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ABSTRACT: Organosulfates (OSs) are ubiquitous in atmospheric
particulate matter and serve as key tracers of secondary organic
aerosols. Traditionally, OSs have been primarily linked to the
particle phase with their presence in the gas phase remaining largely
undetected. This study provides compelling observational evidence
of a continuously present gas-phase OS, glycolic acid sulfate
(GAS), in an urban atmosphere using advanced mass spectrometry
techniques. GAS concentrations exhibited distinct seasonal and
diurnal patterns, peaking in summer with maximum levels of 4.6 ×
104 cm−3 observed around midday, indicating a photochemical
origin. Thermal desorption profile analysis revealed GAS as an
extremely low-volatility organic compound, suggesting preferential
aerosol partitioning. Remarkably, the observed gas-phase fraction of
GAS exceeded predictions based on gas-particle equilibrium theory by 5−7 orders of magnitude, strongly suggesting the existence of
a distinct source from gas-phase chemistry. We propose a potential formation mechanism involving the reaction between the SO3
radical and glycolic acid (GA), which correlates nearly linearly with GAS production rates, suggesting a near-collision-limited rate
constant (kfield ≈ 2.2 × 10−10 cm3 s−1). This study fundamentally reshapes our understanding of OS sources and underscores the
potential involvement of SO3 in the formation of low-volatility organic compounds in the atmosphere.
KEYWORDS: organosulfates, glycolic acid sulfate, extremely low-volatility compounds, gas-phase, sulfur trioxide

1. INTRODUCTION
Secondary organic aerosols (SOAs) are known to influence
climate,1,2 air quality,3,4 and human health.5 Organosulfates
(OSs), which form through organic-sulfur interactions, are a
significant class of compounds within SOAs.6−9 Contributing
5−30% of organic matter in atmospheric particles, OSs have
become a focal point in atmospheric chemistry research.10−14

Their prevalence has been elucidated through extensive
chamber6−8,15,16 and field studies,17−20 establishing OSs as
key markers and tracers for SOA formation and aging
processes.10,14,21−23 Importantly, the high amphiphilic property
of OSs allows them to lower the surface tension of atmospheric
particles,16,24,25 which in turn affects the physicochemical
properties of aerosols, including hygroscopicity,24,26 acid-
ity,25,27 and optical characteristics.28

Glycolic acid sulfate (GAS, C2H4O6S), one of the simplest
OSs containing both carboxyl and sulfate groups, is widely
detected in ambient aerosols. Across various environmental
conditions, GAS typically constitutes 5−20% of total detected
organosulfates in ambient aerosol samples.13,29,30 Notably,
peak concentrations of 155.5 ng m−3 in Xi’an, China31 and
149.3 ng m−3 in Tianjin, China32 highlight potential extreme
accumulations. Currently, GAS, like other OSs, is considered

to form primarily in the aerosol phase through several key
mechanisms: (1) heterogeneous reactions of gaseous organic
precursors on acidic sulfate aerosols;15,33 (2) recently proposed
pathways involving sulfur trioxide (SO3) acting as an
electrophile or sulfuric acid (SA) as a nucleophile in reactions
with oxygenated organic compounds;34 and (3) potential
formation through heterogeneous reactions between sulfur
dioxide (SO2) and unsaturated organic compounds.

18,35

Recent studies have hinted at the intriguing possibility of
GAS existing in the gas phase, challenging the long-held
assumption that organosulfates are confined exclusively to the
condensed phase. Ehn et al.36 first proposed the possibility of
gas-phase GAS based on measurements of air ions using an
atmospheric pressure interface time-of-flight mass spectrom-
eter (APi-TOF). Subsequent studies34,37,38 using filter inlet for
gases and aerosols coupled with iodide chemical ionization
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mass spectrometry (FIGAERO-I-CIMS) detected signals
consistent with gas-phase GAS, suggesting that a non-
negligible fraction might exist in the gas phase. These
preliminary findings carry profound implications for atmos-
pheric chemistry, particularly when considering potential
analogies to gas-phase sulfuric acid�a critical precursor in
new particle formation (NPF). Theoretical studies have
already begun exploring potential implications, such as
interactions between gas-phase GAS and Criegee intermedi-
ates39 or its role in nucleation mechanisms involving sulfuric
acid and dimethylamine.39,40 Nevertheless, it is crucial to
emphasize that the sources, formation mechanisms, and even
the very existence of gas-phase organosulfates, including GAS,
remain largely unconfirmed.
In this study, we present reliable measurements of gaseous

GAS in the atmosphere using APi-TOF with nitrate ions as
reagents (nitrate-APi-TOF). The measurements were con-
ducted over four seasons in East China, a densely populated
region that continues to face air pollution challenges despite
improvements in air quality. We also employed FIGAERO-I-
CIMS to investigate GAS gas-particle partitioning, providing
evidence for its gas-phase existence and formation. By
examining the relationships between all observed tracers and
GAS, we proposed a mechanism for the gas-phase formation of
GAS and estimated the rate of this reaction based on in situ
observations.

2. METHODS
2.1. Site Description. Field campaigns were conducted at

the Station for Observing Regional Processes of the Earth
System (SORPES) (118° 57′ E, 32° 07′ N) on the Xianlin
campus of Nanjing University, eastern China. The station
captures urban-scale emission activity41 and is frequently
impacted by polluted air masses from the North China Plain
and the Yangtze River Delta urban agglomeration.42,43 Detailed
descriptions of the station can be found in previous
studies.42,44,45 In this work, one campaign for FIGAERO-I-
CIMS was conducted in August 2021, and other campaigns for
nitrate-APi-TOF were conducted in August 2022 (summer),
from September to November 2022 (autumn), from
December 2022 to February 2023 (winter), and from April
to May 2023 (spring).
2.2. Detection of Gaseous GAS by Mass Spectrometry

Techniques. Nitrate-APi-TOF (Aerodyne Research Inc.) was
deployed to measure gas-phase GAS (Figures S1a and S2) and
glycolic acid (GA, Figures S2 and S3). The working principle46

and sampling configuration47−49 of nitrate-APi-TOF have been
described in previous studies. GAS was quantified using the
calibration factor for sulfuric acid, under the assumption of a
similar ionization efficiency.50 The applied calibration factors
were determined to be 3.9 × 109 cm−3 ncps−1 (spring) and 3.2
× 109 cm−3 ncps−1 (other seasons) through in situ-generated
sulfuric acid. GA was quantified using the calibration factor for
HONO, also assuming a comparable ionization efficiency
(Figure S4). The applied calibration factor was determined to
be 1.2 × 1013 cm−3 ncps−1 through parallel HONO
measurements (Figure S5), which aligns with values previously
reported for small organic acids.51 In addition, the detection
limit of GAS was determined as the sum of the mean and three
times the standard deviation during the zeroing period (x̅ +
3σ), with details provided in Text S1 and Figure S6.
FIGAERO-I-CIMS (Aerodyne Research Inc.) was employed

to simultaneously measure gas- and particle-phase GAS

(Figure S1b). The operational principles have been extensively
described in previous studies.52 In our measurements, each
sampling cycle included particle collection, followed by
thermal desorption under a controlled temperature program
(Figure S7). Detailed descriptions of the FIGAERO operation
and other measurements are provided in Text S2 and S3,
respectively.
Due to the high propensity of gas-phase organosulfates to

undergo wall losses during sampling, we recommend nitrate-
APi-TOF as the preferred detection method. This approach
aligns with established techniques for measuring gas-phase
sulfuric acid, another low-volatility compound with similar
sampling challenges. The instrument’s high flow rates, large
inlet diameters, and laminar flow configuration between sheath
and sample flows effectively minimize wall losses.53 Accord-
ingly, in this study, nitrate-APi-TOF was used to measure gas-
phase GAS concentrations and analyze their formation
mechanisms, while FIGAERO-I-CIMS was employed to
examine their gas-particle partitioning behavior.
2.3. Psat−Tmax Linear Relationship of the FIGAERO

Filter. For a certain compound, the temperature of the
maximum desorption signal (Tmax) derived from FIGAERO
thermal profiles corresponds to its volatility property.52 Based
on a series of substances with known saturation vapor pressure
Psat (Pa) at 298 K, a linear relationship between Psat and Tmax
was established through FIGAERO experiments,52,54 in the
following form

P aT b Tlog ( ) , with in ( C)10 sat max max= + ° (E1)

where a and b are fitted parameters. Further, Psat can be
converted to saturation mass concentration (C*) using the
ideal gas law,55,56 leading to the following relationship between
C* and Tmax

C
M

RT
( g m ) 10

(10 )aT b
3 6 w

max

* =
+

(E2)

where Mw is the molar mass of the compound (g mol−1), R is
the gas constant (8.314 J mol−1 K−1), and T is 298 K.
2.4. Theoretical Gas-Particle Partitioning of GAS. To

compare the observed gas-particle partitioning of GAS (eq E3)
with the equilibrium level, we applied the gas-particle
equilibrium theory first described by Pankow.57 Instead of
the commonly used particle-phase fraction as the partitioning
coefficient,58−60 we used the gas-phase fraction (Fg) to
illustrate the notable ratio of GAS in the gas phase (eq E4).

F
gas

gas particleg =
+ (E3)
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760
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i

k

jjjjjjjjj

y

{

zzzzzzzzz (E4)

where T (K) is the environmental temperature, and γ is the
activity coefficient, which is semiempirically predicted by a
polynomial equation.61 M (g mol−1) is the molar mass of the
glycolic acid sulfate (∼156), and R (8.2 × 10−5 m3 atm K−1

mol−1) is the gas constant. COA (μg m−3) is the organic aerosol
mass concentration, which was measured by ACSM (described
in the Supporting Information). P (torr) is the saturated vapor
pressure of the compound, which is calculated based on the
linear Psat−Tmax relationship of FIGAERO. Furthermore, the
Clausius−Clapeyron equation was used to obtain P (torr) at
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different temperatures. Additionally, the calculations of the
vaporization enthalpy (ΔHvap) are based on equations refined
from the Abraham model, with details provided by Churchill et
al.62

2.5. SO3 Simulation. SO3 is a critical intermediate in
atmospheric sulfur chemistry, primarily formed through the
gas-phase oxidation of SO2 and rapidly converted to sulfuric
acid by abundant atmospheric water vapor.63 With an
extremely short atmospheric lifetime, SO3 chemistry is
governed by local processes, making it ideal for observation-
constrained simulations. We utilized the Master Chemical
Mechanism (MCM version 3.3.1, https://mcm.york.ac.uk/
MCM/, last access: 25 November 2024) to calculate SO3
concentrations across four seasons, with measured SO2
concentrations and estimated hydroxyl radicals (OH) as key
inputs. The model considered the oxidation of SO2 by OH
radicals as the main production pathway and hydrolysis with
water vapor as the dominant loss mechanism for SO3. Model
validation was performed by comparing the derived and
observed SA concentrations, showing strong agreement
(Figure S8). SA was produced through SO3 hydrolysis with
water vapor, while its removal was governed by three major
loss processes: condensation sink, dry deposition, and
molecular clustering, following Yang et al.64 The OH
concentrations used in the model were calculated as a function
of measured ozone photolysis frequencies J(O1D), as detailed
in Figure S9.

2.6. Calculation of the Reaction Rate Constant for
SO3 and GA. The proposed pathway for GAS formation is as
follows

SO C H O (GA) C H O S (GAS)3 2 4 3 2 4 6+ (R1)

As an ELVOC, the condensation of gas-phase GAS onto
particles can be considered effectively irreversible. Therefore,
we assume that its atmospheric behavior is similar to that of
gas-phase sulfuric acid and that its temporal evolution is mainly
governed by local processes. The time-dependent concen-
tration of GAS can thus be expressed by the following equation

t
k

d GAS
d

SO GA GAS CS3
[ ] = [ ][ ] [ ] ×

(E5)

where the first term on the right-hand side represents the
production rate of gas-phase GAS, while the second term
accounts for its loss due to condensation onto particles. [SO3],
[GA], and [GAS] are the concentrations of SO3, GA, and
GAS, respectively. CS denotes the condensation sink (s−1).
Under the assumption that GAS reaches a quasi-steady state

in the atmosphere, the production rate equals the loss rate.
Consequently, the reaction rate constant k can be calculated as
follows

k
GAS CS

SO GA3
= [ ] ×

[ ][ ] (E6)

2.7. Contribution Assessment of Gas-Phase GAS to
Particulate GAS. We adopted a simplified method proposed

Figure 1. Diurnal variations of J(O1D), SO2, GAS, SO2 × J(O1D), and GAS × CS in (a) spring, (b) summer, (c) autumn, and (d) winter. The
purple dashed lines in panels (a−d) represent the detection limit of GAS (8 × 102 cm−3). The levels of J(O1D), SO2, SO2 × J(O1D), and GAS ×
CS are displayed as their mean concentrations.
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by Wang et al.65 to estimate the amount of gas-phase GAS that
may condense onto particles during their typical atmospheric
lifetime. Specifically, we evaluated the cumulative condensation
flux of gas-phase GAS over a 5-day period, representing the
average residence time of particles in this region.65 The
condensation amount was calculated by integrating the
product of the gas-phase GAS concentration and CS during
stable planetary boundary layer periods (11:00−15:00 daily) as
follows

tGAS (GAS CS)dcond = × (E7)

The resulting cumulative GAS condensation flux over 5 days
was then compared to reported particulate GAS concentrations
(Figure S10), as our FIGAERO measurements were not
specifically calibrated for GAS. This comparison allowed us to
estimate the relative contribution of gas-phase condensation to
the particulate GAS budget under typical atmospheric
conditions.

3. RESULTS
3.1. Seasonal and Diurnal Behavior of GAS. As shown

in Figure 1, GAS exhibited distinct diurnal and seasonal
patterns with concentrations peaking around midday across all
seasons. The highest levels were observed in summer, reaching
a maximum average of 4.6 × 104 cm−3, followed by
progressively lower concentrations in spring (3.8 × 103
cm−3), autumn (3.6 × 103 cm−3), and winter (2.1 × 103
cm−3). This pronounced temporal pattern suggests a photo-
chemically driven formation, supported by several lines of
evidence: the diurnal variation of GAS closely tracks those of
the ozone photolysis rate [J(O1D)] and its product with SO2
(SO2 × J(O1D)) (Figure 1); a strong positive correlation (r =
0.54−0.70) between GAS and sulfuric acid was observed
across all seasons (Figure S11), suggesting shared photo-
chemical generation pathways; and the inverse relationship
between GAS and PM2.5 (Figure S12) implies that particulate
matter functions primarily as a sink rather than a source. Given
that GAS is characterized as an extremely low-volatility
compound (as demonstrated in subsequent sections), which
is highly susceptible to condensation loss, we applied the

steady-state assumption analogous to sulfuric acid, where the
production rate equals the loss rate. Under this framework, the
product of the GAS concentration and condensation sink
(GAS × CS) averages above 1 × 102 cm−3 s−1 during midday
(Figure 1), with peak values reaching 1.2 × 103 cm−3 s−1,
representing both a significant gas-phase production and a
considerable contribution to aerosol organosulfate loading.
3.2. Volatility Characterization of GAS Using FIG-

AERO Thermal Desorption. The volatility of GAS was
evaluated by using thermal desorption profiles obtained from
FIGAERO field measurements. This method relies on the
established relationship between Tmax and the compound
volatility, typically expressed as C*.52,54,66 We analyzed 30
thermal desorption profiles where GAS signals exceeded 0.01
cps, with each profile consistently exhibiting a characteristic
double-peak structure (Figure S13). The first peak was
attributed to GAS, while the second peak likely resulted
from the decomposition of higher-molecular-weight com-
pounds.54 A double-peak Gaussian fitting was applied to
each thermal desorption profile to determine the Tmax for GAS.
The results showed Tmax values ranging from 112.3 to 148.0
°C, with an average of 128.9 °C (Figure 2a). This variability in
ambient measurements can be attributed to matrix effects,
where diverse particle components interact during thermal
desorption, reflecting the complexity of real atmospheric
conditions.54,67

To interpret these Tmax values in terms of volatility, we
employed four C*−Tmax relationships derived from atomizer
methods in previous studies56,68−70 (Figure 2b). Notably, as
Ylisirniö et al.68 proposed, these atomizer methods can more
accurately capture the evaporation of chemical constituents
from ambient aerosol particles compared to the syringe
methods used in earlier studies.52,54,58,71 The background
shown in Figure 2b illustrates the volatility ranges based on
established classification schemes: ultralow-volatility organic
compounds (ULVOCs; C* < 10−8.5 μg m−3), extremely low-
volatility organic compounds (ELVOCs; 10−8.5 < C* < 10−4.5

μg m−3), low-volatility organic compounds (LVOCs, 10−4.5 <
C* < 10−0.5 μg m−3), semivolatile organic compounds
(SVOCs; 10−0.5 < C* < 102.5 μg m−3), intermediate-volatility

Figure 2. Volatility determination of GAS based on FIGAERO-I-CIMS measurements. (a) Gaussian bimodal fit of 30 thermal desorption processes
for GAS, with R2 values ranging from 0.840 to 0.998. The gray fitted lines indicate the first peaks of the 30 cycles, while the light gray lines represent
the second peaks, with dots corresponding to Tmax values. The black line represents the average fit (Tmax = 128.9 °C; red dot and dashed line), with
the blue shading indicating the Tmax range (112.3−148.0 °C) of the included peaks. (b) Four previously reported calibration measurements with
Tmax plotted against the saturation mass concentration C* based on atomizer methods, color-filled based on the VBS proposed by Tröstl et al.75
The red line and blue shading correspond to those in panel (a), respectively.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c07888
Environ. Sci. Technol. 2025, 59, 16556−16566

16559

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c07888/suppl_file/es5c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c07888/suppl_file/es5c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c07888/suppl_file/es5c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c07888/suppl_file/es5c07888_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c07888?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c07888?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c07888?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c07888?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c07888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


organic compounds (IVOCs; 102.5 < C* < 106.5 μg m−3), and
volatile organic compounds (VOCs; C* > 106.5 μg m−3).72−74

Based on the average Tmax of 128.9 °C, GAS is classified as
an ELVOC according to these relationships. This classification
suggests that GAS should predominantly exist in the particle
phase upon gas-particle partition. To further investigate this
implication, we compared the observed gas-phase fractions
(Fgs) of GAS with those predicted under gas-particle
equilibrium conditions. Our field measurements showed an
average gas-phase fraction of GAS around 5%, which is
consistent with previous studies reporting GAS Fgs of 10.0% in
Hong Kong,34 14.5% in Guangzhou,37 and 10.2% in Beijing.38

In contrast, the calculated equilibrium Fgs for GAS, derived
using Pankow equations and vapor pressures from the Psat−
Tmax relationships, ranged from 3.9 × 10−9 to 5.2 × 10−7

(Figure 3). The observed gas-phase proportion of GAS in the
real atmosphere significantly exceeds these equilibrium
estimates by 5−7 orders of magnitude. This enormous
discrepancy yields two critical conclusions. First, gas-phase
GAS cannot originate from aerosol-phase GAS evaporation as
observed concentrations vastly exceed what particle-to-gas
partitioning could explain. Second, unexpectedly high gas-
phase GAS concentrations necessitate significant gas-phase
formation pathways. Overall, as an ELVOC, once formed in
the gas phase, GAS irreversibly condenses onto aerosol
particles, while GAS in the aerosol phase is unlikely to
revolatilize back into the gas phase.
3.3. Potential Gas-Phase Reaction of SO3 with GA to

Form GAS. Further, we conducted a comprehensive
correlation analysis between GAS and various atmospheric
tracers to elucidate potential formation pathways (Figure S11).
Notably, we found significant correlations between GAS and
SO3, GA, and the product of SO3 and GA concentrations
(Figures 4 and S11). This observation led us to hypothesize a
potential gas-phase formation mechanism for GAS involving
SO3 and GA.

The proposed mechanism exhibits the following chemical
plausibility: GA can provide the carbon skeleton and carboxyl
group for GAS, while SO3 contributes the sulfate functional
group. This hypothesis is supported by recent quantum
chemical calculations, which have shown the feasibility of
such reactions in the gas phase.40,76 In the esterification
reaction, the hydroxyl oxygen atom in GA could react with the
sulfur atom in SO3 to form GAS, accompanied by the
concurrent proton transfer from GA to SO3, in which the
catalyst H2O or SA could make the reaction barrierless.
Additionally, it is worth noting that the product GAS, with a
more negative Gibbs free energy of formation, is thermody-

Figure 3. Evidence of GAS gas-phase formation. The three pentagrams represent values from FIGAERO measurements of Ye et al.,37 Le Breton et
al.38 and Wang et al.,34 respectively, while the red box indicates results from our observations. The four boxes on the right display the gas fractions
of GAS at gas-particle equilibrium. In the calculations, the saturated vapor pressure is derived from the four Psat−Tmax relationships shown in Figure
2b, using Tmax at 128.9 °C (Figure 2a).

Figure 4. Gas-phase formation of GAS via the reaction between SO3
and GA. The product of SO3 and GA shows a linear correlation of
0.65 with the production rate of GAS (GAS × CS, cm−3 s−1) across all
four seasons. Under steady-state assumptions, the field-based reaction
rate constant (kfield) is calculated as 2.2 × 10−10 cm3 s−1 (limited to
cases with GAS > 1000 cm−3). Scatter points are colored differently
for each season.
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namically more stable than glycolic acid sulfuric anhydride�
another possible product of the SO3 and GA reaction�whose
atmospheric concentration was calculated to be negligible.40

As an ELVOC, gas-phase GAS likely maintains a quasi-
steady state with balanced source and sink rates. By combining
the gas-phase GAS concentration with its condensation sink,
MCM-derived SO3 concentration, and observed GA levels, we
estimated a field-based reaction rate constant of 2.2 × 10−10

cm3 s−1 (eq E6). Notably, our estimated reaction rate constant
approaches the collision limit, comparable to reported rates for
SO3-acid reactions,

77 substantially higher than the SO3-water
rate constant and slightly exceeding that of SO3 with water
dimers.63 This high reactivity explains Friedman et al.’s78

observation of organics competing with water for SO3 in
laboratory settings. However, in the ambient atmosphere,
water concentrations (typically 1018−1020 molecules cm−3)
vastly exceed those of glycolic acid and similar organic
compounds (typically 108−1010 molecules cm−3). Conse-
quently, water dominates as the primary SO3 sink under
typical conditions, yielding sulfuric acid, except in extremely
dry, organic-rich environments. Although competition with
water for SO3 is generally limited, this alternative pathway can
still serve as a significant source of gas-phase organosulfates,
becoming especially pronounced in environments, such as
volcanic plumes, wildfire smoke, or certain industrial emissions.
There are uncertainties in our rate coefficient estimation.

The error in simulated SO3 from MCM can be derived from
the SA results. Considering the 50% uncertainty in SA
observations79 and the 63.3% uncertainty introduced by
model calculations, the final uncertainty of SO3 is determined
to be 80.7% (calculated from (50%) (63.3%)2 2+ ). As noted
in a recent study,51 the calibration coefficient for dicarboxylic
acids exhibits an uncertainty between 30% and 66%. In this
study, the uncertainty of GA concentrations is assumed to be
the mean value of 45.8%. Additionally, the uncertainty of GAS
concentrations is predominantly influenced by the calibration
processes, with a systematic uncertainty of 50%. Taking these
factors into account, the total uncertainty of the reaction rate
constant can be determined accordingly 105.4% (calculated
from (80.7%) (45.8%) (50%)2 2 2+ + ). Despite these un-
certainties in rate constant quantification, the observed
relationship between SO3, GA, and GAS formation remains
clear. Future studies are needed to constrain these
uncertainties and further investigate the proposed formation
pathway.
3.4. Atmospheric Implications. This study provides the

first systematic field evidence for the consistent presence of a
gas-phase organosulfate, GAS, in the atmosphere. We
identified GAS as an ELVOC and discovered that its gas-
phase fraction substantially exceeded predictions based on gas-
particle equilibrium, underscoring the necessity of its gas-phase
formation pathway.
The gas-phase formation of GAS has significant atmospheric

implications. First, it offers an alternative perspective to the
traditional understanding that organosulfates primarily form in
the condensed phase. Comparing the cumulative condensation
flux of gas-phase GAS over typical atmospheric particle
lifetimes with reported particulate GAS concentrations, we
estimate that gas-phase condensation contributes approx-
imately 15.6% to the particulate GAS burden (Figure S10).
This highlights the importance of gas-phase processes in the
overall organosulfate budget. Second, this represents a novel

source class of ELVOCs, expanding our understanding beyond
previously established formation pathways. ELVOCs are
known to participate in new particle formation, which typically
supplies seed aerosols for secondary organic aerosol accumu-
lation.
Our analysis further identified the reaction between SO3 and

GA as a potential mechanism for gas-phase GAS formation.
The near-collision-limit reaction rate constant, derived from
field data, suggests that SO3 could play a far more significant
role in gas-phase organic chemistry than previously recognized.
This finding aligns with recent studies exploring SO3’s high
reactivity with various organic compounds in the gas phase,
including carboxylic acids77 and alcohols.76 Collectively, these
insights necessitate a re-evaluation of SO3’s role in atmospheric
chemistry, particularly regarding organosulfate formation and
low-volatility organic compounds.
To extend our findings, we incorporated observational data

from Suzhou, Shanghai, and Hong Kong in China (Figure
S14), demonstrating the widespread presence of gas-phase
GAS. However, our study is limited by the identification of
only one gas-phase-formed organosulfate. Further research is
needed to explore the potential presence of other gas-phase
organosulfates across various environments and to evaluate the
universality of their formation pathways and broader
atmospheric implications. Additionally, further investigation
is required to elucidate the detailed mechanisms underlying the
gas-phase formation of organosulfates, with key areas of focus
including the kinetic parameters of SO3 reactions with relevant
organic precursors and the potential existence of other, yet-
unknown formation mechanisms.
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