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Abstract: 25 

We investigate the effects of sulfate and nitrate on the formation and evolution of secondary 26 

organic aerosol formed in the aqueous phase (aqSOA) from photooxidation of two phenolic 27 

carbonyls emitted from wood burning.  AqSOA was formed efficiently from the 28 

photooxidation of both syringaldehyde (C9H10O4) and acetosyringone (C10H12O4) in 29 

ammonium sulfate and ammonium nitrate solutions, with mass yields ranging from 30% to 30 

120%. The initially formed aqSOA had oxygen-to-carbon (O/C) ratios and average carbon 31 

oxidation states (OSC) similar to the precursors, but much more oxidized aqSOA was formed 32 

over the course of photooxidiation, with O/C and OSC reaching 1.2 and 1.1, respectively. 33 

Positive matrix factorization on the organic mass spectra acquired by an Aerosol Mass 34 

Spectrometer revealed a combination of functionalization, oligomerization and fragmentation 35 

processes in the chemical evolution of aqSOA. Functionalization and oligomerization 36 

dominated in the first 4 hours of reaction, with phenolic oligomers and their derivatives 37 

significantly contributing to aqSOA formation. Oxidation of the first-generation products led 38 

to an abundance of oxygenated ring-opening products. Degradation rates of syringaldehyde 39 

and acetosyringone in nitrate solutions were 1.5 and 3.5 times faster than rates in sulfate 40 

solutions, and aqSOA yields in nitrate experiments are twice as high as in sulfate experiments. 41 

Nitrate likely promoted the reactions because it is a photolytic source of OH radicals, while 42 

sulfate is not. This work highlights the importance of aerosol-phase nitrate in the formation of 43 

aqSOA by facilitating the degradation of organic precursors.  44 
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1 Introduction 51 

Aqueous-phase oxidation reactions are important pathways for forming low-volatility 52 

products1-3 and small dicarboxylic and keto acids in the atmosphere.3-6 The fate of organic 53 

and inorganic constituents in clouds and fogs is strongly dependent on the composition of 54 

cloud/fog water.2,7 Inorganic nitrate in cloud droplets/wet aerosols generates OH radicals and 55 

nitrating agents during illumination,8-10 which can result in the formation of oligomers and 56 

nitro-organic components.11 Nitrate-containing particles also effectively retain small organic 57 

acids even under dry conditions,12 thereby increasing the oxidation state of aerosol 58 

particles.13 In laboratory studies, sulfate is most often used as a representative inorganic 59 

species due to its ubiquity and abundance in ambient aerosol particles. However, nitrate is 60 

also the major component in aerosol particles and becoming increasingly important for the 61 

areas of significant reductions of SO2 emission or of high ammonia emission due to increased 62 

population or agriculture use, where excess ammonia is available to neutralize the nitric 63 

acid.14,15 Studies of the effects of inorganic nitrate on the formation and properties of SOA 64 

are limited to date. 65 

Biomass burning emits large quantities of phenols and aromatic carbonyls (e.g., 66 

aldehydes and ketones) of intermediate volatility and moderate water solubility (e.g., Hozic et 67 

al., 201016 and references therein). Most previous studies have measured and chemically 68 

characterized the gas and particle emissions from biomass burning, while fewer have 69 

examined the fate and evolution of the emitted pollutants. Syringaldehyde (SyrAld, 4-70 

hydroxy-3,5-dimethoxybenzaldeyhde, C9H10O4) and acetosyringone (ActSyr, 4'-hydroxy-71 

3',5'-dimethoxyacetophenone, C10H12O4) are two examples of phenolic carbonyls released 72 

from the pyrolysis of lignin.17 The structures of SyrAld and ActSyr differ by one methyl 73 

group and their vapor pressures are 6.49 × 10-5 and 6.66 × 10-5 mm Hg at 298 K,18 74 
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respectively. They both fall at the lower end of the intermediate volatility range (300 µg m-3 75 

< C* < 3 x 106 µg m-3)19 with saturation concentrations of approximately 700 µg m-3. SyrAld 76 

and ActSyr have high Henry’s law constants of 4.39 x 105 and 1.13 x 106 M atm-1, 77 

respectively, at 298 K,18 and hence they partition favorably in the aqueous phase when liquid 78 

water is available.20,21 Early ambient studies have indeed reported levels of micromolar 79 

concentrations of SyrAld in atmospheric waters.22,23 Furthermore, these species undergo 80 

rapid direct photodegradation with lifetimes of 20 – 30 min in midday winter sunlight in 81 

Davis.24 For these reasons, SyrAld and ActSyr can be important precursors of SOA through 82 

aqueous-phase reactions (aqSOA). However, there is little information on the reactions of 83 

phenolic carbonyls. Photo-oxidation of related compounds, such as phenol, catechol, 84 

syringol, guaiacol, toluene, etc., have been reported.25-32 Reactions of the above mentioned 85 

compounds are dominated by radical-initiated reactions, such as hydroxylation of the 86 

aromatic ring through OH-radical addition.26,29,33 Most recently, Pillar et al. (2014)34 found 87 

that heterogeneous oxidation of phenolic compounds, such as catechol, can efficiently form 88 

low volatility products as well as highly oxidized carboxylic acids. The reaction is initiated 89 

by electron transfer between ozone and the hydroxyl group on catechol, followed by the 90 

oxidation of the in-situ generated OH radicals. Triplet excited states of organic compounds 91 

(3C*) is also found to be potentially important for the oxidation of phenolic compounds 92 

through H-abstraction from the hydroxyl group on the aromatic ring in both aqueous and gas 93 

phase.35 It has been shown that aqSOA is formed from the reactions of phenol, guaiacol, and 94 

syringol with either 3C* or OH radicals.26, 29 H-abstraction from the substituent groups on the 95 

aromatic ring is generally minor.36,37  96 

In this work, we used a photoreactor to simulate the photooxidation of SyrAld and 97 

ActSyr in atmospheric cloud or fog droplets and investigate their potential contributions to 98 

the formation of aqSOA. We compare the aqSOA properties, yields and chemical 99 
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transformation of the tested compounds in ammonium sulfate or ammonium nitrate solutions 100 

to explore the potential effects of nitrate ions on SOA formation and evolution. Positive 101 

matrix factorization (PMF) analyses were also performed to examine the fates of SyrAld and 102 

ActSyr once dissolved in atmospheric waters after emission and the evolution of the 103 

produced aqSOA. Characteristic ions identified in this study might also serve as markers for 104 

aqSOA formed from biomass burning pollutants in ambient aerosols. 105 

2 Experiments and methods  106 

2.1 Aqueous-phase reactions 107 

Initial solutions of (1) 100 µM SyrAld or ActSyr in 22.7 µM ammonium sulfate (AS) 108 

or (2) 30 µM SyrAld or ActSyr in 200 µM ammonium nitrate (AN) were prepared; samples 109 

were adjusted to pH 5 with 5 µM sulfuric acid (H2SO4). For atmospheric relevance, the pH 110 

and initial concentrations of AS and AN are chosen based on the values observed in fog and 111 

cloud waters.38,39 Ionic strength under both conditions was low (6.81*10-5 mol kg−1 for AS 112 

and 20*10-5 mol kg−1 for AN), thus is not expected to affect the chemical processes. Each 113 

solution was illuminated in stirred Pyrex tubes inside an RPR-200 photoreactor equipped 114 

with 16 light tubes, which are arranged symmetrically around the interior walls of a 115 

cylindrical reactor with a fan located at the bottom. The output of the tubes centered at 116 

approximately 315, 370, and 420 nm to mimic the sunlight; and the normalized distribution 117 

of the photon fluxes is shown in George et al. (2015).40 Dark control samples were placed in 118 

a Pyrex tube wrapped in aluminum foil and kept in the same illumination chamber during the 119 

experiment. Each set of experiment contains measurements with one illumination tube and 120 

one dark tube for comparison. 121 

Liquid samples were continuously aerosolized using N2 or argon in a micro-122 

concentric nebulizer (model SP8204B, Teledyne CETAC, Omaha, NE) coupled with a 123 
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cyclonic spray chamber (model 800-21, Analytical West, Inc., Lebanon, PA). The nebulized 124 

particles passed through a diffusion dryer before entering a high-resolution time-of-flight 125 

aerosol mass spectrometer (AMS; Aerodyne Res. Inc., Billerica, MA) for analysis. Online 126 

AMS measurements were made alternately between the illumination and dark tubes. For each 127 

set of experiments, UV illumination was turned on for 27 to 30 h. A three-way valve was 128 

employed to switch the sample flow from illumination tube to the dark tube for 45 to 60 min 129 

every 5-6 hours during the experiment. However since the residence time between the 130 

atomizer outlet and the AMS inlet was only ~ 15 s and the passage was in the dark, it is 131 

unlikely that the reactions, if occurred during this process, had played an important role in 132 

our experiments. 133 

In the first 2 hours of illumination, offline samples were directly collected from the 134 

sample tubes using a syringe every 10 - 20 min and afterwards from the spray chamber in the 135 

form of drippings on an hourly basis. Concentrations of SyrAld or ActSyr in the solutions 136 

were measured using a high-performance liquid chromatograph (HPLC, ThermoScientific 137 

BetaBasic-18 C18 column) with a UV-visible detector; wavelengths of 306 nm and 297 nm 138 

are selected for the detection of SyrAld and ASyr, respectively. The mobile phase consisted 139 

of 20:80 acetonitrile/water running at a flow rate of 0.7 mL min-1.28,29 Organic anions, 140 

including formate, acetate, oxalate and malate, were analyzed with an Ion Chromatograph 141 

system (Metrohm 881 Compact IC Pro, Switzerland) as described in Ge et al. (2014).28 142 

Figure S1 shows an example of the IC chromatograms for standards and two of the offline 143 

samples. We note that some organic anions co-elute and cannot be separately quantified (e.g., 144 

oxalate and malate; Figure S1). Hence, we estimated the total concentrations of co-eluted 145 

organic anions using the average calibration coefficient and the lumped signal (Figure S1e).  146 

2.2 High-resolution aerosol mass spectrometric analysis 147 
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AMS has been widely employed in real time analysis of aerosol particles in both field 148 

and laboratory studies.41-44 Details of the instrument have been described previously and its 149 

working principle is only briefly discussed here.45 Aerosols sampled through an aerodynamic 150 

lens impact on a tungsten surface heated to 600 ℃. The flash vaporized gaseous molecules 151 

were subsequently ionized by electron ionization (EI, 70eV), and the resultant positive ions 152 

are focused into a high-resolution time-of-flight mass spectrometer (mass resolution up to 153 

5000). The universal and reproducible nature of 70eV EI ionization making quantification of 154 

non-refractory species possible, which can be used for a wide range of molecules, both 155 

inorganic as well as organic.  156 

To capture the fast-changing properties of aqSOA, the AMS was operated in “V” 157 

mode (mass resolution of ~ 3000) at a high time-resolution of 0.5 min to acquire mass spectra 158 

up to m/z = 500. Standard AMS data analysis toolkits SQUIRREL v1.7 and PIKA 1.16 based 159 

on Igor Pro (6.37) were used to process the data. Based on our past work, the experimental 160 

setup effectively dries aerosols produced from aqueous reactions of phenols and 161 

methoxyphenols26 and thus we assume no contributions from physically bound particulate or 162 

gas-phase water in the raw mass spectra. The organic H2O+ signal was determined as the 163 

difference between the measured H2O+ signal and that produced by sulfate.46 The organic 164 

H2O+ signal showed a good correlation with the measured CO2
+ signal in both SyrAld and 165 

ActSyr experiments with ammonium sulfate (AS) (Figure S3a, SyrAld_AS, r2= 0.98; Figure 166 

S3b, ActSyr_AS, r2= 0.96). We therefore set H2O+= 0.55*CO2
+ and H2O+= 0.4*CO2

+ for the 167 

PIKA analyses of SyrAld and ActSyr in both AS and AN experiments, respectively. The 168 

signal intensities of OH+ and O+ were set based on the fragmentation pattern of water 169 

molecules for all experiments, i.e., OH+ = 0.25*H2O+ and O+ = 0.4*H2O+.46 170 

In the illumination experiments of ActSyr_AS where argon was used to atomize the 171 

solutions, the CO+ (m/z = 28) signal in the spectra of phenolic aqSOA was determined 172 
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directly by fitting the high resolution mass spectra (HRMS). The CO+ signal showed a good 173 

correlation with the measured CO2
+ signal in the aqSOA (Figure S4, r2 = 0.81; Slope = 0.47). 174 

For experiments where N2 was used to atomize the solutions, direct quantification of CO+ 175 

was not possible because of the overwhelming long tail of the N2 signal.44 Thus the CO+ 176 

signals in the aqSOA were scaled to the CO2
+ signals based on the relationship determined in 177 

the ActSyr_AS experiment: CO+ = 0.47*CO2. Since HxO+ and CO+ from aqSOA were 178 

directly quantified, the “Aiken-explicit” elemental analysis method was used to calculate the 179 

elemental ratios of the products.44,47  180 

Pieber et al. (2016)48 recently found that inorganic nitrate and sulfate salts can 181 

produce CO2
+ ions when impinging on the heated tungsten vaporizer of the AMS due to the 182 

in-situ oxidation of pre-deposited refractory carbon. This portion of CO2
+ is not generated by 183 

the organics in the particles (denoted by non-OA CO2
+), thus should be subtracted from the 184 

total AMS-detected CO2
+ (denoted as CO2

+). The non-OA CO2
+ was positively correlated 185 

with the nitrate-NO+ signal48 and was subtracted from the organic matrix in our nitrate 186 

experiments. The subtraction procedures are detailed in S-1 and the fragmentation table in 187 

PIKA was modified accordingly. After modifying fragmentation table, the mass spectrum for 188 

ActSyr in AN solutions were comparable to the standard mass spectrum of ActSyr in NIST 189 

database as shown in Figure S8, giving us confidence that the data processing and the method 190 

that applied to modify the fragmentation table are appropriate. 191 

PMF analyses were performed for all experiments (see S-2). We generated the 192 

organic mass spectral matrices and the corresponding error matrices from both SQUIRREL 193 

and PIKA for ion fragments at m/z of 200-400 and 12-200 respectively. The error matrices 194 

were pretreated and the PMF results were evaluated using the PMF Evaluation Toolkit (PET, 195 

Version 2.06, http://cires1.colorado.edu/jimenez-group/wiki/index.php/PMF-196 

AMS_Analysis_Guide).49 For each dataset, PMF results exhibit three distinct time series with 197 
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their corresponding mass spectral profiles. Selecting fewer or more factors than 3 will either 198 

lead to high residuals or over splitting of the factors. 3-factor PMF solutions were thus 199 

chosen for all the experiments and the results were carefully evaluated according to the 200 

procedures outlined in Zhang et al. (2011).50 201 

3 Discussions 202 

3.1 Overview of the aqSOA formation from phenolic carbonyls  203 

Figure 1 provides an overview of the precursor decays and aqSOA yields (calculation 204 

detailed in S-3). Time series of elemental ratios for all four types of illumination experiments 205 

were shown in Figure S7 and a table of experiments with the list of all parameters is also 206 

summarized to the supporting information, Table-S1. As illustrated in Figures 1a and 1b, 207 

upon illumination, phenolic carbonyls rapidly degraded in both AN and AS experiments. The 208 

reactions followed apparent first-order kinetics reasonably well and apparent first-order rate 209 

constants (k′) for loss were determined using Eq. (1):  210 

ln ( [PhC]t [PhC]0⁄ ) = -k't                                                 (1) 211 

where [PhC]t and [PhC]0  are the concentrations of the phenolic carbonyls measured by 212 

HPLC at time t and 0, respectively. There was no significant loss (over 24 hr) of the 213 

precursors in the dark control experiments (Figure S2). 214 

In ammonium sulfate solutions, the rate constants for decay of SyrAld and ActSyr 215 

were 0.87×10-3 s-1 and 0.41×10-3 s-1, respectively; this difference is likely due to the greater 216 

light absorption by SyrAld.24 In contrast, in ammonium nitrate solutions the rate constants for 217 

SyrAld and ActSyr were faster and essentially the same, with k’ values of 1.3×10-3 s-1 and 218 

1.4×10-3 s-1, respectively. This enhancement is likely due to nitrate photolysis forming 219 

hydroxyl (OH) radical (e.g., Benedict et al., 2017),51 which reacts very rapidly with 220 
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phenols.52 Gas-phase reaction rate constants between SyrAld/ActSyr and OH radicals are not 221 

available. Rate constant of a similar compound, vanillin, has been reported previously 222 

(10×10−11 cm3 molecules−1 s−1).52 Assuming a gas-phase OH concentration of 1×106 cm3 223 

molecules−1,53 gas-phase oxidation of loss rates of SyrAld/ActSyr would be on the order of 224 

1×10−4 s−1. The apparent loss rates in our experiments are on the order of 10−4 s−1 in sulfate 225 

solution and 10−3 s−1 in nitrate solution, which are comparable to or larger than the gas-phase 226 

loss rate, suggesting that aqueous-phase chemistry is likely to be at least as important as gas-227 

phase chemistry for phenolic carbonyls. It should also be noted that the phenolic carbonyl 228 

concentrations in the AS (100 μM) experiments were much higher than those in AN (30 μM), 229 

resulting in decreased volume-averaged photon fluxes due to the screening of light; this 230 

might also contribute to the slower precursor decay in AS experiments.  231 

The AMS quantification of aqSOA mass concentrations (µg/m3) were converted to 232 

concentrations (mg L-1) in the solution using inorganic sulfate as an internal standard. As 233 

shown in Figures 1c and 1d, the aqSOA mass yield, i.e., the ratio of the aqSOA mass formed 234 

to the mass of phenol precursor reacted, increased dramatically as soon as illumination 235 

started. The prompt formation of aqSOA is probably due to fast functionalization and 236 

oligomerization reactions, which form lower volatility oxidized organic species, such as 237 

aromatic derivatives and oligomers.21,26 29,34 This hypothesis is consistent with the increase of 238 

H/C and O/C ratios (Figures S7a – 7d), supporting the formation of functionalized products, 239 

likely through hydroxylation or other oxygenation pathways. Note that H/C, O/C and OSC are 240 

not reported for the first 15 min of the reactions because the aqSOA masses were too low, 241 

making the elemental ratios highly uncertain. The aqSOA mass reached a plateau in all the 242 

experiments at t = 2 h, when essentially all of the precursor was consumed. Yet, interestingly, 243 

the yields of aqSOA in AN are twice as high as those in the AS experiments, indicating that 244 

AN promoted not only the degradation of precursors but also the production of aqSOA. In 245 
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addition, the O/C of the aqSOA in AS experiments increased continuously in the first 2 hours 246 

of reactions, while those in AN experiments first increased and then decreased, with the O/C 247 

of aqSOA from both experiments converging to an end value of ~ 0.85. As shown in Figure 248 

1, in the AN experiments approximately half of the phenolic carbonyl was consumed within 249 

30 min, and near the same time the O/C ratios of the aqSOA were peaking at 1.2 (for SyrAld) 250 

or 0.9 (for ActSyr), suggesting that the highly oxidized products were formed quickly and 251 

then decomposed in AN experiments. 252 

Overall, the carbon oxidation state (OSC = 2×O/C - H/C) of the formed aqSOA after 253 

approximately 2 h was ~ 0.3 for both phenolic carbonyls, much higher than the precursor 254 

compounds (- 0.2 and - 0.4 for SyrAld and ActSyr, respectively) (Figures S1e and 1f). These 255 

increases of OSC (ΔOSC ~ 0.5 - 0.8) are comparable to the ΔOSC (~ 0.8 - 1.1) observed for 256 

aqSOA formed by the oxidation of phenol and methoxyphenols by triplet excited states (3C*) 257 

and hydroxyl radicals.21,26,29 The large increases in OSC for phenolic aqSOA demonstrate that 258 

aqueous processing of VOCs from biomass burning emissions could be an important source 259 

of oxygenated species in the atmosphere.   260 

3.2 Chemical evolution of phenolic aqSOA 261 

As shown in Figure 1, the bulk chemical composition aqSOA appeared to have 262 

changed significantly during the first four hours of illumination but is relatively stable 263 

afterwards.  To more clearly assess the chemical evolution of the aqSOA, we next examined 264 

the time course of factors determined from PMF. The time series and the corresponding mass 265 

spectral profiles of the 3-factor PMF solution are presented in Figures 2. Characteristic ions, 266 

if identifiable for each factor, provide important insights into reaction processes and 267 

mechanisms. Hence, we calculated the relative contribution of each factor to individual ions 268 

as shown in Figure S6. Thus, the characteristic ions are those dominated by a certain factor.  269 
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3.2.1 Initial growth of aqSOA  270 

Numerous studies have utilized PMF to analyze AMS data for source apportionment 271 

in field studies49,50,54 and chemical evolution and conversions of aerosol particles in 272 

laboratory studies.13,55 Here, we use PMF to deconvolve the AMS measured OA spectral 273 

matrix; each resolved PMF factor represents a group of molecules with similar 274 

chemical/physical properties resulting from oxidation and gas-particle partitioning (during 275 

evaporation) processes, which evolved as reaction went on. For all four experiments, Factor 1 276 

increased the most dramatically during the first hour of reactions (Figure 2). 90% of SyrAld 277 

and 70% of ActSyr in the AS experiments were degraded by t = 1h when Factor 1SyrAld_AS and 278 

Factor 1ActSyr_AS reached their peaks, indicating the rapid transformation of precursors to low-279 

volatility compounds (i.e., aqSOA). Precursor ions, SyrAld (C9H9O4
+; m/z = 181) or ActSyr 280 

(C10H12O4
+; m/z = 196) can be clearly observed in the mass spectra of Factor 1SyrAld_AS and 281 

Factor 1ActSyr_AS and their degradation profiles resembled those of the HPLC-measured 282 

precursors (Figures 3a and 3b). Besides the precursor-related ions, ions at m/z = 125 283 

(C6H5O3
+), 153 (primarily C7H5O4

+), 167 (C8H7O4
+), 168 (C8H8O4

+) and 170 (C7H6O5
+) are 284 

also the major peaks in the mass spectrum of Factor 1SyrAld_AS (Figure 2b). C8H8O4
+ (m/z 168) 285 

and C7H6O5
+ (m/z 170) are likely produced from the de-methylated monomeric products of 286 

SyrAld (Scheme 1);29,30 and C6H5O3
+ (m/z 125) and C7H5O4

+ (m/z 153) are their major 287 

electron ionization products (see the NIST spectra of 3,4-dihydroxy-5-methoxybenzaldehyde 288 

(C8H8O4) and 3,4,5-trihydroxybenzoic acid (C7H6O5) in Figures S9 and S10). Ions that 289 

indicate the presence of hydroxylated or oxygenated monomers, i.e., C9H10O5
+ (m/z = 198) 290 

and C7H6O4
+ (m/z = 154), were also observed primarily in Factor 1SyrAld_AS (Figure 2b).  291 

Furthermore, ions in the mass range of 200 – 400 Da are observed (Figure 2b) in the 292 

Factor 1 of the SyrAld_AS, SyrAld_AN and ActSyr_AN experiments. Clusters of peaks are 293 

regularly separated by mass units of 14 - 18 Da, which is a characteristic of copolymer 294 
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systems.56,57 For example, a series of ions suggesting SyrAld oligomers with ∆ m/z = 14 is 295 

identified in Figure 2b.  The regular mass intervals of 14, 16, and 18 Da indicate the 296 

difference in CH2, O, and H2O groups, respectively, among the oligomers/clusters, consistent 297 

with numerous combinations of monomer units with multiple sites of oxidation (alcohols, 298 

ethers, carbonyls, and acids). Although both monomeric derivatives and oligomeric products 299 

contributed to the increased organic mass and OSC in the first 2 hours of the reactions, 300 

functionalization processes, such as hydroxylation and oxygenation, were likely more 301 

important than oligomerization processes. This is shown in the Van Krevelen diagrams for 302 

the aqSOA from SyrAld_AS and ActSyr_AS experiments (Figure 4a), where the O/C and 303 

H/C ratios simultaneously increase, with nearly linear relationships, during the first 2 hours 304 

of reactions.  305 

3.3.2 Formation of high molecular weight (HMW) products  306 

At reaction times longer than 2 hours, Factor 2 reached its highest concentrations and 307 

oligomers became important components. Factor 2 contributed most to the abundance of the 308 

HMW ions (m/z > 160) (Figure S6). Both H/C and O/C ratios decreased at illumination times 309 

longer than 2 h (Figure 4), likely resulting from oligomerization via elimination of H2O.26,29 310 

This converts the functionalized products in Factor 1 to the HMW products in Factor 2 311 

without much change in overall aqSOA yields. Factor 2 began decreasing approximately 4 312 

hours after the start of illumination. This is accompanied by an increase of Factor 3, which 313 

had smaller fractions of HMW ions than Factor 2, likely due to the decomposition of the 314 

HMW products in Factor 2 (Figure S6). Distinctive peaks at m/z 121 (C7H5O2
+, proposed 315 

structure in Figure S11) in Factor 3 (Figure 2) are likely generated from the decomposed 316 

phenol esters or the monomeric intermediates upon cleaving the methoxy functional 317 

groups.29,58 318 
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Though fragmentation of previously formed oligomers is significant after six hours of 319 

illumination, ions representing dimers (e.g., C17H18O8
+ at m/z = 350 and C17H18O7

+ at m/z 334; 320 

Figure S12) keep increasing since the beginning of illumination and show good correlations 321 

with Factor 3 (Figure 3d).  C17H18O8
+ and C17H18O7

+ represent the largest peaks in the spectra 322 

of both Factor 3SyrAld_AS and Factor 3ActSyr_AS above 200 Da (Figures 2b and 2d). Since these 323 

ions have an odd number of electrons with relatively high m/z values, they are likely the 324 

respective molecular compounds with the loss of one electron ([M - e -]+) instead of the 325 

ionization fragments.29,59 Molecular characterization of samples should be conducted in the 326 

future. Scheme 1 illustrates the formation of dimeric compounds, which involves the 327 

formation of a quinoide-type intermediate60 followed by the elimination of carbonyl group. 328 

The presence of dimers in both Factors 2 and 3 suggests that oligomers formed via multiple 329 

pathways during the aqueous-phase photooxidation of the phenolic carbonyls. The oligomers 330 

formed in Factor 2 might have come from the coupling of phenoxy radicals26 while those 331 

formed later in Factor 3 likely involved the formation of the quinoide-type intermediates. 332 

3.3.3 Competition between oligomerization and fragmentation  333 

A higher fraction of HMW ions (m/z>160) were observed in Factor 2 than in Factor 3, 334 

suggesting that HMW products were largely formed at intermediate steps in the reaction 335 

while decomposition was more significant during the later stage of the reactions. In all 336 

experiments, Factor 3 contributed significantly to the small molecular weight ions (m/z < 100, 337 

Figure 2) including some that are highly oxygenated, e.g., m/z 47 (CH3O2
+), 77 (C2H5O3

+). 338 

The simultaneous growth of small oxygenates and oligomeric products in Factor 3 (Figure 3d) 339 

indicates that fragmentation competed with oligomerization, especially after 12 hours post-340 

illumination. 341 
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We also see evidence for ring-opening reactions from the ion chromatography (IC) 342 

detection of small organic acids, e.g., oxalic acid (Figure 5), which is an important oxidation 343 

product from the decomposition of larger molecular weight precursors in aqueous aging 344 

processes.21,26,61 Oxalic and malic acid concentrations generally increased throughout 345 

illumination, at least to a small extent, for both precursors (Figures 5a and 5b), which is an 346 

indication of oxidative aging. Based on all of our analyses, functionalization and 347 

oligomerization processes were major processes contributing to the growth of the SOA mass 348 

during the first 4 hours of illumination. At later times fragmentation became increasingly 349 

important, leading to the decomposition of the previously formed oligomers and the 350 

formation of smaller oxygenated products.  351 

3.3.4 Comparison between AN and AS experiments 352 

In IC analyses, higher concentrations of organic acids were detected in AN 353 

experiments compared to AS experiments (Figures 5a-b). This difference suggests that 354 

oxidation-induced fragmentation was more prevalent in AN than in AS experiments, 355 

especially during the later stages of the reactions. Note that the samples analyzed by IC were 356 

the solutions collected directly from the dripping line of the atomizer. Thus, the IC results 357 

include volatile and semivolatile organic acids as well. It is also possible that particles from 358 

the AN experiment may retain more water and more water-soluble VOCs in the aerosol-359 

phase than from the AS experiment. However, no water was detected in the AN particles 360 

generated using the same atomization and drying setup.  361 

From PMF analysis, the mass spectra of the corresponding factors in AN and AS 362 

experiments share similar characteristic patterns and ions. For example, the cluster 363 

distributions, characteristic dimeric ions (m/z 350, 376 and 394) and characteristic ions from 364 

decomposed oligomers (m/z 121) observed in AS experiments were also present in AN 365 
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experiments (Figure 2). On the other hand, precursor ions were barely observed in the spectra 366 

of Factor 1_SyrAld_AN and Factor 1_ActSyr_AN due to the rapid degradation of the precursor 367 

compounds in nitrate solution. Dimeric ions, including those at m/z = 350, 376 and 394, 368 

which were only present after 4 hours of reactions in SyrAld_AS and ActSyr_AS, were 369 

formed within 30 min of reactions in SyrAld_AN and ActSyr_AN (Figure S13). Overall, the 370 

similarity in the characteristic ions in AN and AS experiments suggests that the reaction 371 

pathways, i.e., functionalization, fragmentation, and oligomerization, can be similar in both 372 

conditions. Yet, the reactions were much faster and more extensive in AN than in AS 373 

experiments. Furthermore, the higher concentrations of organic acids and the overall more 374 

oxidized aqSOA from AN experiments compared to AS experiments suggest that the 375 

photolysis of AN was a source of oxidants that led to faster oxidations of phenolic carbonyls 376 

and higher aqSOA yields. Note that the signals of NO+ and NO2
+ in particles measured by the 377 

AMS showed tight correlation throughout the entire AN experiments and the linear 378 

regression slope of signal ratio of NO+/NO2
+ was very similar to that of AN, suggesting that 379 

there was no significant organonitrate formation in the AN experiments.   380 

4 Implications 381 

This work demonstrates that UV irradiation of SyrAld and ActSyr (separately) in 382 

aqueous phase can form low-volatility aqSOA composed of more oxidized and larger 383 

molecules compared to the precursors. Reactions of phenolic compounds are dominated by 384 

radical-initiated reactions, such as hydroxylation of the aromatic ring through OH-radical 385 

addition.26,29, 33 In contrast, H-abstraction from the substituent groups on the aromatic ring, 386 

e.g. alkyl groups, is generally minor.36,37 The formation of aqSOA in this study was initiated 387 

by direct photodegradation, or the in-situ generated oxidants, e.g., OH radicals or triple 388 

excited states of organic compounds (3C*), which are efficiently generated through aqueous-389 

phase photolysis of inorganic nitrate or aromatic carbonyls.28,29,62 Previous studies have also 390 
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shown that aqSOA is formed from the reactions of phenol, guaiacol, and syringol with either 391 

3C* or OH radicals.26, 29 392 

After the initial phase of reaction, the intermediates react to form ring-opening and 393 

ring-retaining products.62 Fragmentation competes with oligomerization and functionalization 394 

for both precursors, especially during the later course of the experiments, leading to the 395 

formation of highly oxygenated products. Comparing ActSyr and SyrAld, which have 396 

different moieties on the aromatic ring, SyrAld (with –CHO as substituent) generates more 397 

aqSOA than ActSyr (with –C(O)CH3). More extensive ring-opening reactions were found to 398 

occur in AN than in AS solutions. Li et al. (2014)21 showed that the branching ratios of 399 

oligomerization and fragmentation may be altered by the concentration ratios between 400 

oxidants and organic precursors. In this work, although both small oxygenates and oligomers 401 

were observed in AN and AS experiments, the more extensive fragmentation of aqSOA in 402 

AN than in AS experiments is consistent with a higher steady-state concentration of OH 403 

radicals in the former. The aqueous-phase processing of phenolic compounds in the presence 404 

of nitrate enhanced the formation of carboxylic acids, and thus might be an important source 405 

of the small acids detected in ambient aerosols.  406 

Further experiments should be directed to determine the kinetics of organic 407 

degradation for a variety of aqSOA precursors in nitrate-containing solutions or particles, 408 

which can be used in aqSOA-predictive models and in estimating the lifetimes of biomass-409 

burning products. The identification and quantification of products at the molecular level will 410 

improve the understanding of the quantitative impact of nitrate on the formation mechanisms 411 

of aqSOAs during cloud processing, via pathways such as OH radical generation and the 412 

formation of organic nitrate.  413 
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 615 
 616 
Figure 1. Overview of photodegradation of SyrAld or ActSyr in ammonium sulfate (AS) or 617 

ammonium nitrate (AN) solutions: (a) and (b), apparent first-order decays of precursors; (c) 618 

and (d), aqSOA mass yields. Structures of  SyrAld and ActSyr are shown at the bottom of the 619 

figure 620 

Figure 2. Three-factor solutions for the PMF analyses of aqSOA in a) and b) SyrAld_AS; c) 621 

and d) ActSyr_AS; e) and f) SyrAld_AN; g) and h) ActSyr_AN. Starting concentrations of 622 

SyrAld and ActSyr were 18.22 and 19.62 mg L–1 in the AS experiments, respectively, and 623 

5.47 and 5.89 mg L–1 in the AN experiments, respectively. 624 

Figure 3. (a) and (b), the decay of AMS-detected precursor ions and HPLC-measured 625 

precursor compounds in SyrAld_AS and ActSyr_AS, respectively; (c) and (d), time series of 626 

AMS-detected organic ions that are highly correlated with Factors 1 and 3, respectively, in 627 

SyrAld_AS.               628 

Figure 4. Van Krevelen diagrams of elemental ratios estimated from PIKA analysis in (a) 629 

SyrAld_AS and (b) ActSyr_AS experiments. Elemental ratios for the first 15 min of reactions 630 

are not included since the aqSOA concentrations were low, making the elemental ratios 631 

highly uncertain. Open triangles and circles on the triangle plot are for the reaction time of 632 
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0.25 – 2 h; filled triangles and squares are for the reaction time of 2 – 22 h. The arrows 633 

indicating the direction of change over time are used to guide the eyes. 634 

Figure 5. Concentrations of oxalic and malic acids detected by IC in offline samples at 635 

different time of reactions: (a) SyrAld and (b) ActSyr. To compare different experiments, the 636 

absolute concentrations of the acids are normalized by the concentrations of initial precursor 637 

compounds.  638 

Scheme 1. Possible products produced during photooxidation of phenolic carbonyls and the 639 

formation of oligomeric compounds. 640 
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Figure 1. Overview of photodegradation of SyrAld or ActSyr in ammonium sulfate (AS) or ammonium 642 

nitrate (AN) solutions: (a) and (b), apparent first-order decays of precursors; (c) and (d), aqSOA mass yields. 643 

Structures of  SyrAld and ActSyr are shown at the bottom of the figure. 644 
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    649 

Figure 2. Three-factor solutions for the PMF analyses of aqSOA in a) and b) SyrAld_AS; c) and d) 650 

ActSyr_AS; e) and f) SyrAld_AN; g) and h) ActSyr_AN. Starting concentrations of SyrAld and ActSyr 651 

were 18.22 and 19.62 mg L–1 in the AS experiments, respectively, and 5.47 and 5.89 mg L–1 in the AN 652 

experiments, respectively. 653 
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 654 

 655 

Figure 3. (a) and (b), the decay of AMS-detected precursor ions and HPLC-measured precursor compounds 656 

in SyrAld_AS and ActSyr_AS, respectively; (c) and (d), time series of AMS-detected organic ions that are 657 

highly correlated with Factors 1 and 3, respectively, in SyrAld_AS.               658 
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Figure 4. Van Krevelen diagrams of elemental ratios estimated from PIKA analysis in (a) SyrAld_AS and 661 

(b) ActSyr_AS experiments. Elemental ratios for the first 15 min of reactions are not included since the 662 

aqSOA concentrations were low, making the elemental ratios highly uncertain. Open triangles and circles on 663 

the triangle plot are for the reaction time of 0.25 – 2 h; filled triangles and squares are for the reaction time 664 

of 2 – 22 h. The arrows indicating the direction of change over time are used to guide the eyes. 665 

       666 

Figure 5. Concentrations of oxalic and malic acids detected by IC in offline samples at different time of 667 

reactions: (a) SyrAld and (b) ActSyr. To compare different experiments, the absolute concentrations of the 668 

acids are normalized by the concentrations of initial precursor compounds.  669 

 670 

 671 

Scheme 1. Possible products produced during photooxidation of phenolic carbonyls and the formation of 672 

oligomeric compounds. 673 
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S-1Subtraction of non-OA CO2
+ 

Pieber et al. (2016)1 suggested that the non-OA CO2
+ intensities generated in the AMS 

chamber can be correlated with the intensities of (NO+ + NO2
+) by measuring pure NH4NO3 at 

different concentrations. However, such measurements were not made in our study and we 

assumed the ratio of organic CO2
+ obtained in the dark AN experiments is from the non-OA 

CO2
+, which is a reasonable assumption since concentrations of OA components in the solution 

are low before the lights are turned on. We found that the NO2
+ peak is likely interfered by the 

adjacent organic peak (CH2O2
+) in the organic spectrum of illuminated experiments. Since non-

OA CO2
+ showed good correlation with NO+ (Figure S5), the signal intensity of non-OA CO2

+ is 

obtained as follows: 

𝑛𝑜𝑛 െ 𝑂𝐴 𝐶𝑂ଶ
ା

஺ே ൌ 0.07 ∗ 𝑁𝑂ା
஺ே 

After modification of the fragmentation table, the organic mass spectra of “ActSyr_AS 

Dark” and “ActSyr_AN Dark” are comparable to the standard mass spectrum of ActSyr in NIST 

database as shown in Figure S8, giving us confidence that the data processing and the method 

that applied to modify the fragmentation table are appropriate. However, the “SyrAld_AN Dark” 

is actually quite different from “SyrAld_AS Dark”.  We note that the AMS detected organic 

concentration in SyrAld_AN Dark (CE=1) was only around 2 μg/m3 but it was around 40 μg/m3 

in SyrAld_AS Dark. The low organic concentration in “SyrAld_AN Dark” likely results in high 

uncertainty in the mass spectrum and the elemental ratios in AMS analyses. Differences in the 

initial concentrations of the precursor compound used in SyrAld_AN Dark (30μM) and 

SyrAld_AS Dark (100μM) as well as the efficiency of the atomizer may contribute to the large 

differences in organic concentrations in the SyrAld AS Dark and SyrAld_AN Dark experiments. 

Hence, it is reasonable to consider that the organic concentration in SyrAld_AN Dark is too low 

to generate a reasonable organic mass spectrum. Because of this, the first 15 min of the reactions 

for all experiments are not included in the mass spectra of PMF and elemental analysessince the 

aqSOA concentrations are low making the spectra highly uncertain.  

S-2. PMF analysis 

The unit mass resolution AMS data were processed with both SQUIRREL 1.57and PIKA 

V1.16 analysis toolkits. We have utilized the organic data matrices and the corresponding error 
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matrices from both “SQUIRREL” and “PIKA” for the PMF analyses. m/z ranges of the data 

from “SQUIRREL” and “PIKA”  in PMF analyses are 12 – 450 and 12 - 200, respectively. 

SQUIRREL analysis is good for the analysis of high-molecular weight ions as it exhibits a more 

favorable signal to noise ratios; PIKA analysis is good for ion identification and elemental 

analysis.  

The error matrices were pretreated using the PMF Evaluation Toolkit (PET) following 

the procedure described in Ulbrich et al. [2009].2 Variables with a signal-to-noise (SNR) ratio 

less than 0.2 (“bad” variables) were removed and variables with SNR ranging between 0.2 and 2 

(“weak” variables) were downweighted by a factor of 2. Since O+, HO+, H2O+ and CO+ are 

related proportionally only to CO2
+ in the fragmentation table, the error values for each of these 

m/z were multiplied by sqrt (5) to avoid excessive weighting of CO2
+ as prescribed by Ulbrich et 

al. [2009].2 The data were analyzed using the PMF2 algorithm3 with fpeak varying between -1 

and 1. The PMF results are evaluated using the PMF Evaluation Tool in Igor Pro developed by 

Ulbrich et al. [2009]2 (PET, Version 2.06, http://cires1.colorado.edu/jimenez-

group/wiki/index.php/PMF-AMS_Analysis_Guide). The PMF solution was carefully evaluated 

according to the procedures outlined in Zhang et al. (2011).4  

For each dataset, the optimal solution was determined after examining the residuals of 

PMF fits. For all four sets of experiments, Q/Qexpected decreased from p=1 to p=3, beyond 

which the decreases in Q/Qexpected are small. The PMF results for aqSOA formation from all 

four experiments exhibit three distinct time series with their corresponding factor mass spectral 

profiles. When the PMF solution is increased to four factors, the addition of one more factor 

would not enhance the information for the factorization from a residual point of view. Also, 

adding one more factor will lead to the missing point of FPEAK, which might due to the 

relatively small data amount for lab experiments compared with the filed data. Splitting more 

factors from the organic matrices will have more solutions that are not converging. The 

rotational ambiguity of solutions was examined by changing the parameter FPEAK, and an 

FPEAK value of 0 was used for all data sets in the PMF analysis on organic mass spectra. The 

robustness of solutions were evaluated by starting PMF with different initial conditions 

(parameter SEED, i.e., Figure S14).  

Bootstrapping is performed for the current PMF solution to evaluate the statistical 
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uncertainty of the candidate solution (i.e., Figure S15). We made assessment of the uncertainty 

of the factors with 100 bootstrapping runs. Black lines in time series (TS) and black sticks in 

mass spectra (MS) represent the PMF candidate solutions. Overall, the PMF solutions show a 

similar range in MS and TS to the bootstrapping 1-σ variation bars. The bootstrapping analysis 

shows our current PMF solution is reasonably robust and appropriate.  

S-3. aqSOA yields 

The added ammonium sulfate or sulfuric acid was used as an internal standard to relate aerosol 
concentration (μg m-3) measured by AMS to liquid concentration (mg L-1). Organic to inorganic 
ratio can be measured online by AMS before and after the reactions starts. The organic 
concentration at time t in the solution can thus be calculated as follows: 

ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧

𝑎𝑞𝐼𝑛𝑜𝑟𝑔
ൌ ൬

𝑂𝑟𝑔
𝐼𝑛𝑜𝑟𝑔

൰
஺ெௌ

 

ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧ ൌ 𝑎𝑞𝐼𝑛𝑜𝑟𝑔 ሺ𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡ሻ ∗ ൬
𝑂𝑟𝑔

𝐼𝑛𝑜𝑟𝑔
൰

஺ெௌ
 

The aqSOA can thus be calculated as: 

aqSOA ൌ ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧_௜௟௟௨_஺ெௌ െ ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧_ௗ௔௥௞_஺ெௌ 

where ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧_ௗ௔௥௞_஺ெௌ is determined before each experiment starts. And aqSOA yield can 

subsequently be calculated: 

𝑌𝑖𝑒𝑙𝑑 ൌ
ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧_௜௟௟௨_஺ெௌ െ ሺ𝑎𝑞𝑂𝑟𝑔ሻ௧_ௗ௔௥௞_஺ெௌ

𝐴𝑟𝑂𝐻 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑏𝑦 𝐻𝑃𝐿𝐶
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Figure S1. IC chromatographs of a) standard mixture of formic, pyruvic, oxalic, maleic acids; b) 

standard mixture of acetic, butyric, malic and malonic acids; c) one of the offline samples in 

ActSyr_AS; d) one of the offline samples in ActSyr_AN; e) calibration curve for quantification 

of oxalic and malic acids. For the same precursor, organic anions in AS experiment were eluted 

at similar retention time as the AN one, i.e., the lumped peaks at t = 6min and t = 14min in 

Figures S1c and S1d, indicating the presence of the same organic species in AS and AN 

experiments. Other organic anions might as well present in the reaction solutions, but they are 

below the detection limit using the current chromatographic method and hence are not included 

in the current discussions. 
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Figure S2 Precursor decay as measured by HPLC in illuminated and dark samples 

 

       

     Figure S3. Correlation of Organic H2O+ vs. Organic CO2
+ in a) SyrAld and b) ActSyr 

experiments. 
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Figure S4. Correlation of Organic CO+ vs. Organic CO2
+ in ActSyr_AS  

   

Figure S5. Correlation of non-OA CO2
+ vs. NO+  
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Figure S6. Contribution of each factor to each m/z for: a) SyrAld_AS; b) ActSyr_AS; c) 

SyrAld_AN; d) ActSyr_AN. 
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Figure S7 Photodegradation of SyrAld or ActSyr in ammonium sulfate (AS) or ammonium 

nitrate (AN) solutions: (a) - (d), elemental ratios of aqSOA; (e) - (f) average carbon oxidation 

states (OSC) of aqSOA.  
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Figure S8. NIST and AMS organic mass spectra of each pure precursor compound mixed with 

different inorganic salts before illumination. 
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Figure S9. NIST mass spectrum of 3, 4- Dihydroxy-5-methoxybenzaldehyde, C8H8O4 (MW = 

168).  

 

Figure S10. NIST mass spectrum of 3,4,5-Trihydroxybenzoic acid, C7H6O5 (MW = 170). 
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Figure S11. Proposed structure for fragment m/z 121 

 

 

 

Figure S12. Peak fittings for the dimer compounds 
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Figure S13. Mass spectra of aqSOA at different time of reactions in (a) SyrAld_AS, (b) 

ActSyr_AS, (c) SyrAld_AN, and (d) ActSyr_AN experiments. 
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Figure S14Three-factor solution for PMF analysis of SyrAld_AS, Diagnostic plot, fPeak=0, Seed 

varies from 0 to 6 

  

Figure S15 Bootstrapping analysis for the three-factor solution for SyrAld_AS 
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Precursor information 
Chemical structure 
Chemical formula  

O/C, H/C, OSc 

Syringaldehyde 
(SyrAld) 

Acetosyringone 
(ActSyr) 

   
C9H10O4 

M.W. 182 
C10H12O4 
M.W. 196 

0.44,1.11,-0.23 0.4,1.2,-0.4 

Inorganic components 
and initial concentrations 

NH4NO3 
(AN) 

200 µM 

(NH4)2SO4 
(AS) 

22.7µM 

NH4NO3 
(AN) 

200 µM 

(NH4)2SO4 
(AS) 

22.7µM 
Initial concentrations of 

organic 
30 µM 

(5.47ppm) 
100 µM 

(18.22ppm) 
30 µM 

(5.89ppm) 
100 µM 

(19.62ppm) 
Apparent first order 

decay rate (s-1) 
1.3×10-3 0.87×10-3 1.4×10-3 0.41×10-3 

TOC (ppm) 
when all precursors were 

consumed 
3.3 9.2 3.5 11 

OM/OC 
when all precursors were 

consumed 
2.4 2.3 2.1 2.1 

aqSOA(ppm) yield 
when all precursors were 

consumed 
0.9 0.6 0.8 0.4 

O/C,H/C,OSC  
when all precursors were 

consumed 
1.1, 1.52, 0.68 

0.91, 1.54, 
0.28 

0.83, 1.49, 
0.17 

0.68, 1.46, 
-0.1 

              Table S1 Information for different experiments 
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