N heterocyclic core structures. Rather, the most

reasonable interpretation for the product ion C2H3N2O3
+ is

a hydroxylated furoxan structure as shown in Fig. 7. Furoxans

are the N-oxide of furazan and are important biological

moieties.87 Alternatively, C2H3N2O3
+ may be visualized as

having an NQN bond instead of two CQN bonds, and there

is not sufficient information to discriminate between these

different structures. The formation of furoxan-like derivatives

is consistent with all of the observations derived from HR-MS

and HR-MSn. Specifically, they have sufficiently high O/C,

high N/C, low H/C and are not likely to produce RNOx

neutral losses in CID. We emphasize that the probability of

incorrect assignment or interference for a low-MW ion at m/z

103.0138 is very small.

Additionally, CO2 neutral loses were prominent in the

fragmentation of some 2N products. CO2 loss is not common

in the positive ion mode.88,89 However, we observe this loss as

the dominant fragmentation channel for dihydroxybenzoic

acid, the only aromatic acid standard in our fragmentation

study. In light of other evidence, namely low H/C of photo-

products and MSn signatures, the CO2 loss from our limited

fragmentation experiments is consistent with aromatics being

formed during photolysis. Therefore, we hypothesize that

cyclization reactions of organic nitrogen oxides may be

induced by photolysis to form stable 2N heterocyclic mole-

cules and we discuss possible routes to their formation in the

following section.

3.5. Mechanism of formation for NOC

The aqueous photolytic processing of the complex SOA

involves a vast number of radical combination reactions

resulting in formation of photostable products. The majority

of photoproducts by count observed in this work do not

Fig. 6 Most abundant neutral losses in MSn experiments of photo-

degraded and ptotoproduct peaks. RNOx fragments (where R can be

H and x = 1, 2, 3) correspond to the sum of neutral losses from alkyl

nitrates because all N-containing neutral losses from organic nitrates

conserve the N–O bond. The category of ‘‘other’’ losses corresponds to

infrequently-observed carbon fragments like C4H6O3.

Fig. 7 MS2–3 spectra for protonated C5H6O7N2, with possible frag-

mentation routes leading to product ions illustrated as dashed lines at

the cleavage sites (generally accompanied by H transfer). Structural

characterization of the protonated photoproduct is consistent with a

heterocyclic structure.
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contain nitrogen and it is currently not possible to speciate the

entire fraction of 0N compounds. However, the distinct CID

signatures of aliphatic and heterocyclic NOC observed in this

work enable more in-depth discussion about the formation of

NOC products. Therefore, we focus on the possible formation

pathways leading to the unexpected heterocyclic 2N products

that accumulate during photolysis. As the concentrations of

organic nitrates decrease from photolysis, and those for NO3
�

and NO2
� do not, the source of 2N photoproducts in the

irradiated SOA samples must be due primarily to the photo-

lysis of organic nitrates, which are present at initially a factor

of 100–1000 greater molar concentration than inorganic

nitrogen ions.

Organic nitrates are known to photolyze mainly via three

primary processes,52,90,91 with the predominant pathway being

the cleavage of the RO–NO2 bond:

RONO2 + hn - RO + NO2 (R1)

The NO2 produced from photolysis may have the following

photolytic fates in water:

NO2 + hn (l o 400 nm) - NO + O (R2)

NO2 + hn (l > 400 nm) - NO2* (R3)

Both reactions (2) and (3) are expected to be important, with a

calculated JNO2
= 0.03 s�1 and 0.02 s�1, respectively, using

gas-phase absorption cross sections,92,93 quantum yields,94

and the measured radiation flux from our lamps.

In water, the NO2 radical may exist in equilibrium with its

dimer N2O4. The dimer may disproportionate quickly in water

to yield NO3
� and NO2

� ions.95 At moderate NO2 pressures

(pNO2
o 1 � 10�5 atm) the [N2O4]/[NO2] ratio is less than

0.02,96 in good agreement with our IC analysis (Section 3.1)

which shows that NO3
� and NO2

� ions are negligibly enhanced

in the photolysis sample. The NO radical formed in reaction

(2) can participate in autooxidation reactions in the presence

of oxygen to form NO2, N2O3, or NO2
�.97 HONO can also be

introduced into solution in several ways: aqueous uptake onto

aerosol water from the chamber experiments, NO2
� equili-

brium in solution, or NO oxidation by OH. If HONO is

present, then the reactive NO+ species is also available for

nitrosation reaction.98,99

The product of reaction (3), NO2*, is quickly quenched in

solution. However, if NO2* is formed in the immediate vicinity

of an SOA molecule, it may react much faster than NO2 with

organics by H atom abstraction, addition, or electron transfer

mechanisms to produce aldehydes, nitro (RNO2) compounds,

dinitro compounds, HONO, and other products,91,95,100,101

although no evidence of heterocyclic N products have been

reported from these reactions.

The 1,2-addition of oxidized nitrogen groups to alkenes may

produce intermediates to furoxan-like molecules. We do not

expect alkenes to be abundant in the initial composition due to

the relatively complete oxidation of isoprene. Furthermore,

the mass fraction of SOA compounds with positive AI,

correlating to a non-zero number of CQC bonds, is 3–4%

before photolysis. However the photochemical production of

unsaturated hydrocarbons through Norrish II photochemistry

(Section 3.1) may provide suitable alkenyl precursors for the

formation of N-heterocyclic products. For example, the photo-

lysis of one C4 (or higher) carbonyl generates up to two

alkenes with the Norrish II mechanism. As isoprene SOA

compounds are initially large (hCi B 12, Fig. 2a), the like-

lihood of Norrish II photochemistry should be high.

The aforementioned oxidized nitrogen species, stemming

from the reaction of NO2 and NO, in water that may

participate in nitrosation of organics in the photolysis sample

include N2O4, N2O3, and NO+.98 NO+ will directly lead to

nitrosation of alkenes; although the stepwise reaction may

render the formation of vicinal dinitrogen groups uncompetitive.

N2O4 and N2O3 (introduced into the solution by NO/O2

system or NO2
�/H3O

+ system, respectively) will both react

with alkenes in polar solvents to produce vicinal nitro-nitroso

(R1–C(NO2)–C(NO)R2) compounds102–105 that ultimately

lead to furoxans if there is sufficient acidity (pH B 4) or

oxidative conditions available for ring closure. However, the

reaction is slow at room temperature (spanning several hours).

Heat (ca. 100 1C) can also be used for the cyclization of vicinal

dinitrogen compounds to form stable furoxans. However,

these ring-closure conditions are not relevant to our experi-

ments (Fig. S3b, ESIw). No available literature sources

describe photochemical routes to the furoxan, from nitro-

nitroso compounds or otherwise. We speculate this route has

not been well-studied due to the relatively convenient alter-

native preparative routes to generate furoxans. It is possible

that UV-visible radiation may accelerate the production of

furoxans by generating more reactive intermediates, but this

suggestion remains to be verified. Other types of compounds,

e.g., substituted ketones, may also be subject to nitrosation by

N2O3 followed by intermolecular C–C coupling (at the nitro

site) and subsequent ring closure to form furoxans.106

We note that the aforementioned reactions were studied

under conditions not readily extrapolated to our experiments,

e.g., high nitrite concentrations or low pH. Furthermore, data

are not available on the relative importance of each step and

whether the rates of reaction can be enhanced through

UV-visible irradiation. However, these nitrosation-promoting

conditions and 2N heterocyclic formation should be more

common in atmospheric droplets. Photoinduced nitrosation

reactions in the atmosphere have been documented in the case

of aromatic molecules.107 The mechanism is not completely

understood but the involvement of photo-produced NO2 and

NO is well-established. In this work, the role of photo-

chemistry in the production of 2N heterocyclics is proposed,

but future work is needed to obtain better understanding of

the underlying mechanisms. Photochemically generated NOx

species from RONO2 must play a role in product formation;

however, there seems to be a missing mechanism for the

observed ring closure. A possibility is that photochemical ring

closure of dinitrogen intermediates traps the N compounds as

a heterocycle; although relatively little is known about the

aqueous photochemistry of organic nitrogen at this point to

comment on the likelihood of this process. The hypothesis,

however, is qualitatively consistent with the stable formation

trends for 2N products during the continuous irradiation.

The exceptional stability of these furoxan-like heterocycles

with respect to hydrolysis and UV irradiation108 elevates their

potential importance in atmospheric chemistry because they
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may ultimately be organic nitrogen sinks in the atmosphere.

For example, photolysis of benzofuroxan (l = 366 nm)109,110

and 3,4-dimethylfuroxan (l = 254 nm)111 produces the short-

lived dinitroso intermediate that both thermally and photo-

chemically regenerates the heterocycle. Comparatively, other

photoproducts like carbonyls and nitro compounds are much

more photolabile. Even if the formation of 2N heterocycles

represents minor pathways compared to other organics, they

may accumulate in substantial quantities in solution within the

timescale of the photolysis experiments due to the stability of

the aromatic 5-member ring. The sources for these long-lived

pollutants in the atmosphere warrant further study as they

may be formed under mildly photolytic conditions whenever

the photoproduction of aqueous NOx occurs in the presence of

dissolved organics.

4. Conclusion and atmospheric significance

This work demonstrated that the composition of dissolved

SOA may be significantly modified by solar radiation (B30%

by mass after 4 h of photolysis in the lab roughly equivalent to

12 h photolysis in the atmosphere) and the effect of direct

photolysis should not be ignored in studies of aqueous photo-

chemistry. Furthermore, hydrolysis contributed a small but

non-negligible loss pathway for some types of molecules, e.g.,

organic nitrates. The composition changes are observed within

1 h photolysis (up to 3 h in the atmosphere), which is on the

order of the lifetime of clouds, water films on environmental

surfaces, and hydrated SOA. The presence of a large amount

of ultrafine aerosols can further promote the formation of

photoproducts in clouds due to both increasing the lifetime of

clouds112 and increase the concentration of dissolved OM.

The tentative identification of furoxan-like compounds in

our work is the first association of these types of molecules

with organic aerosols and the first report of the photochemical

production of N heterocycles in cloud processing of SOA.

Furoxans are typically researched as potential drugs as they

are nitrogen oxide donors.108 As such, the presence of the

bound NQO moiety in SOA material may have a large

potential for bioactivity. N-heterocycles based on the

5-member imidazole or the 6-member pyridine and their

derivatives have only recently been recognized as important

components in atmospheric OM from their association with

brown carbon113,114 and biomass burning OA.86 The detection

of abundant signal from molecules with C–N bonds in ambi-

ent aerosols from urban atmospheres, which are not associated

with oxidation chemistry,115 lend further support that

reactions producing N-heterocycles may be more prevalent

in nature than currently realized.

Our study discussed possible aqueous pathways to the

formation of N-heterocycles from compounds commonly

found in SOA. The 19% upper limit yield of 2N photo-

products in this work is unexpectedly large and it is reasonable

to conclude that a photochemical mechanism for 2N hetero-

cyclics is still undiscovered. However, the known conditions

that may promote heterocyclic furoxan production are vastly

more common in the atmosphere than in our experiments, as

high concentrations of NO2
�, NO3

�, acidity, oxidants and

dissolved organic compounds can be found in cloud/fog

droplets and wet aerosol. Therefore atmospheric water samples

should be closely examined with HR-MS techniques for hetero-

cyclic nitrogen. The conversion of aliphatic organic nitrates to

photostable 2N heterocyclics has important implications for the

nitrogen budget in the atmosphere. There are still large gaps in

the collective knowledge of atmospheric aqueous photo-

chemistry, but it is clear that direct photolysis can be important

for many classes of compounds and ambient conditions.
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