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ABSTRACT: Argon is the third most abundant gas in the
atmosphere and is regarded as chemically inert. Unlike many [ ArOH]+
other atmospheric gases that have undergone fixation over

geological time scales, argon has not been known to form stable
compounds. Contrary to this century-old belief, we report that argon
can react at the surface of tiny water droplets suspended in air to
form argon hydroxide cations ([ArOH]*) at room temperature.
Remarkably, this species can be generated and maintained in
equilibrium within an aerosol vial for extended periods, following
real-time monitoring by mass spectrometry. Mechanistic analysis
suggests that the water microdroplet surface carries a net charge and,
during its evolution in air into smaller droplets, generates corona
discharge, producing [ArOH]" at the air—water interface. Given the
ubiquitous presence of water microdroplets in nature, this reaction of argon with water redefines the landscape of noble gas
chemistry on Earth and beyond.

[ArOH[*

In the Earth’s atmosphere, argon has long been known to be microdroplets,”” a phenomenon later referred to as “micro-
a chemically inert gas since its discovery in 1894 by Lord lightning” by Zare and co-workers following the detection of
Rayleigh and Sir William Ramsay." This exceptional chemical light emission from such droplets.”””’” We further demon-
stability is attributed to its closed-shell electronic config- strated that this interfacial electrical discharge can facilitate
urations. Although it is the third most abundant atmospheric nitrogen fixation under ambient conditions, enabling the
gas, comprising 0.93% by volume, argon has remained a largely activation of otherwise inert molecular bonds using only
passive component, showing strong resistance to fixation or water without the need for catalysts.”* This finding inspired us
chemical transformation, unlike many other atmospheric gases. to explore whether the discharge-like environment at the
Although argon fluorohydride (HArF) has been synthesized surface of water microdroplets could similarly trigger the
under extreme laboratory conditions using a cryogenic matrix chemical reactivity of argon. Indeed, we report here that argon
at7.5 Kz’ it remains the only known synthetic argon compound reacts at the surface of water microdroplets, generating argon
to date.” Likewise, the recent detection of argon hydride cation hydroxide cation [ArOH]*, the first-ever ambient argon

(ArH") in the Crab Nebula marked the first and only
confirmed noble gas molecule in space, formed under
conditions of high ionizing radiation and low-density plasma. changing how we understand the chemical reactivity of this
Though the possibility of finding a few other argon compounds inert gas.

is further warranted under astrophysical conditions* and Observation of the Phenomenon. When pure water was
demongsgated 1.1nder high—e.nergy plasma or discha.rge env%ron— aerosolized or evaporated in the open air using different
men.ts, ﬁndlr.lg the amblgnt argon compou.nd 1s seemlr%gly methods (steaming, spraying, bubbling, etc.), simulating the
forbidden as it would violate long-established chemical formation of airborne microdroplets in front of a high-

principles rooted in atomic structure, thermodynamics, and . N .
ot K resolution mass spectrometer, a mysterious ion 51gnal at m/z
ernp1r1cal experience.

Water microdroplets are omnipresent across Earth’s natural
systems (cloud, rain, fog, sea spray, etc.) and play critical roles Received:  October 30, 2025 [ =
in climate, supporting our lives. Recent studies indicated that Revised:  December 17, 2025 .
chemical reactions behave in fundamentally different ways at Acce.pted: December 18, 2025
the air—water interface of microdroplets compared to bulk Published: December 26, 2025
8-25 . -
water. In our recent investigations, we detected feeble
corona discharge arising at the surface of airborne water

compound found on Earth. This finding is like watching a
long-silent element breaks the rules of its own identity,
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Figure 1. Formation of argon hydroxide cation in the open air. (a) High-resolution mass spectrometric detection of a positively charged species at
m/z 56.9646 from aerosolized or evaporating water originating from various sources (insets). (b) Evaluating the formation of this ion upon
nebulizing water with nitrogen, nitrogen/argon (1:1, v/v), air, and argon using a 0 V spray source. (c) The exact mass (0 ppm error) and isotopic
pattern confirm the identity of the ion as the argon hydroxide cation. (d) Detection of isotopically labeled argon hydroxide cation upon spraying
80-enriched water (top panel) and deuterium-enriched water (bottom panel). (e) Ultrahigh resolution (R = 500000) mass spectrometric
confirmation of [ArOH]" species obtained from nebulizing water with argon at 0 V (inset). (f—~h) Tandem mass spectrometric characterization of
the argon hydroxide cation noncovalently bound to one (e), two (f), and three (g) water molecules (asterisked), showing the sequential loss of

water during fragmentation.

56.9646 was detected consistently (Figure la) across all
experiments (Figure Sla—e). To further characterize this
species, we employed a 0 V spray source setup as described in
the Materials and Methods section. Nebulization of water with
nitrogen, air, and argon revealed a distinct dependence of the
above ion signal on the carrier gas: the peak was absent with
nitrogen (black trace), weakly present with air, and markedly
intense with argon (Figure 1b), implicating argon as a
constituent element of the observed ion. The weak signal
observed for this species when air was used as the carrier gas
can be attributed to the low abundance (<1%) of argon in air.
This observation remained consistent when the spray source
was operated inside both argon- and nitrogen-filled glove
boxes, with the aerosol subsequently transferred to the mass
spectrometer through a stainless-steel capillary, effectively
isolating the spray from exposure to laboratory air (Figure S2).
Since the ion (m/z 56.9646) was not detected in the carrier gas
alone (Figure S3), the interaction between water microdroplets
and argon appears essential for forming this species. The
critical role of water in the formation of the observed ion is
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further supported by its detection upon aerosolization of an
aqueous solvent, whereas no corresponding signal was
observed when organic solvents were aerosolized under the
same conditions (Figure S4).

Characterization of the Species. The high mass accuracy
(0 ppm error) analysis suggests the species to be the argon
hydroxide cation, [ArOH]* (Figure 1c). This is further
corroborated by the detection of associated isotopic peaks
corresponding to the natural abundances of **Ar and '*O,
albeit at trace intensity levels (insets of Figure 1c). Moreover,
when '®0-enriched (2:1, v/v) or deuterium-enriched (5:1, v/
v) water was nebulized using argon, the corresponding heavier
isotopologues of the argon hydroxide cation were detected
(Figure 1d), albeit at lower abundances, likely due to the
preferential surface affinity of the lighter water isotopologues,
as demonstrated in our earlier study.”® These results further
suggest that the water surface, i.e., the liquid—gas interface, is
the probable reaction zone for the formation of [ArOH]*
species.
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It is essential to clarify that the assignment of the ion is not
solely based on the empirical observations (Figure la—d and
Figures S1—S4) but also on the fact that no alternative
elemental composition fits the m/z 56.9646 value within the
constraints of high mass accuracy (<1 ppm), thereby justifying
the results in Figure 1b. Upon further resolution using an
ultrahigh-resolution mass spectrometer (Thermo Orbitrap
Fusion MS), the [ArOH]" ion signal was clearly distinguished
from a weak isobaric interference, likely corresponding to
[CaOH]* (Figure le). Similarly, another hybrid ion trap—
orbitrap mass spectrometer successfully detected [ArOH]*
upon nebulizing water with argon, but not with nitrogen
(Figure SS). These consistent and reproducible observations
across multiple high-resolution instruments located at different
sites further validate the robustness of the findings.

Evaluation of the mass spectral data (Figure S6) also
revealed that [ArOH]* can exist in hydrated forms by
adducting with up to three water molecules, which were
further characterized through tandem mass spectrometric
(MS/MS) study (Figure 1f—h). The energy-resolved MS/
MS analysis (Figure S7) further confirmed the weak
association of H,O molecules with the [ArOH]* species,
likely mediated through hydrogen bonding.

We also observed that the nature and source of water
significantly influence the generation of [ArOH]*, with
variations in water quality parameters such as pH, conductivity,
and total dissolved solids (TDS) playing a critical role (Figure
S8). Microdroplets generated from pure deionized water
exhibited the highest [ArOH]" signal, whereas those derived
from contaminated sources such as tap water or rainwater
showed reduced production of [ArOH]*. Notably, while
nebulization of seawater (characterized by high TDS) did
not yield detectable [ArOH]* (data not shown), the ion was
observed upon evaporating seawater under laboratory
conditions (Figure S9). Thus, the results obtained from
atmospheric water samples (such as sprayed rainwater and
seawater vapor, Figure S8) support the formation of [ArOH]*
through the reaction of argon gas with water microdroplets
under open-air conditions.

While accurate quantification of the [ArOH]" species would
ideally require a dedicated standard, which is infeasible here,
we attempted for an estimation of its abundance using a highly
water-soluble, unipositive ion such as Cs* as a reference. Since
both [ArOH]* and Cs* are intrinsically charged, we assumed
their mass spectrometric detection efficiencies to be approx-
imately comparable. Based on this assumption, we generated a
calibration plot for the Cs* ion, which provided a rough
guideline for estimating the concentration of [ArOH]* across
various aerosol/mist sources (Figure S10). Using this
approach, we found that the concentration of [ArOH]* in
microdroplets ranges from parts per trillion (ppt) to parts per
billion (ppb), depending on the mode of water aerosolization.
For instance, [ArOH]* exhibited the lowest abundance in the
seawater vapor, with an estimated concentration of ~ 4 ppt,
whereas its highest abundance, with approximately 5 ppb, was
observed in microdroplets generated by argon-driven nebu-
lization using a 0 V spray jet. Likewise, the mist generated by a
household humidifier produced [ArOH]* at an estimated
concentration of approximately 0.7 ppb in microdroplets
(Figure S10).

Assessment of the Stability of the Species. We
designed a custom glass reaction chamber to aerosolize water
using an ultrasonic fogger, with the resulting microdroplets
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confined within the argon-purged chamber (Figure 2a). The
aerosol was subsequently transferred through a borosilicate
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Figure 2. Formation and stability of the argon hydroxide cation. (a)
Experimental setup for continuous real-time monitoring of [ArOH]"
in laboratory-generated fog within an argon-purged reaction chamber.
(b) Temporal profile of [ArOH]" ion abundance (red trace) recorded
over a 1-h period, with fog maker (shown in A) operation initiated at
S min and stopped at 65 min. In the control experiment using
nitrogen as the purging gas, [ArOH]" was not detected (blue trace).
(c) lustration of a 0 V spray setup inside a glovebox, enabling MS
analysis of internal aerosols while preventing external contamination.
(d) A plot of [ArOH]" ion intensity as a function of maximum ion
injection time, highlighting its accumulation behavior and stability in

the gas phase.

capillary into the mass spectrometer for analysis (Figure S11)
in real time. The [ArOH]* species was detected almost
immediately after the fogger was activated, with its signal
intensity gradually rising to a maximum within a few minutes
and remaining at this level for an extended duration, until the
fogger was turned off (Figure 2b). This result clearly
demonstrates that the species was generated in the aerosol
chamber, establishing a chemical equilibrium, evidenced by the
steady concentration of the [ArOH]* over time in the reaction
between water and argon in the container. That the presence
of the species was directly correlated with the existence of the
aerosol or water vapor was further supported by experiments in
which water microdroplets or vapor (from various sources)
were exposed to air or argon, resulting in continuous detection
of [ArOH]* throughout the exposure period (Figure S12).
Collectively, these results also indicate that [ArOH]* possesses
sufficient stability to enable mass spectrometric sampling on a
time scale of seconds and detection on a time scale of
milliseconds.””** The species could also be stored in the gas
phase (within the C-trap of Thermo Exploris 120 MS) for
approximately half a second, as evidenced by a plot of its ion
signal intensity versus maximum ion injection time, showing
peak ion counts at S00 ms (Figure 2c—d).

Mechanistic Investigation. A custom-designed spray
source was interfaced with the mass spectrometer (Figure
3a) to investigate the mechanistic aspects of [ArOH]*
formation. As previously discussed, the water surface is
known to facilitate unusual chemical reactivity due to its
distinct physical and chemical properties." >>'~*' In the
present study, we also demonstrate that the reaction between
argon and water most likely occurs at the gas—liquid interface
of microdroplets, where the reaction exhibits a surface-sensitive
behavior, reflecting a dependence on droplet surface area and
charge. For example, tuning the spray parameters, such as
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Figure 3. Experimental investigation of the reaction mechanism. (a)
Diagram of an ESI-MS experimental setup used to monitor the impact
of spray parameters on [ArOH]" ion abundance. Plot of [ArOH]" ion
signal intensity as a function of various spray parameters: (b)
nebulizing gas (argon) pressure and water flow rate, and (c) spray
potential. All intensity data points were collected relative to the ion
signal of protonated dimethylformamide, which was added to the
water at a concentration of 0.01 ppm. (d) ESI-MS data from an ion
trap mass spectrometer in the low mass range, obtained by spraying
deionized water under a + 5 kV potential using argon as the
nebulizing gas.

reducing the solvent flow rate, increasing the nebulizing gas
pressure led to smaller microdroplets with higher surface-to-
volume ratios,'***>** thereby enhancing the reaction
efficiency (Figure 3b).

Moreover, the application of a positive spray potential,
which promotes the formation of overall positively charged
microdroplet surfaces,””*”** resulted in a significant improve-
ment in the reaction efficiency (Figure 3c). Molecular
dynamics simulations further suggested that when an aqueous
solution containing argon atoms forms microdroplets, argon
rapidly migrates to the surface of the droplet and finally
evaporates from the aqueous droplet within half nanosecond
(see Figure S13). This finding aligns with the above
experimental results and supports the notion that the gas—
liquid interface of microdroplets serves as the reaction zone for
argon.

The micron sized droplets are almost never found neutral,
whether formed naturally (Lenard effect) or produced in the
laboratory; they always carry net charge arising from an excess
of H;0" or OH™.>"**™* When a fluid jet breaks into
droplets (Rayleigh—Plateau instability), the breakup is not
symmetric. Even a tiny imbalance in charge distribution (e.g.,
H* and OH™) get frozen into droplets, producing some
positively charged droplets and some negatively charged
droplets. Such charge separation is further amplified when
water is aerosolized under high-pressure nebulization, as
recently demonstrated by Zare and co-workers.”® Central to
this behavior is the electrical double layer at the air—water
interface, characterized by OH™ enrichment at the outermost
surface and a subsurface layer rich with counterions (e.g., H")
immediately beneath it. The OH™ ions stabilize more readily at
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water-deficient interface (higher hydration enthalpy penalty for
H*) as hydration enthalpies of OH™ and H* are —520 kJ mol™*
and —1150 kJ mol™!, respectively."” Because this interfacial
layer carries a net negative charge, and aerodynamic breakup
transfers more of this surface layer to the smaller offspring
droplet, rendering it overall negatively charged while leaving
the larger parent droplets correspondingly positive.”® During
this secondary breakup, a transient localized electric field might
be established between the larger positively charged droplet
and the smaller negative?' charged one, with an estimated
magnitude of ~10° V/m.* As this electric field is much higher
than the dielectric strength of air (~3 X 10° V/m), it allows a
spark or arc to form by breakin§ down the surrounding air,
ionizing different air molecules. 32627 In other words, this
intense localized electric field may trigger plasma chemistry at
the air—water interface. This rationale aligns with our
detection of Ar" in the low-mass region by high-resolution
mass spectrometry, a species that may form transiently at the
interface (Figure S14), especially when water was nebulized
using argon, in agreement with our previous observation.”

Alternatively, Colussi demonstrated that excess surface
charge on aerosolized water microdroplets generates an electric
field that scales directly with the net charge and inversely with
droplet radius.*® Using typical charge values and radii reported
for such droplets, he estimated fields on the order of 10°—10°
V/m, which may increase further under continuous solvent
evaporation and enhancement of surface curvature. Given that
the electric field generated by charged aerosolized micro-
droplets can approach the air-breakdown threshold, interfacial
electrical discharge from such droplets may still be expected as
a plausible alternative source. Moreover, such a high field can
accelerate an electron at the interface or naturally occurring
gas-phase electrons produced by cosmic ionizing radiation,
enabling them to strip electrons from nearby molecules and
initiate an avalanche process that rapidly amplifies the
concentrations of electrons and corresponding positive
ions.”” This can also interpret the formation of Ar* upon
spraying water in the air (Figure S14). A compelling indication
that the interfacial plasma chemistry may arise from the
threshold electric fields radiated by charged microdroplets is
the observation that positively charged water microdroplets
also ionize surrounding gas molecules.’® Indeed, our earlier
observation of air breakdown at the surface of sprayed water
microdroplets, akin to a microscopic lightning event, provided
direct evidence for a strong interfacial electric field capable of
initiating energetic reactions, including nitrogen oxide
formation and gas-phase ionization.””> Subsequent literature
reports have further validated this finding.”**’

Considering the two models discussed above as potential
origins of interfacial electrical discharge in microdroplets, we
outline below the plausible mechanistic pathways leading to
the formation of [ArOH]". A positive control experiment
involving nebulized water sprayed near a corona discharge
zone yielded a pronounced increase in the [ArOH]* signal,
accompanied by a weak Ar* ion signal (Figure S15),
supporting the involvement of electrical discharge in their
formation. Spraying water into air yields reactive oxygen
species H,0,, 0,°7, *OH, H,0%, etc.), as proposed in
numerous studies.'”>' ™ While their spontaneous formation
has been questioned,”® these species are reliably produced
under the pneumatic conditions of spraying, in agreement with
many microdroplet reactions of organic substrates that depend
on in situ generation of *OH/H,0, as the sprayed mixture is
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collected in a vial.>"~®* Moreover, it is no wonder that the

interfacial plasma-like micro environment can also contribute
to the formation of such ROS (Supplementary Note 1).°°7%
Experiments with isotopically labeled water (H,'®*0) con-
firmed that these ROS likely originate through intertwined
pathways involving both interfacial water and atmospheric
oxygen.””>> Nevertheless, given that sprayed water produces
both Ar* and OHe, we invoke Occam’s razor to propose that
[ArOH]" forms through the direct combination of these two
reactive species (Figure 4a). However, other plausible
pathways are outlined below.

.gg . A—r

[ArOH] "

@ o +

Art

v

(b) 5 —‘+ e
JMA}J <, +
»oq

+ @C
-

4'5’:—» J—‘j.

(c) &

Ar + OH Ar+H,0' "
04 T 04 E—

54 \ o
R 5 \ [ArOH,]
S -104 \ -10 812\
= N + 3.12
= 151 A -15] \
Q 1[ A)l‘ * .
< 20 "N -20- 7o)
8 ES '
5 -25- L -25 \
= O\ \
W 304 % -30 \

\

-35{  [ArOH(H,0)] +~—1\‘ 354 [ArOH(H,0)] +%—i

_40 30.40 _40 ). 40
(d) (+0.732) o 0.534 (e)

+0. + )
e
172A % o6 0.99A

Figure 4. Theoretical insights. (a, b) Schematic diagrams of the three
plausible reaction pathways leading to the formation of [ArOH]",
depicted using ball-and-stick models. (c) Potential energy profiles
computed at CCSD(T)/aug-cc-pVQZ level of theory for pathways
depicted in (b). Only the lowest energy states are shown in the energy
profile. Other electronic states are shown in Figure S18. (d)
Characteristics of the argon hydroxide cation (singlet) equilibrium
configuration computed at CCSD(T)/aug-cc-pVSZ level of theory,
showing bond lengths (blue), bond angle (red), and NBO charge
distribution on atoms (green). (e) Molecular orbital picture
illustrating the bonding interactions in the species obtained from
CCSD(T)/aug-cc-pVSZ calculations.

Considering that the surface of water microdroplets creates a
corona discharge-like environment, we hypothesized the
formation of the hydroxyl cation (OH'), another ROS that
may have previously escaped attention in studies of interfacial
microdroplet chemistry due to its fleeting life. When water
microdroplets were sprayed at +5 kV using argon as the
nebulizing gas in front of an ion trap mass spectrometer, with
emphasis on detecting low-mass ions, a weak signal at m/z 17
was observed, potentially corresponding to OH', alongside
notable signals for H,0" (m/z 18) and H;0" (m/z 19)
(Figure 3d). Thus, this finding confirms the formation of OH*
at the air—water interface of microdroplets and also in line with
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the previous reports on is formation under plasma or discharge
environments. "%

Given that interfacial corona discharge can generate both
OH" and H,0°%", we also acknowledge two other mechanis-
tically plausible routes to [ArOH]" formation, as depicted in
Figure 4b—c, based on calculations performed at the
CCSD(T)/aug-cc-pVQZ level of theory. In the first pathway,
argon reacts exothermically with the highly reactive triplet-state
OH* to yield [ArOH]*, which may be further stabilized
through interaction with one or more water molecules,
consistent with experimental observations (Figure 1f—h).
The potential source of the OH" jon can be assigned to -
OH radical. The formation of -OH radicals from OH™ ions is
thermodynamically favorable on the surface of aqueous
microdroplets.”” Given the feasibility of the formation of
high electric field at the air—water interface of microdroplets,
as discussed above, the possibility of the formation of OH*
cations from OH radicals through field-induced polarization
has been theoretically examined, as shown in Figure S16. A
similar mechanism is proposed for the generation of H,0**
radical cations, as illustrated in Figure S17. In the presence of a
strong electric field, interfacial H,O can polarize to transfer one
electron to the droplet to form a H,O®" cation. This has also
been suggested earlier by Cooks and co-workers.”* Given the
detection of the H,0®* ion signal (Figure 3d), we also
explored a second reaction pathway (Figure 4b,c) involving the
interaction of argon with H,0*", which can exothermically
yield the [Ar(H,0)]*" complex. This cationic argon—water
adduct can be further stabilized by reacting with a hydroxyl
radical, leading to the formation of [ArOH(H,0)]*. The
breakdown of this species can form [ArOH]* (Figure 1f) at the
interface.

The electronic structure of the most stable singlet state of
[ArOH]" was investigated using high-level CCSD(T)/aug-cc-
pVSZ calculations. The optimized geometry reveals an Ar—O
bond length of 1.72 A and an Ar—O—H bond angle of 101.13°.
Natural bond orbital (NBO) analysis indicates that the highest
positive charge density is localized on the argon atom (Figure
4d). The bonding orbital of [ArOH]" was analyzed and is
illustrated in Figure 4e. The molecular orbital (MO)
representation highlights the predominant z-character of the
Ar—O bond. This bonding interaction arises from atomic
orbitals of argon and oxygen, each contributing over 90% p-
character, resulting in a moderately strong z-type bond
between the Ar and O atoms. The harmonic vibrational
frequencies, computed at the CCSD(T)/aug-cc-pVSZ level of
theory, were found to be 640.7 cm™' (Ar—O stretching),
1349.9 cm™' (bending mode), and 3539.2 cm™' (O-H
stretching), respectively.

Thus, combined experimental and theoretical investigations
suggest that the interfacial electrical discharge facilitates the
formation of [ArOH]* at the water microdroplet surface. It is
important to clarify that although the droplet surface
microenvironment exhibits characteristics akin to an electrical
discharge capable of activating inert argon, the overall
conditions under which the droplets are exposed remain
ambient, thereby demonstrating that argon activation occurs
under ambient conditions (e.g, room temperature and
atmospheric pressure).

In summary, over a century after the discovery of argon and
its subsequent characterization as chemically inert, the present
study introduces a notable exception to noble gas chemistry by
demonstrating that argon can undergo an unprecedented
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reaction under ambient conditions to form a stable argon
hydroxide cation ([ArOH]*) at the surface of water micro-
droplets. Remarkably, while isolated [ArOH]" species exhibit
stability for about half a second under vacuum conditions, they
persist in equilibrium for extended periods within aqueous
aerosols. This suggests a uniquely favorable chemical environ-
ment at the gas—liquid interface of microdroplets that
enhances the species stability. Mechanistic insights from
mass spectrometry suggest that the reaction may proceed
through multiple pathways within the plasma-like micro-
environment at the air—water interface of microdroplets,
involving Ar*, OH', and H,0°®" species generated at the
interface. Given the ubiquitous presence of aqueous aerosols
on Earth and the widespread cosmic abundance of argon, these
findings significantly revise our understanding of the reactivity
of argon. Furthermore, this discovery opens new avenues for
exploring analogous aqueous reactions in extraterrestrial
environments and raises the intriguing prospect of employing
[ArOH]" as a chemical marker for identifying exotic aqueous
processes occurring elsewhere in the cosmos.
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