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Abstract. Organic aerosol is formed and transformed in at-
mospheric aqueous phases (e.g., cloud and fog droplets and
deliquesced airborne particles containing small amounts of
water) through a multitude of chemical reactions. Under-
standing these reactions is important for a predictive un-
derstanding of atmospheric aging of aerosols and their im-
pacts on climate, air quality, and human health. In this study,
we investigate the chemical evolution of aqueous secondary
organic aerosol (aqgSOA) formed during reactions of phe-
nolic compounds with two oxidants — the triplet excited
state of an aromatic carbonyl (3C*) and hydroxyl radical
(*OH). Changes in the molecular composition of agSOA as
a function of aging time are characterized using an offline
nanospray desorption electrospray ionization mass spectrom-
eter (nano-DESI MS) whereas the real-time evolution of
SOA mass, elemental ratios, and average carbon oxidation
state (OSc) are monitored using an online aerosol mass spec-
trometer (AMS). Our results indicate that oligomerization is
an important aqueous reaction pathway for phenols, espe-
cially during the initial stage of photooxidation equivalent
to ~2h irradiation under midday winter solstice sunlight
in Northern California. At later reaction times functional-
ization (i.e., adding polar oxygenated functional groups to
the molecule) and fragmentation (i.e., breaking of covalent
bonds) become more important processes, forming a large
variety of functionalized aromatic and open-ring products

with higher OS¢ values. Fragmentation reactions eventually
dominate the photochemical evolution of phenolic agSOA,
forming a large number of highly oxygenated ring-opening
molecules with carbon numbers (nc) below 6. The aver-
age nc of phenolic agSOA decreases while average OS¢ in-
creases over the course of photochemical aging. In addition,
the saturation vapor pressures (C*) of dozens of the most
abundant phenolic agSOA molecules are estimated. A wide
range of C* values is observed, varying from <10~ pjgm—3
for functionalized phenolic oligomers to >10pugm=2 for
small open-ring species. The detection of abundant ex-
tremely low-volatile organic compounds (ELVOC) indicates
that aqueous reactions of phenolic compounds are likely an
important source of ELVOC in the atmosphere.

1 Introduction

Secondary organic aerosol (SOA), which accounts for a ma-
jor fraction of fine particle mass in the atmosphere (Jimenez
et al., 2009; Zhang et al., 2007), is formed and transformed
through a multitude of chemical and physical processes (Er-
vens et al., 2011; Hallquist et al., 2009; Jimenez et al., 2009;
Ervens, 2015). The chemical transformation of SOA can be
described by three competing mechanisms — functionaliza-
tion, fragmentation, and oligomerization (Kroll and Seinfeld,
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2008; Kroll et al., 2009). Functionalization adds polar oxy-
genated functional groups to a molecule and generally de-
creases its volatility; fragmentation breaks covalent bonds in
a molecule and tends to increase its volatility; and oligomer-
ization combines two or more molecules through covalent
bonds, producing a larger molecule with substantially lower
volatility. While these pathways occur in parallel, oxida-
tive fragmentation usually becomes more important over the
course of atmospheric aging, leading to the formation of in-
creasingly more oxidized organic aerosol as well as volatile
molecules that are lost from the particles. Analyses of ambi-
ent aerosol data sets acquired worldwide with aerosol mass
spectrometers (AMSs) have indeed shown that less oxidized,
semi-volatile oxygenated organic aerosol (SV-OOA) gener-
ally evolves into highly oxidized, low-volatility oxygenated
organic aerosol (LV-OOA) during atmospheric aging (Ng et
al., 2010; Morgan et al., 2010).

The aging of organic aerosol has been investigated in a
number of laboratory and field studies (e.g., Kroll and Sein-
feld, 2008; Jimenez et al., 2009; Renard et al., 2015; Morgan
et al., 2010). While most of the studies have so far focused
on gas-phase photochemical processes, aqueous reactions are
also ubiquitous and can influence aerosol composition and
properties significantly (e.g., Blando and Turpin, 2000; Lim
etal., 2010; Ervens et al., 2011; Hennigan et al., 2012; Altieri
et al., 2012; Zhang and Anastasio, 2003; Lee et al., 2012; Ge
etal., 2012; Ervens, 2015). Understanding the formation and
transformation of SOA through aqueous reactions is there-
fore important for elucidating the atmospheric evolution of
particles and modeling their impacts on climate and human
health.

In this work we examine the aqueous reactions of phe-
nols, which are a family of lignin-derived compounds emit-
ted in large quantities from biomass burning (Hawthorne et
al., 1989; Schauer et al., 2001). Oxidation of aromatic hydro-
carbons in anthropogenic emissions can also lead to the for-
mation of phenols (Graber and Rudich, 2006). Studies have
shown that volatile phenols and benzenediols are rapidly ox-
idized by hydroxyl radical (*OH), nitrate radical (NO3), and
excited triplet states (3C*) of aromatic carbonyls in the aque-
ous phase (Herrmann, 2003; Anastasio et al., 1997), forming
agSOA (i.e., low-volatility species formed via aqueous reac-
tions of volatile precursors) with high mass yields (Smith et
al., 2014, 2015; Sun et al., 2010). The lifetimes of phenols
with respect to 3C* and *OH reactions in atmospheric fog
and cloud water are on the order of minutes to hours during
daytime (Smith et al., 2014), which is of the same order as
the gas-phase oxidation of phenols (i.e., hours) (Feigenbrugel
et al., 2004). Furthermore, recent studies in our group have
shown that the agSOA of phenols are highly oxidized, with
average atomic oxygen-to-carbon (O / C) ratios of ~1 and
are comprised of a large number of water-soluble molecules
with polar functional groups including carbonyl, carboxyl,
and hydroxyl groups (Sun et al., 2010; Yu et al., 2014;
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George et al., 2015). This is an indication that phenolic ag-
SOA can influence the hygroscopicity of ambient particles
and thus their cloud formation potential. In addition, pheno-
lic agSOA shows enhanced light absorption in the UV-visible
region compared to their precursors (Chang and Thompson,
2010; Yu et al., 2014), which suggests that they are likely
an important component of brown carbon in the atmosphere
(Laskin et al., 2015; Andreae and Gelencsér, 2006), espe-
cially in regions influenced by biomass burning emissions.
Despite this, little is known about how the chemical compo-
sition and physical properties of phenolic agSOA evolve as a
function of photochemical age in the atmosphere.

We investigate the chemical evolution of agSOA formed
from the three basic structures of phenols (phenol, guaiacol,
and syringol) during reactions with two major aqueous-phase
oxidants — 3C* and *OH. Note that we use the generic term
“phenol” in this paper to refer to all phenolic compounds and
the abbreviations PhOH, GUA, and SYR to specifically refer
to phenol (CgHpO), guaiacol (C7HgO2; 2-methoxyphenol),
and syringol (CgH1003; 2,6-dimethoxyphenol), respectively
(see their structures in Table 1). The photochemical evo-
lution of agSOA mass and bulk composition is monitored
using an Aerodyne high-resolution (~5000m /Am) time-
of-flight aerosol mass spectrometer (HR-ToF-AMS, here-
inafter referred to as AMS), while the molecular transfor-
mations of phenolic agSOA are characterized using high-
resolution (~ 100000 m /Am at m/z = 400) nanospray des-
orption electrospray ionization mass spectrometry (nano-
DESI MS) (Roach et al., 2010a, b). We examine the rela-
tionships between the average carbon oxidation state (OSc;
Kroll et al., 2011) and number of carbon atoms (nc) for
agqSOA molecules observed during three different stages of
aging to gain insights into the photochemical evolutions of
phenolic agSOA. In addition, the volatilities of the 50 most
abundant molecules are estimated for each sample and a
two-dimensional volatility basis set (2D-VBS) is used to de-
scribe the chemical evolution of phenolic agSOA based on
its volatility and O / C ratio (Donahue et al., 2012; Jimenez
et al., 2009).

2 Experimental methods
2.1 Photochemical experiments and chemical analysis

Aqueous oxidations were carried out using air-saturated so-
lutions in stirred 110 mL Pyrex tubes under simulated sun-
light illumination inside the RPR-200 photoreactor system
discussed in George et al. (2015). The initial solution con-
tained 100 uM of a single phenol (i.e., PhOH, GUA, or SYR)
and was adjusted to pH 5 using sulfuric acid. The initial con-
centration of phenol we chose is atmospheric relevant since
the concentration of phenols and substituted phenols in cloud
and fog waters were found to be in the range of 0.1-30 UM
(Anastasio et al., 1997; Sagebiel and Seiber, 1993) and in ar-
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eas impacted by wood burning (e.g., in Northern California
during wintertime), concentrations exceeding 100 UM was
predicted in fog waters (Anastasio et al., 1997). The pH of
5 is within the range of pH values observed in fog and cloud
waters (Collett et al., 1999). Aqueous SOA was formed and
evolved using two separate oxidants: (1) adding 100 uM hy-
drogen peroxide (HOOH) to the initial solution as a source of
*OH and (2) adding 5 uM 3,4-dimethoxybenzaldehyde (3,4-
DMB) as a source of 3C*. The 3,4-DMB was chosen to repre-
sent non-phenolic aromatic carbonyls, which are emitted in
large quantities from wood burning (Schauer et al., 2001),
exist nearly exclusively in condensed phases in the atmo-
sphere, and rapidly form 3C* that efficiently oxidizes phe-
nols (Anastasio et al., 1997). The concentrations of phenols
and 3,4-DMB are measured using a high-performance lig-
uid chromatograph (HPLC) with a UV-visible detector. De-
tails of the instrumentation and methodology are reported in
Smith et al. (2014). In addition, 10.0 mg L~ ammonium sul-
fate was added to each solution as an internal standard to
relate aerosol concentration (ug m—3) measured by AMS to
liquid concentration (mg L~1).

In order to compare the photochemical Kinetics in the
RPR-200 photoreactor system with that in the ambient, we
calculated the steady-state concentrations of *OH and the
rate constant for the formation of 3C* in the RPR-200 pho-
toreactor system. Detailed information is given in George et
al. (2015). For 3C* exposure, the rate of light absorption is
~ 7 times faster in the RPR-200 photoreactor system than
that in the midday winter solstice sunlight in Davis. The *OH
steady-state concentration in the RPR-200 photoreactor sys-
tem under the reaction condition is ~ 6.5 times higher than
the average fog water value, which is normalized to Davis
winter solstice sunlight. Thus, the lifetime of phenolic pre-
cursors is ~ 6.5 times longer in the ambient fog water than
that in RPR-200 photoreactor system.

Through the course of each experiment, a Shimadzu LC-
10AD HPLC pump was used to draw solution at a constant
flow rate (1.0 mL min—1) alternatively from three identical il-
luminated tubes (total volume =345 mL) and one dark con-
trol tube covered with aluminum foil. The solution was de-
livered to a Collison atomizer, where pressurized argon was
used to atomize the solution. The resulting aerosol was fully
dried using a diffusion dryer and then divided into two flows.
One aerosol flow was sampled and analyzed in real time by
AMS at 1 min time resolution and the other passed through
a Teflon filter to collect particles for offline analyses using
nano-DESI MS. Three filters were collected at different time
intervals over the course of each experiment; the sampling
interval for each filter is given in Table 1. For SYR and
GUA experiments, the illuminated solution was continuously
aerosolized and sampled until it was exhausted after ~6h.
Since PhOH is much less reactive than SYR and GUA, with
a 4-30 times longer half-life (z1,2) in aqueous phase (Smith
etal., 2014; Yu et al., 2014), we conducted the PhOH experi-
ments for a total of 2024 h by sampling the illuminated solu-
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tion at 50 % duty cycle (i.e., on and off every hour) during the
first 9-12 h and the last 2 h of the experiment. Sampling was
halted for ~10h while the solution was continuously illu-
minated. Details of AMS and nano-DESI MS measurements
are given in Yu et al. (2014) and included in the Supplement.
During each experiment, aliquots of the illuminated solution
were also collected at defined time intervals and analyzed of-
fline using an HPLC equipped with a UV-visible detector to
monitor phenol concentrations.

2.2 Determination of phenol reaction rates and agSOA
formation rates

The initial rates of aqSOA formation and phenolic precursor
decay were determined using an appropriate fit performed
with Igor Pro 6.36 (Wavemetrics, Portland, OR, USA). The
measured apparent first-order rate constant for phenol loss
(kq) was determined using an exponential decay fit to Eq. (1):

[ArOH], /[ArOH]g = exp(—kqt), (D)

where [ArOH], and [ArOH]o are the measured concentra-
tions of phenol at times ¢ and 0, respectively. The initial de-
struction rate (i.e., at # = 0) of phenol was therefore calcu-
lated as Ry = kg x [ArOH]p.

The apparent formation rate constant of phenolic agSOA
(kf) was determined by fitting a three-parameter exponential
rise to a maximum equation to the experimental data (Zhang
and Anastasio, 2003):

[agSOA] = a — bexp(—kst), 2

where [agSOA] is the concentration of agSOA at time ¢, and
a, b, and ks are fitted parameters. The apparent initial forma-
tion rate of agSOA was calculated as Rf = b x ks.

2.3 Determination of aqgSOA elemental ratios, OS¢,
and nc

The average atomic ratios of oxygen-to-carbon (O /C) and
hydrogen-to-carbon (H / C) in bulk agSOA were determined
using AMS mass spectra (Aiken et al., 2008) as well as nano-
DESI MS data (Bateman et al., 2012). Since we used argon as
a carrier gas and removed physically bonded water molecules
from the particles, we were able to determine the abundances
of CO™ and H,O-related ions (i.e., H, O™, HO™, and O™) in
the spectra of phenolic agSOA directly (Yu et al., 2014; Sun
et al., 2009). Thus, the O /C and H / C of aqgSOA were de-
termined without assuming relationships among CO*, H,O
and co; Since the phenolic agSOA studied here consist of
only C, H, and O and the amount of peroxide groups was
found to be negligible according to nano-DESI MS analysis,
the average OS¢ is equal to 2x O /C —H /C (Kroll et al.,
2011). According to Aiken et al. (2008), the average errors
in the O /C and H / C values measured by the AMS are 31
and 10 %, respectively. The propagated error in OS¢ is esti-
mated at 33 %.

www.atmos-chem-phys.net/16/4511/2016/
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The molecular formulas of hundreds of individual agSOA
species were derived from nano-DESI MS acquired in the
negative ion mode. The average O /C, H/C, and number
of carbon atoms (nc) in a given agSOA sample were sub-
sequently calculated by averaging across the individual val-
ues of each species weighted by the corresponding ion abun-
dances in nano-DESI MS (Bateman et al., 2012). Compar-
isons of the average O/ C, H/C, and OS¢ of agSOA de-
termined by AMS and nano-DESI MS are discussed in Ap-
pendix A.

2.4 Estimation of volatilities of agSOA molecules

Based on the negative ion mode nano-DESI MS, we identi-
fied the 50 most abundant phenolic agSOA molecules in each
sample and estimated their volatilities. The molecular struc-
ture of each compound was proposed based on its molecu-
lar formula, double bond equivalent (DBE =C — H/2 + 1),
and chemical reasonability of the structure. The vapor pres-
sures of the compounds at 298.15 K were subsequently esti-
mated based on the Nannoolal vapor pressure and extrapo-
lation method (Nannoolal et al., 2008, 2004) using the pre-
dictor available at http://www.aim.env.uea.ac.uk/aim/ddbst/
pcalc_main.php.

3 Results and discussion

3.1 Photochemical evolution of agSOA mass and
elemental compositions

Figure 1 provides an overview of the dynamics of phenol
decay, aqgSOA formation, and the evolution of agSOA bulk
composition (i.e., O/C, H/C, and OSc) during each ex-
periment. The reactions appear to follow first-order kinet-
ics reasonably well (Fig. 1a—c) and the fitted rate constants
and initial reaction rates are given in Table 2. Among all
reactions, SYR + 3C* is the fastest (kg =2.0h~! and Ry =
30mg SYRL-1h=!, Table 2) and produces agSOA at the
highest rate (kf =1.1h~! and R =16 mg agSOAL~1h™1).
PhOH is much less reactive than SYR and forms agSOA at
initial rates more than 10 times slower. However, the slow re-
actions of PhOH allow the precursor to last longer and form
agSOA with higher overall yields (Fig. 1c). For instance, the
aqSOA yields from SYR peak at 80-100 % after 3—4 h of re-
actions (Fig. 1a) while PhOH continues to produce agSOA
beyond 20 h of illumination with maximum yields reaching
140 % (Fig. 1c). In a similar vein, under our conditions 3C*
generally forms aqgSOA more quickly than *OH from oxi-
dation of phenols (Table 2), although the increase in agSOA
mass tends to persist longer in ®*OH-mediated reactions.

As shown in Fig. 1d-I, the chemical composition of ag-
SOA evolves continuously throughout the course of photo-
chemical aging. Note that H /C, O / C, and OS¢ are not re-
ported for the beginning 10-15 min of the reactions because
the agSOA masses are low here, making the elemental ra-
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tios highly uncertain. Highly oxidized agSOA species are
formed immediately after the reactions start and the average
O/ C of agSOA are 0.26-0.49 higher than the correspond-
ing precursors after only 10-15min of reactions (Fig. 1d—
f). The quick formation of agSOA is probably due to fast
oligomerization coupled with addition of oxygenated func-
tional groups. Indeed, previous studies have shown that phe-
nolic aqgSOAs present after illumination for one half-life
(t1/2), which varies between ~20min for SYR +3C* and
~ 6 h for PhOH reactions (Fig. 1a—c), are mainly composed
of dimer, higher oligomers, and aromatic derivatives with a
variety of oxygenated functional groups (Sun et al., 2010;
Yu et al., 2014; George et al., 2015). The H/C values of
agSOA are also higher than those of the precursors (Fig. 19—
i), suggesting hydrogen incorporation mechanisms which in-
clude electrophilic addition of the *OH radical to the double
bonds and electrophilic aromatic substitution reactions to at-
tach more hydrogen-rich functional groups such as —OCHs;
or —C(=0)CHjs to the benzene ring. This hypothesis is con-
sistent with the results that the H / C of agSOA is generally
higher in *OH-mediated reactions compared to 3C* reactions
for the same precursor (Fig. 1g—i) and that *OH-mediated re-
actions favor the open-ring process (Yu et al., 2014).

The O/ C and OS¢ of agSOA increase throughout the re-
actions (Fig. 1d—f and j-I), indicating the formation of in-
creasingly more oxidized products over time. It is interesting
to note that for the reactions of SYR with 3C* and *OH, the
precursor is exhausted after 2.5-4 h of illumination (Fig. 1a)
and a slow decay of agSOA occurs shortly afterwards. By
performing an exponential decay fit to the agSOA curve be-
tween 3.1 and 5.9h, the lifetime of SYR agSOA initiated
with 3C* is estimated to be ~ 5.3 h. Note that the actual life-
time of agSOA is likely somewhat shorter since 3,4-DMB
was photochemically transformed during our experiment, al-
though at a much slower rate. For example, measurements
of 3,4-DMB concentration indicate that ~ 70 % of the origi-
nal amount reacted after ~ 6 h of illumination (Fig. S1 in the
Supplement) and the products could include low-volatility
species. In addition since the initial concentration of 3,4-
DMB is 20 times lower than that of the phenol precursor in
our experiments, 3,4-DMB can only be a minor contributor
to the observed agSOA.

Unlike SYR, neither GUA nor PhOH is fully depleted
throughout the experiments, and no plateau or decrease of ag-
SOA mass is observed (Fig. 1b and c¢). These results suggest
that the overall rate of fragmentation reactions, which can
convert some agqSOA species into semi-volatile and volatile
molecules, is dependent on agSOA concentration and that the
production of phenolic agSOA due to functionalization and
oligomerization outweighs the loss of agSOA due to frag-
mentation before the precursors are consumed.

Atmos. Chem. Phys., 16, 4511-4527, 2016
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Figure 1. Evolution of (a—c) concentration of phenol precursors (left axes) and agSOA mass (right axes) normalized by the initial concen-
tration of precursor, (d-f) O / C of agSOA, (g-i) H/ C of agSOA, and (j—I) OS¢ of agSOA as a function of reaction time during individual
experiments. The agSOA mass and elemental ratios are determined from AMS data and precursor concentrations are measured by HPLC. In
panels (a—c), phenol precursors are represented by solid and open triangles and agSOA by solid and open circles. The two different oxidants
are represented by the symbols shown in the legend on the top of the figure. The lines in panels (a—c) represent the regression fits to each set
of experimental data and the fit parameters are summarized in Table 2. The O /C, H/C, and OS¢ values of individual phenolic precursors
are indicated by the arrows in panels (d-I). The three reaction periods (P1-P3) for which filter samples were collected for nano-DESI MS
analyses are marked in panels (j—I).

Table 2. Summary of the kinetics of the destructions of phenolic precursors and formation of agSOA during simulated sunlight illumination.
The error range calculation is based on the 95 % confidential interval.

SYR GUA PhOH

*OH 3c* *OH 3c>|< *OH 3c*
Rate constant of phenol 0.80+0.2 20+0.0 0.40+0.08 0.97+0.17 0.05+0.02 0.090+0.019
decay kg (h™1)
Initial decay rate of phenol 12+3.0 30+0.6 41+081 10+1.8 0.50+0.19 0.91+0.19
Ry (mgL~th~1
Rate constant of agSOA 0.82+0.03 1.140.03 0.084+0.01 0.514+0.01 0.0152 0.0182
formation k¢ (h—1)
Initial formation rate of 144053 1640.44 1.64+020 4.14+0.08 0.652 0.822

agSOA Rf (mgL~1h~1)

2 The fitted value has very large uncertainty.
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3.2 Molecular transformation during photochemical
aging

In order to gain further insights into the reaction mechanisms
of phenolic agSOA formation and aging, we used nano-DESI
MS to investigate the molecular compositions of the agSOA
samples for each of the six phenol/oxidant combinations,
with three samples collected over defined time intervals dur-
ing each experiment. Figure 2 shows the negative ion mode
nano-DESI mass spectra of these samples from which we
calculate the signal-weighted average molecular formula for
each sample. Table 1 summarizes the chemical characteris-
tics of phenolic agSOA during the different reaction stages.
In addition, the molecular information of the 10 most abun-
dant compounds in each agSOA sample identified in the neg-
ative ion mode nano-DESI mass spectra are shown in Ta-
bles 3 and S1-S5.

Phenolic dimers and higher oligomers are detected in ag-
SOA from all stages of reactions, but these molecules be-
come relatively less abundant at longer reaction times. This
trend is seen more clearly in Fig. S2, where the signal-
weighted distributions of SYR, GUA, and PhOH agqSOA
formed during different stages of photoreactions are shown
based on the degree of oligomerization. There is a gen-
eral trend that amounts of dimer, higher oligomers, and re-
lated derivatives decrease with reaction time, while oxy-
genated monomeric derivatives and open-ring species are
significantly enhanced (Fig. 2). For example, as shown in
Fig. 2a and b, SYR dimer (C15H1304; molecular weight
(MW) = 306.1) is the most abundant species during the first
2h of reaction but is absent in stages P2 (2-4h) and P3
(4-6h). In the meantime, the relative abundances of func-
tionalized dimer molecules (e.g., C15H1609; MW = 340.1)
and an open-ring species of SYR dimer (e.g., C15H1807;
MW = 310.1) show significant enhancements during P2 and
P3, indicating that aqueous reactions both form and trans-
form SYR oligomers. Similar behavior for the oligomeric
products are also observed in the reactions of GUA and
PhOH (Fig. 2b—f; Tables S1-S5), emphasizing the important
role of oligomerization in forming phenolic agSOA. Dur-
ing later stages of the reactions, the relative abundances of
smaller, more oxidized agSOA molecules, especially those
with MW less than 200 Da and O /C>0.8, increase sub-
stantially (Fig. 2), indicating that fragmentation reactions be-
come more dominant over the course of photochemical ag-
ing. Indeed, as shown in Table 1, the average carbon number
(nc) of agSOA generally decreases as a result of photochem-
ical aging. For example, during the reaction of SYR +3C*
(Fig. 2a), the average molecular formula of the aqgSOA
formed between 0 and 2h is C14.1H14.20g2 (MW =314.7).
Upon further illumination, from 2 to 4 h, the average n¢c and
MW decrease to 11.4 and 273.5 Da, respectively, correspond-
ing to an average molecular formula of C114H11 807.8. For
the last reaction stage of illumination (4-6 h), the average nc
and MW continue to decrease and the average molecular for-

www.atmos-chem-phys.net/16/4511/2016/

mula becomes Cy9.gH11.4075 (average MW = 261.1; Table 1
and Fig. 2).

The molecular information of the 10 most abundant com-
pounds in SYR+3C* aqSOA identified in the positive ion
mode nano-DESI mass spectra is shown in Table S6. Note
that the positive ion mode nano-DESI MS results give sim-
ilar molecular formulas for the dominant dimer and dimeric
derivatives as those detected under the negative ion mode
measurements. However, a number of open-ring species that
have high abundance in the negative nano-DESI mass spectra
are not detected among the top 10 most abundant products in
the positive ion mode nano-DESI spectra. This is likely due
to the fact that open-ring species, such as organic acids, are
more likely to deprotonate than protonate, and therefore they
are more likely to be detected through the negative ion mode
nano-DESI MS analysis.

A previous study suggests that oligomerization could po-
tentially occur during the electrospray ionization process
(Yasmeen et al., 2010). In this study, we analyzed the dark
control solutions using ESI-MS via direct infusion. Dimer
and higher oligomers are not identified in the ESI mass spec-
tra of dark control samples. In addition, tracer ions of dimer
and high oligomers are identified in AMS spectra of pheno-
lic agSOA as well (Yu et al., 2014). Thus, it is certain that
the phenolic oligomers observed in this study are generated
through aqueous photochemistry rather than being an artifact
of the ESI process.

3.2.1 Photochemical aging of phenolic agSOA in the
OSc-nc framework

The average carbon oxidation state, OS¢, has been proposed
as a metric for describing the chemistry of atmospheric or-
ganic aerosol and its relationship to nc reveals useful insights
into the chemical aging of OA (Kroll et al., 2011). We there-
fore examined the molecular compositions of agSOA in the
OSc vs. nc space during different stages of aging for each
sample based on results from the nano-DESI MS. Figure 3
shows an example of this for the agSOA molecules gener-
ated from the SYR +3C* reaction; the OS¢ vs. n¢ plots for
the other five experiments are shown in Figs. S3—-S7. These
figures show that the agSOA of phenols are composed of
molecules covering a wide range of nc and OS¢, some of
which overlap with regions corresponding to ambient LV-
OOA and SV-OO0A reported as Kroll et al. (2011). However,
there is very little overlap between agSOA and BBOA or
HOA in this space (Figs. 3 and S3-S7), despite the fact that
phenols are a major constituent in biomass burning emissions
(Schauer et al., 2001). This result is consistent with the fact
that primary and secondary organic aerosols are very differ-
ent chemically, especially in terms of oxidation degree. The
OSc-nc diagrams also illustrate that with increasing reac-
tion time, the abundance of highly oxidized small molecules
with nc <6 is significantly enhanced, while the abundance of

Atmos. Chem. Phys., 16, 4511-4527, 2016
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Figure 3. OS¢ and nc of molecules in SYR aqSOA formed dur-
ing different stages of 3C*-mediated reactions determined based
on (=) nano-DESI MS spectra. Signals are colored by the relative
abundance of the molecules. The black star at nc =8 represents
SYR. The shaded ovals indicate locations of different ambient or-
ganic aerosol classes reported in Kroll et al. (2011).

less oxidized, high molecular weight species with nc >18 is
significantly reduced.

Since each phenolic agSOA is composed of thousands
of product molecules, we examine the evolution pattern of
bulk agSOA by mapping the average OS¢ determined from
AMS with respect to the average nc from nano-DESI MS
for different stages of photoreactions (Fig. 4). There is a gen-
eral trend that photochemical aging converts phenolic agSOA
into smaller and more oxidized species and that the average
OSc and average nc of the agSOA of different precursors
appear to converge on the OSc—nc map as a result of ag-
ing. In addition, the average OS¢ values of phenolic agSOA
all fall within the range observed for ambient SOA, gener-
ally moving in the direction from SV-OOA toward LV-OOA.
Note that we observe good agreement between nano-DESI
MS and AMS for average OS¢ determination, as discussed
in Appendix A.

3.2.2 Photochemical aging of phenolic aqgSOA in the
O /C-H / C framework

The molecular transformation of phenolic agSOA can also be
examined in the O / C vs. H / C space using van Krevelen di-
agrams (Fig. 5). As illustrated by the SYR +3C* reaction, the

www.atmos-chem-phys.net/16/4511/2016/
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Figure 4. Average OS¢ and n¢ of phenolic agSOA formed during
different stages of 3C*- and ®*OH-mediated reactions. The OS¢ val-
ues were determined based on the AMS data and the nC based on
(-) nano-DESI MS data. The different phenolic and oxidant condi-
tions are represented by the symbols shown in the legend. The sym-
bol sizes increase with irradiation time. The shaded ovals indicate
regions of LV-OOA and SV-OOA reported in Kroll et al. (2011).

initial agSOA (0-2 h of photoreaction) is dominated by large
molecules (nc > 14) located in the lower part of the diagram
(lower O / C; Fig. 5a), while agSOA in the last time interval
(4-6h) is dominated by highly oxidized open-ring species
(nc <6), with most signal located in the upper part of the di-
agram (higher O / C). Based on nc and DBE, these highly
oxidized small molecules are likely carboxylic acids formed
from the oxidation and fragmentation of larger molecules
(Table 3). These results indicate that longer aging leads to
more oxidation, functionalization, and fragmentation. Frag-
mentation eventually gains importance over functionaliza-
tion, forming a large number of highly oxidized open-ring
species (nc < 6) by the final time. This is also consistent with
AMS results, which show quick formation of agSOA due to
oligomerization and functionalization, followed by fragmen-
tation, and a general decrease in agSOA mass, at later times
(see Sect. 3.1). These results are consistent with previous
findings that the higher MW oligomeric SOA compounds are
subjected to photodegradation via photolysis (Romonosky et
al., 2015; Lee et al., 2014).

3.3 \Volatility distribution and transformation with
photochemical aging

Since the chemical composition of agSOA evolves with
photochemical aging, we also investigated how these trans-
formations affect the volatility of phenolic agSOA. Satu-
ration concentrations (C*, pgm—3) were estimated for the
50 most abundant agSOA species in each phenol/oxidant
combination, as shown in Fig. 5 in an O/ C vs. logip (C*,
Hgm—3) volatility basis set space (Pankow and Barsanti,
2009). The C* of these molecules vary by ~ 1023, rang-
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Figure 6. Evolution profiles of phenolic agSOA in (a) the f44 Vs. f43 space and (b) the H / C vs. O / C space based on AMS measurements.
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ing from < 102 pugm=3 (e.g., functionalized phenolic
oligomers) to >10ugm~2 (e.g., highly oxygenated open-
ring species with nc <6). The volatility distribution clearly
changes during photochemical aging. For example, SYR ag-
SOA formed at the initial stage is dominated by the dimer
and oxygenated derivatives with C* values corresponding to
the low-volatility (C* = 3.2 x 107#-0.32 ugm—3; Donahue
et al., 2012) and extremely low-volatile organic compounds
(ELVOC; C*<3.2 x 10~*pgm—3; Donahue et al., 2012) re-
gions. After ~ 4 h of illumination, the number and abundance
of intermediate-volatility (C* =320-3.2 x 10 ugm~—2; Don-
ahue et al., 2012) and semi-volatile (C* = 0.32-320 ugm~3;
Donahue et al., 2012) highly oxygenated open-ring species
(nc <6) are significantly enhanced. However, some of the
high nc compounds, such as dimeric derivative C15H160g,
which is classified as an ELVOC according to C*, still re-
main in large abundance at the later stage. This is consistent
with AMS results, which show that although photochemi-
cal aging leads to a slight decrease of SYR agSOA mass
after the precursor is consumed, significant amount of ag-
SOA mass still remain after illumination equivalent to sev-
eral days of tropospheric aging (more details are discussed
in Sect. 3.1). These results suggest that the photochemical
aging increases the volatility of agSOA by forming a large
number of intermediate-volatile and semi-volatile open-ring
species (nc < 6), while a number compounds with extremely
low volatility are relatively recalcitrant.
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4 Conclusions and atmospheric implications

In this study, we investigated the molecular transformations
of phenolic aqueous SOA during oxidative aging. Overall,
aqueous reactions of phenols form highly oxidized agSOA
at fast rates and agSOA becomes increasingly oxidized dur-
ing continued oxidative processing. In order to compare our
results with atmospheric observations, in Fig. 6a we map
the aqueous aging of phenolic agSOA on the f4 (ratio of
ion signal at m/z =44 to total organic signal in the mass
spectrum) vs. fa3 (defined similarly) space. Ng et al. (2010)
used the faa vs. faz space (“triangle plot”) to present the
OA factors from PMF analysis of 43 northern hemispheric
AMS data sets of organic aerosol. In the triangle plot, the
less aged SV-OOA generally occupies the broader base of
the triangle (likely due to the variable composition of fresher
SOA formed from site-specific precursors and sources) and
the highly oxidized, more atmospherically aged L\-OOA oc-
cupies the narrowing top region of the triangle. Our results
show that aqueous reactions of phenols produce highly ox-
idized species with fs4 values close to ambient LV-OOA
but lower f43 (Fig. 6a). The evolution pathways of pheno-
lic agSOA formed under the different reaction conditions all
move upward in this space and have a tendency to converge
towards the peak of the triangle. These results are consis-
tent with previous findings that ambient oxidation eventually
leads to the formation of OOA with similar chemical com-
position regardless of the source (Ng et al., 2010). Figure 6b
shows the van Krevelen diagram of the average elemental ra-
tios of phenolic agSOA measured by AMS for the 3C*- and
*OH-mediated reactions. The O /C and H / C ratios of phe-
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nolic agSOA appear to evolve nearly horizontally on the van
Krevelen diagram space, suggesting that hydroxylation is a
dominant reaction pathway during the aging process. This
conclusion is consistent with nano-DESI MS results, which
demonstrate the presence of a wide range of abundant hy-
droxylated molecules in phenolic agSOA.

Overall, our results demonstrate that photochemical ag-
ing significantly transforms the chemical composition and
volatility distribution of phenolic agSOA. Based on the bulk
and molecular results, phenolic agSOA evolves dynami-
cally during photochemical aging, with different reaction
pathways (oligomerization, fragmentation, and functional-
ization) leading to different generations of products that
span an enormous range in volatilities and a large range in
oxidation state and composition. Yee et al. (2013) investi-
gated the photooxidation of phenols under low-NO, condi-
tion, and hydrogen peroxide was used as the *OH precur-

www.atmos-chem-phys.net/16/4511/2016/

sor. The major reaction pathways include demethoxylation
and open-ring process, and oligomer formation is not ob-
served in ®*OH-initiated oxidation of phenols in the gas phase
(Yee et al., 2013). The detection of a number of compound
with C* <3.2 x 10~ pg m—2 suggests that aqueous reactions
of phenolic compounds are likely an important source of
ELVOC in the atmosphere, especially in regions strongly
influenced by biomass burning emissions. While some of
these smaller, highly oxygenated species will be released
to the gas phase, even at the longest aging times the sam-
ples contain large, low-volatility derivatized oligomers that
are quite recalcitrant to fragmentation. The presence of pre-
sumably hygroscopic hydroxylated carboxylic acids suggests
these phenolic products might influence water uptake in par-
ticles downwind of biomass burning. It is unclear whether the
products we identified here might influence the health effects
of ambient particles.
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Appendix A: Comparisons between AMS and
nano-DESI MS for average aqSOA elemental
composition analysis

Figure Al compares the average O/C, H/C, and OS¢
values, and the changes of these quantities (i.e., AO/C,
AH /C, and AOSc) between different reactions stages, of
the 18 agSOA samples measured by the AMS vs. the values
from the nano-DESI MS. The average O / C and H / C deter-
mined from nano-DESI MS are systematically lower than the
values measured by AMS. Although the correlation between
the two instruments is relatively good (-2 = 0.58; Fig. Ala)
for O / C, itis generally poor for H / C (2 = 0.12; Fig. Alb).
In addition, AO / C and AOS¢ also appear to be systemati-
cally lower according to nano-DESI MS compared to AMS,
but the two sets of values arevery well correlated (2 = 0.84—
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0.89; Fig. A1d-f). These discrepancies likely arise from the
large differences between the AMS and the nano-DESI MS
methodology, in terms of sample analysis, data processing,
and the assumptions used for calculating the average elemen-
tal ratios. For example, the assumption of equal ionization ef-
ficiency for all molecules by the nano-DESI (Bateman et al.,
2012) may have limitations. In addition, molecules smaller
than 100 Da, most of which are highly oxidized, were out-
side of the operational mass range of nano-DESI MS. Nev-
ertheless, it is interesting to note that the OS¢ for phenolic
aqSOA determined by nano-DESI MS and AMS agree well
(r2 = 0.71, slope = 1.01; Fig. Alc). This agreement between
the two methods for average OS¢ determination suggests that
OSc is a more robust quantity for reporting average oxidation
of organic aerosols.
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Figure Al. Scatter plots that compare nano-DESI MS and AMS measurements of the average (a) O /C, (b) H/C, and (c) OS¢ of agSOA
formed during three different stages of photoreaction and (d) AO /C, (e) AH/C, and (f) AOSc between different stages. The A denotes
the difference between different reaction stages (i.e., P2-P1, P3-P2, P3-P1). All linear regressions were performed using orthogonal distance
regression (ODR) and the slopes (S), intercepts (7), and correlation coefficients (r2) are shown in the legends. Different experimental
conditions are represented by the symbols shown in the legend. The O /C, H/C, and OS¢ values shown here are also summarized in

Table 1.
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