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roplet interface in controlling the
multiphase oxidation of thiosulfate by ozone†

Alexandra M. Deal, a Franky Bernal, ab Andreas Siebert, ac

Alexander M. Prophet,ab Mauricio Lopez Luna,a Monika Blum, ac

Richard J. Saykally ab and Kevin R. Wilson *a

Predicting reaction kinetics in aqueous microdroplets, including aerosols and cloud droplets, is challenging

due to the probability that the underlying reaction mechanism can occur both at the surface and in the

interior of the droplet. Additionally, few studies directly measure the surface activities of doubly charged

anions, despite their prevalence in the atmosphere. Here, deep-UV second harmonic generation

spectroscopy is used to probe surface affinities of the doubly charged anions thiosulfate, sulfate, and

sulfite, key species in the thiosulfate ozonation reaction mechanism. Thiosulfate has an appreciable

surface affinity with a measured Gibbs free energy of adsorption of −7.3 ± 2.5 kJ mol−1 in neutral

solution, while sulfate and sulfite exhibit negligible surface propensity. The Gibbs free energy is

combined with data from liquid flat jet ambient pressure X-ray photoelectron spectroscopy to constrain

the concentration of thiosulfate at the surface in our model. Stochastic kinetic simulations leveraging

these novel measurements show that the primary reaction between thiosulfate and ozone occurs at the

interface and in the bulk, with the contribution of the interface decreasing from ∼65% at pH 5 to ∼45%

at pH 13. Additionally, sulfate, the major product of thiosulfate ozonation and an important species in

atmospheric processes, can be produced by two different pathways at pH 5, one with a contribution

from the interface of >70% and the other occurring predominantly in the bulk (>98%). The observations

in this work have implications for mining wastewater remediation, atmospheric chemistry, and

understanding other complex reaction mechanisms in multiphase environments. Future interfacial or

microdroplet/aerosol chemistry studies should carefully consider the role of both surface and bulk

chemistry.
1. Introduction

Chemistry in microdroplets has garnered interest in recent
years for its (sometimes extreme) differences from either purely
gas-phase or condensed phase chemistry.1 Some studies have
shown that microdroplet reaction rates increase with
decreasing droplet size and reactant concentration, attributing
this rate enhancement to high surface-to-volume ratios and
increased reaction contributions from droplet interfaces.
However, there is debate regarding the source of reaction rate
enhancement,2–4 and determining the exact drivers in micro-
droplet chemistry, including the individual contributions from
surface and bulk phases, is notoriously challenging due to
experimental constraints and a lack of available surface activity
keley National Laboratory, Berkeley, CA

fornia, Berkeley, Berkeley, CA 94720, USA

ational Laboratory, Berkeley, CA 94720,

tion (ESI) available. See DOI:

83
data. Chemistry in microdroplets, including aerosols and cloud
droplets, has a crucial role in atmospheric chemistry,5 hence
a thorough understanding of microdroplet reaction mecha-
nisms will be vital for accurate atmospheric chemistry
modeling.

The oxidation of sulfur and its impact on global climate has
long been studied, but new sulfur intermediates are still being
identied6 and sulfur oxyanions like thiosulfate may be
underappreciated atmospheric intermediates. Thiosulfate
might be released into the environment from incompletely
treated mining tailings or formed from H2S and SO2 in volcanic
stratospheric aerosols.7 Once released or formed, the ozonation
of thiosulfate can acidify the reaction environment and form
a mixture of fully oxidized sulfur (sulfate, SO4

2−) and partially
oxidized sulfur (sulfur dioxide, SO2, trithionate, S3O6

2−, and
tetrathionate, S4O6

2−). While sulfate directly contributes to the
global radiation budget through new particle formation, thio-
sulfate, SO2, trithionate, and tetrathionate can act as long-lived
metastable intermediates in the atmospheric sulfur cycle with
down-stream environmental effects. Despite these potential
impacts, the chemistry of thiosulfate in microdroplets has
© 2025 The Author(s). Published by the Royal Society of Chemistry
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largely been unaccounted for in modeling the atmospheric
sulfur cycle, and few studies have directly addressed the
aqueous surface activity of sulfur oxyanions.

Efforts towards understanding the ozone oxidation of thio-
sulfate can also provide an excellent model system for under-
standing complex multistep reaction kinetics in microdroplets.
Thiosulfate is oen used as an O3 scavenger in laboratory
uptake studies due to its fast reaction with ozone,8 and trapped
droplet studies suggest that thiosulfate is relatively surface
active.9 In fact, previous work from Wilson and co-workers has
shown that ozone reactions with organic and inorganic species
in aqueous microdroplets are mediated by the non-reactive
partitioning and diffusion of reactants, but many of these
studies had undetectable products.10,11 A detailed investigation
of the multiphase chemistry of thiosulfate in microdroplets can
therefore add to this body of work by exploring the role of the
droplet surface for a reaction where the quantitative kinetics of
intermediates and products are measured.

Our previous study7 presented the ozone oxidation of thio-
sulfate in aqueous droplets as a function of solution pH and
gas-phase ozone concentration. This work prompted the
formulation of a new reaction mechanism, shown in Scheme 1,
which incorporates a previously unobserved intermediate,
dithionite (S2O4

2−), as well as explains the pH-dependence of
the reaction by a series of elementary reaction steps, as
described in Deal, et al.7 Briey, the primary reaction between
thiosulfate and ozone forms an ozonide intermediate
([S2O3OOO]

2−), which can decompose via three different reac-
tion steps to form sulfate (SO4

2−), sulfur dioxide (SO2),
dithionite (S2O4

2−), and dithionite's conjugate acid (HS2O4
−).

S2O4
2− can then react with dissolved oxygen to form SO4

2− and
SO2 or react with SO2 to form trithionate (S3O6

2−). HS2O4
− can

react with another thiosulfate molecule to form tetrathionate
(S4O6

2−). Any SO2 produced can either desorb to the gas phase
or hydrolyze to form bisulte (HSO3

−) and sulte (SO3
2−), which

acidies the solution. Lastly, SO3
2− can be oxidized by ozone to

form SO4
2−. In this mechanism, the pH of the solution has an

explicit role in the branching ratio of the three [S2O3OOO]
2−

decomposition pathways and controls the acid–base equilibria
for S2O4

2−/HS2O4
− and SO2/HSO3

−/SO3
2−. A kinetic model

using this proposed mechanism was validated against prior
literature experiments.9,12

The kinetic model of the mechanism in Scheme 1 showed
that accurate modeling of an experiment requires a thorough
Scheme 1 Reaction mechanism for the oxidation of aqueous thiosulfat
Copyright 2024 American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
understanding of partitioning, but few studies have directly
assessed the surface activity of thiosulfate or other intermediate
sulfur oxyanions.7,13,14 Here, Deep UV-Second Harmonic
Generation (DUV-SHG) is used to determine the Gibbs free
energy of adsorption of thiosulfate, sulfate, and sulte, and
ambient pressure X-ray photoelectron spectroscopy (APXPS) of
a liquid at jet is used to determine the maximum surface
concentration of thiosulfate. There is a longstanding history of
using nonlinear SHG measurements to extract thermodynamic
information about surface-active species.15–17 These experi-
ments help establish the molecular driving force for ions at the
air–water interface when combined with corroborating infor-
mation, typically from molecular dynamics simulations. In this
work, we instead couple SHG studies with APXPS and kinetic
experiments to assess the macroscopic impact of ions parti-
tioning to interfaces during multiphase reactions. We use our
kinetic models to test the Gibbs free energy of adsorption from
SHG experiments and the maximum surface concentration
from APXPS experiments. Thus, we bridge surface-specic (SHG
and APXPS) and bulk (levitated microdroplet reactions) tech-
niques to rene our understanding of the surface activity of
thiosulfate and the mechanism for ozone oxidation of
thiosulfate.

Finally, we use the kinetic model to explore the interaction
between microscale reactors and reaction kinetics using calcu-
lated surface reaction fractions and demonstrate the potential
impacts on product distributions for a range of environmentally
relevant droplet sizes and reactant concentrations.
2. Methods
2.1. Deep UV second harmonic generation (DUV-SHG)

2.1.1. Experimental methods. The equilibrium constants
for sulfur oxyanions at the air–water interface are obtained from
resonantly enhanced DUV-SHG spectroscopy. As a second-order
nonlinear spectroscopy, DUV-SHG is a surface-specic molec-
ular probe that, in the electric dipole approximation, generates
signal from only the topmost molecular layers of the air–water
interface. Since the full experimental approach is described
elsewhere,16,18 only key details are provided here. The 800 nm
output of a Ti:sapphire amplier (Spectra Physics, Spitre) is
directed to an optical parametric amplier (TOPAS Prime)
where the fundamental input wavelength is generated (386–440
nm). Solutions of Na2S2O3 (Sigma-Aldrich, Reddi-Dri 99%),
e (S2O3
2−) by ozone (O3). Reprinted with permission from Deal, et al.7
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Na2SO3 (Fisher, $98%), and Na2SO4 (Sigma-Aldrich, Reddi-Dri
99%) were made using ultrapure 18.2 MU water (Millipore,
Milli-Q). The fundamental was directed to solutions held in
Petri dishes at an angle 60° relative to the solution surface
normal. DUV-SHG signal from the solution interface is spec-
trally ltered from the colinear fundamental and detected by
a photomultiplier tube (Hamamatsu, R7154PHA). Fig. 1A
depicts the experimental setup and SHG process.

In DUV-SHG, two photons are simultaneously annihilated to
generate a third photon at twice the input frequency (Fig. 1B).
The input wavelength is chosen such that the second harmonic
is resonant with the charge-transfer-to-solvent (CTTS) transition
of the anions for signal enhancement. Much work has been
done to characterize the energy and magnitude of CTTS tran-
sitions of common ions, including the sulfur oxyanions studied
here.19 Despite the broad absorption features typical of these
transitions, the center absorption wavelengths are well sepa-
rated for each of the three species studied here (Fig. 1C) and
therefore require different input wavelengths. Note that the
sulfate measurements were made with the second harmonic ca.
20 nm away from the expected CTTS transitionmaximum due to
optics limitations and to avoid water molecule transitions.
However, we are still weakly resonant with the low energy tail of
the CTTS as seen in Fig. 1C, SHG is sensitive enough to capture
signal changes even under non-resonant conditions, and our
results agree with previous studies.20

2.1.2. Langmuir adsorption model of DUV-SHG spectra. To
characterize the propensity of ion adsorption to the air–water
Fig. 1 DUV-SHG experimental diagram probing thiosulfate at the air–wa
interface containing contributions from water molecules and resonant
SHG parametric process. The fundamental at 440 nm is two-photon res
aqueous sulfur oxyanions. The CTTS transition peaks of sulfite and thiosul

7272 | Chem. Sci., 2025, 16, 7270–7283
interface, DUV-SHG data are t to a Langmuir isotherm.
Compared to other adsorption isotherms, a simple Langmuir
model best ts our concentration-dependent data. A full
discussion on this Langmuir model and its application to SHG
data can be found elsewhere.16 Briey, we assume molecules in
the bulk ([water(b)], [ion(b)]) are free to exchange position with
molecules at the interface ([water(ads)], [ion(ads)]) and derive an
equilibrium expression for ion adsorption. Our model assumes
that there is a maximum number of surface sites ([sites]max) and
we use the relation [sites]max = [ion(ads)] + [water(ads)] to
substitute for the interfacial water concentration:

[water(ads)] + [ion(b)] 4 [water(b)] + [ion(ads)] (1)

Kads
eq ¼

�
waterðbÞ

�� �ionðadsÞ
��

waterðadsÞ
�� �ionðbÞ

� ¼
�
waterðbÞ

�� �ionðadsÞ
��½sitesmax� �

�
ionðadsÞ

��� �ionðbÞ
�

(2)

From eqn (2), we solve for the surface ion concentration to
generate eqn (3), which is in the form of a typical Langmuir
expression relating ion concentration to the equilibrium
constant for ion adsorption.

�
ionðadsÞ

� ¼ ½sitesmax� �
Kads

eq

�
ionðbÞ

�
�
waterðbÞ

�þ Kads
eq

�
ionðbÞ

� (3)

The measured intensity of the SHG signal (I2u) is propor-
tional to the susceptibility of the interface comprising
ter interface. (A) Molecular depiction of SHG produced at the air–water
thiosulfate anions. (B) Energy-level diagram highlighting the nonlinear
onant with the CTTS transition of thiosulfate. (C) UV-visible spectra of
fate are clearly visible along with the low energy tail of the sulfate CTTS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contributions from water molecules and ions (cwater
(2), cion

(2)),
and the input intensity squared (Iu

2):

I2u f jcwater(2) + cion
(2)j2 × Iu

2 (4)

Under resonant conditions, cion
(2) is a complex quantity with

both real and imaginary components. The water molecules are
far from resonance and therefore cwater

(2) has only a real
contribution. Additionally, susceptibilities can be expressed as
the product of the number interfacial species (N) and an average
hyperpolarizability (hbieff):

I2u

Iu
2
f
�
Nwater � hbiwater þNion �Re

�hbiion��2
þ �Nion � Im

�hbiion��2 (5)

Numbers of interfacial species, N, are converted to interfacial
concentrations by dividing with Nwater:

I2u

Iu
2
f
�
hbiwater þ ½ion�surf �Re

�hbiion��2
þ
�
½ion�surf � Im

�hbiion��2 (6)

We substitute eqn (3) into eqn (6) and group the hyper-
polarizability and maximum surface site terms into A, B, and C
parameters in eqn (7).

I2u

Iu
2
f

 
Aþ B� Kads

eq

�
ionðbÞ

�
�
waterðbÞ

�þ Kads
eq

�
ionðbÞ

�
!2

þ
 
C � Kads

eq

�
ionðbÞ

�
�
waterðbÞ

�þ Kads
eq

�
ionðbÞ

�
!2

(7)

We can simplify eqn (7) and express all concentration terms
as ion mole fractions (Xion). Additionally, we multiply the frac-
tion terms by (Kads

eq )−1/(Kads
eq )−1 and use the relation

ðKads
eq Þ�1 ¼ e

DG
RT to reach the nal tting equation used to relate

normalized SHG intensities to Gibbs free energies of
adsorption.

I2u

Iu
2
f Aþ B

Xion

ð1� XionÞe
DG
RT þ Xion

0
@

1
A

2

þ C
Xion

ð1� XionÞe
DG
RT þ Xion

0
@

1
A

2

(8)
2.2. Ambient pressure photoelectron spectroscopy (APXPS)

We directly probe the surface concentration, [S2O3
2−

(ads)], of
thiosulfate given its known bulk concentration, [S2O3

2−
(b)],

using APXPS on a liquid at jet. APXPS measurements were
conducted at the Advanced Light Source (ALS) at beamline
11.0.2.1 in the LARaXS endstation using a colliding liquid at
jet system, as described in Section S2.1 in the ESI.† O 1s core
level spectra were recorded with varying excitation energies
(Section S2.2 in ESI†) to probe the rst ∼1.5–5 nm of the liquid
© 2025 The Author(s). Published by the Royal Society of Chemistry
surface. Thiosulfate and water peak areas were determined
from the O 1s spectrum, which probes the rst ∼1.5 nm of the
surface (i.e., the O 1s spectrum taken with an excitation energy
producing electrons with 100 eV excess kinetic energy). These
areas were used to calculate the concentration of adsorbed
thiosulfate at a bulk concentration of 0.5 M, [S2O3

2−
(ads)]

b=0.5 M

= 0.4 ± 0.2 M (Section S2.3 in ESI†). The average value for
[S2O3

2−
(ads)]

b=0.5 M (0.4 M), the average plus one standard
deviation (0.6 M), and the average minus one standard devia-
tion (0.2 M) were then used with the average value for the Gibbs
free energy of absorption from the DUV-SHG experiments
(−7.3 kJ mol−1, discussed later in Section 3.1.1) to calculate
a range for the maximum concentration of adsorbed thiosul-
fate, which is equal to [sites]max in eqn (3) (see ESI Section S3 for
more details†). This resulted in [S2O3

2−
(ads)]max = 2.7 ± 1.3 M.

Note that although[S2O3
2−

(ads)]max should only have 1 signi-
cant gure, two are used here to avoid confusion due to
rounding.
2.3. Kinetic modeling of thiosulfate ozonation

A stochastic reaction–diffusion model is implemented in
Kinetiscope©,21 which has been used to model kinetics in
a variety of systems, including organic aerosols, aqueous
microdroplets, and emulsions.10,11,22,23 The model used in this
work was developed previously in Deal, et al.7 and validated
against experimental data, which is replicated here in Section
3.1.2. These data7 were collected using levitated microdroplets
that were trapped using a quadrupole electrodynamic trap
(QET), exposed to ozone, and ejected into an open-port
sampling interface (OPSI) for analysis by mass spectrometry
(see Fig. S14 in ESI for an experimental schematic†). The
droplets comprised a 0.25 M solution of sodium thiosulfate at
pH 5, 9, or 13. Solutions at pH 5 and 9 were buffered using
malonic acid and NaOH or glycine and HCl, respectively. The
pH 13 solution was adjusted using NaOH and was unbuffered
due to a lack of viable buffers in this pH range. Single droplets
were ejected sequentially and their contents at each time point
were analyzed using OPSI-MS as described in Deal, et al.,7

providing concentrations of reactants, intermediates, and
products over time. A kinetic model was constructed based on
the mechanism shown in Scheme 1, with reaction rate
constants and diffusion coefficients from the literature or
benchmarked against the experimental data (see Table S1 in
ESI†). This kinetic model is the basis for many of the observa-
tions in this paper and we thus describe the model in more
detail here.

Kinetiscope© is a kinetic modeling soware package that
uses a Monte Carlo approach to simulate chemical kinetics
wherein probabilities for each reaction step are used to propa-
gate concentrations in time. To account for the multiphase
nature of the droplet, the system is modeled as two rectangular
compartments: a surface compartment and a bulk compart-
ment. The surface compartment has a depth of 1 nm, repre-
senting the depth of favorable solvation of ozone as determined
by molecular dynamics simulations,10 and the bulk compart-
ment has a length of r/3, which preserves the correct surface-to-
Chem. Sci., 2025, 16, 7270–7283 | 7273
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volume ratio of spherical droplets.24 Both surface and bulk
compartments have cross sections of 1 nm2. We note that the
probing depth of DUV-SHG is a few molecular layers and APXPS
is the rst∼1.5 nm of the surface, but wemodel the depth of the
interface as 1 nm to represent the region where ozone is ex-
pected to have enhanced concentration relative to the gas and
bulk phases (see ESI Fig. S15†). Using a larger depth for the
surface compartment would over predict the amount of adsor-
bed ozone and erroneously enhance thiosulfate decay.

When modeling ‘bulk-only’ chemistry and calculating
surface reaction fractions, we add a third ‘reaction–diffusion’
compartment between the surface and bulk compartments, as
described in Section S1.2 in ESI.† While this 3-compartment
model provides more detailed simulations, it is also computa-
tionally expensive and takes up to 24 hours to simulate ∼500
seconds of reaction time, while the 2-compartment model takes
15 minutes to simulate ∼1,500 seconds of reaction time. Given
that the 2-compartment model adequately replicates the
kinetics simulated in three compartments (see Section S1.3 in
ESI†), the 2-compartment model is used for all simulations
unless noted otherwise.

2.3.1. Ozone partitioning scheme. In the model it is
necessary to consider ozone in three separate regimes: gas,
bulk, and at the interface.11 For the interface, we use a previ-
ously published Langmuir adsorption framework25 wherein
ozone adsorbs to a surface site from the gas or liquid phase via
the equilibria shown as steps S1 and S2 in Table S1 in ESI.† A
‘surface site’ is a portion of the interface where an ozone
molecule can adsorb, and the maximum concentration of
surface sites in volumetric units is related to the surface excess
by,

�
sitesO3

�
max

¼ GN
O3

d
molec per cm3; (9)

where GN
O3

is the maximum 2D surface concentration and d is
the thickness of the interface being simulated. To calculate GN

O3
,

we use the inverse of the molecular area of ozone calculated by
Vieceli, et al.26 (18.5 Å2). Note that although sites are not
molecules, we use the units molec per cm3 for consistency with
kinetic rates.

To determine the relevant kinetic rates, we rst decompose
the dimensionless Henry's law constant, Hgb

cc , into the gas-to-
surface (gs) and surface-to-bulk (sb) components, Hgb

cc =

Hgs
cc$H

sb
cc, as originally shown in Willis and Wilson.11 Molecular

Dynamics (MD) simulations published by Prophet, et al.10

provided solvation free energies, which were used to calculate
the Henry's Law components, giving Hgs

cc = 4.97, Hsb
cc = 0.023,

and Hgb
cc = 0.145. Note that here we use Hgs

cc = 4.97, which is
obtained by averaging the solvation free energy across the
interfacial region, while Prophet, et al.10 used Hgs

cc = 9.30, which
is computed from the maximum solvation free energy in the
interfacial region. The simulation is not sensitive to this
difference, but we believe that Hgs

cc = 4.97 is a more realistic
representation of O3 in the interfacial regime. Both Prophet,
et al.10 and this work use Hgb

cc = 0.145, which is consistent with
previous studies on ozone solvation in 1 M sodium chloride
solutions.27,28
7274 | Chem. Sci., 2025, 16, 7270–7283
The Henry's Law equilibrium constants are related to kinetic
parameters to describe partitioning between the phases
(adsorption/desorption between the gas-phase and interface
and solvation/desolvation between the interface and bulk
liquid):11

Hgs
cc ¼

�
O3ðadsÞ

��
O3ðgÞ

� ¼ kads$G
N
O3
$s

kdes$d
(10)

Hsb
cc ¼

�
O3ðbÞ

��
O3ðadsÞ

� ¼ ksolv$d

kdesolv$G
N
O3

(11)

Here the subscript (ads) signies ozone adsorbed to the inter-
face, (b) signies bulk solvated ozone, and (g) signies gas-
phase ozone. We set the sticking coefficient, s, to 1 for
simplicity and consistency with the previous study on ozone
oxidation of iodide in aqueous microdroplets.10 The coefficients
for desorption from the interface to the gas-phase (kdes = 1.93×
1010 s−1) and solvation from the interface into the bulk liquid
(ksolv = 1.90 × 108 s−1) were obtained from prior MD simula-
tions.10 Rearranging eqn (10) and (11), we compute kads and
kdesolv:

kads ¼ Hgs
cc$kdes$d

GN
O3
$s

(12)

kdesolv ¼ ksolv$d

Hsb
cc $G

N
O3

(13)

This results in rates of adsorption to the interface from the
gas-phase of kads = 1.77 × 10−11 cm3 per molec per s and from
the bulk liquid to the interface of kdesolv = 1.20 × 10−12 cm3 per
molec per s. These fast rates, in a stochastic simulation, oen
result in a rapid ‘shuttling’ of ozone back and forth between the
gas-phase and interface, signicantly lengthening simulation
times. Thus, most simulations were run with 100X slower rates;
i.e., kads = 1.77 × 10−13 cm3 per molec per s and kdes = 1.93 ×

108 s−1. In both cases, ozone transfer happens much faster than
the reaction and the slower adsorption and desorption rate
constants do not affect the overall reaction kinetics while
dramatically decreasing computational time.

2.3.2. Aqueous solute partitioning scheme. Aer diffusing
into the surface compartment, solutes can adsorb to the inter-
face using a Langmuir framework, wherein the adsorption rate
is proportional to the bulk concentration and the concentration
of available surface sites. Using thiosulfate as an example,
surface-adsorbed species at equilibrium are expressed as,

�
S2O3

2�
ðadsÞ
� ¼ �S2O3

2�
ðadsÞ
�
max

$
Kads

eq $
�
S2O3

2�ðbÞ
�

1þ Kads
eq $
�
S2O3

2�ðbÞ
� ; (14)

and

Kads
eq = kdesolv/ksolv. (15)

Note that the number of sites available is different for vola-
tile solutes (O3 and SO2) and non-volatile solutes (S2O3

2− and all
© 2025 The Author(s). Published by the Royal Society of Chemistry
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other reaction intermediates and products). To our knowledge,
the equilibrium constant for adsorption, Kads

eq , and maximum
surface concentration, [S2O3

2−
(ads)]max, for thiosulfate has not

been measured. We obtain Kads
eq from DUV-SHG experiments via

the relationship, Kads
eq ¼ expð �DGads=RTÞ

CW
, where R is the

universal gas constant, T is 298 K, and the concentration of
water, CW, is 55.5 M. We also combine data obtained from DUV-
SHG (Section 2.1 above) and APXPS (Section 2.2 above and
Section S2 in ESI†) to constrain the maximum concentration of
adsorbed thiosulfate in the kinetic experiments, [S2O3

2−
(ads)]max

(see Section S3 in ESI†).
The surface affinities for other non-volatile intermediates

and products are also not well quantied. Therefore, we adopt
a relative surface activity framework wherein the Langmuir
equilibrium coefficient for each species is set relative to that of
thiosulfate. At least one molecular dynamics study showed that
sulfate is repelled from the interface.13 Similarly, a combined X-
ray photoelectron spectroscopy and MD study showed that
sulte and its conjugate acid, bisulte, are also repelled from
the interface.14 The DUV-SHG results discussed later in Section
3.1.1 demonstrate a at response, which is consistent with
sulte and sulfate being repelled from the interface. Thus, the
Langmuir equilibrium coefficients for sulfate and sulte are set
as one order of magnitude smaller than that for thiosulfate. On
the other hand, other species are likely to be at least as surface
active as thiosulfate, thus we set the Langmuir equilibrium
coefficients for HS2O4

−, S3O6
2−, and S4O6

2− equal to that of
thiosulfate. The remaining species, S2O4

2−, is assigned a Lang-
muir equilibrium coefficient one order of magnitude larger
than that of thiosulfate, which provided the best match between
simulations and experiments.7 The reverse rate constants, ksolv,
are set to 1.00 × 103 s−1 for all adsorbing species, as in Prophet,
et al.10 This value is large enough such that the simulated
kinetics are not sensitive to changes in the magnitude of ksolv,
Fig. 2 NormalizedDUV-SHG response of sulfur oxyanions at the air–wat
exhibiting a weak concentration-dependent SHG response. Dashed line
a clear concentration dependent DUV-SHG signal. Orange dashed line re
deviation. Note that y-axis scales are different for clarity, panel A is shown
is shown with mole fraction on the x-axis for consistency with the Lang

© 2025 The Author(s). Published by the Royal Society of Chemistry
but small enough to prevent excessive computation time. The
forward rate constants, kdesolv, are calculated using eqn (15).
3. Results & discussion
3.1. Sulfur oxyanion surface activities

3.1.1. DUV-SHG of sulte, sulfate, and thiosulfate. We
adopt a Langmuir–Hinshelwood mechanism in the kinetic
model, wherein molecules must rst adsorb to the interface
before they can react in the surface compartment. The
concentration of adsorbed molecules is dictated by the mole-
cule's surface activity, which is determined by the maximum
surface concentration and free energy of adsorption to the
interface (DGads) or associated equilibrium constant for surface
adsorption (Kads

eq ). See Methods section 2.3.2 for more infor-
mation. However, to the best of our knowledge, few studies have
measured either DGads or Kads

eq for thiosulfate and the other
sulfur oxyanions involved in the reaction mechanism shown in
Scheme 1. Here, we use Deep UV Second Harmonic Generation
(DUV-SHG) to quantitatively determine the adsorption energy
for thiosulfate at pH 6 and pH 13 and qualitatively determine
sulfate and sulte adsorption at pH 6.

Fig. 2A plots the normalized SHG response of sulte and
sulfate as a function of bulk concentration. As part of the
Hoffmeister series, sulfate is a known kosmotrope and several
studies have found it is well-solvated in water with no signi-
cant interfacial presence.29–32 Here, sulfate solutions exhibit
a at SHG response across the measured concentration range,
which is consistent with sulfate being repelled from the inter-
face. Sodium sulte measurements collected at 200 nm display
a weak signal increase above 1 M (Fig. 2A). Previous SHG work
has attributed this weak linear response to an interfacial
thickening of the water layer due to an increased solute
concentration, which alters the hyperpolarizability of interfacial
water molecules.18,20,33 Given the linewidth of the sulte CTTS
transition shown in Fig. 1C, we also measured sodium sulte at
er interface. (A) Response of sodium sulfite and sodium sulfate solutions
s act as a visual guide. (B) Response of sodium thiosulfate exhibiting
presents the fit to a Langmuir model. Error bars represent one standard
with concentration on the x-axis for ease of interpretation, and panel B
muir fit (eqn (8)).
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390 nm (195 nm SHG), and observed a clear uniform response
similar to sulfate measurements. If sulte ions were indeed
surface-active, a 5 nm shi away from the resonant transition
center would not completely diminish the SHG response.

Unlike sodium sulfate and sodium sulte solutions, Fig. 2B
shows a strong concentration dependent SHG signal for solu-
tions of sodium thiosulfate. Fitting the normalized SHG
response to eqn (8), we extract DGads = −7.3 ± 2.5 kJ mol−1 for
thiosulfate anions at the air–water interface. These results
indicate that thiosulfate, a doubly charged anion, exhibits
a strong propensity for the interface not seen in the similarly
charged sulte and sulfate anions. This behavior is striking
since early theories of ions at interfaces by Onsager and
Samaras predict a strong repulsion of doubly charged ions
based on electrostatic arguments.34 Even as early experimental
and theoretical studies began to uncover support for interfacial
ions, it was thought that only large, highly polarizable anions
could be surface enhanced and excluded multicharged anions
and cations. However, much progress has been made in our
understanding of interfacial ions and studies have found
favorable ion pairing effects contributing to the surface affinity
of these previously overlooked ions.18,33,35 While we do not yet
have a mechanism to explain the surface adsorption of thio-
sulfate, we propose that favorable ion-pairing effects are likely
involved. Without MD simulations, we lack a theoretical route
to validate and interpret the measured DGads of thiosulfate and
instead use the kinetic model to compare simulated reaction
Fig. 3 Representative reaction kinetics for the ozone oxidation of thiosulf
I) solutions compared with simulation results using DGads = −4.8 kJ m
thiosulfate (values shown in legend). Experimental data (points) are re
deviation in a set of 5 repeats. The term ‘S loss’, or the total amount of re
unaccountable sulfur sinks, including evaporation as gasses, precipitatio

7276 | Chem. Sci., 2025, 16, 7270–7283
kinetics using the measured DGads to experimental reaction
kinetics.

Deal, et al.7 performed a sensitivity analysis comparing
experimental data at each pH to simulations assuming DGads =

−4.8 kJ mol−1, −7.3 kJ mol−1, and −9.8 kJ mol−1 (see Fig. S6 in
ESI†) and proposed that thiosulfate is less surface-active at pH
13. Here, we perform additional DUV-SHG measurements of
thiosulfate solutions adjusted to pH 13 (see Section S4 in ESI†).
The average DGads value at pH 13 is more positive (−4.1 ±

2.9 kJ mol−1, Fig. S9 in ESI†) than that for the neutral solution
(−7.3 ± 2.5 kJ mol−1, Fig. 2B), which may be consistent with
a decreased surface activity at pH 13. However, the uncertainty
in these measurements remains large and the intensity of the
SHG response is not signicantly different than the pH 6
measurements, which is inconsistent with decreased surface
activity. Thus, while our data suggest that the DGads of thio-
sulfate at the air–water interface could be less favorable with
increased pH, DUV-SHG results are inconclusive on their own
(see Section S4 in ESI for more details†).

3.1.2. Constraining [S2O3
2−

(ads)] with DUV-SHG and APXPS.
The concentration of adsorbed thiosulfate depends on the free
energy of adsorption, DGads, and the maximum concentration
of adsorbed thiosulfate, [S2O3

2−
(ads)]max. Here, DGads is

measured by DUV-SHG (Section 3.1.1) and [S2O3
2−

(ads)]max is
determined from DUV-SHG and APXPS results (Section S3 in
ESI†). To gauge the sensitivity of the coupled parameters DGads

and [S2O3
2−

(ads)]max, we completed kinetic simulations for two
scenarios, rst with DGads = −4.8 kJ mol−1 and then DGads =
ate (S2O3
2−) in pH 5 (A, D, and G), pH 9 (B, E, and H), and pH 13 (C, F, and

ol−1 and three values for the maximum concentration of adsorbed
created from Deal, et al.7 with error bars representing one standard
acted sulfur that is not detected in products, encompasses all potential
n as elemental sulfur, and experimental error.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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−7.3 kJ mol−1. For each given free energy of adsorption, [S2-
O3

2−
(ads)]max = 1.3 M, 2.7 M, and 4.0 M were tested. Experi-

mental data recreated fromDeal, et al.7 (points) are compared to
simulation results (lines) assuming DGads = −4.8 kJ mol−1 in
Fig. 3 and simulation results assuming DGads = −7.3 kJ mol−1

in ESI Fig. S7.†
Interestingly, we nd that the DGads = −4.8 kJ mol−1 simu-

lations with varying [S2O3(ads)
2−]max recreate the experimental

data at all three pH values (Fig. 3), while the DGads =

−7.3 kJ mol−1 simulations only recreate experimental data at
pH 5 and pH 9 (Fig. S7 in ESI†). In Fig. 3, we see that [S2O3

2−
(-

ads)]max = 4.0 M (dotted lines) most closely recreates the pH 5
experimental data, [S2O3

2−
(ads)]max = 2.7 M (solid lines) most

closely recreates the pH 9 experimental data, and [S2O3
2−

(ads)]-

max = 1.3 M (dashed lines) most closely recreates the pH 13
experimental data. See Section S3 in ESI† for more detailed
discussion. This suggests that less thiosulfate adsorbs to the
interface with increasing pH, which may indicate competitive
adsorption between thiosulfate and OH−, especially at pH 13
when [OH−] = 0.10 M compared with [S2O3

2−] = 0.25 M. We
note that APXPS measurements have only been collected at
neutral pH, and the exact mechanism for decreased thiosulfate
surface concentration with increasing pH remains to be deter-
mined, but the general trend is consistent with previous liter-
ature.10 Regardless, both experimental and simulated kinetics
results show a fast reaction between thiosulfate and ozone
which suggests a signicant amount of adsorbed thiosulfate at
all three pH values studied here.

3.2. Interface vs. bulk contributions to reaction kinetics

To examine the relative contribution of surface and bulk reac-
tions, we run the kinetic model allowing only surface or bulk
chemistry, respectively. Given the ndings above, the kinetic
models use DGads = −4.8 kJ mol−1 for all pH values, and [S2-
O3

2−
(ads)]max = 4.0 M for pH 5, [S2O3

2−
(ads)]max = 2.7 M for pH 9,
Fig. 4 Percent surface reaction values for each reaction step determined
pH 5 (A, B, and C), pH 9 (D and E), and pH 13 (F and G). Note that y-axis s
reaction steps are set to match the product color scheme used elsewhere
trithionate, S3O6

2−).

© 2025 The Author(s). Published by the Royal Society of Chemistry
and [S2O3
2−

(ads)]max = 1.3 M for pH 13. ‘Bulk only’ simulations
require an additional reaction–diffusion compartment between
the surface and bulk compartments to account for near-surface
reactions (see ESI Section S1.2†). In both ‘surface only’ and
‘bulk only’ simulations, acid–base equilibria are still enforced
throughout the simulation volume and all species are allowed
to adsorb to the interface, desorb from the interface, and diffuse
throughout the surface and bulk compartments. Simulations
run with only surface chemistry show signicant thiosulfate
decay (black dashed lines in Fig. 3A–C), while modeling only
bulk chemistry (dotted lines) predicts a slower thiosulfate decay
at pH 5 and pH 9.

At all pH values studied here, thiosulfate decay kinetics
appear decoupled from subsequent reaction steps, and neither
surface chemistry nor bulk chemistry alone recreate the
observed kinetics for reaction intermediates and nal products
(see Section S5 in ESI†). This is especially clear for pH 5 and pH
9 solutions, wherein the thiosulfate decay kinetics (Fig. S10A
and B in ESI†) can be described using only surface reactions,
but the kinetics of reaction intermediates (Fig. S10D and E†)
and products (Fig. S10G and H†) must be described using both
surface and bulk reactions. To better understand this, we
examine the percent surface reaction for each reaction step
using a 3-compartment model (see Section S1.2 and S1.3 in
ESI†). Use of a 3-compartment model, as outlined previously for
the ozone oxidation of aqueous iodide,36 simulates bulk reac-
tivity in the droplet accounting for diffusional constraints gov-
erned by the short reaction–diffusion length for O3 in this
system. Although computationally expensive, a 3-compartment
model also prevents an articial enhancement of the surface
reaction fraction, and the reaction–diffusion compartment
(noted as ‘rxn’) is considered part of the bulk. The selection
frequency, n, or number of times a specic reaction step occurs,
is extracted from the Kinetiscope© model for each reaction step
in the bulk, reaction–diffusion, and surface compartments. The
from kinetic simulations. Percent surface reaction values are shown for
cales vary for clarity. The colors for secondary and other down-stream
in this paper (e.g., reaction 2b is set to blue to match the blue used for

Chem. Sci., 2025, 16, 7270–7283 | 7277

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00379b


Fig. 5 Schematic of the interface-mediated reaction–diffusion mechanism for the ozonation of thiosulfate in aqueous droplets at pH 5. Bolded
species are detected in experiments7 and colors are set to match those used in Scheme 1 and other figures in this work.
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percent surface reaction, fxsurf, for each reaction step, x, is then

calculated as f xsurf ¼ nxsurf
nxsurf þ nxrxn þ nxbulk

� 100%. The results

are shown in Fig. 4.
Fig. 4A, D and F shows that the primary reaction between

thiosulfate and ozone occurs both at the surface and in the bulk
at all pH values, with fxsurf decreasing from over 65% at pH 5 to
∼45% at pH 13, which is consistent with the decreasing value of
[S2O3

2−
(ads)]max used here. The subsequent decomposition of

the ozonide intermediate [S2O3OOO]
− to form SO2 and sulfate,

S2O4
2−, or HS2O4

− (reactions 1a, 1b, 1c in Fig. 4A, D and F)
primarily occurs at the droplet surface at pH 9 (Fig. 4D; fxsurf
>80%), but has a larger contribution from the bulk at pH 5
(Fig. 4A; fxsurf ∼70%) and pH 13 (Fig. 4F; fxsurf ∼65%). On the
other hand, the oxygen-mediated decomposition of S2O4

2− to
form SO2 and SO4

2− (reaction 2a in Fig. 4C and E) and the
reaction of HS2O4

− with thiosulfate to form S4O6
2− (reaction 2c

in Fig. 4C) occur primarily in the droplet bulk with fxsurf <2%.
Interestingly, the location of the S2O4

2− + SO2 reaction to form
S3O6

2− (reaction 2b in Fig. 4B and E) is both pH and reaction
time dependent. Using this information, we can overlay the
reaction mechanism shown in Scheme 1 with the interface or
bulk reaction locations suggested in Fig. 4 and create a detailed
reaction–diffusion mechanism as demonstrated in Fig. 5.

The combined role of pH and the interface in the production
of sulfate, the main product, is particularly interesting. Sulfate
can either be formed by direct decomposition of the ozonide
intermediate, which primarily occurs at the interface (r1a in Fig.
4A), or by the reaction of S2O4

2− with O2, which primarily occurs
in the bulk (r2a in Fig. 4C, E and G). However, reaction 1a is pH
dependent, meaning that reaction 2a is the main sulfate
formation pathway at pH 9 and pH 13. Ultimately, sulfate forms
mostly in the bulk at higher pH, but some will form at the
surface at lower pH. Accurate accounting of sulfate is important
for climate modeling due to its hygroscopic nature and ability to
form cloud condensation nuclei, meaning that such a detailed
analysis of sulfate formation in droplets may be useful to
atmospheric scientists.
7278 | Chem. Sci., 2025, 16, 7270–7283
3.3. Reactant concentration & droplet size effects

Microdroplets in the atmosphere may be exposed to a range of
gas-phase reactant concentrations or have a variety of size
distributions and solute concentrations. With this in mind, we
seek to address how aerosol/droplet size, thiosulfate concen-
tration, and ozone concentration affect the relative importance
of the surface and bulk chemistry illustrated in Fig. 5.

First, we compare our kinetic model with data published by
Hsu, et al.9 which utilized smaller droplets (∼3 mm) and larger
ranges of thiosulfate (2.86 to 10.1 M) and ozone concentrations
(0.4 to 15 ppm). Hsu, et al.9 used optical tweezers to capture
single droplets and Raman spectroscopy to determine reactant
and product concentrations. Droplets were unbuffered, and the
pH likely decreased from 7 at the start of the reaction to 1 or 2 at
the end of the reaction. The kinetic model used here assumes
a xed pH to reduce computation time and pH = 7, which has
been accurate when modeling other unbuffered thiosulfate
ozonation experiments.7 Despite this assumption, our model
adequately predicts the thiosulfate decay detected in some of
the Hsu, et al.9 experiments, as shown in Fig. 6. We note,
however, that our model does not explain all of the Hsu, et al.9

data as shown in Section S6 in ESI,† especially at low ozone
concentrations where the thiosulfate decay rate decreases and
experimental error increases (Experiments 6–9 in Fig. S10 and
S12 in ESI†).

Next, we investigate a range of atmospherically relevant
initial bulk thiosulfate concentrations, gas-phase ozone
concentrations, and droplet radii using the kinetic model
described here. Note that although most aerosols are very acidic
(pH 1–3), our current kinetic model has not been benchmarked
against experiments at such low acidity. Additionally, there are
some instances where aerosols may reach pH 4–6, including
over Hawaii, São Paulo, and mainland China.37 As such, the
simulations presented here use the pH 5 kinetic model to offer
novel insights into the ozonation of thiosulfate in acidic
environments.

The droplet experiments presented in Deal, et al.7 were per-
formed with an initial bulk thiosulfate concentration of
250 mM, but thiosulfate concentrations in the natural envi-
ronment are likely very low (<10 mM). Similarly, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Select comparisons between data from experiments 4 (A), 12,
(B), and 15 (C) in Hsu, et al.9 and the kinetic model (lines). Data with
error bars are recreated from ref. 9. See Section S6 in ESI† for all
comparisons between model and experiments.
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experiments presented in Deal, et al.7 were performed with gas-
phase ozone concentrations between 1 and 6 ppm, but gas-
phase ozone concentrations in the natural environment are
much lower (<1 ppm). Here, we connect experiment and natural
environment concentration ranges by simulating droplet
chemistry with [S2O3

2−]0= 1, 10, 100, and 250 mM and [O3]gas =
0.1, 0.5, and 1 ppm. Atmospheric chemistry is most impacted by
aerosols/droplets with radii between 0.001 and 5 mm, but at
sufficiently small droplet sizes (<∼0.01 mm), curvature can affect
droplet chemistry due to the similarity between molecular and
droplet sizes. Given that our kinetic model does not account for
droplet curvature, we simulate droplets with r = 0.2 mm (which
represents a maximum in the volume distribution for a typical
urbanmodel aerosol38), 3 mm (representative of Hsu, et al.9), and
25 mm (representative of Deal, et al.7). Sets of simulations were
run with xed thiosulfate concentration ([S2O3

2−]0 = 100 mM)
or xed ozone concentration ([O3]gas = 1 ppm), and the
concentrations of each product and the percent surface reac-
tions were calculated using the values aer all thiosulfate was
reacted. Note that of the four products examined here, SO4

2−,
S3O6

2−, and S4O6
2− were detectable in experiments and SO2 was

undetectable.7,9 However, SO2 is likely a major source of the S
loss noted in the Deal, et al.7 experiments and Fig. 3, thus we
model its production here. The % yield for each product
represents the total amount of reacted sulfur that is incorpo-
rated into the given product, and the % surface reaction is
calculated as described previously.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 shows the impact of [S2O3
2−]0, [O3]gas, and aerosol size

on the product distribution, or % yield of each product, and
relative importance of surface chemistry to bulk chemistry for
a given reaction, or the % surface reaction. Note that the results
in Fig. 7 were calculated with the 2-compartment model
described in Methods Section 2.3 to reduce computation time,
and results were checked against a 3-compartment model (see
Section S9 in ESI†). Although the 3-compartment model showed
decreased % surface reaction values, the overall trends with
changes in [S2O3

2−]0, [O3]gas, and r remained constant, and
there were negligible differences in the calculated % yield.

Several observations can be drawn from Fig. 7. First, changes
in [O3]gas have minimal impacts on the product distribution
(Fig. 7A) and relative importance of surface vs. bulk chemistry
(Fig. 7C). In contrast, [S2O3

2−]0 has a signicant effect on both
product distributions (Fig. 7B) and surface vs. bulk chemistry
(Fig. 7D). The difference in product distributions shown in
Fig. 7B largely stems from the competition between SO2 evap-
oration (desorb in Scheme 1) and the downstream reactions
that form SO4

2−, S3O6
2−, and S4O6

2− (2a, 2b, and 2c in Scheme 1
and Fig. 5). Specically, we see that as [S2O3

2−]0 increases, the %
yield of S4O6

2− also increases, because its production requires
two thiosulfate molecules, while the % yield of SO4

2− and SO2

decreases. As [S2O3
2−]0 increases, more thiosulfate decay, SO4

2−

production, and S3O6
2− production occur at the surface

(Fig. 7D) due to the Langmuir adsorption of thiosulfate to the
interface. At higher bulk concentrations, more thiosulfate will
adsorb to the interface, depleting a signicant portion of the
adsorbed ozone before it can enter the droplet bulk. At lower
thiosulfate concentrations, which will have less adsorbed thio-
sulfate, less surface adsorbed ozone will be reacted, allowing
more ozone to enter the droplet bulk, thereby increasing the
number of bulk reactions and decreasing the relative impor-
tance of surface reactions.

Finally, we examine the role of droplet size in relationship to
the reacto–diffusive length, l. The reacto-diffusive length is
calculated as:

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DO3

k$
�
S2O3

2�ðbÞ
�

s
; (16)

where DO3
is the diffusion coefficient for ozone and k is the rate

constant for the reaction between ozone and thiosulfate (see
Section S1 in ESI for these values†). For the bulk thiosulfate
concentrations tested here (1 mM, 10 mM, 100 mM, and 250
mM), we calculate reacto-diffusive lengths of approximately
150 nm, 50 nm, 15 nm, and 10 nm, respectively.

For a given [O3]gas and [S2O3
2−]0, increasing droplet size

increases the % surface reaction for S2O3
2− decay and decreases

the % surface reaction for S3O6
2− production (gray and blue in

Fig. 7C and D). In larger droplets, where the radius is much
larger than the reacto-diffusive length, bulk chemistry is limited
by diffusion, resulting in ozonation reactions occurring mostly
at the surface. In smaller droplets, the radius of the droplet
nears the reacto-diffusive length, approaching phase mixing
where ozone diffusion no longer limits bulk phase reactions.
This also leads to differences in product distributions due to the
Chem. Sci., 2025, 16, 7270–7283 | 7279
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Fig. 7 Product distributions (A and B) and proportion of reactions occurring at the droplet surface (C and D) for a range of gas-phase ozone
concentrations ([O3]gas), initial bulk thiosulfate concentrations ([S2O3

2−]0), and droplet radii. In (A and C), the initial bulk thiosulfate concentration
is fixed at 100 mM, while the gas-phase ozone concentration and droplet radius are varied. In (B and D), the gas-phase ozone concentration is
fixed at 1 ppm while the initial bulk thiosulfate concentration and droplet radius are varied. Note: In (A and B), SO4

2−, S3O6
2−, S4O6

2−, and SO2

products are indicated by red, blue, purple, and orange, respectively, to show the % yield of each product. In (C and D), S2O3
2− decay, SO4

2−

production, and S3O6
2− production are indicated by grey, red, and blue bars, respectively, with differences in droplet size represented by shade as

shown in the legend.
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phase dependent competition of downstream reaction steps, as
shown in Fig. 5. Generally, for a given [O3]gas and [S2O3

2−]0, the
% yields of SO4

2− and SO2 increase with increasing droplet size,
while the relationships between droplet size and the % yields of
S3O6

2− or S4O6
2− are more complicated (Fig. 7A and B).

Droplet size and [S2O3
2−]0 effects on product distributions

are particularly interesting when considering the impacts on
the overall oxidation state of sulfur, as shown in Fig. S17 in ESI.†
S2O3

2− has an average oxidation state of 2.0, while the major
products have a variety of oxidation states. SO4

2− has an
oxidation state of 6.0, SO2 has an oxidation state of 4.0, S3O6

2−

has an average oxidation state of 3.3, and S4O6
2− has an average

oxidation state of 2.5. This means that reaction environments
that favor S3O6

2− and/or S4O6
2− will, on average, produce less

oxidized sulfur than reaction environments that favor SO2 and/
or SO4

2−. Among the test environments simulated here, the
smallest droplets (r = 0.2 mm) with the lowest [S2O3

2−]0 (1 mM)
produce the most sulfate and SO2, resulting in the highest
average oxidation state at reaction completion (4.7). This is in
contrast with midsize droplets (r = 3 mm) with the highest
[S2O3

2−]0 (250 mM), which produce the most S4O6
2−, resulting

in the lowest average oxidation state at reaction completion
(4.0).

In summary, the average sulfur oxidation state is a function of
the product distribution, which will be determined by
7280 | Chem. Sci., 2025, 16, 7270–7283
a combination of droplet size and thiosulfate concentration,
primarily due to an interface-mediated competition between
SO4

2− and S4O6
2− production. As depicted in Fig. 5, S4O6

2−

production requires the reaction of thiosulfate with ozone, which
primarily occurs at the surface, followed by the secondary reac-
tion of HS2O4

− with another thiosulfate molecule, which
primarily occurs in the bulk. In contrast, SO4

2− production occurs
by two independent pathways, occurring at the interface or in
bulk. Given this complex role of the droplet interface in control-
ling individual reaction steps, it is unsurprising that the product
distribution, and thus the overall oxidation state, is a complex
function of thiosulfate concentration and droplet size. This
example demonstrates the multiphase control of the thiosulfate
ozonation reaction mechanism, which may have implications for
complex reaction mechanisms involving microdroplets.
4. Conclusions

Chemistry in droplets has rapidly gained interest due to
evidence of accelerated reactivity, the enhanced role of the
interface, and the unique interactions that can occur between
the gas-phase, interface, and droplet bulk. However, one of the
key challenges when investigating multiphase chemistry
involving droplets is connecting molecular-level detail to
macroscale reactivity, especially at the interface. Here, we use
© 2025 The Author(s). Published by the Royal Society of Chemistry
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advanced experimental and theoretical methodologies to assess
the surface activity of the doubly charged thiosulfate anion,
address the root cause of accelerated thiosulfate ozonation in
droplets, and understand the role of the interface in thiosulfate
ozonation.

We use two state-of-the-art techniques, DUV-SHG and
APXPS, to directly quantify the surface activity of thiosulfate. We
show unequivocally that thiosulfate is surface-active, in contrast
to dated notions that all doubly charged anions would be
repelled from the interface, but consistent with recent emerging
evidence for favorable ion-pairing. The molecular-level detail
provided by DUV-SHG and APXPS is also exploited by a sophis-
ticated stochastic kinetic model to explain macroscale reactivity
measured by mass spectrometry of trapped droplets. Previous
studies suggested that the rate constant for the reaction of
thiosulfate with ozone is faster at the surface than in the bulk.
Here, we clarify that the reaction rate is enhanced due to
signicant concentrations of adsorbed ozone and thiosulfate,
which may have implications for other studies showing
enhanced reaction rates in droplets.

The resultant kinetic model is also used to provide unprece-
dented detail regarding a complex reaction mechanism, the
ozonation of thiosulfate, and themultiphase nature of the droplet
reactor. Specically, we track the propagation of each reaction
step throughout the gas, interface, and bulk phases. We nd that
individual steps tend to occur throughout smaller droplets, where
the reacto-diffusive length nears the droplet radius, while indi-
vidual reaction steps become separated in larger droplets, where
the reacto-diffusive length is much smaller than the droplet
radius. Additionally, primary reaction steps typically occur more
oen at the interface than in the bulk, while some downstream
reaction steps occur predominantly in the bulk. The thiosulfate
ozonation example shown in this work demonstrates that
deeming a reaction as “surface-limited” or “diffusion-limited”
may be a signicant oversimplication when considering other
microdroplet chemistries.

The interaction of thiosulfate (in large bodies of water or
aqueous aerosols) with the environment will be heavily depen-
dent on its oxidative processing. In the case of ozone oxidation,
we nd that the product distribution, and thus the average
sulfur oxidation state, is dependent on a non-trivial combina-
tion of droplet size and reactant concentration. S2O3

2− has two
sulfurs with an average oxidation state of +2.0, while its ozon-
ation products have a range of oxidation states. Fully oxidized
sulfur (S6+) in the form of sulfate attracts water, increasing the
size of the aerosol/droplet or forming cloud condensation
nuclei (CCN), directly affecting radiative forcing. While we show
that most sulfate will be formed in the bulk of the droplet, in
more acidic conditions some sulfate will be formed at the
surface of the droplet, potentially increasing the likelihood that
it can impact the surrounding environment. On the other hand,
SO2, S3O6

2−, and S4O6
2− are incompletely oxidized with average

sulfur oxidation states of +4.0, +3.3, and +2.5, respectively. The
incompletely oxidized sulfur in these stable intermediates
remains susceptible to further oxidation in large bodies of water
or atmospheric aerosols/droplets, which typically also results in
downstream acidication.
© 2025 The Author(s). Published by the Royal Society of Chemistry
This study addresses the relevant parameters for thorough
modeling of potential thiosulfate ozonation. For example,
recent efforts have suggested using ozone-microbubbles for
mining wastewater remediation including thiosalt removal.
This study shows that these processes should consider solution
pH and bubble size to ensure maximum sulfur oxidation and
prevent downstream acidication of the natural environment.
Additionally, the sulfur cycle, and specically the oxidation
state of sulfur, can have a large impact on the global radiation
budget. Atmospheric chemistry models thus require a thorough
understanding of sulfur chemistry to predict CCN formation
and aerosol/droplet acidication. Similar experimental and
theoretical frameworks will be useful to those seeking to better
understand or leverage chemistry at interfaces or in droplets.
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