
UC Davis
UC Davis Previously Published Works

Title
Chemical Differences between Phenolic Secondary Organic Aerosol Formed through Gas-
Phase and Aqueous-Phase Reactions

Permalink
https://escholarship.org/uc/item/7rd2f4tp

Journal
ACS Earth and Space Chemistry, 8(11)

ISSN
2472-3452

Authors
Jiang, Wenqing
Yu, Lu
Yee, Lindsay
et al.

Publication Date
2024-11-21

DOI
10.1021/acsearthspacechem.4c00204
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7rd2f4tp
https://escholarship.org/uc/item/7rd2f4tp#author
https://escholarship.org
http://www.cdlib.org/


Chemical Differences between Phenolic Secondary Organic Aerosol
Formed through Gas-Phase and Aqueous-Phase Reactions
Published as part of ACS Earth and Space Chemistry special issue “Hartmut Hermann Festschrift”.

Wenqing Jiang, Lu Yu, Lindsay Yee, Puneet Chhabra, John Seinfeld, Cort Anastasio, and Qi Zhang*

Cite This: ACS Earth Space Chem. 2024, 8, 2270−2283 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Phenolic compounds, which are significant emissions from
biomass burning (BB), undergo rapid photochemical reactions in both gas and
aqueous phases to form secondary organic aerosol, namely, gasSOA and
aqSOA, respectively. The formation of gasSOA and aqSOA involves different
reaction mechanisms, leading to different product distributions. In this study,
we investigate the gaseous and aqueous reactions of guaiacol�a representative
BB phenol�to elucidate the compositional differences between phenolic
aqSOA and gasSOA. Aqueous-phase reactions of guaiacol produce higher SOA
yields than gas-phase reactions (e.g., roughly 60 vs 30% at one half-life of
guaiacol). These aqueous reactions involve more complex reaction mechanisms
and exhibit a more gradual SOA evolution than their gaseous counterparts.
Initially, gasSOA forms with high oxidation levels (O/C > 0.82), while aqSOA
starts with lower O/C (0.55−0.75). However, prolonged aqueous-phase
reactions substantially increase the oxidation state of aqSOA, making its bulk chemical composition closer to that of gasSOA.
Additionally, aqueous reactions form a greater abundance of oligomers and high-molecular-weight compounds, alongside a more
sustained production of carboxylic acids. AMS spectral signatures representative of phenolic gasSOA have been identified, which,
together with tracer ions of aqSOA, can aid in the interpretation of field observation data on aerosol aging within BB smoke. The
notable chemical differences between phenolic gasSOA and aqSOA highlighted in this study also underscore the importance of
accurately representing both pathways in atmospheric models to better predict the aerosol properties and their environmental
impacts.
KEYWORDS: secondary organic aerosols, phenols, gas-phase photoreactions, aqueous-phase photoreactions, oligomerization,
acid formation, guaiacol, biomass burning

1. INTRODUCTION
Secondary organic aerosol (SOA) makes up a significant
fraction of tropospheric aerosol mass,1,2 playing crucial roles in
affecting human health, air quality, and climate.3,4 Due to a
multitude of emission sources and the intricate interplay of
physical and chemical processes in the atmosphere, the
chemical composition of SOA is extremely complex. Tradi-
tionally, SOA formation has been attributed to gas-phase
oxidation of volatile organic compounds (VOCs), followed by
the partitioning of low-volatility products into the particle
phase. However, an increasing body of research indicates that
atmospheric liquid water (e.g., cloud and fog droplets and
particle water) can facilitate the partitioning of water-soluble
VOCs and semivolatile organic compounds (SVOCs) into the
aqueous phase, where they can undergo reactions to form low-
volatility SOA species.5−8 Aqueous-phase reactions can occur
on similar or even shorter time scales compared to gas-phase
reactions. For example, the lifetimes of phenols with respect to
gas-phase hydroxyl radical (•OH) reactions are typically on

the order of hours,9 while the lifetimes of phenols with respect
to aqueous-phase •OH reactions range from minutes to
hours.10 Moreover, the pseudo-first-order reaction rates of
phenols with other aqueous-phase oxidants, such as the excited
state of organic carbon (3C*) and singlet oxygen (1O2), can be
comparable or higher than those with •OH in the aqueous
phase.10−13 Considering the prevalence of cloud, fog, and
aerosol water, along with the fast formation rates and
significant yields of SOA resulting from aqueous reactions of
various water-soluble VOCs and SVOCs (e.g., aldehydes,
phenols, and glyoxal),13−16 it is estimated that the mass of
SOA formed through aqueous-phase reactions (aqSOA) is
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comparable to that formed through gas-phase reactions
(gasSOA) in the atmosphere.17,18

AqSOA also significantly influences the composition and
properties of aerosols. Compared to gasSOA, aqSOA generally
consists of molecules with substantially different distributions
of molecular weight, oxygen-to-carbon (O/C) ratio, functional
groups, viscosity, and optical and water-uptake properties.19−23

The elevated oxygenation of aqSOA, which is in part due to
the high O/C ratios found in common aqSOA precursors, such
as glyoxal and methylglyoxal,17 can enhance its hygroscopicity
and ability to nucleate cloud droplets, influencing cloud
formation. However, this characteristic also makes aqSOA
more susceptible to wet deposition, resulting in a shorter
atmospheric lifetime.24,25 Additionally, aqueous reactions can
generate light-absorbing species, making them a significant
source of brown carbon aerosol.26,27

Phenols represent an important family of aromatic volatile
and semivolatile compounds released through lignin pyrolysis
during biomass burning (BB).28 Apart from participating in
gas-phase reactions that contribute to SOA formation,29−31

phenols possess high Henry’s law constants (KH)32 and react
rapidly with aqueous-phase oxidants, such as hydroxyl radical
(•OH), singlet oxygen (1O2*), and triplet excited states of
organics (3C*), forming aqSOA with high mass yields.10,12,15,33

The relative contributions of phenolic gasSOA and aqSOA
under ambient conditions depend on factors, such as the KH of
phenols, liquid water content, and oxidant concentrations.12,34

Model simulations suggest that in highly humid environments,
aqSOA could dominate overall SOA formation from phenols.13

Furthermore, recent ambient measurements suggest that the
formation rate of phenolic aqSOA can surpass that of phenolic
gasSOA under foggy conditions.35

Guaiacol (2-methoxyphenol, GUA) is a VOC emitted from
both hardwood and softwood burning.36 Under low-NOx
conditions, guaiacol produces SOA through gas-phase •OH
photooxidation, with average mass yields in the range of 44−
50%.29 The gas-phase reaction initiates with either H-
abstraction from the hydroxyl group, resulting in the formation
of a phenoxy radical, or •OH addition to the aromatic ring,
leading to the generation of an organic peroxy radical.
Subsequent reactions involve hydroxylation, isomerization,
epoxide formation, fragmentation (ring-opening reactions),
and/or loss of a methoxy group.29 Under high NOx conditions,
nitrophenols are formed.29,37

Guaiacol is highly effective in generating aqueous SOA as
well. It exhibits moderate partitioning to atmospheric waters
(KH = 8.7 × 102 M atm−1)32 and undergoes aqueous-phase
reactions with •OH and 3C* that lead to the production of
aqSOA with mass yields close to 100%.10,38,39 Key reactions
involved in this process include oligomerization, functionaliza-
tion, esterification, demethoxylation, and fragmentation.38−40

Despite the crucial role of aqueous-phase reactions, current
models often overlook the formation of aqSOA from BB-
emitted phenols. This oversight can lead to underestimating
the impact of BB on the SOA budget and its effects on the
climate. Additionally, due to differences in mass yields,
composition, and optical properties, it is essential to
distinguish between phenolic gasSOA and aqSOA to accurately
represent BB SOA when evaluating air quality and climate
impacts.

In the present study, we compare the chemical composition
and evolution dynamics of guaiacol gasSOA and aqSOA
formation, drawing on previous laboratory results. We contrast

measurements of SOA using Aerodyne high-resolution time-of-
flight aerosol mass spectrometers (HR-ToF-AMS), with a
specific emphasis on identifying chemical distinctions between
guaiacol gasSOA and aqSOA, particularly regarding key
products, such as oligomers and carboxylic acids. We explore
potential factors that may contribute to the different formation
mechanisms of guaiacol gasSOA and aqSOA. Through this
comparative analysis, our goal is to gain insights into the
product distributions and chemical transformations occurring
in guaiacol’s gas-phase and aqueous-phase photoreactions.
These insights may contribute to a more comprehensive
understanding of SOA formation from phenolic precursors,
particularly within the context of BB emissions.

2. EXPERIMENTAL METHODS
2.1. Photooxidation Experiments. A summary of the

gas-phase and aqueous-phase photochemical oxidation experi-
ments of guaiacol (C7H8O2) is presented in Table S1 in the
Supporting Information. Briefly, aqueous-phase photoreaction
experiments were performed within an RPR-200 photoreactor
equipped with bulbs of three different types (300, 350, and 419
nm) to roughly simulate sunlight,41 which entailed the
reactions of guaiacol with •OH or 3C* following the
procedures outlined by Yu et al.38,40 In these experiments,
100 μM guaiacol was dissolved in air-saturated Milli-Q water
and adjusted to pH 5 using sulfuric acid. For •OH
experiments, 100 μM H2O2 was introduced into the initial
solution as the source of •OH. In the 3C* experiments, 5 μM
3,4-dimethoxybenzaldehyde (3,4-DMB) was added to the
solution as the source of 3C*.

Gas-phase experiments were conducted in Caltech's dual 28
m3 Teflon laboratory chambers, under either low-NOx or high-
NOx conditions, involving the photochemical reactions of
guaiacol with •OH, as described by Yee et al.29 In the low-
NOx experiments (initial NOx concentration <5 ppb), the
initial guaiacol concentration was 5.9 ppb, with H2O2 serving
as the •OH source. In the high-NOx experiments (initial NOx
concentration reached hundreds of ppb), the initial guaiacol
concentration was 55.3 ppb, with HONO used as the •OH
source. These chamber experiments were conducted under dry
conditions with RH maintained below 10%. Ammonium
sulfate seed aerosol was used to facilitate the condensation
of the oxidation products. Illumination (340−350 nm) was
from three hundred 40 W black lights.29

The phenolic precursor concentrations used in the photo-
chemical reactions are representative of the atmospheric
conditions influenced by BB. Previous studies have shown
that the atmospheric gas-phase concentrations of phenols can
vary from 0.03 to 44 ppb,42 while the aqueous-phase
concentrations of phenols in cloud and fog waters typically
range from 0.1 to 30 μM.43 In regions impacted by BB, the
aqueous-phase concentrations of phenols have been predicted
to exceed 100 μM.43

2.2. HR-ToF-AMS Data Analysis. High-resolution time-
of-flight aerosol mass spectrometers (Aerodyne Research Inc.,
Billerica, MA) were used to characterize the chemical
composition of both gasSOA and aqSOA, including average
elemental ratios, such as the atomic oxygen-to-carbon ratio
(O/C), hydrogen-to-carbon ratio (H/C), and fragment ions.
For gasSOA, the signals of CO+ and the H2O-related ions (e.g.,
H2O+, HO+, and O+) were estimated using the method
described by Aiken et al.44 For aqSOA, since argon was used
for atomization and the resulting aerosols were thoroughly
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dried, CO+ and the H2O-related ions were determined directly
in the spectra of aqSOA.38 The average oxidation state of
carbon (OSc), indicating the oxidation degree of SOA, was
calculated using the formula OSC = 2 × O/C−H/C, as
described by Kroll et al.45

Positive matrix factorization (PMF) analysis was performed
on the AMS mass spectral matrix, along with the
corresponding error matrix generated within PIKA. The
PMF results were evaluated using the PMF Evaluation Toolkit
(PET v3.08), following the established criteria.46,47 A two-
factor solution was determined to be suitable for gasSOA
formed under both low-NOx and high-NOx conditions. For
aqSOA, a three-factor solution was chosen for 3C*-initiated
reactions, while a four-factor solution, consisting of three
distinct aqSOA factors and one background factor, was used
for •OH-initiated reactions. Selecting fewer or more factors led
to either elevated residuals or factor splitting. Detailed
information regarding the PMF analysis for each experiment
is given in the Supporting Information (S1).

3. RESULTS AND DISCUSSION
3.1. Different Formation Kinetics and Chemical

Evolution Profiles of Guaiacol AqSOA and GasSOA.
Figure 1 provides an overview of the kinetics and illustrates the
changes in the bulk chemical properties of the resulting SOA
during the photoreactions of guaiacol in both the gas and
aqueous phases. To facilitate comparisons across different

experiments, these changes are presented relative to the
number of half-lives (t1/2) of guaiacol decay. While both
guaiacol gasSOA and aqSOA become more oxidized over the
course of the photoreactions, there are notable differences in
their initial oxidation states and the rate of oxidation during
experiments. As shown in Figure 1i−l, gasSOA starts with a
higher degree of oxidation compared to aqSOA, but the
increase in oxidation is more pronounced for aqSOA as the
photoreactions progress. For example, the O/C ratio of aqSOA
resulting from the 3C*-mediated reaction increases by 0.22
from the beginning of the reaction to six half-lives of guaiacol
(Figure 1k), while those of gasSOA from both low- and high-
NOx conditions only increase by around 0.07 (Figure 1i,j).
The •OH-mediated photooxidation of guaiacol was run for 2.6
half-lives, during which the O/C of aqSOA increases by 0.23
(Figure 1l). These observations indicate that the oxidation
states of gasSOA and aqSOA evolve differently during their
photoreactions and that the aqueous-phase reactions tend to
produce SOA with a broader range of oxidation states.

The higher degree of oxidation in gasSOA compared with
aqSOA during the initial stages of photochemical reactions can
be partially attributed to the higher availability of oxidants in
gas-phase reactions. As shown in Table S1, the estimated •OH
concentrations in the gas-phase reactions are in the range of
(1.1−4.5) × 106 molecules cm−3, leading to an initial oxidant-
to-guaiacol molar ratio of (3.5−7.8) × 10−6. However, in
aqueous-phase reactions, the initial oxidant-to-guaiacol molar

Figure 1. Gas-phase and aqueous-phase reaction kinetics of guaiacol and the chemical evolution of the resulting SOA as a function of the number
of guaiacol half-lives elapsed (bottom horizontal axis) and irradiation time (top horizontal axis). (a−d) Decay of guaiacol, (e−h) SOA mass yields,
and (i−l) H/C, O/C, and OSc of the guaiacol SOA. The fitting equations in panels (a−d) show the exponential decay of guaiacol as a function of
irradiation time (t).

Figure 2. Evolution of guaiacol gasSOA and aqSOA depicted in (a) Van Krevelen diagram, (b) f44 vs f43 space, and (c) f CO2+ vs f C2H3O+ space based
on AMS measurements. The dashed lines in panel (b) denote the boundaries for oxygenated organic aerosols (OOAs) observed in ambient
environments.75 In this study, C2H3O+ consistently contributes a dominant fraction (91−100%) of m/z 43 in gasSOA, with C3H7

+ accounting for
only a minor portion. In contrast, the contribution of C2H3O+ to m/z 43 in aqSOA increases from 29 to 80% as photooxidation progresses, which
results in different trends of f43 and f C2H3O+ in aqSOA.
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ratio is considerably lower in the range of (0.48−8.8) × 10−10.
The greater oxidant availability in gas-phase reactions likely
creates a highly oxidative environment for guaiacol molecules,
prompting the rapid formation of highly oxidized products.

The chemical differences between aqSOA and gasSOA
appear to be more pronounced when they are freshly formed.
The difference gradually decreases as the photoreactions
progress, suggesting a convergence in the chemical composi-
tion of guaiacol SOA resulting from further oxidation and
fragmentation in the two phases. In Figure 2, we use the Van
Krevelen diagram and scatter plots of f44 vs f43 and f CO2+ vs
f C2H3O+ to compare the evolution trends in the bulk chemical
properties of guaiacol gasSOA and aqSOA during photo-
reactions. The shifts in H/C and O/C ratios depicted in the
Van Krevelen diagram provide insights into the transformation
mechanism of OA during the given experiment.48 For example,
a slope of −2 likely suggests the replacement of an aliphatic
carbon with a carbonyl group. A slope of 0 implies an increase
in the oxygen content with no change in hydrogen, potentially
resulting from replacing a hydrogen atom with an alcohol or a
peroxide group. A slope of −1, which is common as OA aging
progresses,48 denotes the simultaneous addition of both
functional groups, forming a hydroxycarbonyl or carboxylic
acid. In this study, the slopes of guaiacol gasSOA tend to be
closer to −1, while those of aqSOA are closer to 0. This
distinction implies that the dominant reaction mechanisms of

guaiacol may differ between the gas phase and the aqueous
phase.

In the plots of f44 vs f43 and f CO2+ vs f C2H3O+, gasSOA initially
shows considerably higher f44 and f CO2+ values than aqSOA,
indicating a higher degree of oxidation and acid formation of
gasSOA at the beginning of the photoreactions. However, as
the photoreactions progress, f CO2+ of aqSOA increases
significantly, whereas f CO2+ of gasSOA shows only a minimal
increase. This observation suggests that aqSOA becomes
increasingly oxidized over time due to photochemical reactions
in the aqueous phase, while gasSOA maintains a relatively high
degree of oxidation throughout its gas-phase reactions.
However, it is important to note that the oxidation degree of
gasSOA reflects a complex interplay between gas-phase
oxidative aging and the increased partitioning of less volatile
species into the particle phase as SOA loading increases.

In line with the more pronounced bulk chemical evolution
observed in aqueous-phase reactions, the growth in the SOA
mass during prolonged aqueous-phase reactions is more
significant than that in gas-phase reactions. Under both low-
NOx and high-NOx conditions, the gasSOA mass concen-
trations plateau at approximately two half-lives of guaiacol
(Figure 1e,f) whereas the aqSOA concentrations continue to
increase over the duration of the 3C*- and •OH-mediated
reactions, which last for 2.6 and 6.5 guaiacol half-lives,
respectively (Figure 1g,h). The average mass yield of gasSOA

Figure 3. AMS spectra of (a,b) gasSOA and (c,d) aqSOA formed at one half-life (t1/2) of guaiacol. The insets highlight a group of CxHyO1
+ and

CxHyO2
+ ions in m/z 59−96 that are more enhanced in gasSOA compared to aqSOA. Mass fractions of (e) different ion categories and (f) large

ions ( fm/z>124 and fm/z>246), the sum of selected CxHyO1
+ ions (e.g., C4H4O+ and C5H4O+), and the sum of selected CxHyO2

+ ions (C2H3O2
+,

C3H2O2
+, C3H3O2

+, C4H3O2
+, C4H4O2

+, C4H5O2
+, C5H3O2

+, C5H4O2
+) in the AMS spectra of gasSOA and aqSOA at t1/2 of guaiacol.
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is significantly lower compared to that of aqSOA (∼44 vs
∼70%). This fact, along with the more sustained mass growth
of aqSOA, suggests that the aqueous-phase reactions of
guaiacol are more efficient at generating low-volatility species
compared to gas-phase reactions.

One possible explanation for the observed differences in
formation kinetics between aqSOA and gasSOA lies in their
distinct reaction environments. While aqSOA forms directly
within the condensed phase, gasSOA formation involves the
gas-phase oxidation of the precursor, followed by the
partitioning of the resulting products into particles. The yield
of gasSOA may be influenced by various factors, including the
amount and volatility of the products, as well as the pre-
existing aerosol mass onto which these products condense.49

For example, a lower total aerosol mass concentration in the
chamber may lead to a reduced yield of guaiacol gasSOA.
Additionally, the initial concentration of guaiacol strongly
influences the mass yield of gasSOA, as demonstrated by
Lauraguais et al., where higher initial guaiacol concentrations
result in higher yield.37 Moreover, SOA loading and the
partitioning of gas-phase oxidation products can impact the
composition of gasSOA. Previous studies have shown that
under low SOA loadings, more oxygenated species tend to
dominate, while higher SOA loadings promote the partitioning
of more volatile and less oxygenated species into the particle
phase, leading to a different SOA composition compared to
conditions with low SOA mass loadings.50

3.2. Compositional Differences between Guaiacol
AqSOA and GasSOA. Figure 3 compares the AMS spectra of

guaiacol gasSOA and aqSOA obtained at one half-life of
guaiacol, which represents the point when 50% of the initial
guaiacol has reacted. The comparison reveals significant
chemical disparities that highlight distinct pathways driving
SOA formation between the aqueous phase and the gas phase.
Specifically, the aqSOA spectra comprise a higher mass fraction
of CxHy

+ ions but a lower fraction of CxHyO1
+ ions compared

to the gasSOA spectra (Figure 3e), indicating lower oxidation
levels of the initially formed aqSOA species. Notably, the
gasSOA spectra are missing common hydrocarbon ions with
formulas CnH2n±1

+ (n > 0), such as C3H5
+, C3H7

+, C4H7
+, and

C4H9
+ (Figure 3a−d). Furthermore, the characteristic frag-

ment ions of the phenyl group (e.g., C6H6
+, C6H5

+, and
C6H4

+) show substantially higher mass fractions in the spectra
of aqSOA compared to gasSOA. This observation suggests that
gas-phase photochemical reactions lead to a more significant
loss or modification of the phenolic hydrocarbon structure
compared to reactions occurring in the aqueous phase.

Further evidence supporting more fragmentation reactions
in the gas phase compared with the aqueous phase comes from
differences in the relative abundance of high m/z ions in their
SOA mass spectra. As shown in Figure 3f, the mass fractions of
ions heavier than 124 amu ( fm/z>124), i.e., larger than the
molecular ion of guaiacol, are considerably greater in the
guaiacol aqSOA spectra. Additionally, those heavier than 246
amu (i.e., m/z of guaiacol dimer) are completely absent in the
gasSOA spectra but are present in the aqSOA spectra,
especially with triplet oxidation. Since electron impact (EI)
ionization produces ions up to the size of the molecular ion,

Figure 4. Mass fraction (% of total organic signal) of AMS tracer ions for guaiacol SOA over the course of the gas- and aqueous-phase reactions,
including (a−f) oligomer-related ions, (g,h) hydroxylated guaiacol ions, (i−k) acid ions, and (l−t) CxHyO1

+ and CxHyO2
+ ions.
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this indicates a higher occurrence of low-volatility, high-
molecular-weight products in aqSOA compared to gasSOA.

A majority of high m/z ions in the aqSOA spectra are found
to contain more than 2 oxygen atoms, prominently including
those representing guaiacol oligomers (e.g., C12H11O3

+,
C14H14O4

+, and C21H20O6
+).38 Previous studies showed that

aqueous-phase photooxidation of phenols can swiftly produce
dimers and higher oligomers through C−C or C−O coupling
of phenoxy radicals (Scheme S1).38,39,51 Furthermore, Braga et
al. synthesized guaiacol dimers and identified m/z values of
246, 231, and 203 as the major fragment ions of guaiacol C−C
dimer, while m/z values of 108 and 137 are prominent
fragment ions of the guaiacol C−O dimer in 70 V EI mass
spectra.52 Our observations confirm the presence of peaks at
m/z values of 246 (C14H14O4

+), 231 (C13H11O4
+), and 203

(C12H11O3
+) in the guaiacol aqSOA spectra, with no significant

signals appearing at m/z values of 108 and 137 (Figure 3c,d).
Thus, it seems that C−C coupling, rather than C−O coupling,
serves as the main mechanism for oligomerization in guaiacol
aqSOA formation.

While the gasSOA spectra lack high m/z ions, they feature a
distinct cluster of oxygenated ions in the m/z range of 59−96
amu (e.g., C2H3O2

+, C3H2O2
+, C3H3O2

+, C4H3O2
+, C4H4O2

+,
C4H5O2

+, and C5H3O2
+), which are in lesser prominence in

the aqSOA spectra (Figures 3a,b,f and 4k−r). These CxHyO2
+

ions can be derived from the fragmentation of esters and/or

carboxylic acids in EI-MS.53 For instance, C2H3O2
+ can be

generated from the breakdown of molecules containing
CH3O−CO− or −CO−OCH2− groups.53 The elevated
signals of the CxHyO2

+ ions in the gasSOA spectra at one
half-life of guaiacol may suggest a greater prevalence of
esterification in the formation of gasSOA compared to aqSOA
during the initial stage of reactions.

3.3. Contrasting the Chemical Evolution of AqSOA
and GasSOA in Guaiacol Photoreactions. The compar-
isons of mass spectra discussed in the preceding section
highlight a notable distinction between the aqueous-phase and
gas-phase photooxidation of phenols: the formation of larger
and more complex molecules is greatly favored through
aqueous-phase reactions. To further examine the chemical
evolutions of these components, Figure 4a−f depicts the
temporal evolution of AMS tracer ions representing guaiacol
oligomers (e.g., C11H7O2

+, C12H11O3
+, C13H11O4

+, C14H14O4
+,

C14H14O5
+, and C21H20O6

+),38 all of which exhibit noticeable
increases at the beginning of the aqueous-phase reactions,
followed by a decrease in the later periods. This pattern
suggests that oligomers are generated during the initial phases
of the aqueous-phase reactions but subsequently undergo
decomposition and transformation into smaller molecules as
the reactions progress. This is consistent with our previous
findings, indicating that oligomerization primarily influences
the initial generation of phenolic aqSOA, whereas functional-

Figure 5. Time series of the AMS-measured f CHO2+, f CO2+, and f(CHO2
+

+CO2
+

) and the total concentration of eight small organic acids (formic acid,
acetic acid, pyruvic acid, malic acid, oxalic acid, malonic acid, fumaric acid, and maleic acid) measured by ion chromatography in guaiacol aqSOA
and the correlations between these values in 3C*-mediated (panel A) and OH-mediated (panel B) aqueous-phase reactions.
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ization and fragmentation become more dominant during
further aging.40

Previous studies have identified hydroxylation and carboxylic
acid formation as important processes for phenol aqSOA
formation.38−40,54,55 Tracer ions representing guaiacol hydrox-
ylation products (i.e., C7H8O3

+ and C7H8O4
+)38 are observed

in both guaiacol gasSOA and aqSOA (Figure 4g,h), suggesting
that hydroxylation plays an important role in both gas-phase
and aqueous-phase reactions of phenols.

Figure 4j,k shows the temporal trends of AMS tracers
representing carboxylic acid and oxalic acid (i.e., CHO2

+ and
CH2O2

+, respectively).54,56 In previous studies, the AMS signal
at m/z 44 (mainly CO2

+) has been widely used as a tracer for
organic acids.57−60 However, our current study indicates that
the m/z 45 (CHO2

+) signal might be a more reliable indicator
of organic acids. To demonstrate this, Figure S6 shows the
mass spectra from the National Institute of Standards and
Technology (NIST) database for eight common small organic
acids potentially present in atmospheric aerosols. These
spectra consistently show a more prominent m/z 45 signal
compared to the m/z 44 signal. While the thermal
decomposition of carboxylic acids on the AMS vaporizer can
result in a more pronounced CO2

+ signal than that in NIST
mass spectra,57,61 carboxylic acids also yield a significant
CHO2

+ signal in AMS spectra, which allows us to use it as an
acid indicator. Figures 5 and S7 show the time series of f CO2+
and f CHO2+ (the ratio of CO2

+ and CHO2
+ signals to the total

organic signal in an AMS spectrum) alongside the total
concentration of eight small organic acids measured by ion
chromatography in guaiacol aqSOA. The stronger correlation
between f CHO2+ and the total concentration of small acids
indicates that f CHO2+ is an effective AMS marker for organic

acids. CHO2
+ is a better proxy of organic acids than CO2

+

because the CO2
+ signal can be influenced by other oxidized

species (e.g., esters and peroxides)62 and by artifacts from
inorganic salts interacting with residual carbon on the
vaporizer.63 Therefore, CO2

+ (or m/z 44) is less representative
of organic acids than CHO2

+, especially in highly oxidized SOA
systems. Furthermore, CH2O2

+ (m/z 46) has been identified as
an important AMS fragment of oxalic acid and oxalate and can
serve as a reliable AMS tracer for aqueous-phase processing.56

As shown in Figure 4j,k, both CHO2
+ and CH2O2

+ are
initially elevated in guaiacol gasSOA but slightly decrease as
the gas-phase reactions progress. In contrast, these acid tracers
are nearly absent at the beginning of the aqueous-phase
reactions but continuously increase throughout the reactions.
These results indicate that the chemical compositions of
aqSOA and gasSOA evolve differently during the process of
photochemical reactions.

To systematically explore the chemical disparities between
phenolic gasSOA and aqSOA and their photochemical
evolution, we performed PMF analysis on the AMS spectra
of guaiacol gasSOA and aqSOA from each experiment. For
gasSOA generated under the low-NOx and high-NOx
conditions (i.e., LN-gasSOA and HN-gasSOA), two factors
were resolved, representing two generations of gasSOA
products. For aqSOA generated through 3C*- and •OH-
mediated reactions (i.e., 3C*-aqSOA and •OH-aqSOA), three
distinct aqSOA factors were resolved.

Figure 6A shows the mass spectral profiles and temporal
trends of the LN-gasSOA factors. The first-generation LN-
gasSOA, characterized by lower oxidation levels (O/C = 0.85
and H/C = 1.20), peaks around 1.7 guaiacol half-lives,
followed by a swift decline during the later period. The

Figure 6. PMF results of gasSOA produced under low-NOx (panel A) and high-NOx (panel B) conditions, including time series and mass spectral
profiles of different generations of gasSOA resolved by PMF and the correlation coefficients between the PMF factors and the AMS ions in gasSOA
with the strongest correlations.
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formation of the first-generation LN-gasSOA correlates well
with a group of oxygenated C4 and C5 ions, such as C4H3O2

+

(m/z 83), C4H2O2
+ (m/z 82), and C5H6O3

+ (m/z 114). In
contrast, the second-generation LN-gasSOA, which is more
oxidized (O/C = 1.03 and H/C = 1.12), peaks around four
half-lives and shows a marginal decrease in concentration
during a prolonged photoreaction. This second-generation LN-
gasSOA is closely associated with smaller and more oxidized
ions, such as C2H3O+ (m/z 43), CO2

+ (m/z 44), and C3H3O3
+

(m/z 87). These findings suggest that under low-NOx
conditions, prolonged gas-phase photoreaction favors the
formation of more oxidized and fragmented SOA products.

Figure 6B shows the mass spectra and time series of the HN-
gasSOA factors. The first-generation HN-gasSOA peaks
around 1.6 half-lives and exhibits lower oxidation levels (O/
C = 0.86 and H/C = 1.24) compared to the second-generation
HN-gasSOA (O/C = 0.93 and H/C = 1.22), which gradually
increases in concentration over 6.5 half-lives. The mass spectra
of the first-generation LN-gasSOA and HN-gasSOA are very
similar for nearly all ion categories (i.e., CxHy

+, CxHyO+,
CxHyO2

+, and CxHyO>2
+; Figure S8). This strongly suggests

that bulk chemical compositions of the initially formed LN-
gasSOA and HN-gasSOA are very similar.

However, a key difference is observed in the mass spectrum
of first-generation HN-gasSOA, which is closely associated
with C6H5NO4

+, likely a major fragment of nitrocatechol and
its isomers. Furthermore, the first-generation HN-gasSOA
shows an N/C ratio of 0.007, with CxHyNp

+ and CxHyOzNp
+

ions constituting 0.8 and 0.2% of the mass spectrum,
respectively. These observations indicate the production of
nitroaromatics in the early stages of the gas-phase reaction
under high-NOx conditions. This finding is consistent with
previous chamber studies that observed nitroaromatics
formation from photooxidation of phenols in the presence of
NOx (Scheme S2).37,64 However, C6H5NO4

+ is significantly
reduced in the second-generation HN-gasSOA, suggesting
further chemical transformations of the nitroaromatics during a
prolonged gas-phase reaction. Previous studies have found that
both photolysis and •OH photooxidation can cause a rapid
loss of nitrophenols and lead to photobleaching.65,66

Despite the decline in C6H5NO4
+, the second-generation

HN-gasSOA still exhibits a higher N/C ratio (0.010) than the

Figure 7. PMF results of the aqSOA produced from 3C*-mediated (panel A) and •OH-mediated (panel B) photoreactions, including time series
and mass spectral profiles of different generations of the aqSOA resolved by PMF and the correlation coefficients between the PMF factors and the
AMS ions in aqSOA with the strongest correlations.
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first-generation HN-gasSOA due to the increased mass fraction
of CxHyNp

+ ions (1.3%). This implies that further aging of the
nitroaromatics in this study may produce other low-volatility
N-containing organic compounds that persist in the aerosol
phase.

Figure 7A illustrates the mass spectra and temporal profiles
of the 3C*-aqSOA factors. The first-generation 3C*-aqSOA
factor grows rapidly upon irradiation, reaching its peak around
the one half-life of guaiacol and subsequently decreasing
rapidly during the prolonged reaction. It is characterized as the
least oxidized factor (O/C = 0.47 and H/C = 1.63), with its
mass spectrum prominently featuring high m/z ions, including
the AMS tracers of guaiacol oligomers (e.g., C14H14O4

+ and
C21H20O6

+). This finding emphasizes the significance of
oligomerization reactions in the early stages of the 3C*-
initiated aqueous-phase reaction. Oligomer ions also exist in
the subsequent, more oxidized second-generation 3C*-aqSOA
factor, but their intensities notably diminish, indicating the
decomposition of oligomers caused by prolonged photo-
reactions.

The third-generation 3C∗-aqSOA is the most oxidized (O/C
= 0.76 and H/C = 1.37), with its mass spectrum showing
negligible guaiacol oligomer ions. Instead, it correlates tightly
with a group of small, oxygenated ions, such as CHO2

+,
C3HO2

+, and CH2O2
+, suggesting that carboxylic acid

formation is increasingly important during extended aqueous-
phase reactions. Specifically, the enhancement of CH2O2

+ is
consistent with previous studies that identified CH2O2

+ as an
important AMS fragment of oxalic acid and oxalate and
proposed it as a reliable AMS tracer for aqueous-phase
processing.56 Similarly, •OH-aqSOA shows enhanced guaiacol
oligomer ions in the mass spectra of the early-generation
factors, whereas acid tracers and other small, oxygenated ions
are more prevalent in the third-generation factor (Figure 7,
panel B). Together, these findings suggest that fragmentation
reactions are prominent processes during the later periods of
aqueous-phase reactions, producing more oxidized products.

The mass spectra of guaiacol SOA factors reveal a high
degree of similarity between the LN-gasSOA and HN-gasSOA
factors. As shown in Figure S8a, the correlation coefficient is
0.92 between the first-generation LN-gasSOA and HN-gasSOA
and 0.94 between the second generations. This result suggests
the shared gasSOA products and gas-phase reaction pathways
under low- and high-NOx conditions. Additionally, the
similarity between different generation gasSOA factors implies
a relatively minor chemical alteration during prolonged gas-
phase reactions. However, there is little similarity between
aqSOA and gasSOA factors, especially among the early-
generation factors. For example, the correlation coefficient
between the first-generation LN-gasSOA and the first-
generation 3C*-aqSOA is only 0.08 for ions larger than 60
amu (Figure S8). The low MS similarity, particularly in the
high m/z range, underscores prominent oligomerization during
the initial stage of aqueous-phase reactions, which is not
observed in gas-phase reactions. Additionally, among all ion
categories, the CxHy

+ and CxHyO>2
+ ions demonstrate the

most notable differences between different generations of
aqSOA and gasSOA (Figure S8).

3.4. Differences in Formation Mechanisms between
Guaiacol AqSOA and GasSOA. 3.4.1. Formation of
Oligomers in AqSOA. The variation in oligomer formation
between guaiacol gasSOA and aqSOA is further substantiated
through ESI-TOF-MS and nano-DESI-MS analyses,29,38 which

provide detailed molecular insights into the components of
gasSOA and aqSOA. As demonstrated in Tables S1 and S2, the
ten most abundant products identified in guaiacol aqSOA
comprise guaiacol dimers, trimers, and their derivatives.
Among these, the molecules with the formulas of C14H14O4
and C14H14O6, representing guaiacol dimer and hydroxylated
dimer, respectively, are the two most abundant products in
guaiacol aqSOA generated in the early stages of photo-
reactions.

In contrast, no oligomers were observed in the ESI-TOF-MS
analysis of guaiacol gasSOA. As shown in Tables S3 and S4,
under low-NOx conditions, the major gasSOA products consist
of functionalized guaiacol monomers and ring-opening
products, whereas under high-NOx conditions, N-containing
products, likely from the nitration of guaiacols, are more
prominent.

The enhanced oligomerization observed in aqueous-phase
reactions can be attributed to a higher fraction of phenoxy
radicals undergoing radical coupling. As shown in Scheme S1,
in both the gas and aqueous phases, phenoxy radicals are
formed upon hydrogen abstraction, and the subsequent
coupling of these radicals leads to oligomer formation.
However, in the gas phase, phenoxy radicals can also react
rapidly with ozone, NO, and NO2. These competing reactions
may result in a shorter lifetime of phenoxy radicals in the gas
phase, leading to limited oligomerization. It is important to
note that the gasSOA photoreaction experiments in this study
were conducted under dry conditions (RH < 10%), which is
significantly lower than the typical ambient conditions. Further
research is needed to investigate potential oligomerization in
phenolic gasSOA under higher humidities.
3.4.2. Formation of Carboxylic Acids in AqSOA and

GasSOA. Carboxylic acids constitute a significant fraction of
SOA, particularly in aged SOA.48,67 Both gas-phase and
aqueous-phase reactions generate organic acids during SOA
formation.38,68,69 Figure 4j shows the time series of f CHO2+ (the
indicator of organic acids) for both gasSOA and aqSOA during
the reactions. Initially, the organic acid content is higher in
guaiacol gasSOA than in aqSOA. As the reactions progress, the
acid fraction in gasSOA remains stable, whereas it significantly
increases in aqSOA. Notably, the organic acid fraction in •OH-
aqSOA surpasses that in gasSOA after one half-life of guaiacol
and continues to grow with a continued reaction time.
Meanwhile, the rise of f CHO2+ in 3C*-mediated aqSOA is
more gradual but increases throughout the entire experiment.
These observations suggest that aqueous-phase photooxidation
could serve as an important and continuous source of
carboxylic acids in BB smoke.

Likewise, previous research has revealed the pivotal role of
liquid water in facilitating the formation of acids from aromatic
precursors. For example, Dong et al. demonstrated that the
gas-phase photooxidation of toluene preferentially produces
glyoxal and methylglyoxal, whereas aqueous-phase reactions
are more likely to produce formic and acetic acids.70 Similarly,
Faust et al. observed the increased yields of glyoxal and
glyoxylic acid from toluene photooxidation in the presence of
deliquesced seed particles as opposed to dry seeds.71

The enhanced formation of acids in the aqueous phase can
be attributed to the formation of distinct intermediates formed
during gas- and aqueous-phase reactions, with hydration
occurring exclusively in the latter. As demonstrated in Schemes
S1 and S3, a crucial intermediate in the gas phase is a bicyclic
radical with a five-membered oxygen bridge ring (BR-5), which
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mainly leads to aldehyde formation during the subsequent
ring-opening reactions.72 However, the presence of liquid
water facilitates the formation of a bicyclic radical with a six-
membered oxygen bridge ring (BR-6).70 The formation of a
peroxy radical−water complex transition state lowers the
energy barrier for BR-6 formation.73 Ring-opening reactions of
BR-6 produce acyl radicals, which readily undergo hydration in
the aqueous phase,74 resulting in α-hydroxy peroxy radicals
upon the addition of O2. The subsequent elimination of HO2
from α-hydroxy peroxy radicals ultimately results in the
formation of carboxylic acids. This distinction in reaction
intermediates and pathways also agrees with our observation of
a higher f C2H3O+ in gasSOA compared to aqSOA (Figure 4l).
The C2H3O+ ion (either CH2CHO+ or COCH3

+) is known to
be produced from the fragmentation of aldehydes and ketones
and has been commonly used as a marker for nonacid
oxygenates.61,75 The elevated f C2H3O+ in gasSOA indicates that
aldehyde formation is more prevalent in gas-phase reactions,
whereas acid formation is favored in aqueous-phase reactions.
These findings underscore the critical role of liquid water in
driving the acid formation processes.

3.5. AMS Tracer Ions for Phenolic AqSOA and
GasSOA. Signature ions and tracers in aerosol mass spectra
are widely utilized to identify and quantify contributions from
various aerosol sources and chemical processes.76−80 Since
AMS uses 70 eV EI, which ionizes and fragments molecules in
a reproducible pattern, specific AMS ion fragments are
characteristic of certain compounds or compound classes and
can serve as reliable source indicators. For example, C5H6O+

(m/z 82) is notably enhanced in the mass spectra of IEPOX-
SOA and is recognized as a key tracer for IEPOX-SOA.77 By
applying multivariate statistical techniques, such as PMF, to
ambient AMS data, complex aerosol mass spectra can be
decomposed into individual factors corresponding to different
sources and formation pathways.46,47 These signature ions and
tracers can help validate the resolved factors, enhancing the
accuracy and reliability of the source apportionment models.

As discussed in earlier sections, the AMS spectra of guaiacol
gasSOA and aqSOA differ significantly due to their distinct
formation mechanisms that lead to variations in the chemical
composition. In light of this, we propose a set of AMS ions that
could serve as effective tracers for gasSOA and aqSOA
originating from BB-related phenols in the atmosphere.
However, it is important to further evaluate the validity of
these proposed AMS tracers by examining the ambient organic
aerosol mass spectrometry data.

The AMS spectra of early-stage guaiacol aqSOA exhibit
distinct and prominent high m/z ions, including C11H7O2

+,
C12H11O3

+, C13H11O4
+, C14H14O4

+, C14H14O5
+, and

C21H20O6
+. These ions arise from the fragmentation of

oligomeric products formed during the initial aqueous-phase
photoreactions,38 making them effective tracers for phenolic
aqSOA. Additionally, we have identified several other ions�
C9H7O+, C8H7O3

+, C12H9O2
+, C11H9O3

+, C12H9O3
+, and

C13H9O3
+�that are enhanced in the spectra of guaiacol

aqSOA but absent in guaiacol gasSOA (Figure S9). Unlike the
oligomer ions, which decline quickly and are depleted during
the later stage of photoreactions, these ions remain elevated
throughout the entire reaction period. Notably, the C8H7O3

+

ion shows an increase in its activity over time. Considering
their consistent presence in the mass spectra of guaiacol
aqSOA and their near absence in gasSOA, these ions could
serve as AMS tracer ions for phenolic aqSOA.

Conversely, the AMS spectra of guaiacol gasSOA feature a
distinct cluster of CxHyO1

+ ions (e.g., C4H4O+ and C5H4O+)
and CxHyO2

+ ions (e.g., C2H3O2
+, C3H2O2

+, C3H3O2
+,

C4H3O2
+, C4H4O2

+, C4H5O2
+, and C5H3O2

+) in the m/z
range of 59−96, which are likely produced from aldehydes and
ketones that contain one or multiple nonacid carbonyl groups.
These ions are significantly less abundant in the mass spectra
of guaiacol aqSOA compared to gasSOA throughout the entire
duration of the photoreaction, from the onset of the reaction
until nearly all of the guaiacol precursor has reacted (Figure 4).
Therefore, these ions may serve as effective AMS tracers for
phenolic gasSOA.

4. CONCLUSIONS
This study investigates the chemical differences between
gasSOA and aqSOA formed from the photochemical reactions
of guaiacol. Initially, gasSOA exhibits higher levels of oxidation
and elevated acid formation compared to aqSOA. However, as
gas-phase reactions progress, the oxidation degree and the
abundance of carboxylates in gasSOA remain relatively stable,
whereas extended aqueous-phase reactions lead to notable
increases in the oxidation degree and acid formation within
aqSOA.

Oligomers are present in guaiacol aqSOA but conspicuously
absent in gasSOA, indicating that oligomerization is significant
in aqueous-phase reactions but may not be prevalent in gas-
phase reactions. Therefore, the presence of oligomeric ions and
a set of other high m/z ions in AMS spectra, such as
C14H14O4

+, C12H9O3
+, C9H7O+, C8H7O3

+, etc., may serve as
AMS tracers for distinguishing between phenolic gasSOA and
aqSOA. However, since gasSOA was generated under dry
conditions (RH < 10%) in this study, further research is
necessary to investigate potential oligomerization in phenolic
gasSOA under higher RH conditions.

Within liquid water, processes such as hydration and
hydrolysis play important roles in the generation of
aqSOA.20,81 Accretion reactions, such as aldol condensation,
esterification, acetal and hemiacetal formation, and various
extents of oligomerizations, can be notably intensified in
aqueous-phase reactions.19 Furthermore, the formation of
hydrogen bonds between water and reactants, which may
include precursors, reaction intermediates, and transition
states, can influence reaction barriers and thereby modulate
reaction rates and branching.82 The present study highlights
that the chemical compositions and reaction kinetics of
gasSOA and aqSOA can diverge significantly, even when
derived from the same precursor. Understanding these
differences is crucial for accurately simulating SOA in
atmospheric models and assessing their implications on air
quality and public health.
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