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Abstract. Phenolic compounds, which are emitted in signif-

icant amounts from biomass burning, can undergo fast reac-

tions in atmospheric aqueous phases to form secondary or-

ganic aerosol (aqSOA). In this study, we investigate the reac-

tions of phenol (compound with formula C6H5OH)), guaia-

col (2-methoxyphenol), and syringol (2,6-dimethoxyphenol)

with two major aqueous-phase oxidants – the triplet excited

states of an aromatic carbonyl (3C∗) and hydroxyl radical

(·OH). We thoroughly characterize the low-volatility species

produced from these reactions and interpret their forma-

tion mechanisms using aerosol mass spectrometry (AMS),

nanospray desorption electrospray ionization mass spectrom-

etry (nano-DESI MS), and ion chromatography (IC). A large

number of oxygenated molecules are identified, including

oligomers containing up to six monomer units, functional-

ized monomer and oligomers with carbonyl, carboxyl, and

hydroxyl groups, and small organic acid anions (e.g., for-

mate, acetate, oxalate, and malate). The average atomic

oxygen-to-carbon (O /C) ratios of phenolic aqSOA are in

the range of 0.85–1.23, similar to those of low-volatility oxy-

genated organic aerosol (LV-OOA) observed in ambient air.

The aqSOA compositions are overall similar for the same

precursor, but the reactions mediated by 3C∗ are faster than

·OH-mediated reactions and produce more oligomers and

hydroxylated species at the point when 50 % of the pheno-

lic compound has reacted. Profiles determined using a ther-

modenuder indicate that the volatility of phenolic aqSOA is

influenced by both oligomer content and O /C ratio. In ad-

dition, the aqSOA shows enhanced light absorption in the

UV–visible region, suggesting that aqueous-phase reactions

of phenols may contribute to formation of secondary brown

carbon in the atmosphere, especially in regions influenced by

biomass burning.

1 Introduction

Secondary organic aerosol (SOA) is ubiquitous in the atmo-

sphere (Murphy et al., 2006; Zhang et al., 2007; Jimenez

et al., 2009) and plays an important role in climate, hu-

man health, and air quality. Thus, understanding the impacts

of SOA requires a thorough knowledge of the formation,

evolution, and composition of SOA. This knowledge, how-

ever, is still limited because atmospheric organic chemistry

is extremely complex. Numerous sources emit organic com-

pounds and organic aerosol is formed and transformed via

complicated chemical and physical processes in the atmo-

sphere (Kanakidou et al., 2005).

SOA formation can take place in both the gas and con-

densed phases. Much of the previous research on SOA has

mainly focused on gas-phase reactions of volatile organic

compounds (Hallquist et al., 2009). Recent work, however,

has shown that SOA can also be produced efficiently in

cloud and fog drops and water-containing aerosol (Blando

and Turpin, 2000; Lim et al., 2005; Altieri et al., 2006; Er-

vens et al., 2011). Understanding the characteristics of SOA
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formed from aqueous-phase reactions (aqSOA) is important

for properly representing its formation pathways in models

and for elucidating its climatic and health effects.

Phenols are important precursors of aqSOA because (1)

they are emitted in large quantities from biomass burning

(Hawthorne et al., 1989; Schauer et al., 2001); (2) they have

high Henry’s law constants and can partition significantly

into atmospheric aqueous phases (Sagebiel and Seiber, 1993;

Sander, 1999); and (3) they can undergo fast reactions with

hydroxyl radical (·OH) in aqueous phase and triplet ex-

cited states of organic compounds (3C∗) formed via light ab-

sorption by dissolved chromophores (Anastasio et al., 1997;

Canonica et al., 2000; Smith et al., 2014). In the aqueous

phase, ·OH is usually considered a dominant oxidant for

organics. However, a recent study by Smith et al. (2014)

showed that the destruction rates of phenols by 3C∗ are com-

parable to or faster than those by ·OH under typical ambi-

ent conditions in areas influenced by biomass burning. An

important source of 3C∗ in the atmosphere is non-phenolic

aromatic carbonyls – a group of compounds that are emitted

from wood combustion in significant amounts (Hawthorne et

al., 1992; Simoneit et al., 1999) and have been detected in

fog and cloud droplets (Leuenberger et al., 1985; Sagebiel

and Seiber, 1993). These compounds, once dissolved in wa-

ter, can absorb light to form 3C∗ and catalyze the oxidation of

phenols with little or no loss of the aromatic carbonyl (Anas-

tasio et al., 1997; Smith et al., 2014). This is an indication

that non-phenolic aromatic carbonyls, along with a number

of other organic compounds recently reported (Monge et al.,

2012; Aregahegn et al., 2013; Rossignol et al., 2014), can act

as photosensitizer to promote SOA formation in atmospheric

condensed phases.

According to recent studies, phenols react with ·OH and
3C∗ to form aqSOA with mass yields close to 100 % (Smith

et al., 2014), making reaction products that include small

organic acids, hydroxylated phenols, and oligomers (Sun et

al., 2010). However, since Sun et al. (2010) mainly used an

Aerodyne high-resolution time-of-flight aerosol mass spec-

trometer with an electron impact (EI) ionization source,

in which analyte molecules are generally extensively frag-

mented (Canagaratna et al., 2007), the molecular composi-

tion of the phenolic aqSOA was not sufficiently character-

ized. In addition, since Sun et al. (2010) examined phenol

reactions only with ·OH, almost nothing is known about the

chemistry of aqSOA formed from 3C∗ reactions.

In this study, we thoroughly characterize the aqueous re-

action products of phenols with 3C∗ produced from a non-

phenolic aromatic carbonyl and ·OH from hydrogen per-

oxide (HOOH) under simulated sunlight illumination. We

studied three basic structures of biomass-burning phenols –

phenol (C6H6O), guaiacol (C7H8O2; 2-methoxyphenol), and

syringol (C8H10O3; 2,6-dimethoxyphenol). We examine the

molecular and bulk compositions of low-volatility species

produced from these reactions and use this information to

interpret the formation pathways of phenolic aqSOA.

2 Experimental methods

2.1 Phenolic aqSOA samples

The aqSOA samples of phenol, guaiacol, and syringol were

prepared during simulated sunlight illumination under two

oxidant conditions: (1) via reaction with 3C∗ formed from

5 µmol L−1 3,4-dimethoxybenzaldehyde (3,4-DMB) and (2)

via reaction with ·OH generated from 100 µmol L−1 hydro-

gen peroxide (HOOH; Table 1). 3,4-DMB was chosen as

the photosensitizer in this study to represent non-phenolic

aromatic carbonyls, which are emitted in large quantities

from wood burning (Schauer et al., 2001), exist nearly ex-

clusively in condensed phases in the atmosphere, and rapidly

form 3C∗ that efficiently oxidizes phenols (Anastasio et al.,

1997). Details of the experiments are reported in Smith et

al. (2014) and a brief summary is given here. Initial so-

lutions were composed of air-saturated Milli-Q water (re-

sistance > 18 M�-cm; Millipore) containing 100 µmol L−1

of a single phenol and adjusted to pH= 5 using sulfuric

acid. Each solution was illuminated in an RPR-200 pho-

toreactor system (George et al., 2015) until approximately

half of the initial phenol was degraded (as monitored by a

high-performance liquid chromatograph (HPLC) with a UV–

visible detector). At that point, 12.0 mL of the illuminated

solution was placed in an aluminum cup and blown gently to

dryness with pure N2 at room temperature. Another aliquot

of the illuminated solution was flash frozen with liquid nitro-

gen and stored at−20 ◦C in the dark until analysis. Note that

the flash-frozen samples contain dissolved volatile species,

low-volatility species, and unreacted precursors, while the

blown-down samples are composed of only low-volatility

species. Indeed, HPLC analysis of the blown-down samples

detected negligible amounts of the initial phenols, indicating

that they were completely removed. In addition, all phenolic

precursors show first-order decay during photoreactions to a

time of one half-life (Smith et al., 2014), indicating that the

reaction intermediates or products are not acting as signifi-

cant photosensitizers. The phenol precursors themselves are

not effective photosensitizers since they have little or no light

absorption in the solar range (Smith et al., 2014). Dark con-

trol experiments, carried out under the same conditions ex-

cept in the dark, showed negligible loss of phenol and no for-

mation of aqSOA. In addition, no formation of aqSOA was

observed in control experiments in which 3,4-DMB was il-

luminated alone under the same conditions and the resulting

solution evaporated in the same way.

2.2 Analytical methods

2.2.1 Aerosol mass spectrometry (AMS) measurement

and data analysis

In this study, a high-resolution time-of-flight aerosol mass

spectrometer (Aerodyne Res. Inc., Billerica, MA; there-
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Table 1. Summary of the chemical characteristics of phenolic aqSOA formed under different experimental conditions.
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Sample information  AMS results  Nano-DESI MS results 
IC 

results 
TOC results 

Precursor Oxidant 
t1/2

a 

(min) 
 OM/OC O/C H/C OSC

b 
Ʃm/z 

≥ 80c 
(%) 

Dimerd 

(%)  
# of 

moleculese 
# of common 

molecules 

Organic 
acids 
(% of 
TOC)f 

 Dissolved 
volatile 

speciesg (%) 

Syringol  
(C8H10O3) 

 

3C* 16  2.29 0.85 1.66 0.04 13.3 -  1156 
883 

 
 
 
 
 
 

 149  

0.8 6.6 

•OH 45  2.27 0.86 1.64 0.08 12.3 -  998 0.7 5.9 

Guaiacol 
(C7H8O2) 

          

3C* 35  2.37 0.92 1.79 0.05 14.7 0.70  827 
643 

0.8 4.6 

•OH 160  2.72 1.18 1.85 0.51 9.8 0.15  871 2.2 2.7 

Phenol 
(C6H6O) 

 

3C* 480  2.63 1.11 1.70 0.52 8.8 0.51  721 
209 

2.1 2.8 

•OH 672  2.79 1.23 1.72 0.74 6.8 0.01  445 3.8 5.7 

 745 
a t1/2 is the time when approximately half of the phenolic precursor was reacted (as monitored by HPLC/UV-vis).  746 
b OSC indicates the oxidation state of the carbon atom (= 2 ⨉ O/C – H/C) 747 
c % of total ion signal at m/z ≥ 80 in the AMS spectra.  748 
d estimated based on the signal contribution of the molecular ions of the dimers in the AMS spectra and the NIST spectra. NIST 749 

spectrum of syringol dimer is not available. 750 
e total number of molecules identified in the (+) ion mode and (-) ion mode nano-DESI MS spectra. 751 
f % of organic carbon mass in aqSOA accounted for by the sum of 8 organic acids (formate, acetate, pyruvate, malate, oxalate, 752 

malonate, fumarate, and mealate).  753 
g   dissolved volatile species is calculated as the differences in TOC between flash-frozen and blown-down samples after correction for 754 

the mass of unreacted precursors.755 

OH
OCH3H3CO

OH
OCH3

OH

a t1/2 is the time when approximately half of the phenolic precursor had been reacted (as monitored by HPLC with a UV-vis detector.).

b OSC indicates the oxidation state of the carbon atom (= 2×O /C – H /C).
c % of total ion signal at m/z≥ 80 in the AMS spectra.
d estimated based on the signal contribution of the molecular ions of the dimers in the AMS spectra and the NIST spectra. NIST spectrum of syringol dimer is not available.
e total number of molecules identified in the (+) ion mode and (−) ion mode nano-DESI MS spectra.
f % of organic carbon mass in aqSOA accounted for by the sum of eight organic acids (formate, acetate, pyruvate, malate, oxalate, malonate, fumarate, and maleate).
g dissolved volatile species is calculated as the differences in TOC between flash-frozen and blown-down samples after correction for the mass of unreacted precursors.

inafter referred to as AMS) was used to characterize the

bulk chemical composition and elemental ratios of the low-

volatility substances in both blown-down and flash-frozen

samples. The working principles of the AMS have been dis-

cussed previously (DeCarlo et al., 2006; Canagaratna et al.,

2007). Briefly, the AMS analyzes non-refractory aerosols

that evaporate at ∼600 ◦C under high vacuum via 70 eV EI

mass spectrometry. In this study, the AMS was operated al-

ternatively between “V” and “W” ion optical modes (mass

resolutions of ∼3000 and ∼5000, respectively) to acquire

mass spectra up to m/z 500 and m/z 300, respectively. Prior

to AMS analysis, each blown-down sample was dissolved

in 6.0 mL Milli-Q water and the flash-frozen samples were

thawed overnight inside a refrigerator (∼4 ◦C). The liquid

samples were atomized in argon (industrial grade, 99.997 %)

using a constant output atomizer coupled with a diffusion

dryer and the resulting particles were analyzed by the AMS

downstream of a digitally controlled thermodenuder (TD)

(Fierz et al., 2007). The TD consists of a bypass line and

a heated line terminating in a section with activated car-

bon cloth. The temperature inside the heated line was pro-

grammed to cycle through seven different temperatures (25,

40, 65, 85, 100, 150, and 200 ◦C) every hour. An automated

three-way valve switched the sample flow between bypass

and TD modes every 5 min. By comparing the measurements

between these two modes, we can determine the volatil-

ity profiles of the aqSOA. Between every two sample runs,

Milli-Q water was atomized and analyzed as an analytical

blank.

The AMS data were analyzed using the AMS data

analysis software (SQUIRREL v1.12 and PIKA v1.53

downloaded from http://cires.colorado.edu/jimenez-group/

ToFAMSResources/ToFSoftware/). The W-mode data was

analyzed to determine the atomic ratios of oxygen-to-carbon

(O /C) and hydrogen-to-carbon (H /C) and the organic-

mass-to-organic-carbon ratio (OM /OC) of phenolic aqSOA

(Aiken et al., 2008). V-mode data were analyzed for infor-

mation of higher molecular weight ions withm/z > 300, such

as syringol dimer C16H18O+6 (m/z 306) and guaiacol trimer

C21H20O+6 (m/z 368). Note that accurately quantifying the

organic contributions to the H2O+, CO+, and CO+2 signals in

an ensemble mass spectrum is critical to the determination of

the O /C and H /C ratios of an organic aerosol (Aiken et al.,

2008; Sun et al., 2009; Collier and Zhang, 2013). Since Ar

was used as the carrier gas for atomization, N2 and CO2 did

not interfere with the quantification of the organic CO+ and

CO+2 signals. In terms of the H2O+ signal, contribution from

gaseous water molecules was negligible because the relative

humidity measured at the AMS inlet was very low (< 2 %).

In addition, since heating the aerosol to 40 ◦C prior to AMS

sampling led to almost no change in the relative intensities

of the H2O+ signal in the mass spectra of aqSOA (Fig. S1

in the Supplement), particles appeared to be completely dry.

The organic portion of the H2O+ signal was thus determined

as the difference between the measured H2O+ signal and the

sulfate-associated H2O+ signal estimated according to the

known fragmentation pattern of sulfates (Allan et al., 2004).

www.atmos-chem-phys.net/14/13801/2014/ Atmos. Chem. Phys., 14, 13801–13816, 2014
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2.2.2 Nanospray desorption electrospray ionization

mass spectrometry (nano-DESI MS)

measurement and data analysis

Prior to nano-DESI MS analysis, the blown-down samples

of phenolic aqSOA were dissolved in Milli-Q water, atom-

ized, and collected on Teflon membrane filters. The anal-

yses were performed using a high-resolution LTQ-Orbitrap

mass spectrometer (Thermo Electron, Bremen, Germany)

with a resolving power (m/1m) of 100 000 at m/z= 400.

The instrument is equipped with a nano-DESI source assem-

bled from two fused-silica capillaries (150 µm outer diam-

eter/50 µm inner diameter) (Roach et al., 2010b). Analyte

molecules extracted into the liquid bridge formed between

the two capillaries are transferred to a mass spectrometer in-

let and ionized by nanoelectrospray. The analysis was per-

formed under the following conditions: spray voltage of 3–5

kV, 0.5–1 mm distance from the tip of the nanospray cap-

illary to the 300 ◦C heated inlet of the LTQ-Orbitrap, and

0.3–0.9 µL min−1 flow rate of acetonitrile : water (1 : 1 vol-

ume) solvent. The instrument was calibrated using a standard

mixture of caffeine, MRFA (Met-Arg-Phe-Ala) peptide, and

Ultramark 1621 (Thermo Scientific, Inc.) for the positive ion

mode and a standard mixture containing sodium dodecyl sul-

fate, sodium taurocholate, and Ultramark 1621 (Thermo Sci-

entific, Inc.) for the negative ion mode. Both positive- and

negative-mode mass spectra were acquired using the Xcal-

ibur software (Thermo Electron, Inc.). To analyze a sample,

the nano-DESI probe was first placed on a clean area of the

filter to record the background signal for ∼3 min and then

positioned on the sample region to acquire data for an addi-

tional 4–5 min (Roach et al., 2010a).

Peaks with a S / N (signal-to-noise ratio) > 10 were se-

lected using the Decon2LS software developed at the Pacific

Northwest National Laboratory (PNNL) (Jaitly et al., 2009).

Further data processing was performed with Microsoft Ex-

cel using a set of built-in macros developed by Roach et

al. (2011). The background and sample peaks were aligned,

and the peaks corresponding to 13C isotopes were removed.

Only peaks in the sample spectra that are at least 10 times

bigger than the corresponding peaks in the background spec-

tra were retained for further analysis. Peaks were segre-

gated into different groups using the higher-order mass de-

fect transformation developed by Roach et al. (2011). Specif-

ically, the peaks were first grouped using a CH2-based trans-

formation and then an H2-based second-order transforma-

tion. Formula Calculator v. 1.1 (http://www.magnet.fsu.edu/

usershub/scientificdivisions/icr/icr_software.html) was then

used to assign the molecular formula to each group using the

following constraints: C≥ 0, H≥ 0, O≥ 0 for the negative

ion mode data and C≥ 0, H≥ 0, O≥ 0, Na≤ 1 for the posi-

tive ion mode data. Approximately 70 % of the peaks were

assigned with molecular formula within these constraints.

The formulas of neutral species were subsequently deter-

mined by removing the adduct ion (e.g., a proton or a sodium

ion) from the positive ions or by adding a proton to the neg-

ative ions.

Kendrick representation of high-resolution mass spectral

data can be used to search for potential oligomeric units

(Hughey et al., 2001). In this study, O-based Kendrick di-

agram was used to investigate the degree of hydroxylation.

The Kendrick mass (KM) and Kendrick mass defect (KMD)

are calculated using the following two equations:

KM= observed mass× 16/15.9949, (1)

KMD= NM−KM, (2)

where 16 is the nominal mass of O, 15.9949 is the exact mass

of the O, and NM is the KM rounded to the nearest integer.

Plotting KMD versus KM reveals homologous series of com-

pounds differing only by the number of base units which fall

on horizontal lines.

Double bond equivalent (DBE) indicates the number of

double bonds and rings in a closed-shell organic molecule

(Pellegrin, 1983). For a molecule with a nominal formula of

CxHyOz (where x, y, z denote the number of C, H, and O

atoms, respectively, in the molecule), DBE= 1− y / 2+ x.

2.2.3 Ion chromatography (IC) and total organic

carbon (TOC) analysis

Concentrations of inorganic/organic anions were measured

using an ion chromatograph (Metrohm 881 Compact IC Pro,

Switzerland) equipped with an autosampler, a Metrosep RP2

guard/3.6 column and a Metrosep A Supp15 250/4.0 col-

umn, and a conductivity detector. Details on the IC method

are given in Ge et al. (2014). Briefly, anions were eluted at

0.8 ml min−1 using an eluent of 5 mmol L−1 Na2CO3 and

0.3 mmol L−1 NaOH in water. This method can separate

and quantify nine organic anions (glycolate, formate, ac-

etate, pyruvate, oxalate, malate, malonate, maleate, and fu-

marate) and seven inorganic anions (F−, Cl−, NO−2 , Br−,

NO−3 , SO2−
4 and PO3−

4 ). The IC results were evaluated in

terms of reproducibilities of retention times and peak heights

and linearity of the calibration curves. Analysis of external

check standards, including a seven-anion standard mixture

(Dionex) and four individual standards (Metrohm), always

produced results that were within 10 % of certified values.

Relative differences for replicate analyses were within 3 %.

A Shimadzu TOC-VCPH analyzer was applied to measure

TOC in the aqSOA samples. The instrument uses a combus-

tion tube filled with oxidation catalyst to convert all carbon

atoms into CO2 at 720 ◦C under ultra-pure air and quanti-

fies the resulting CO2 using a non-dispersive infrared (NDIR)

analyzer. Prior to combustion, inorganic carbon species (car-

bonates/bicarbonates and dissolved CO2) is transformed into

CO2 by 25 % H3PO4, bubbled out, and determined by NDIR.

TOC is determined as the difference. The TOC analyzer was

calibrated using the standard solutions of NaHCO3, Na2CO3,

and potassium hydrogen phthalate (Sigma-Aldrich or Wako-

Atmos. Chem. Phys., 14, 13801–13816, 2014 www.atmos-chem-phys.net/14/13801/2014/
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Figure 1. The average O /C ratios of aqSOA formed from the reac-

tions of syringol (SYR), guaiacol (GUA), and phenol (PhOH) with
3C∗ and ·OH, respectively determined by AMS (blue bars) and the

average O /C of organic acids determined by IC (pink squares). The

distributions of the O /C of individual molecules in the aqSOA de-

termined by nano-DESI MS are shown in box plots, in which the

whiskers above and below the boxes indicate the 95th and 5th per-

centiles, the upper and lower boundaries of the boxes indicate the

75th and 25th percentiles, and the lines in the boxes indicate the

median values and the cross symbols indicate the mean values. The

O /C of the precursors are shown as black circles.

Japan,≥ 99.0 %). Results from external TOC check stan-

dards (Aqua Solutions) were always within 10 % of certified

values.

3 Results and discussion

3.1 Overview of the chemical characteristics of

phenolic aqSOA

The lifetime of phenols with respect to 3C∗ and ·OH reac-

tions in atmospheric fog and cloud water is on the order of

minutes to hours during daytime (Smith et al., 2014). Com-

pared to ·OH, 3C∗ reacts more quickly with phenols, but the

mass yields of aqSOA from both reactions are near 100 %

for phenol, guaiacol, and syringol (Smith et al., 2014). The

reaction rate comparisons in this manuscript are based on the

experimentally measured pseudo-first-order rate constants

for phenol loss (k′ArOH ), which are equal to the product of

the bimolecular rate constant and steady-state concentration

of oxidant: k′ArOH = kArOH+Oxidant [Oxidant] (Smith et al.,

2014). Based on bimolecular rate constants determined by

Smith et al. (in preparation), the steady-state concentrations

of ·OH and 3C∗ during this study are estimated at 10−16–

10−15 mol L−1 and at 10−14 mol L−1, respectively, which are

similar to the typical aqueous ·OH concentration in fog and

cloud waters (Anastasio and McGregor, 2001; Arakaki et al.,

2013) and the 3C∗ concentration measured in Davis fog wa-

ters (R. Kaur, unpublished results).

As shown in Fig. 1 and summarized in Table 1, the aqSOA

formed from all three phenols with both oxidants are highly

oxygenated, with average O /C ratios in the range of 0.85–

1.23 and average OM /OC in the range of 2.27–2.79. Based

on a comparison to the OM /OC of the precursors, the mass

yields of the aqSOA should be 142–214 %, assuming all

reacted phenols were converted into low-volatility species.

However, the measured values are 16–38 % lower, indicating

that approximately 16-38 % of the reacted phenols were con-

verted into volatile and semi-volatile species that evaporated

during illumination and/or drying. These results are consis-

tent with a previous study by Sun et al. (2010), where O /C

ratios of phenolic aqSOA formed from direct photodegrada-

tion and ·OH oxidation were in the range of 0.80–1.06. The

O /C of phenolic SOA from gas-phase ·OH oxidation are

also near unity (Chhabra et al., 2011; Yee et al., 2013). Due to

high oxygen contents, the OM /OC ratios of the aqSOA are

high (average= 2.27–2.79; Table 1). Note that the OM /OC

ratios determined by AMS agree well with those determined

based on aqSOA mass measured gravimetrically and organic

carbon mass measured by a TOC analyzer (Fig. S2 in the

Supplement). For the same oxidant, the O /C ratio of the

aqSOA formed at t1/2 follows the order: phenol > guaiacol

> syringol (Table 1). This trend is likely driven by precursor

reactivity, which determines how long the solution needed to

be illuminated to reach one half-life, and has the order: sy-

ringol > guaiacol > phenol. The reactivity differences among

the three precursors are likely due to the electron-donating

effect of the o-methoxy substituents, which may increase the

rate of electrophilic reactions on the benzene ring. Longer

illumination time increases the formation of highly oxy-

genated species and ring-opening species (nC < 6). For the

same reason, ·OH oxidation, which is slower than 3C∗ reac-

tion for the same phenol precursor, generally produces more

oxidized aqSOA at t1/2.

Figures S3 and S4 in the Supplement show the nano-DESI

MS spectra of the aqSOA of syringol, guaiacol, and phe-

nol formed from 3C∗ and ·OH reactions, respectively. Hun-

dreds of species were identified, all of which are oxygenated

with the median O /C ratios of the molecules varying from

0.33–0.55 in different aqSOA (Fig. 1). The signal-weighted

average O /C ratios (Bateman et al., 2012) of phenolic aq-

SOA are in the range of 0.31–0.65 according to the negative

ion mode nano-DESI results, which are systematically lower

than the average O /C of bulk aqSOA measured by the AMS

(Fig. 1). However, due to large differences between the AMS

and the nano-DESI methodology, in terms of sample analy-

sis, data processing, and assumptions used for average O /C

calculations, a direct comparison between these two sets of

O /C data should be cautioned.

Figure 2 shows the AMS spectra of different aqSOA

acquired after 50 % of the initial phenols had reacted

(i.e., at t1/2). A prominent feature of these spectra is that

CO+2 (m/z= 44), H2O+ (m/z= 18), and CO+ (m/z= 28)

are the largest peaks, similar to the spectral pattern of ful-

vic acid – a model compound representative of highly pro-

cessed and oxidized organic particulate matter and humic-

www.atmos-chem-phys.net/14/13801/2014/ Atmos. Chem. Phys., 14, 13801–13816, 2014
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Figure 2. AMS spectra of aqSOA formed from the reactions of (a–b) syringol (SYR), (c–d) guaiacol (GUA), and (e–f) phenol (PhOH) with
3C∗ and ·OH, respectively. The peaks are color-coded according to four ion categories: CxH+y , CxHyO+

1
, CxHyO+z , and HyO+

1
(x ≥ 1;

y ≥ 0; z≥ 2). The ion signals at m/z ≥ 80 are enhanced by a factor of 20 for clarity. The photoreaction time and the elemental ratios of the

aqSOA are shown in the legends. Scatter plots that compare the mass spectra of aqSOA formed from two different oxidants for all m/z’s (g,

i, k) and for m/z≥ 80 (h, j, l) were performed using the orthogonal distance regression (ODR). The linear regression slopes and correlation

coefficients are shown in the legends.

like substances (HULIS) (Zhang et al., 2005; Ofner et al.,

2011). The AMS spectra of syringol aqSOA formed from dif-

ferent oxidants are almost identical (Fig. 2), indicating sim-

ilar chemical compositions. Similarly, nano-DESI analysis

shows the formation of a large number of common species,

i.e., 883 species with common elemental composition (Ta-

ble 1), through the reactions of syringol with 3C∗ and ·OH,

which account for 76 and 88 %, respectively, of the total

number of molecules identified in the corresponding aqSOA.

A similar overlap of common species was observed for gua-

iacol aqSOA. However, the molecular compositions of phe-

nol aqSOA show a greater difference between the two ox-

idants (Table 1), which is consistent with the fact that the

AMS spectra of the two phenol aqSOA are largely different

atm/z≥ 80 (Fig. 2l). The more distinct compositional differ-

ences of phenol aqSOA between the ·OH and 3C∗ reactions

is probably due to the larger difference in reaction times (i.e.,

t1/2= 672 min vs. 480 min; Table 1). Detailed discussions on

the comparisons of aqSOA produced from the same precur-

sor but different oxidants are given in Sect. 3.3.

A total number of 149 common molecules were identi-

fied in all samples (Table 1). Figure 3 shows the van Krev-

elen diagram of these common molecules. A majority of

these molecules have molecular weight lower than 400 Da

and DBE < 12 (Fig. 3), indicating that they contain two or

Figure 3. (a) Van Krevelen diagram of common molecules iden-

tified in every phenolic aqSOA via nano-DESI MS analysis. Each

data point is colored by its DBE value. (b) A frequency histogram

of the molecular weight of these common molecules.

less aromatic rings and that they were likely produced from

ring-opening reactions. In addition, small carboxylate anions

were observed in all aqSOA samples, although they repre-

sent only a small fraction of the TOC (Table 1). It is inter-

esting to point out that the number of molecules observed

by nano-DESI decreases with increasing illumination time

across all three phenols, suggesting that increased aging sim-

plifies the products to a smaller set (Table 1). However, this

trend could also be related to ionization efficiency of differ-

ent types of phenolic aqSOA. For example, syringol aqSOA

has more methoxy groups, thus more easily ionized by nano-

DESI compared to phenol aqSOA.

Atmos. Chem. Phys., 14, 13801–13816, 2014 www.atmos-chem-phys.net/14/13801/2014/
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Table 2. Top 10 most abundant compounds in syringol SOA formed in 3C∗-mediated and ·OH-mediated reactions identified with (−)

nano-DESI MS.

∗ Molecular formula of top 10 most abundant compounds with their exact mass in the parenthesis.

Both flash-frozen (FF) and blown-down (BD) samples

were chemically characterized and show almost identical

AMS spectra (Fig. S5). We also found that the electrospray

ionization mass spectra of the aqueous solution of the blown-

down sample and the flash-frozen sample for the aqSOA

formed from syringol + 3C∗ are also overall similar. These

observations confirm that the non-volatile components of

these two sample types are chemically very similar, and the

blown-down procedure had relatively small influence on the

observed product distribution. Since FF samples contain dis-

solved volatile species which should have evaporated during

nebulization and drying, we estimated the amount of these

www.atmos-chem-phys.net/14/13801/2014/ Atmos. Chem. Phys., 14, 13801–13816, 2014
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Figure 4. Contributions of reactants (phenolic precursor and DMB)

and products (dissolved volatile species and aqSOA) to the solution

TOC after illumination to t1/2. TOC amounts are expressed relative

to the TOC in the initial solution prior to illumination (i.e., at t0).

species by examining the differences in the TOC concentra-

tions between FF and BD samples after correction for the

mass of unreacted precursors. Figure 4 shows the contribu-

tions of reactants (phenolic precursor and DMB) and prod-

ucts (dissolved volatile species and aqSOA) to the solution

TOC after illumination to t1/2. Dissolved volatile species

formed during photolysis represent a small fraction (2.7–

6.6 %; Table 1) of the total carbon originally present in the

reactants, consistent with the high mass yields of phenolic

aqSOA reported by Smith et al. (2014).

3.2 Insights into aqSOA formation mechanisms

In this section we synthesize the molecular composition and

bulk chemistry results and interpret the formation mecha-

nisms of phenolic aqSOA. A notable result is the large num-

ber of dimer and higher oligomers (up to hexamer) found

in the aqSOA. As shown in Figs. S3 and S4 in the Supple-

ment, the nano-DESI MS spectra of phenolic aqSOA contain

clearly distinguished regions corresponding to monomers,

dimers, trimers, tetramers, pentamers, and hexamers and

their oxidation products. We therefore determine the distri-

butions of phenolic aqSOA species based on the degree of

oligomerization by summing signals in each region (Fig. 5).

Oligomers and related derivative species clearly account for

a significant fraction (24.2–92.6 %) of the total signals in

the nano-DESI spectra of all phenolic aqSOA. Substituted

monomers and ring-opening species (nC < 6) are also present

in all aqSOA and they are particularly abundant in that of

phenol + ·OH.

Table 2 lists the 10 most abundant compounds identi-

fied in the aqSOA of syringol formed through reaction with

·OH or 3C∗. Among them, seven are common species, in-

cluding syringol dimer (C16H18O6), hydroxylated syringol

(C8H10O5), three dimer derivatives (C15H14O6, C15H16O6

Figure 5. The signal-weighted distributions of syringol (SYR), gua-

iacol (GUA), and phenol (PhOH) aqSOA formed in 3C∗-mediated

and ·OH-mediated reactions, respectively, based on the degree of

oligomerization. The data are from the (–) nano-DESI MS spectra.

Note that hexamer and derivatives are only found in (+) nano-DESI

MS spectrum for GUA aqSOA initiated with 3C∗ and (–) nano-

DESI MS spectrum for PhOH aqSOA initiated with 3C∗. The num-

bers indicate the contributions of individual categories to the total

signals for each sample.

and C15H16O9), and two monomer derivatives (C15H18O7

and C12H12O7). Guaiacol aqSOA is also dominated by the

dimer and related species whereas substituted monomers are

more abundant in phenol aqSOA (Fig. 5). The presence of

dimers and substituted monomers is also evident in the AMS

spectra. As an example, Figure 6 shows the AMS spectra

of phenol aqSOA along with the National Institute of Stan-

dards and Technology (NIST) mass spectra of possible prod-

ucts. The spectra of guaiacol and syringol aqSOA are shown

in Figs. S6 and S7 in the Supplement. Note that the AMS

spectrum of biphenyl-4,4’-diol – a substituted phenolic com-

pound – is very similar to the NIST mass spectrum (Fig. S8

in the Supplement), indicating the validity of interpreting the

AMS spectra of phenolic aqSOA based on the NIST spec-

tra of possible products. The AMS spectra of phenol aqSOA

show a prominent peak at m/z= 186 (C12H10O+2 ), which is

the molecular ion (M+·) of phenol dimer (Fig. 6). Similarly,

the molecular ion of guaiacol dimer (C14H14O+4 ;m/z= 246;

Fig. S6 in the Supplement) is also noticeable in the AMS

spectra. These results indicate that oligomerization is an im-

portant aqueous-phase reaction pathway that leads to the for-

mation of aqSOA from phenols.

Hydroxylation is another important reaction pathway that

forms and transforms phenolic aqSOA. As shown in Fig. S9

in the Supplement, the O-based Kendrick diagram of sy-

ringol aqSOA clearly indicates the presence of a large num-

ber of species with different degrees of hydroxylation. Sim-

ilarly, AMS analysis reveals the ubiquitous formation of hy-

droxylated products as well. For example, the AMS spec-

tra of phenol aqSOA show prominent peaks at m/z= 110

Atmos. Chem. Phys., 14, 13801–13816, 2014 www.atmos-chem-phys.net/14/13801/2014/
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Figure 6. Comparisons between (a) the AMS mass spectra (in integer m/z) of phenol (PhOH) aqSOA formed via reactions with 3C∗

and ·OH, respectively, and the NIST mass spectra of (b) biphenol-4,4′-diol and 4-phenoxyphenol, (c) 4,4′-dihydroxydiphenyl ether, (d)

methylparaben and ethylparaben, (e) catechol and hydroquinone, and (f) phenol. The chemical structures for each compound are shown and

the molecular ions (M+·) are marked.

(C6H6O+2 ) andm/z= 202 (C12H10O+3 ), suggesting the pres-

ence of hydroxylated phenol and hydroxylated phenol dimer,

respectively (Fig. 6). In addition, signature ions represent-

ing 2-methoxyhydroquinone are detected in guaiacol aqSOA

(Fig. S6 in the Supplement), and 3,4,5-trihydroxy benzoic

acid is likely a product of syringol oxidation (Fig. S7 in the

Supplement).

Both nano-DESI and AMS results further reveal the broad

formation of aldehydes, esters, and carboxylated products.

As shown in Table 2, C9H10O4 (MW= 182; DBE= 5),

which was found to present at high abundance in the aq-

SOA of syringol +3C∗, is likely a syringol aldehyde. In ad-

dition, the pronounced C7H5O+2 (m/z= 121) peak in the

AMS spectra of phenol aqSOA (Fig. 6a) indicates the for-

mation of phenol esters such as methylparaben and ethyl-

paraben (Fig. 6d) and the prominent C8H7O+3 (m/z= 151)

signal in the guaiacol aqSOA spectra (Fig. S6a in the Sup-

plement) suggests the formation of a guaiacol ester – methyl

vanillate (Fig. S6c in the Supplement).

Small organic acid anions (i.e., formate, acetate, oxalate,

malate, malonate, etc.) are observed in all samples and these

species together account for less than 4 % of the TOC in aq-

SOA (Table 1). Note that the importance of organic acids is

likely underestimated as IC only quantifies a limited number

of low molecular weight aliphatic acids. Nano-DESI analy-

sis further reveals the presence of a number of aromatic com-

pounds with substituted carboxyl groups (e.g., aromatic es-

ters; Fig. S10 in the Supplement) and the formation of highly

oxygenated C3–C5 aliphatic species in all samples, some

of which (e.g., C3H4O4, C4H6O4, and C5H6O5) are likely

carboxylic acids based on DBE values. Furthermore, both

nano-DESI and AMS analyses identify demethoxylated aro-

matic products (e.g., C15H16O6 and C15H16O9 in Table 2).

These results together indicate that various fragmentation

pathways, such as the cleavage of the aromatic rings and the

losses of methoxy (-OCH3) groups, are important during the

aqueous-phase reactions of phenols.

Based on these results, we propose a scheme in Fig. 7

of the main pathways of aqSOA formation through the re-
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Figure 7. A schematic illustrates the formation of hydroxylated species, dimers and higher oligomers, esters, and demethoxylated products

from aqueous photooxidation of phenolic compounds. Species produced via pathways a–e may undergo further ring-opening processes to

form ketones and carboxylic acids. Phenol: R1=H, R2=H; Guaiacol: R1=OCH3, R2=H; Syringol: R1=OCH3, R2=OCH3. Note that

while radical coupling here is shown through the carbon opposite (para) the phenoxy group, other geometric isomers will also be formed

during these reactions.

actions of phenols + 3C∗. Briefly, phenols react with 3C∗

and undergo multiple steps to form HOOH (Anastasio et al.,

1997), which is a source of ·OH via photolysis. The addi-

tion of ·OH to the aromatic ring, followed by O2 addition

and HO·2 elimination, leads to the formation of hydroxylated

products (Barzaghi and Herrmann, 2002). In the meantime,

the ·OH-phenol adduct can undergo unimolecular elimina-

tion of H2O to form a phenoxy radical (Atkinson et al., 1992;

Barzaghi and Herrmann, 2002; Olariu et al., 2002), which

then combines with another radical to form dimer and higher

oligomers. Note that the amount of HOOH produced in the

reactions of phenols + 3C∗ is small and ·OH oxidation ap-

pears to be negligible compared to the oxidation of phenols

by 3C∗ (Smith et al., 2014). Phenoxy radical may also form

from the oxidation of phenols by 3C∗ via electron transfer

coupled with proton transfer from the phenoxyl radical cation

or from solvent water (Anastasio et al., 1997). Demethoxyla-

tion takes place through attachment of ·OH to ring positions

occupied by methoxyl groups, followed by elimination of a

methanol molecule to form semiquinone radicals (Steenken

and O’Neill, 1977). Esterification of phenols occurs through

the reactions with organic acids (Offenhauer, 1964). Further-

more, the reactants and the products from all these pathways

may undergo ring-opening process, forming ketones and car-

boxylic acids. Similar species, including oligomers, esters,

carbonyls, carboxylic acids, and demethoxylated products,

can be formed in ·OH-mediated reactions as well (Sun et

al., 2010), although apparently with different reaction yields

and rates.

3.3 Comparisons of phenolic aqSOA produced from

different oxidants: · OH vs. 3C∗

As discussed above, aqueous reactions of phenols produce a

variety of low-volatility species including oligomers, func-

tionalized monomer and oligomers (with varying numbers of

carbonyl, carboxyl, ester, and hydroxyl groups), and small

organic acids (e.g., formate, acetate, oxalate, and malate).

Although aqSOA formed from the same precursor generally

appear to be chemically similar, there are significant com-

positional differences between the products from ·OH and
3C∗ reactions. Overall, the molecular compositions of gua-

iacol and phenol aqSOA are more dependent on the oxidant

than are syringol aqSOA (Fig. 5). Similarly, the AMS spec-

tral patterns at m/z≥ 80 exhibit more significant differences

between ·OH and 3C∗ for guaiacol (r2
= 0.65; Fig. 2j) and

phenol (r2
= 0.42; Fig. 2l), whereas those for syringol are

almost identical (r2
= 0.97; Fig. 2h). Furthermore, a major-

ity of the aqSOA molecules of phenol + ·OH contain only

one benzene ring, whereas the 3C∗ reaction produces more

oligomers and substituted species based on the DBE values.

Atmos. Chem. Phys., 14, 13801–13816, 2014 www.atmos-chem-phys.net/14/13801/2014/
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Figure 8. Comparisons of the relative abundances of signature ions

in the AMS spectra of the aqSOA of (a) syringol (SYR), (b) guaia-

col (GUA), and (c) phenol (PhOH) produced from 3C∗-mediated

and ·OH-mediated reactions. The signal contributions of certain

signature ions are enhanced for clarity. Them/z values of the signa-

ture ions are shown in front of the ion formula in the x axes. Iden-

tities of possible parent compounds are shown to the right. 2OH

represents two additional hydroxyl groups attached to the aromatic

ring.

Since the fragmentation pattern from 70 eV electron ion-

ization is reproducible (McLafferty and Turecek, 1993),

unique ions can be used as tracer species to quantify the con-

centration of the parent compound. Thus, we further compare

the relative abundances of signature ions in the AMS spec-

tra of the aqSOA formed from ·OH- and 3C∗-mediated reac-

tions (Fig. 8). Details on the signature ions and their proposed

precursors are given in Table S1. All these ions are odd-

electron ions, which usually have special mechanistic signif-

icance and are more indicative of the chemical identities of

the precursors (McLafferty and Turecek, 1993). These ions

can potentially be used to analyze ambient organic aerosol

data for the presence of phenolic aqSOA. For instance, a pre-

vious study by our group observed C16H18O+6 (m/z 306) and

C14H14O+4 (m/z 246) – signature ions representing syringol

and guaiacol dimers, respectively, in ambient aerosols sig-

nificantly influenced by wood combustion and fog process-

ing (Sun et al., 2010). Similar to the nano-DESI results, the

AMS results also indicate that the aqSOA formed via 3C∗

Figure 9. Mass thermograms of ammonium sulfate ((NH4)2SO4),

ammonium nitrate (NH4NO3), syringol (SYR), guaiacol (GUA),

and phenol (PhOH) aqSOA formed in 3C∗-mediated aqueous-phase

reactions.

Figure 10. UV–visible spectra of syringol and syringol aqSOA

formed in 3C∗-mediated and ·OH-mediated aqueous-phase reac-

tions. The aqSOA spectra were corrected for absorbance contribu-

tions from unreacted reactants (syringol and DMB).

are more enriched of dimers and higher oligomers compared

to ·OH for a given phenol. These observations suggest that

more coupling of phenoxy radicals takes place during reac-

tions initiated by 3C∗ than by ·OH. On the other hand, both

IC and nano-DESI results indicate that ·OH-mediated reac-

tions promote the formation of organic acids and other ring-

opening species (nC < 6) (see Sect. 3.2), consistent with the

observations that ·OH reaction generally leads to more ox-

idized aqSOA as well as water-soluble volatile species (Ta-

ble 1).

A possible reason for the compositional differences ob-

served in the aqSOA of the same precursor but different

oxidants is that 3C∗ reacts faster with phenols (Smith et

www.atmos-chem-phys.net/14/13801/2014/ Atmos. Chem. Phys., 14, 13801–13816, 2014
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al., 2014) and thus takes shorter time to oxidize the same

amount of phenols compared to ·OH. Longer illumination al-

lows further oxidation and fragmentation of higher molecular

weight species to happen, leading to the formation of smaller

molecules with fewer aromatic rings. Indeed, the composi-

tions of syringol aqSOA, which were produced after com-

parable illumination durations, are highly similar between

the two oxidation conditions according to both nano-DESI

and AMS results, whereas the difference is the largest for

phenol aqSOA, whose illumination times are substantially

different between 3C∗ and ·OH oxidation (Figs. 2 and 5).

However, the fact that there are more oligomers and their

derivatives in guaiacol + 3C∗ reaction compared to syringol

+ ·OH (Fig. 5) even though the illumination durations are

similar (Table 1) suggests that coupling of phenoxy radicals

is a more favored pathway through 3C∗ reaction.

3.4 Volatility profiles and UV–visible absorption

spectra of phenolic aqSOA

As discussed above, the chemical compositions of phenolic

aqSOA are complex. As a result, the volatilities of the aqSOA

species span a broad range, from very low vapor pressure

compounds such as oligomers to more volatile species such

as low molecular weight acids. Figure 9 shows the volatility

profiles of phenolic aqSOA formed from 3C∗ reactions mea-

sured by a thermodenuder coupled with the AMS. Ammo-

nium sulfate and ammonium nitrate were analyzed simulta-

neously as references. On average, phenolic aqSOA are more

volatile than ammonium sulfate, but less volatile than ammo-

nium nitrate (Fig. 9). The fact that a significant fraction of

the aqSOA mass remains in the particle phase even at 200 ◦C

(Fig. 9) is consistent with the presence of some very-low-

volatility species such as oligomers. Compared to guaiacol

and syringol aqSOA, phenol aqSOA show the slowest de-

cay with increasing TD temperature, indicating that they are

comprised of more low-volatility species. This is consistent

with our chemical analyses which reveal that the aqSOA of

phenol + 3C∗ are composed of a larger fraction of species

containing more than two aromatic rings, including trimer

and higher oligomers (Fig. 5). This is also consistent with

the fact that the O /C ratios of phenol aqSOA are highest

among all three precursors for the same oxidant. These re-

sults together suggest that the volatility of phenolic aqSOA

is strongly influenced by both polymer contents and aver-

age oxidation degree, as reported previously (Huffman et al.,

2009).

Recently, light-absorbing OA, also termed “brown car-

bon”, has attracted much attention, due to its ability to ab-

sorb sunlight and thus affect the radiative budget of the

earth (Shapiro et al., 2009). Previous studies have shown that

the aqueous-phase oxidation of phenols forms low-volatility

oligomers, which absorb significant amounts of UV–visible

light and likely account for a significant portion of atmo-

spheric HULIS (Gelencser et al., 2003; Chang and Thomp-

son, 2010). In this study, we examined the optical proper-

ties of phenolic aqSOA using UV–visible spectroscopy. Fig-

ure 10 shows an example of the UV–visible spectra of sy-

ringol aqSOA formed in the reactions with 3C∗ and ·OH,

respectively, at t1/2. Both syringol aqSOA samples absorb

in the tropospheric sunlight wavelengths (> 300 nm), while

syringol does not. This enhancement is likely explained by

the formation of conjugated structures as a result of poly-

merization and functionalization due to the additions of hy-

droxyl, carbonyl, and carboxyl functional groups to the aro-

matic rings. Phenol and guaiacol aqSOA also show en-

hanced absorption in the tropospheric sunlight wavelengths

(> 300 nm), while phenol and guaiacol themselves do not.

These results indicate that aqueous-phase reactions of phe-

nols are likely an important source of brown carbon in the at-

mosphere, especially in regions influenced by biomass burn-

ing.

4 Conclusions and implications

We thoroughly characterized the chemical composition and

studied the volatility and optical properties of phenolic aq-

SOA formed via reactions with two different oxidants: 3C∗

and ·OH. Elemental analysis of the AMS spectra indicates

that all phenolic aqSOA are highly oxidized (O /C ratios:

0.85–1.23), despite the fact that some of the reactions were

very fast (t1/2
< 1 h for syringol). For the same oxidant, the

oxidation degree of the aqSOA formed at t1/2 follows the

order: phenol > guaiacol > syringol. A large number of aq-

SOA molecules are identified, including oligomers (up to

hexamers) and their derivatives with varying numbers of car-

bonyl, carboxyl, ester, and hydroxyl groups. A large num-

ber of ring-opening species (nC < 6) including small organic

acids (e.g., oxalate, formate, and acetate) are also identified.

While the bulk compositions of the aqSOA are overall sim-

ilar at t1/2 between the two oxidants for a given precursor,

compositional differences are observed. Generally speaking,

reactions mediated by ·OH produce more highly oxygenated

species with a single aromatic ring, while oxidation by 3C∗

enhances the formation of higher molecular weight species

including oligomers and their oxygenated derivatives. The

physical properties, such as volatility and light absorptivity,

of the phenol aqSOA depend on their chemical compositions.

Our thermodenuder experiments indicate that the volatility

profiles of phenolic aqSOA are influenced by both oligomer

contents and average oxidation degree. In addition, the for-

mation of aqSOA species with enhanced conjugated double

bonds is probably responsible for the significant light absorp-

tion in the actinic region, suggesting that aqueous-phase re-

actions of phenols are an important source of brown carbon

in the atmosphere.

Overall, our results indicate that aqueous-phase processing

of phenols represents an important pathway for the produc-

tion of low-volatility, highly oxygenated, and high molec-
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ular weight species, which remain in the particle phase af-

ter water evaporation. Since phenolic aqSOA is both wa-

ter soluble and light absorbing, understanding the impacts

of these reactions on the chemical and physical properties,

and thus the climatic and health effects, of atmospheric par-

ticles may be important, especially in regions influenced

by biomass burning emissions. An approach for evaluating

the importance of phenolic aqSOA formation in the atmo-

sphere is to systematically analyze the AMS mass spectra

of ambient aerosol for signature ions representative of phe-

nolic aqSOA. AMS has been broadly applied for chemical

analysis of ambient aerosol, and multivariate statistical ap-

proaches (e.g., positive matrix factorization) have been fre-

quently used on organic aerosol mass spectral data to de-

termine factors representing different sources and processes

(Ulbrich et al., 2009; Zhang et al., 2011). An important cri-

terion for validating the extracted factor is via examining the

mass spectra of the factors for signature ions (Zhang et al.,

2011). The fact that AMS uses 70 eV EI ionization, which

ionizes and fragments molecules with a reproducible pattern

(McLafferty and Turecek, 1993), allows for the identifica-

tion and quantification of certain compounds or compound

classes in a mixture via signature ions. Indeed, previous stud-

ies have demonstrated the capability of using unique AMS

ions to fingerprint species such as hydrocarbon-like and oxy-

genated organic aerosols (Zhang et al., 2005), polycyclic aro-

matic hydrocarbons (PAH) (Dzepina et al., 2007), methane-

sulfonic acid (MSA) (Ge et al., 2012), and certain nitrogen-

and sulfur-containing organic aerosols (Farmer et al., 2010;

Ge et al., 2014).

With this in mind, this study suggests several ions that

are potentially representative of phenolic aqSOA, includ-

ing C16H18O+6 (m/z= 306) for syringol dimer, C14H14O+4
(m/z= 246) for guaiacol dimer, C14H14O+5 (m/z= 262)

and C14H14O+6 (m/z= 278) for hydroxylated guaiacol

dimer, C12H10O+2 (m/z= 186) for phenol dimer, C21H20O+6
(m/z= 368) for guaiacol trimer, and C18H14O+3 (m/z= 278)

for phenol trimer (Fig. 8). Since all these ions have odd num-

ber of electrons with relatively high m/z’s, their production

in the AMS is more directly linked to the specific parent com-

pounds, meaning that they are less likely to be contributed

by confounding molecules (McLafferty and Turecek, 1993).

In addition, while large hydrocarbon molecules, e.g., those

from vehicle emissions, may generate significant ion signals

at m/z > 200, most of them are even-electron ions and con-

tain no oxygen. They are therefore easily differentiated from

the isobaric ions from phenolic SOA. Nevertheless, it is im-

portant to point out that the validity of using the aqSOA sig-

nature ions identified in this study needs to be evaluated by

examining ambient organic aerosol mass spectrometry data.

In addition, analyzing field samples with nano-DESI may

also provide important insights into the impacts of aqueous

phase processing of phenolic compounds in the atmosphere.

The Supplement related to this article is available online

at doi:10.5194/acp-14-13801-2014-supplement.
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