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A B S T R A C T

The water–air interface is ubiquitous in environmental systems and provides an overlooked pathway for the 
chemical transformation of volatile compounds. Identifying such interfacial chemistry remains challenging 
because products generated at the interface are rapidly diluted in bulk water or escape into the atmosphere. Here 
we demonstrate that oxidative chemistry initiated at the water–air interface can be revealed when bulk dilution 
is sufficiently constrained. Using a single millimeter-sized water droplet to isolate a stable interface, we show that 
gas-phase dimethyl sulfide undergoes oxidation at the interface, producing water-soluble products that gradually 
accumulate in the aqueous phase. Ion chromatography confirms the formation of formate and sulfate, while field- 
induced droplet ionization mass spectrometry directly detects these products at the droplet surface. Isotopic 
labeling further identifies water as the oxygen source in the oxidation process. The accumulation of reaction 
products depends strongly on droplet geometry, reactant supply, and ionic environment, indicating that the 
observability of this chemistry is governed primarily by interfacial production and bulk dilution rather than bulk- 
phase reaction kinetics. These results demonstrate that the water–air interface can sustain oxidative chemistry 
whose contributions may have been underestimated in macroscopic aqueous systems.

1. Introduction

The water–air interface is one of the most pervasive boundaries in 
environmental systems, arising wherever liquid water is exposed to the 
atmosphere [1–4]. Such interfaces are present not only at open water 
surfaces but also in thin water films, condensed droplets, and transient 
aqueous layers distributed across natural and man-made environments 
[5–7]. In environmental chemistry, the water–air interface is commonly 
treated as a physical boundary that regulates gas exchange through 
adsorption, dissolution, and desorption [4,8–10]. Chemical trans
formation is therefore typically attributed either to reactions occurring 

in the gas phase prior to uptake or to processes taking place within bulk 
water after dissolution [11–17]. Within this framework, the interface 
itself is rarely regarded as an active chemical region, and its direct 
contribution to chemical transformation pathways remains insuffi
ciently recognized.

From a molecular perspective, the water–air interface represents a 
physicochemically distinct environment that cannot be described as a 
simple extension of bulk liquid water [1,18–20]. Interfacial water ex
hibits altered hydrogen-bonding structures, anisotropic molecular 
orientation, the formation of radicals, and spatially heterogeneous 
electrostatic properties [21–29]. These characteristics differentiate the 
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interface from the homogeneous bulk phase and have been shown to 
influence solvation behavior, charge distribution, and reaction ener
getics [30–35]. As a consequence, chemical processes initiated at the 
interface may proceed through pathways or kinetics that differ funda
mentally from those expected in bulk aqueous systems [1,34,36–38]. 
Such considerations raise the possibility that the water–air interface 
possesses intrinsic chemical reactivity, rather than serving solely as a 
passive separator between phases.

Despite this conceptual basis, experimental evidence for chemical 
transformation driven directly by the water–air interface under envi
ronmentally relevant conditions remains limited. A central challenge 
arises from the intrinsic mismatch between interfacial production and 
bulk observability. Chemical reactions occurring at the interface scale 
with surface area, whereas concentrations measured in water are gov
erned by dilution within the total aqueous volume. In macroscopic 
systems, even persistent interfacial reactions may yield bulk concen
trations that remain extremely low and difficult to detect over practical 
timescales [39–41]. As a result, slow but continuous interfacial chem
istry can be systematically overlooked, reinforcing the perception that 
the interface is chemically inert when assessed solely through 
bulk-phase measurements.

Beyond dilution effects, an additional experimental difficulty lies in 
identifying the spatial origin of observed reaction products. Signals 
obtained from conventional aqueous-phase analyses inevitably reflect 
spatially averaged chemistry, making it challenging to distinguish 
interfacial reactions from processes occurring within bulk liquid. 
Consequently, even when transformation products are detected in 
water, their linkage to interfacial origins often remains indirect. 
Resolving this ambiguity requires experimental strategies that isolate a 
well-defined water–air interface while enabling chemical interrogation 
that is selective to the interfacial region itself.

Here, we address this challenge by combining a single-droplet plat
form with surface-selective chemical sampling to probe directly inter
facial reactivity at the water–air interface. Millimeter-sized water 
droplets are employed to isolate a stable and well-defined interface 
while minimizing convective mixing and bulk dilution. Dimethyl sulfide 
is selected as a model gas-phase compound to examine interfacial 
oxidation. Field-induced droplet ionization mass spectrometry is used as 
a surface-selective sampling method to interrogate chemical species 
residing at the droplet surface, while complementary bulk-phase ana
lyses track the time-dependent accumulation of dissolved oxidation 
products. By integrating surface-resolved detection with bulk accumu
lation measurements and isotopic labeling, this work demonstrates that 
chemical transformations initiated at the water–air interface can be 
directly sampled at the interface and subsequently integrated into the 
aqueous phase over time. These findings establish the water–air inter
face as a chemically active boundary and provide an experimental 
framework for linking interfacial chemistry to measurable aqueous- 
phase outcomes in multiphase environmental processes.

2. Materials and methods

Dimethyl sulfide (DMS, ≥99%, Aladdin, China), formate, sulfate, 
nitrite, and nitrate standards for ion chromatography (Sigma-Aldrich), 
oxidation-sensitive fluorescent probes (Thermo Fisher Scientific), NaCl 
(≥99.5%), and H2

18O (97 atom% 18O, Cambridge Isotope Laboratories) 
were used as received. Deionized water (18.2 MΩ cm) was obtained 
from a Milli-Q purification system.

Single water droplets (10–20 μL) were generated with micropipette 
and suspended in air in a humidity-buffered configuration. To suppress 
evaporation and maintain stable droplet geometry, wet cotton wool was 
placed beneath the droplet to generate a locally near-saturated envi
ronment. The droplet was positioned several millimeters above the 
cotton surface to avoid direct contact. Droplet diameter was monitored 
by optical imaging, and under humidity-buffered conditions remained 
essentially constant for at least 30 min. Control experiments without wet 

cotton were performed to assess evaporation-driven size changes.
Gas-phase DMS was introduced by controlled volatilization from a 

DMS reservoir. The DMS input was adjusted by varying the exposed 
liquid volume or volatilization time, depending on the experiment. 
Unless otherwise noted, droplets were exposed under static conditions 
without forced airflow. Hanging-droplet controls were carried out under 
otherwise identical environmental conditions.

Reactive oxygen species were monitored using an oxidation-sensitive 
fluorescent probe added to the droplet before suspension. Fluorescence 
images were acquired at defined time intervals with an epifluorescence 
microscope equipped with appropriate excitation and emission filters. 
Fluorescence intensity was quantified by integrating pixel intensity over 
the droplet area after background subtraction and was normalized 
where appropriate for comparison among droplets of different volumes.

After reaction, droplets were collected into pre-cleaned vials and 
analyzed by ion chromatography using a Dionex ICS system equipped 
with an anion exchange column and conductivity detection. Calibration 
curves were generated with external standards, and concentrations were 
obtained from at least three independent experiments. Surface- 
associated species were analyzed by field-induced droplet ionization 
mass spectrometry (FIDI-MS) by positioning the suspended droplet near 
the inlet of a high-resolution mass spectrometer and applying a pulsed 
electric field to induce ionization without bulk nebulization. Negative- 
ion spectra were acquired under ambient conditions, and control 
spectra were recorded from pure water droplets.

Isotopic labeling experiments were performed by H2O replacing 
H2

18O while maintaining the same droplet suspension and DMS exposure 
conditions. The resulting spectra were analyzed for the expected 18O- 
related mass shifts in oxidation products. The effect of ionic strength was 
evaluated by adding NaCl to the initial droplet solution before suspen
sion, followed by ion chromatographic analysis of the collected droplets. 
Additional experimental details and full instrumental parameters are 
provided in the Supporting Information.

3. Results and discussion

The water–air interface is inherently associated with strong interfa
cial electric fields arising from asymmetric hydrogen-bonding networks, 
preferential ion adsorption, radical formation, and molecular orienta
tion at the boundary. Such interfacial electric fields are not unique to 
microdroplets but are expected to exist at water–air interfaces across a 
wide range of length scales, including millimeter-sized droplets and 
macroscopic water surfaces. However, in large aqueous systems, 
chemical species generated at the interface are rapidly dispersed into 
bulk liquid, leading to strong dilution that obscures interfacial reactivity 
when assessed through conventional bulk-phase measurements. More
over, the strength of the electric field depends on the curvature of the 
interface, essentially disappearing for a flat surface [42]. In the present 
study, we do not attempt to quantify the interfacial electric field 
directly; instead, we focus on experimentally resolving how oxidative 
signals become observable when bulk dilution is constrained.

To reduce this dilution effect while preserving a well-defined 
water–air interface, we employed a single millimeter-sized water 
droplet as a geometrically constrained interfacial system. As illustrated 
in Fig. 1A, the droplet is positioned above a reservoir of wet cotton wool 
that maintains a locally humid environment. This configuration mini
mizes net evaporation from the droplet and stabilizes its geometry over 
extended timescales, allowing interfacial processes to be examined 
under quasi-steady conditions rather than being masked by continuous 
volume loss. The effectiveness of this stabilization is evident in the 
droplet size evolution shown in Fig. 1B. In the absence of wet cotton, the 
droplet diameter decreases steadily over time, reflecting ongoing 
evaporation and progressive concentration of solutes. In contrast, when 
the humid buffer is present, the droplet diameter remains essentially 
constant over 30 min. This stabilization ensures that the surface area and 
bulk volume remain nearly unchanged, isolating chemical accumulation 
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from trivial concentration effects associated with evaporation.
Under these conditions, the droplet exhibits sustained oxidative ac

tivity, as monitored by 10-acetyl-3,7-dihydroxyphenoxazine (ADHP), an 
oxidation-sensitive fluorescent probe. As shown in Fig. 1C, the fluores
cence intensity increased continuously with time, consistent with 
ongoing oxidative processes in the droplet. In this context, the fluores
cence signal is used as an indicator of oxidative activity, rather than as a 
fully specific identification of individual reactive oxygen species. 
Importantly, the fluorescence develops throughout the droplet volume, 
consistent with the transport of species generated at the interface into 
the bulk aqueous phase. The time-dependent evolution of fluorescence 
intensity further reveals a pronounced dependence on droplet volume 
(Fig. 1D). Smaller droplets show faster increases and higher normalized 
fluorescence signals than larger droplets over the same period. This 
trend is consistent with reduced bulk dilution in smaller droplets, which 
enhances the observability of accumulated oxidative products. Quanti
tative analysis shows the same volume dependence (Fig. 1E), with 
higher apparent oxidative signals observed in smaller droplets. These 
results indicate that constraining bulk dilution improves the 

detectability of oxidative chemistry in the droplet. By itself, however, 
this volume dependence does not establish the spatial origin of the 
chemistry, which is addressed separately below using product accu
mulation analysis and surface-biased mass spectrometric measurements. 
The millimeter-sized droplet thus functions as an effective platform to 
reveal interfacial oxidative chemistry that is likely present at larger 
water–air interfaces but remains experimentally inaccessible from 
overwhelming bulk dilution.

After establishing persistent oxidative activity at the water–air 
interface under constrained dilution conditions, we examined whether 
this interfacial environment can drive the transformation of a gas-phase 
substrate into detectable aqueous products. Dimethyl sulfide (DMS) was 
introduced as a representative volatile compound to probe whether 
oxidation initiated at the interface can be integrated into the aqueous 
phase over time.

Fig. 2A outlines the conceptual framework of this process. Oxidation 
is localized at the water–air interface, while the aqueous phase serves as 
a reservoir that accumulates reaction products generated at the 
boundary. Consequently, concentrations measured in bulk water reflect 

Fig. 1. Stabilization of millimeter-sized water droplets and ROS accumulation 
(A) Schematic of a millimeter-sized water droplet levitated in a high-humidity environment generated by wet cotton wool. (B) Droplet diameter as a function of time 
with and without humidity control. (C) Time-resolved fluorescence images of levitated droplets with volumes of 10 and 20 μL. Scale bar: 3 mm. (D) Normalized 
fluorescence intensity as a function of time for droplets of different volumes. (E) Time-dependent ROS concentrations in droplets with different initial volumes.
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time-integrated interfacial production rather than instantaneous reac
tion rates. Ion chromatography confirms the accumulation of DMS 
oxidation products in the aqueous phase (Fig. 2B). Relative to control 
droplets, droplets exposed to DMS exhibit clear signals corresponding to 
formate (HCOO− ) and sulfate (SO4

2− ), along with minor inorganic an
ions. The appearance of these species indicates that gas-phase DMS 
undergoes chemical transformation at the interface and yields water- 
soluble products that diffuse into the droplet interior.

Time-resolved measurements show that formate accumulates grad
ually, reaching concentrations in the nmol/L range over tens of minutes 
(Fig. 2C). These low bulk concentrations are consistent with a surface- 
localized source subject to volumetric dilution and do not imply weak 
interfacial reactivity. Instead, formate represents a minor but stable 
aqueous tracer of interfacial oxidation. The limited accumulation of 
formate further suggests that a substantial fraction of DMS-derived 
carbon remains in partially oxidized or volatile forms that do not 
persist in the aqueous phase. In contrast, sulfur-containing products 
exhibit higher accumulation levels. Sulfur ions and sulfate increase 
steadily with time, reaching μmol/L concentrations (Fig. 2D), reflecting 
the stronger aqueous retention of oxidized sulfur species. This diver
gence between carbon- and sulfur-containing products highlights the 
selective integration of interfacial reaction pathways into the bulk 
aqueous phase.

Comparable accumulation behavior is observed when the droplet is 
held under static hanging conditions (Fig. S1), confirming that the 
observed chemistry is not specific to the levitation configuration. These 
results demonstrate that oxidation initiated at the water–air interface 
can be recorded through bulk-phase accumulation when dilution is 
sufficiently constrained.

Bulk-phase accumulation establishes that interfacial oxidation 

products can be integrated into the aqueous phase, but it does not by 
itself identify the spatial origin of these products. To probe chemical 
species enriched at or near the water–air interface, we employed field- 
induced droplet ionization mass spectrometry (FIDI-MS), a method 
that has previously been combined with acoustic levitation for droplet 
analysis [43]. As illustrated in Fig. 3A, FIDI-MS samples analytes from 
the outermost layer of the droplet, rather than from the bulk aqueous 
phase. The resulting mass spectra preferentially reflect species enriched 
at or near the droplet surface and therefore provide information that is 
more sensitive to interfacial composition than bulk aqueous analysis. In 
the absence of DMS, the FIDI-MS spectrum of water shows only weak 
background signals, with no detectable formate- or sulfate-related peaks 
(Fig. 3B).

Upon introduction of gas-phase DMS, distinct interfacial signals 
emerge (Fig. 3C). Prominent signals corresponding to formate (m/z 45, 
HCOO− ) and a sulfur-containing oxidation-related peak at m/z 48 are 
observed, indicating the presence of DMS-derived interfacial products 
during exposure. The appearance of these signals under surface-biased 
sampling conditions supports the formation of DMS oxidation prod
ucts at or near the droplet surface.

To further constrain the chemical origin of the observed products, 
isotopic labeling experiments were performed using H2

18O (Fig. 3D). The 
resulting mass shifts in formate-related peaks confirm that oxygen atoms 
incorporated into the oxidation products originate from water. This 
observation supports the conclusion that water participates directly in 
the oxidation chemistry occurring at or near the droplet surface, but it 
does not by itself resolve the full sequence of elementary steps involved 
in DMS oxidation. Then surface-selective mass spectrometry provides 
direct evidence that oxidation products detected in bulk water originate 
from chemical processes occurring at the water–air interface. When 

Fig. 2. Interfacial oxidation of dimethyl sulfide (DMS) in millimeter-sized water droplets 
(A) Schematic illustration of DMS oxidation at the water–air interface of a millimeter-sized droplet. (B) Ion chromatograms of control samples and droplets levitated 
for 15 min. (C) Time-dependent formation of formate in levitated droplets. (D) Time-dependent evolution of sulfur-containing ions and sulfate during 
droplet levitation.
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combined with bulk-phase accumulation measurements, these results 
link interfacial reaction events to their time-integrated aqueous signa
tures without invoking bulk-averaged reaction pathways.

If oxidation is localized at the water–air interface, the extent to 
which its products become observable in the aqueous phase should be 
governed by geometric and transport constraints rather than by bulk 

Fig. 3. Online mass spectrometric detection and isotopic tracing of interfacial reaction products 
(A) Experimental configuration for online field-induced droplet ionization mass spectrometry (FIDI-MS). (B) Negative-ion mass spectrum of a levitated droplet 
without DMS exposure. (C) Mass spectrum obtained after DMS exposure, showing characteristic reaction products. (D) Mass spectrum acquired using H2

18O, revealing 
isotopic shifts in formate and sulfate.

Fig. 4. Volume and reactant-flux dependence of interfacial reaction products 
(A–C) Time-dependent concentrations of formate, sulfur-containing ions, and sulfate in droplets with different initial volumes. (D–F) Dependence of product con
centrations on the amount of volatilized DMS supplied to the system.
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reaction kinetics. We therefore examined how droplet volume and gas- 
phase DMS supply influence the accumulation of oxidation products.

Fig. 4A–C shows the time-dependent accumulation of aqueous 
products for droplets of different volumes. Smaller droplets consistently 
exhibit higher accumulation rates and final concentrations than larger 
droplets under otherwise identical conditions. Because reducing droplet 
volume increases the surface-to-volume ratio while decreasing the de
gree of bulk dilution, this trend indicates that the observed accumula
tion is controlled by the balance between interfacial production and 
volumetric dilution, rather than by changes in intrinsic chemical reac
tivity. The influence of gas-phase supply was further evaluated by 
varying the DMS volatilization flux (Fig. 4D–F). Increasing the amount 
of DMS introduced into the system leads to proportionally higher 
accumulation of aqueous oxidation products. This response demon
strates that interfacial oxidation is sensitive to reactant availability at 
the boundary and that the aqueous phase records this interfacial input 
through time integration.

Environmental constraints on interfacial chemistry were assessed by 
altering the ionic composition of the droplet (Fig. S2). Increasing ionic 
strength suppresses the accumulation of oxidation products, indicating 
that the efficiency of interfacial oxidation depends on the physico
chemical properties of the interface. This observation is consistent with 
interfacial processes that are sensitive to local electrostatic and solvation 
environments rather than to homogeneous bulk-phase conditions. These 
geometric and flux dependencies reinforce the interpretation that 
oxidation occurs at the water–air interface and becomes detectable only 
when bulk dilution is sufficiently constrained. The single-droplet system 
thus provides a controlled framework to resolve interfacial chemical 
activity that is expected to persist at larger water–air interfaces but re
mains obscured in macroscopic aqueous systems.

4. Conclusion

The results demonstrate that oxidative chemistry can be initiated at 
the water–air interface and subsequently recorded in the aqueous phase 
when bulk dilution is sufficiently constrained. Using a single millimeter- 
sized droplet to isolate a stable interface, we show that interfacial 
oxidation of gas-phase dimethyl sulfide produces water-soluble products 
that accumulate gradually in the droplet interior, even though their bulk 
concentrations remain low. Surface-selective mass spectrometry pro
vides direct spatial evidence that these products originate at the inter
face, while time-resolved bulk measurements reveal how interfacial 
reactions are integrated into the aqueous phase through accumulation. 
Importantly, the observed behavior does not imply that such chemistry 
is unique to micro- or millimeter-scale droplets. Instead, it reflects a 
general feature of water–air interfaces, where interfacial electric fields 
and associated physicochemical heterogeneity can sustain oxidative 
processes, but whose signatures are typically obscured in macroscopic 
systems by rapid dispersion and dilution. The dependence of product 
accumulation on droplet geometry, reactant supply, and ionic environ
ment further indicates that the observability of interfacial chemistry is 
governed by scaling and transport constraints rather than by the pres
ence or absence of interfacial reactivity itself. While the present study 
focuses on a single model compound and does not resolve the full 
spectrum of intermediate products or reaction pathways, it establishes 
an experimental framework for linking interfacial chemical events to 
measurable aqueous-phase outcomes. This perspective highlights the 
need to reconsider the role of the water–air interface in multiphase 
environmental chemistry, not as a passive boundary, but as an active 
region whose chemical contributions might have been systematically 
underestimated under conventional bulk-dominated conditions.
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