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ABSTRACT: The effect of common atmospheric solutes on aqueous-phase aging of secondary
organic aerosol (SOA) was explored under irradiated and dark conditions. SOA particles were
produced from dark ozonolysis of a-pinene or a-humulene in a photochemical smog chamber,
collected on filters, and extracted in either pure water or in aqueous solutions containing 0.010
mM H,0,, 0.15 mM NaNOs, or 0.15 mM NH4NOs. These aqueous samples were either
irradiated for up to four hours to simulate photochemical aqueous aging by sunlight or kept in
the dark for the same amount of time to simulate nighttime aqueous chemistry of SOA. The
chemical composition of SOA was monitored over time using direct infusion electrospray
ionization high-resolution mass spectrometry. The presence of salts accelerated the loss of
high-molecular weight compounds, both under irradiated and dark conditions, making the
dissolved SOA compounds smaller and more volatile. These effects of atmospheric salts have

important implications for understanding SOA evolution in cloud and fog water.



INTRODUCTION

Secondary organic aerosol (SOA) has a significant impact on human health and climate, and it is
therefore important to understand how SOA particles are produced from volatile organic
compounds (VOCs) and age during particle transport through the atmosphere.® Monoterpenes
(C10H16) are the major atmospheric SOA precursors with atmospheric concentrations of
hundreds to thousands of ppt,” and SOA formation from various monoterpenes, particularly a-
pinene,3 has been studied extensively.“‘7 There have also been studies on SOA formation from
sesquiterpenes (CysHy4) such as a-humulene,® which are less abundant in the atmosphere
(measured to be tens of ppt)2 but have greater SOA yield due to their higher molecular
weights.? The lifetimes of monoterpenes and sesquiterpenes for reaction with atmospheric
oxidants are generally minutes to hours,® and so they are quickly oxidized to compounds that

can be soluble in cloud and fog water.

Chemistry occurring in fog and cloud droplets is known to be a significant factor in both the
formation and aging of SOA.'® For example, 5 to 60% of SOA globally is estimated to result
from in-cloud processing,11 and reactions occurring in the atmospheric aqueous phase have

been proposed to explain the discrepancies in SOA oxidation level observed between

12,13

laboratory and field studies. Atmospheric fog and cloud waters often contain approximately

200 pg mL™ of dissolved organics,"**

as well as aqueous oxidants, such as H,O, with normal
concentrations of around 10 M, and inorganic salts. These inorganic salts, usually ammonium
nitrate or ammonium sulfate, result in ionic strengths ranging from 10*to 10° M in fog water
and 10” to 102 M in cloud water,* and can potentially affect the aging mechanisms of aqueous
SOA. Forinstance, NOs can serve as a photochemical source of OH radicals,16 NH," can react
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with carbonyls and act as a catalyst for various reactions, and changing ionic strength can

affect acid-base or other aqueous equilibria as salts can act as buffers in aqueous solutions.
There have been only a few studies probing the effects of common inorganic salts on aqueous-
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phase photochemical aging of SOA. Even small concentrations of added solutes can have a

significant effect on photochemistry, for example, Huang et al. (2018) found that



photodegradation rates of syringaldehyde and acetosyringone in micromolar nitrate solutions

were faster than rates in sulfate solutions.?*

Mechanisms of aqueous SOA aging can be photolytic or non-photolytic, and the photolytic
processes can be further categorized as direct or indirect. The direct aqueous-phase photolysis
of SOA extracts in pure water and in water/methanol mixtures has been examined in several
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studies. The irradiation of SOA solutions resulted in a reduction in the average molecular

size of SOA compounds driven by Norrish splitting of carbonyls and photolysis of peroxides.ze'27
Indirect photolysis occurs in parallel when reactions with sunlight produce reactive species,
such as OH radicals, singlet oxygen, or triplet-excited states, and then these species react with
SOA components. In contrast to the direct photochemical processes, the indirect processes
normally result in more functionalized and less volatile products.28 Non-photolytic aging
pathways include hydrolysis?**°, functional group exchange with inorganic ions, and reactions
with other oxidizing solutes — H,0; in this work. In the hydrolysis of esters, the starting
compounds are fragmented to smaller molecules with carboxyl and alcohol groups, resulting in
smaller products with higher vapor pressures. Certain reactions with inorganic salts can
decrease vapor pressure as salts are formed between carboxylic acids and inorganic cations.>?
Finally, the presence of H,O, can have a myriad of consequences. Neglecting its host of
influences on photochemical reactions, H,0, is an important aqueous-phase oxidant, ' its
reactions with carbonyls and alcohols can produce peroxides, **it is well known to be an

important part of sulfate formation from S0,,** and can be a source of radicals in the dark

through Fenton-type reactions. **

Previous studies from our group have explored the aging of SOA from various terpenes,

?43% The present work is intended to implement a

including those studied here, in pure water.
more atmospherically relevant approach by adding solutes as would be present in atmospheric
cloud and fog waters. Thus, the goals of this study are (1) to ascertain whether the photolysis
and dark aging of agueous SOA in the presence of common atmospheric solutes proceeds via a
different mechanism compared to in the absence of these solutes and (2) to compare

photolytic and dark aging of SOA in the presence of ionizable versus non-ionizable solutes. To



accomplish these goals, aging of SOA produced from ozonolysis of a common monoterpene, a-
pinene (APIN), and a common sesquiterpene, a-humulene (HUM), was studied using high-
resolution mass-spectrometry after the SOA was aged in various conditions. These conditions
included the presence or absence of both sunlight and solutes such as hydrogen peroxide (as a
non-ionizable solute), sodium nitrate (an ionizable solute), and ammonium nitrate (an ionizable

solute that also provides ammonium as a reactant).
METHODS

Secondary Organic Aerosol Generation. APIN and HUM SOA were prepared through dark

243537 APIN and HUM were purchased from

reaction with Os as described in previous papers.
Sigma-Aldrich at the highest available purity, and no further purification was performed.
Approximately 600 ppb O3 and 500 ppb of precursor were injected into a 5 m? chamber, and
ozonolysis was allowed to proceed under dry conditions at 21 to 25 °C without seed particles.
These relatively high concentrations were necessary to obtain enough material for subsequent
photochemical and mass spectrometric experiments. Particle sizes were monitored using a TSI
model 3936 scanning mobility particle sizer (SMPS) and ozone concentrations were monitored
using a Thermo Scientific model 49i ozone analyzer. An Aerosol Mass Spectrometer (AMS) was
not used during the generation of the SOA used for aging, but AMS data was later collected
during the generation of HUM SOA produced under the same conditions for additional
solubility experiments. Aerosol particles were subsequently collected onto
poly(tetrafluoroethylene) (PTFE) filters (Millipore 0.2 um pore size) after passing through an
activated carbon denuder with a flow rate of about 10 SLM (standard liters per minute). Two
filter samples were collected over 2 to 3 h during each chamber experiment. A breakdown of

SOA production details is provided in Table 1. After collection, the samples were vacuum

sealed and frozen at -20 °C pending aqueous photolysis experiments.

Table 1. Conditions used for SOA preparation. SOA concentration represents maximum during

collection of two sequentially collected filters, and so the concentrations are different.

Filter | VOC Initial Initial O; | Reaction Peak SOA Collection SOA
# VOC (ppb) Time (h) concentration Time collected




(ppb) (mg/m”) (hr) (mg)
1 | APIN | 500 600 0.8 15 15 1.8
2 | APIN | 500 600 0.8 0.96 15 1.8
3 | HUM | 500 600 2 1.7 1 2.1
4 | HUM | 500 600 2 14 1 2.0

Table 2. Summary of aqueous samples prepared from SOA filters. Aqueous SOA concentration

assumes full dissolution for APIN SOA and 40% dissolution for HUM SOA (see main text for

discussion).
T
VOC | Filter Aqueous Aqueous SOA Aqueous oxidant/salt
# oxidant/salt concentration concentration (mM)
(ng/mL)
APIN 1 N/A 184 N/A
APIN 1 H,0, 177 0.010
APIN 2 NaNO; 180 0.15
APIN 2 NH;NO; 180 0.15
HUM 3 N/A 84 N/A
HUM 3 H,0, 80 0.010
HUM 4 NaNO; 78 0.15
HUM 4 NH;NO; 78 0.15

Secondary Organic Aerosol Aging Experiments. Samples were thawed, and each filter was
extracted with 10 mL of HPLC grade water. After sonicating for about 10 min, the water and
SOA solutions were split into 4 aliquots of 2.5 mL and 100 uL of concentrated aqueous oxidant
or salt solution was added with final concentrations as shown in Table 2. No precipitation of
SOA was observed after the addition of these small concentrations of salts, so we do not
believe the added salts had a significant impact on the SOA solubility. Under these conditions,
we expect all APIN SOA to dissolve based on previous water solubility studies of similarly
prepared monoterpene SOA.>® HUM SOA water extraction efficiency has not been tested
before, and we estimated it by extracting the filter first in water and then in methanol and
comparing absorption spectra of the extracts. Based on this comparison, we expect that water
extraction dissolved about 40% of the HUM SOA material (Figure S2). The concentrations
shown in Table 2 have been corrected for this incomplete extraction. Because some HUM SOA

remains undissolved, the results of these experiments only apply to the water-soluble fraction.



Photolysis occurred similarly to our previous paper;** control samples were simultaneously
aged under dark conditions. Briefly, a Xenon UV lamp (Newport model 66905) was used with a
U-330 bandpass filter (Edmund optics #46-438) to decrease levels of hard UV, visible, and IR
radiation. The majority of the radiation fell between 280 and 400 nm. Using the “Quick TUV”**
calculator, and we determined the lamp’s flux to be comparable to that under ambient
conditions (a full analysis is provided in Figure S1 and Table S1). Therefore, the photolysis time
under the UV lamp can be viewed as equivalent to photolysis in sunlight during summertime in
Los Angeles. OH steady state concentrations produced by photolysis of added H,0, and NO5”
were determined to be too low to have a significant effect on the aging of SOA, as they were
estimated to be about 10™ M in all conditions where OH was produced (see Table S2 and
accompanying discussion in the Supporting Information). The photolysis and control (i.e.,
without photolysis) experiments were done for four hours. Samples of the solutions were taken
once every hour for off-line analysis using direct infusion electrospray ionization high-resolution

mass spectrometry (ESI-HRMS).

Mass Spectrometry Analysis. Approximately 200 uL of sample was mixed in a 1:1 ratio with
acetonitrile to achieve stable electrospray ionization and then injected into the mass
spectrometer using a direct infusion mode. An LTQ-Orbitrap mass spectrometer (Thermo
Scientific ™) equipped with a modified ESI source was used to analyze the samples.22'23'36'37'40'43
Mass spectra of the solvent (water and acetonitrile) were also collected so that background
spectra could be subtracted from the sample spectra. A representative solvent spectrum is

shown in Figure S13. All spectra were collected in the positive ion mode, and the resolving

power of the instrument was ~10° at m/z 400.

The analysis of the mass spectra was carried out similarly to our previous work.**** Peak
positions and intensities were first determined using Decon2LS program

(https://omics.pnl.gov/software/decontools-decon2ls), and the resultant peak lists were

clustered together according to experimental batch, such that 0, 1, 2, 3, and 4 h with photolysis
was a group for each experimental condition and 0, 1, 2, 3, and 4 h without photolysis was

another group. The clustered peaks were then assigned assuming a 0.001 m/z accuracy with


https://omics.pnl.gov/software/decontools-decon2ls

formulas of C.H,O,N,Nas. The number of nitrogen atoms per molecule was allowed to be
between 0 and 3. The number of sodium atoms was also allowed to be between 0 and 3. The
monosodium adduct was the most common ion peak in nearly all cases, but some adducts
corresponding to two sodium minus one hydrogen and even a few adducts corresponding to
three sodium minus two hydrogens were observed. Sodium adducts are commonly observed in
direct infusion electrospray ionization, and they can be formed during ionization within the

4546 But since it is unusual to have more than one sodium ion in the ions, we made

instrument.
sure that these peaks could not be explained by isotopes or possible impurities. We assume
that the intentional addition of NaNOs in some of our experiments enhanced the sodium

adduct formation.

Nitrogen was allowed in the assignments of the pure water and H,0,-containing samples, but
subsequent nitrogen-containing assignments for these trials were negligible. Elemental ratios
for assigning were constrained to 0 < O/C< 1.3 and 0.7 < H/C < 2.0 to ensure the assighment of

physically reasonable formulas.*’ 3

C isotopes and obvious impurities with anomalous mass
defects were not considered for the remainder of the analysis. Assigned peaks were then used
to check the internal calibration of the m/z axis. Peaks that were unassigned and peaks with
guestionable suggested formulas were re-assigned manually using a molecular formula

calculator (http://magnet.fsu.edu/~midas/). In the case of the samples containing ammonium

nitrate, it was possible for peaks to have been ionized by ammonium. Therefore, in these trials,
peaks containing nitrogen were examined individually to determine whether this was the case.
Since the majority of the peaks were ionized by sodium, only peaks with a large analogous
sodium ion adduct peak and an unusually high H/C ratio (from the 4 extra H-atoms in NH,")
were assumed to be ammonium ion adducts. Lastly, the formulas of the assigned ions were
converted to the neutral formulas by removing Na*, H*, or NH,", depending on the ionization
mechanism. Hereafter, all the identified compounds are presented and discussed as neutral

species with their corresponding masses.
RESULTS AND DISCUSSION

Effect of Aging on APIN SOA Mass Spectra


http://magnet.fsu.edu/~midas/

The presence of aqueous oxidants and salts in SOA extracts under irradiated and dark
conditions can be expected to foster different chemical pathways for SOA aging. In
experiments where only SOA is dissolved in pure water, photolysis and hydrolysis of SOA

compounds can occur in parallel:
1. SOA+ hv,H,0 — products

In the presence of hydrogen peroxide, there can be additional reactions between SOA and H,0,

or reactions driven by oxidation of SOA compounds with OH:

2. H,0,+ SOA - products
H,0, + hv - 20H
SOA + OH - products
Nitrate photolysis produces OH radicals and nitrating agents such as NO, which may react with
SOA to form nitrogen containing organic compounds (NOC),® so nitrate ions can influence the

products of photolytic SOA aging.

3. NO; + H,O0+hv - NO, NO,+OH + OH™
SOA+ NO, - NOC
SOA + OH - products
For solutions where ammonium salts are present, competing reactions between carbonyls and

48,49

ammonia can occur, generating reduced NOC, as well as various reactions catalyzed by

ammonia:l’*®

NH,*
4. SOA — products

Finally, the presence of salts changes the ionic strength of solutions, which can indirectly affect
reactions such as hydrolysis. The OH concentrations present in our solutions was very low, so

OH and other radical reactions will be neglected during our analysis. However, we will be



looking for evidence of the other processes in the mass spectra, as described below.
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Figure 1. HRMS spectra are shown for APIN SOA aged in nanopure water (a), and aqueous
solutions containing 0.01 mM H,0, (b), 0.15 mM NaNOs (c), and 0.15 mM NH4NO; (d) taken for
0 h, the dark control at 4 h, and the photolysis sample at 4 h. Peaks are normalized to the
highest peak in each spectrum. No significant peaks were observed above 500 Da, so this region
is not shown. NOC peaks are plotted in red, but difficult to see in the figure without

magnification. These peaks may more easily be seen in Figure S11.

Figure 1(a) shows the mass spectra of the original (unreacted) APIN SOA solution in water and
after 4 h in both the photolysis and dark experiments. Mass spectra obtained for the full time
series are shown in Figures S3-S10. Peaks are normalized to the highest peak in each spectrum.
The mass spectra are similar to previously reported APIN SOA ozonolysis spectra,24'36'50'53 for
example, the monomer (<300 Da, a single oxygenated APIN unit) and dimer regions (300 — 500
Da, two covalently-bound oxygenated APIN units) can be clearly discerned. C;oH1605 (MW 216),
C10H1604 (10-hydroxypinonic acid), and C;19H1603 (pinonic acid) appear as the most abundant
monomers. Ci9H3007 (MW 370) and C19H3003 (MW 386), which were identified as ester

compounds when observed in boreal forest field studies in Hyytial3, Finland,”* are the major



detected dimers.>®> A more detailed list of peaks of interest can be found in Table 3. Another
feature of Figure 1(a) is a reduction in the relative abundance of dimers as compared to
monomers with photolysis, but not in the dark condition, as observed previously in experiments
in pure water.”* This relationship may more easily be seen in Figure 2, which shows all

dimer/monomer ratios for the systems discussed.

Table 3. Some of the major compounds detected in the APIN SOA by mass spectrometry.
Photolyzable groups are shown in red, and hydrolyzable groups are shown in blue. Some of the
compounds have multiple suggested structures which have been included. Special emphasis is

placed on dimers, as they are of particular interest in this paper.

Observed Relative Compound Formulas and Suggested Structures Structure
Molecular | Abundance Reference
Weight (%)
(Da)
184 51 Pinonic Acid — C1oH1603 — Monomer >
o)
OH
o]

200 72 10-hydroxypinonic acid — C1gH1604 — Monomer >

0

HO OH
o}
216 100 C10H1605 — Monomer 2658
o}
O\
HO. _O OH
o)
0 OH 0
0 |
o) HO o)
338 29 Ci19H3005 — Dimer >9
HO OH 2\ oH
—0 OH

10



59

340 30 C13H2305 — Dimer
HO\O o
_0
356 40 C15H,307 — Dimer >4
_OH
(0] (@)
[Pranse
_0O
HO
358 16 C17H,¢0g — Dimer 60
OH
HO
(6]
7'/tjo
HO
368 28 C19H2307 — Dimer 60
HO, OH
(@)
(@] (o]
oot
370 60 C19H3007 — Dimer >4

o
\n/?\'//o
o) o0 O
HO OH
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Figure 2. Dimer/monomer ratios and Cy5/Cy ratios for APIN SOA (a) and HUM SOA (b),
respectively, are shown for 0 h, the dark control at 4 h, and photolysis at 4 h. Data are grouped
by aqueous aging conditions. Ratios are calculated by dividing the total dimer by the total
monomer peak abundance or the total C;5 by the total C,g peak abundance. These ratios are
analogous in the sense that monomer and C,q peaks both represent lower molecular weight
aging products in the performed experiments. Further explanation of C1g and Cy5 peaks is

provided in the section discussing the effect of aging on HUM SOA mass spectra.

Figure 1(b) shows the HRMS spectra acquired from the APIN SOA + H,0, experiment. The
spectra are qualitatively similar to those of APIN SOA in pure water (Figure 1(a)). Again, there is
a greater decrease in the dimer region of the spectra in the presence of H,0, than in the dark,
as shown in Figure 2. However, the relative abundance of dimers is actually larger in Figure 1b
(after irradiation of SOA with H,0,) than in Figure 1a with photolysis (after irradiation of SOA in
pure water).We theorize that this may be a result of the formation of peroxyhemiacetals from
reactions of H,0, and carbonyls present in the SOA.>® This would decrease the rate of decay as
the lifetimes of carbonyls ® have been estimated to be shorter than the lifetimes of peroxides®

at wavelengths above 300 nm, as are present in this study.
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The most interesting feature of Figure 1 is the effect of nitrate salts on APIN SOA aging in the
dark. Under these conditions, a large reduction in the relative abundance of dimers was
observed. This is a significant departure from the minor effect of dark reactions in the pure
water and H,0; conditions (also illustrated in Figure 2). The reduction in dimers in both the
photolysis and control conditions was much more significant in the presence of nitrates than in
the other conditions. One possible explanation for the observed dark chemistry is that
nucleophilic compounds, particularly oxyanions, have been shown to catalyze hydrolysis of
esters,® which are prevalent among dimers in APIN SOA. We compared the final mass spectra
of the photolysis and dark reactions with nitrate in hope of finding unique peaks attributable to
hydrolysis, but no systematic difference between peaks in irradiated and non-irradiated
solutions was observed. The hydrolysis reaction converts dimers to monomers, which are also

present in solution to begin with, making it hard to identify a signature of hydrolysis chemistry.

An additional aspect of the APIN + NH4;NOs experiment is that the dimer region in the t=0 panel
(Figure 1(d)) is already smaller than in the other experiments, even as compared to the
analogous APIN + NaNOs experiment (Figure 1(c)). This implies that there was a significant
reduction in dimers already in the short time between the ammonium nitrate being added and
the sample being analyzed by HRMS (about 10 minutes). Some of the reduction in the dimer
peak abundances may also be due to ionization suppression effects known to be caused by the
presence of salts in electrospray,®® but the further reduction in the dimer peaks following
hydrolysis and photolysis suggests that the ionization suppression effects cannot be solely

responsible for our observations.

Effect of Aging on HUM SOA Mass Spectra
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Figure 3. HRMS of HUM SOA aged in nanopure water (a), and aqueous solutions containing
0.01 mM H,0, (b), 0.15 mM NaNOs (c), and 0.15 mM NH4NOs (d) taken for O h, the dark control
at 4 h, and the photolysis sample at 4 h. Peaks are normalized to the highest peak in each
spectrum. NOC peaks are plotted in red, although these peaks all have % Relative Abundances

of less than 1 and cannot be readily seen. Data is replotted in Figure S12 to show these peaks.

Mass spectra of HUM SOA in pure water are shown in Figure 3(a). The majority of the peaks are
clustered around the C;s region that makes up the HUM carbon backbone. The largest peaks in
the spectra are shown in Table 4, and have formulas C;5H,40, where o ranges from 4 to 8, with
the most abundant compound in each spectrum being C;5H,407. For the HUM SOA, the first
generation ozonolysis products of HUM have vapor pressures sufficiently low to form particles,
and dimers are low in abundance.®® There are a few compounds in the Cypregion (clustered
around a mass of 200 Da) which have been reported in previous studies,>** and seem to be
common products of the fragmentation of HUM. The abundances of C,q peaks increase relative
to those of Cy5 peaks with photolysis, but there is no significant change in the overall C15/Cyg

peak ratio under dark conditions in water.

Table 4. The major compounds detected in the HUM SOA before aging. The only previously

identified HUM SOA compound structure is included.?
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Observed Molecular Relative Abundance Compound Formula
Weight (Da) (%)
268 36 Ci5H2404
O O
284 31 Ci5H2405
300 63 C15H2406
316 100 Ci15H2407
332 29 C15H240s

The effects of salts and H,O, were less prominent for HUM SOA than for APIN SOA. Figure 3(b)

and Figure 2 show that HUM SOA experiences carbon chain shortening from photolysis with

H,0,, as higher relative abundances of C;o compounds were observed after four hours of

photolysis with H,0,. This is qualitatively similar to the results for APIN SOA. Comparing the

pure water experiment (Figure 3a) with the HUM SOA + NaNOs experiment (Figure 3b), the

presence of NO3™ had little effect on the aging of the HUM SOA. This suggests that esters, which
are present in APIN SOA and may be hydrolyzed with nitrate, are not as abundant in HUM SOA.

There is a more dramatic decrease in the C45/Cqg ratio in the HUM SOA + NH,NO; condition

(Figure 2) but the final mass spectrum after four hours is not too different from the mass

spectra observed under other conditions.

Effect of Aging on Elemental Ratios
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Figure 4. Average values for the number of carbon atoms, O/C ratios, H/C ratios, and N/C ratios
are shown at each hour of the four-hour aging time of APIN SOA in nanopure water, 0.01 mM
H,0,, 0.15 mM NaNOs, and 0.15 mM NH4NOs. Open circles denote the dark control condition,

and closed circles denote the photolysis condition.
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Figure 5. Average values for the number of carbon atoms, O/C ratios, H/C ratios, and N/C ratios
are shown at each hour of the four-hour aging time of HUM SOA in nanopure water, 0.01 mM
H,0,, 0.15 mM NaNOs, and 0.15 mM NH4NOs. Open circles denote the dark control condition,

and closed circles denote the photolysis condition.

0/C, H/C, and N/C values are reported in Figures 4 (APIN SOA) and 5 (HUM SOA) as a function
of reaction time. Average carbon number is also reported in these figures to illustrate the
average molecular size at each time point. These average values were calculated from the

neutral molecular formulas using the equation shown below, where J; are the peak abundances:
(x) = = (x = #C, H/C, 0/C, N/C)

As elemental ratios are of great interest to the AMS community, we compared the O/C and H/C
ratios calculated from ESI-MS to those measured by the AMS when making the HUM SOA.
Generally, O/C ratios calculated from ESI-MS are expected to be similar to those calculated by
the AMS and have comparable accuracy.® In this study we found our O/C and H/C values to be
similar between the two instruments, though not exactly the same. The O/C ratio was about
0.40 when determined by ESI-MS and 0.37 when determined by AMS. The H/C ratios were 1.63
and 1.80 by ESI-MS and AMS, respectively. Considering that ESI-MS and AMS probe a different

subset of molecules in SOA, this represents a good level of agreement.

Figures 4 and 5 show that APIN SOA and HUM SOA contain molecules of similar average carbon
number (~Cis). This is due to the comparable abundance of monomers (Cy) and dimers (Cyp) in
the APIN SOA mass spectra and the predominance of monomers (Cys) in the HUM SOA mass
spectra. The average carbon number decreased under all irradiated conditions indicating that
APIN SOA dimers are degraded and HUM SOA C;5 compounds are converted to C;o compounds
with photolysis. Most of the samples aged in the dark did not exhibit a significant decrease in
carbon number with reaction time. Two exceptions are the APIN SOA control experiments
containing nitrate salts and the HUM SOA experiment containing ammonium. In these

experiments, the photolysis and control samples had similar decreases in average carbon
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number over the four hours, which agrees with the shift toward lower molecular weights

shown in these mass spectra in Figures 1 and 3.

Average O/C ratios reflect the extent of SOA oxidation, which is indirectly related to the
volatility of the SOA compounds. Within the uncertainty for the calculated O/C ratios they do
not change much with time, although subtle trends can be discerned. Previous studies of APIN
SOA reactions in pure water have shown average O/C ratios to increase slowly with photolysis

6667 and the same trends are observed here (Figure 4). In

and decrease with hydrolysis,
contrast, in presence of an aqueous oxidant, the average O/C ratio appears to increase for both
the photolysis and control conditions. We observed a decrease in O/C ratios for HUM SOA

photolysis and hydrolysis conditions in pure water (Figure 5), confirming results of our previous

work.?*

The same trend was observed in the presence of H,0,. However, in presence NaNO;
and NH4NOs, the average O/C ratio for the control conditions was approximately constant over
time. These subtle differences in the behavior of aqueous SOA in the presence of aqueous
oxidants versus in pure water shows that SOA aging in pure water does not fully represent the

chemistry occurring in ambient cloud droplets.

Finally, the average N/C ratios were also calculated to check for the evidence of NH,;" or NO5
driven chemistry leading to stable organonitrogen compounds. As pointed out above, the peak
abundances of NOC were small, typically below 2% of the highest peak and barely visible in
Figures 1 and 3. We replotted Figures 1 and 3 on a logarithmic scale as Figures S11 and S12 to
make it easier to see NOC peaks. NOC formed in the SOA + NaNOs3 systems under dark
conditions likely formed through reactions of NO;™ with epoxides in the SOA.>° SOA aged with
NH4NOs under dark conditions produced a slightly higher N/C ratio than SOA aged with NaNOs.
N/C ratios in APIN SOA + NH4NOs were found to be about 0.02, which agrees with the N/C ratio
determined by Laskin et al. (2014) when they aged APIN ozonolysis SOA in the presence of
gaseous ammonia.®® N/C ratios for HUM SOA were found to be lower, with magnitudes of the
order of 10™. The photolysis did not change the N/C ratio, however, it changed the mass
distribution of NOC. The NOC peaks in the photolysis condition have higher relative abundances

and appear at lower neutral masses than those in the control condition. It therefore seems
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likely that the NOC peaks in the photolysis conditions are products of photo-induced

decomposition of nitrogen-containing APIN SOA molecules.
CONCLUSION

Chemistry occurring in cloud and fog water is known to be an important aspect of SOA
formation and aging. These atmospheric waters contain small concentrations of oxidants and
inorganic salts, which may have various direct and indirect effects on aqueous reactions of SOA
compounds. This study analyzed the effect of atmospheric oxidants (H,0,) and inorganic salts
(NaNOs3 and NH4NOs) on the aging of aqueous SOA in the dark and under UV irradiation
conditions. Our initial expectation was that the added solutes would not do much under dark
conditions but would accelerate the photodegradation of dissolved SOA. However, we found
that the presence of nitrate ions efficiently reduced dimer abundance in APIN SOA without
photolysis, likely through catalysis of hydrolysis of dimeric esters. The unusual effect of nitrate
ions will be particularly important in urban areas where large amounts of NO, from cars lead to
significant amounts of NOs™ in the atmospheric waters (for example, in the Los Angeles area).
These results show that it is important to consider the presence of inorganic salts in cloud or

fog water when studying aqueous SOA aging, both in the dark and under irradiated conditions.
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