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diffusivity in single ternary
inorganic–organic microdroplets via interfacial
ozonolysis of thiosulfate†

Tzu-Chiao Hung,a Feng-Yu Lin,a Shao-Hung Hsu,a Toshio Kasaiab

and Yuan-Pin Chang *ac

In this study, aqueous sodium thiosulfate microdroplets mixed with glucose or sucrose are used as a model

system of ternary inorganic–organic aerosols. The interfacial ozone oxidation of thiosulfate, which has been

characterized in our previous work [J. Phys. Chem. C, 2023, 127, 6248], is exploited via aerosol optical

tweezers to determine the bulk diffusivity of thiosulfate in such inorganic–organic microdroplets under

variable conditions of RH and inorganic–organic mass ratio. A kinetic multilayer model of aerosol surface

and bulk chemistry (KM-SUB) is also utilized to retrieve the bulk diffusivity of thiosulfate from the kinetics

measurement results. The kinetics results at relatively high RHs show that the observed reaction time

scale increases when lowering RH, and the magnitude of thiosulfate diffusion coefficients is between

Stokes–Einstein predictions for binary sodium thiosulfate–water systems and binary organic–water

systems, indicating the dominant diffusion kinetics of thiosulfate in viscous fluid matrices of

homogeneously mixed inorganics and organics. However, when RH is below 30% for glucose or 40% for

sucrose, the kinetics results exhibit incomplete thiosulfate depletion upon prolonged ozone exposure,

indicating the co-existence of two distinctly fast and slow diffusion components of thiosulfate. The

diffusion coefficients of undepleted thiosulfates become similar to the SE predictions of binary organic–

water systems, and they are a few orders of magnitude smaller than those of rapidly depleted

thiosulfates. According to the literature, such a diffusion limitation may be attributed to an ion–molecule

effect which may lead to the formation of inorganic–organic microgels in aerosols at atmospherically

relevant RHs. The results of this work suggest that the cooperative effects of inorganics and organics can

play a potential role in the reaction kinetics of atmospheric inorganic–organic aerosols.
Environmental signicance

This study investigates bulk diffusivity in inorganic–organic microdroplets as a model of atmospheric aerosols, elucidating potential inuences of ion–molecule
interactions on the reaction kinetics of atmospheric aerosols. By examining the diffusivity of thiosulfates in microdroplets composed of sodium thiosulfate and
organics such as glucose or sucrose, the results demonstrate how the diffusion of thiosulfates subjected to these interactions can be signicantly restricted. This
limitation leads to incomplete depletions of thiosulfates in aerosol particles upon prolonged ozone exposure times and the co-existence of multiple thiosulfate
diffusion coefficients, particularly at lower relative humidity. Such ndings emphasize the need to consider these ion–molecule interactions in atmospheric
models to better predict the environmental and climatic impacts of atmospheric aerosols, as well as their reaction kinetics.
Introduction

Atmospheric aerosol particles are oen mixtures of water,
inorganic and organic species,1–7 and their physicochemical
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properties and chemistry can highly depend on the individual
and cooperative inuences of chemical species inside such
complex compositions. Among the physicochemical properties
of aerosols, molecule diffusion plays a fundamental role in the
multiphase chemistry and condensed phase mass transport of
aerosols.1,8–10 When assuming a valid Stokes–Einstein (SE)
relationship, the bulk diffusivity in an aerosol particle can be
estimated from its viscosity. The viscosity of aerosols is usually
used to indicate the phase state of aerosols, and there have been
numerous well-established techniques for determining its
magnitude.8 The recent studies by Rovelli et al. and Song et al.
determined the viscosities for several ternary (aqueous)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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inorganic–organic aerosol systems as a benchmark model for
atmospheric aerosols, such as the ternary mixtures of sucrose
and inorganic salts.11,12 Their results show that the water-
activity-dependent viscosities for these ternary inorganic–
sucrose mixtures are between those for binary sucrose–water
systems and binary inorganic–water systems, agreeing with the
bulk-phase predictions which only take into account the indi-
vidual contributions of chemical species.11–14 However, the
recent studies by Richards et al. found that some ternary inor-
ganic–organic systems mixing with divalent ions can have
enhanced viscosities which can be signicantly larger than
those of binary organic–water systems, probably because of
cooperative interactions between divalent ions and organic
molecules.1,15 This nding implies the non-negligible role of
intermolecular interactions in the properties and chemistry of
mixed inorganic–organic systems.1,15

It should also be noted that the intermolecular interaction is
oen used to rationalize the observed failure of the SE equation
in the case of small molecules diffusing through a matrix of
large organic molecules, such as water diffusion in sucrose and
secondary organic aerosols.16–25 Thus, in spite of the approxi-
mation via the SE equation, it is also desirable to directly
determine molecular diffusivity in aerosol particles. Recently,
several research groups have exploited the techniques of trap-
ping aerosol particles coupled with various spectroscopy-based
methods to determine molecular diffusion in single micro-
droplets.26 Davies and Wilson utilized the methods of H2O/D2O
exchange and aerosol optical tweezers (AOTs) to deduce the
water diffusion coefficients in optically trappedmicrodroplets.10

Nadler et al. also utilized this isotope tracer method while
combining with electrodynamic balance to perform the water
diffusion measurements of levitated microdroplets.27 Preston
et al. determined water diffusivity directly via precision
measurement of the frequency-dependent radius response from
optically trappedmicrodroplets, when exposed to oscillations of
relative humidity (RH).28 Krieger et al. utilized electrodynamic
balance coupled with high-resolution Mie resonance spectros-
copy to determine the diffusivities of CO2 and H2O from their
mass transport processes in levitated microdroplets.21,22

Marshall et al. exploited the ozonolysis of maleic acid aerosol
particles via AOTs to determine the bulk diffusivities of ozone
and maleic acid.19,29 Following a similar strategy, Hsu et al.
recently demonstrated that the surface ozone oxidation kinetics
of sodium thiosulfate microdroplets mixing with sucrose can be
exploited to probe the bulk diffusivity of thiosulfates.30 Besides
the translational diffusion investigated in the above studies,
Miura et al. utilized AOTs and polarized Raman spectroscopy to
determine the vibrational and rotational relaxation (diffusion)
times which were retrieved from the Fourier transformation of
molecular Raman bands.31,32

In this work, we focused on investigating the diffusivity of
inorganic ions in ternary organic–inorganic microdroplets via
reaction kinetics. We utilized sodium thiosulfate (STS),
Na2S2O3, as the model of inorganic salts, and glucose (mono-
saccharide) or sucrose (disaccharide) as a proxy of soluble
organic compounds in atmospheric aerosols. Glucose and
sucrose are the typical species of free saccharides in
© 2024 The Author(s). Published by the Royal Society of Chemistry
atmospheric aerosols,5 and their aqueous mixtures have been
exploited as benchmark systems among laboratory investiga-
tions associated with atmospheric aerosols.1,10–12,14–16,19,20,23,25,27,29

This work exploited the interfacial oxidation reaction kinetics of
S2O3

2− with gaseous O3 in ternary aqueous STS microdroplets
mixing with glucose or sucrose as simplied models of mixed
organic–inorganic aerosols to determine the diffusivities of
S2O3

2− in aerosol bulks under variable conditions of RH and
chemical composition. This multiphase reaction has been
investigated in detail in several previous studies of atmospheric
aerosol chemistry.30,34–36 The kinetics measurements of this
reaction in single levitated microdroplets were performed with
AOTs integrated with Raman spectroscopy, and a kinetic model
dedicated to aerosol kinetics was also employed to retrieve the
diffusion coefficients of S2O3

2− from the kinetics results. Based
on these results, the observed dependence of S2O3

2− diffusivity
on RH and chemical composition, as well as their implications
for atmospheric aerosols, will be addressed in this report.

Experimental description

The AOT apparatus used in this work has been described in
detail elsewhere,30,37,38 and, therefore, it is only briey described
here. A continuous-wave laser emitting at 532 nm was utilized
as a trapping and Raman excitation laser. For optimizing the
efficiency of optical trapping, the laser beam was expanded
using a pair of convex lenses as a telescope, and then it was
guided into an inverted microscope. Aer being directed
upwardly by a beamsplitter, the laser beam was focused by
a high numerical aperture objective into an aerosol trapping
chamber mounted on the stage of the microscope. When
a suspending microdroplet was optically trapped at the focus
spot of the trapping laser, the Raman scattering of the trapped
microdroplet was created simultaneously by the same laser,
which had a power of a fewmW aer passing the objective. This
Raman scattering light was then collected by the same objective,
and then it was imaged onto the entrance slit of a Raman
spectrometer. The integrated time for acquiring time-resolved
Raman spectra was 1.2 seconds, and the spectral resolution was
about a couple of cm−1, determined from the FWHMs of
observed whisper gallery modes (WGMs).

When carrying out optical trapping experiments, a dense
ow of aqueous aerosols (2 to 6 mm in diameter)38 produced by
a medical nebulizer was injected into the trapping chamber for
several minutes, until a single microdroplet was optically trap-
ped. The RH in the trapping chamber was maintained from
20% to over 80% via ow of mixed dry and humidied nitrogen,
and it was monitored using a humidity sensor (accuracy: 3.5%)
attached to the chamber. Gaseous ozone was produced from
discharging pure oxygen in an ozone generator, and this gas
mixture of O2 and O3 was further diluted with dry nitrogen in
a container. When performing the kinetics measurements, the
premixed gas ow of O2, O3 and N2 with a ow rate of several
sccm was combined with the RH regulated nitrogen gas ow
with a ow rate of a few hundred sccm, before injecting into the
trapping chamber. The partial pressure of ozone in the mixed
gaseous ow was on-line monitored via its UV absorption peak
Environ. Sci.: Atmos., 2024, 4, 1398–1412 | 1399
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at 250 nm. The sample solutions lled in the medical nebulizer
were prepared at several mass ratios, for example, STS : (glucose
or sucrose) : water = 5 : 1 : 15, 4 : 2 : 15, 3 : 3 : 15 and 2 : 4 : 15.
Such a water-to-solute stoichiometry ratio allows for a low
viscosity of the sample solution and thus efficient generation of
aerosols from the medical nebulizer. It should be noted that the
equilibrium water contents of microdroplets at given RHs are
not equivalent to the above water-to-solute stoichiometries for
sample solutions lled in the medical nebulizer. The choice of
the above STS : (glucose or sucrose) mass ratios is similar to
those applied in the literature.11,29 However, this work did not
further use a STS : (glucose or sucrose) mass ratio of 1 : 5, as the
low concentration of STS in microdroplets with this mass ratio
resulted in the weak Raman intensities of S2O3

2−, making any
further kinetic measurement unfeasible.
Kinetic modelling

To simulate the observed ozone oxidation kinetics of S2O3
2− in

microdroplets, the present work used the kinetic multilayer
model of aerosol surface and bulk chemistry (KM-SUB), which
can provide time- and depth-resolved numerical calculations of
mass transport and chemical reactions in spherical particles
and thin lms.39–42 The KM-SUB model utilizes the rate equa-
tions derived under the Pöschl–Rudich–Ammann framework43

to take into account the following surface and bulk processes of
volatile species, such as O3, and involatile species, such as
S2O3

2−, in an aerosol particle: gas-phase and bulk-phase diffu-
sion, surface adsorption and desorption, surface-bulk
exchange, and chemical reactions at the air–water interface and
in the aerosol bulk of the particle.29,30 Since the interfacial and
bulk reactions of S2O3

2− + O3 were characterized in our previous
work and literature,30,33 the data-model comparison in the
present work further allows for retrieving the bulk diffusivity of
S2O3

2− in microdroplets. Note that to simplify KM-SUB
employed in the present work, the reaction of S2O3

2− and O3 is
assumed to be a bimolecular reaction, and the reaction prod-
ucts are assumed to have the same physical properties as the
S2O3

2− reactant.30 The reaction scheme provided in the next
Table 1 KM-SUB input parameters which are fixed using experimental c

Symbol Unit Meaning

as,0 Surface accommodation coefficient of O3

sd s Desorption lifetime of O3

kSLR cm2 s−1 Bimolecular surface reaction coefficient
kBR cm3 s−1 Bimolecular bulk reaction rate coefficien
Ksol mol cm−3 atm−1 Partitioning coefficient of O3

[O3]g cm−3 Gas-phase number concentration of O3

r mm Particle radius
s cm2 Effective molecular cross section of O3

u cm s−1 Mean thermal velocity of gaseous O3

[S2O3
2−]b,0 cm−3 Initial bulk number concentration of S2O

[S2O3
2−]ss,0 cm−2 Initial surface number concentration of

a Adopted from the parameter set applied by Hsu et al. (ref. 30). b Droplet
individual values. d From Kanofsky and Sima (ref. 33). e d = 0.8 nm.

1400 | Environ. Sci.: Atmos., 2024, 4, 1398–1412
section can support this assumption. Also for simplicity, any
secondary chemistry and the evaporation of any volatile product
are not included in KM-SUB. The rate equations implemented
in KM-SUB for such a reaction system of S2O3

2− and O3 in
aerosol microdroplets have been summarized in our recent
work.30 Finally, it should also be noted that the model used in
the present work assumes a constant droplet radius during the
reaction process, and the typical percentage changes of the
aerosol radius (about 2 to 5%) and aerosol volume (about 6 to
15%) that existed in kinetics measurements were taken into
account in the error analysis instead. The representative data
(Expt. 59) in Table S5† show that its radius change during the
reaction process is only 50 nm or around 2% with respect to the
radius (3.3 mm).

Tables 1 and 2 list the key input parameters of KM-SUB for
the present work, as well as their further details. According to
Table 1, most of the KM-SUB input parameters can be xed
using literature values, experimental data and laboratory
conditions. The thickness of each bulk layer in KM-SUB is set to
1 nm. For the input parameters associated with the chemical
reaction, our previous work30 has determined the bimolecular
surface reaction rate coefficient of the S2O3

2− + O3 reaction,
kSLR, when implementing the literature value from Kanofsky
and Sima33 as the bimolecular bulk reaction rate coefficient of
the same reaction, kBR, in KM-SUB, as shown in Table 1. It
should be noted that this kSLR provided in our previous work is
inversely proportional to the desorption lifetime of O3, sd,
utilized in KM-SUB.30 Such coupling is because in the frame-
work of KM-SUB, the oxidation kinetics of surface S2O3

2− via
surface-adsorbed O3 depends on the product of sd and kSLR.30

The choice of sd = 2 × 10−7 s in our studies has the same order
of magnitude as those converged in recent kinetic studies of
ozonolysis,44,45 while the range of sd among various literature
studies could potentially span over several orders of magni-
tude.30,44,46 Nevertheless, any model run performed in this work
exhibits no sensitivity to the order of magnitude of sd, ranging
from 10−11 s to 10−7 s, since the requisite coupling of sd and kSLR
in KM-SUB secures essentially the same aerosol reaction
kinetics.30
onditions and the literature

Value

0.05a

2 × 10−7 a

log 10(kSLR) = log 10(1.5 × 10−10) + 0.017I a,b,c

t 1.2 × 10−13 a,d

10−6 to 10−10 c

∼4 × 1014 on averagec

∼3 on averagec

1.52 × 10−15 a

3.6 × 104 a

3
2− RH >80%: (∼1 to ∼2) × 1021; RH = ∼20%: (∼2 to ∼7) × 1021 c

S2O3
2− d[S2O3

2−]b,0
e

ionic strength I is dened as: I = 3[S2O3
2−]b,0.

c See Tables S3 and S4 for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Two scenarios employed for fitting the experimental results with adjustable parameters in KM-SUB

Symbol Meaning Boundaries Scenario 1 Scenario 2

Db,T Bulk diffusion coefficient for all S2O3
2− 10−15–10−5 cm2 s−1 Adjustable N. A.

Db,T,fast Bulk diffusion coefficient for faster diffusing S2O3
2− 10−12–10−10 cm2 s−1 N. A. Adjustable

Db,T,slow Bulk diffusion coefficient for slower diffusing S2O3
2− <10−13 cm2 s−1 N. A. Adjustable

Db,O Bulk diffusion coefficient of O3 10−15–10−5 cm2 s−1 Fixeda Fixeda

[S2O3
2−]0 Initial concentration of all S2O3

2− 1021−1022 cm−3 Fixedb Fixedb

[S2O3
2−]fast,0 Initial concentration of faster diffusing S2O3

2− [S2O3
2−]0 $ [S2O3

2−]fast,0 $ 0 N. A. Adjustablec

[S2O3
2−]slow,0 Initial concentration of slower diffusing S2O3

2− [S2O3
2−]slow,0 = [S2O3

2−]0 – [S2O3
2−]fast,0 N. A. Adjustablec

a Coupled to Db,T (Scenario 1) or Db,T,fast (Scenario 2) via the SE equation. b See Tables S3 and S4 for individual values. c Coupled via the equations
specied in “Boundaries”.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
10

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

6-
03

-1
6 

 7
:4

3:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Table 2 lists the KM-SUB input parameters which remain
adjustable for tting the experimental results. Table 2 also
introduces two types of tting scenarios for retrieving the
molecular diffusivities from the kinetics measurement results.
For the rst tting scenario, i.e., Scenario 1, the bulk diffusion
coefficient of S2O3

2−, Db,T, is the only adjustable parameter for
capturing the observed reaction time scale. Our previous study30

found that, while the reaction of S2O3
2− in viscous micro-

droplets with gaseous O3 mostly occurs at air–water interfaces,
the diffusion of S2O3

2− from aerosol bulks to aerosol surfaces
can also play a key role in determining its reaction time scale.30

On the other hand, any dissolved O3 near the surface is mostly
depleted by S2O3

2− prior diffusing into inner aerosol bulks, and
thus such aerosol reaction kinetics is not sensitive to the bulk-
phase diffusivity of O3.30 For the convenience of data analysis,
the bulk-phase diffusion coefficient for O3, Db,O, is coupled to
Db,T via the SE equation,30 as specied in Table 2. Finally, the
justication of Scenario 1, where Db,T is the only adjustable
parameter, will be provided in the discussion section.

On the other hand, the second tting scenario in Table 2, i.e.,
Scenario 2, is dedicated for the following case: the diffusion of
S2O3

2− in a microdroplet exhibits two distinct time scales which
are phenomenologically associated with two distinct bulk-phase
diffusion coefficients, i.e., Db,T,fast and Db,T,slow, and the initial
concentrations of S2O3

2− associated with them are [S2O3
2−]fast,0

and [S2O3
2−]slow,0, respectively. It is further assumed that these

two types of S2O3
2− do not exchange and interact with each

other. Before subjecting to a reaction with O3, the spatial
distributions of [S2O3

2−]fast,0 and [S2O3
2−]slow,0 are assumed to

be homogeneous, and their sum is xed to that of total S2O3
2−,

i.e., [S2O3
2−]fast,0 + [S2O3

2−]slow,0 = [S2O3
2−]0. As a result, in

Scenario 2, Db,T,fast, Db,T,slow, and the ratio between [S2O3
2−]fast,0

and [S2O3
2−]slow,0 are three independent and adjustable

parameters. The applications of the above two tting scenarios
to analyse the kinetics measurement results will be discussed in
detail in the following sections.
Fig. 1 Representative Raman spectra of optically trapped micro-
droplets containing ternary STS : sucrose mixtures in a 3 : 3 mass ratio
(Expt. 32 in Table S1† (ESI)) before (black data) and after (red data) the
reaction with O3 at 84% RH, as well as the assignments of sucrose,
reactant thiosulfate and reaction products.
Results and discussion
Raman spectroscopy of optically trapped microdroplets

According to our previous study on the ozonolysis of binary
STS–water microdroplets,30 the reaction scheme of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
S2O3
2−(aq) + O3 reaction and the secondary chemistry of main

products in a neutral aqueous solution are listed as follows:30,47

S2O3
2− + O3 / SO4

2− + SO2 (1)

2S2O3
2− + O3 + H2O / S4O6

2− + O2 + 2OH− (2)

SO2 + H2O % SO2$H2O % SO3
2− + 2H+ (3)

S4O6
2− + SO3

2− % S3O6
2− + S2O3

2− (4)

Fig. 1 shows the representative Raman spectra of ternary
(aqueous) STS–sucrose microdroplets before and aer O3

exposure. The molecular Raman bands observed prior to the
reaction can be readily assigned to the reactant S2O3

2− and
prototype organic species, i.e., sucrose or glucose,48–51 and those
that appeared aer the reaction can be assigned to the reaction
products specied in the above reaction scheme, such as SO4

2−,
S3O6

2− and S4O6
2−.30,49,51–53 When lowering RHs, several Raman

peaks of S2O3
2−(aq) exhibit spectral shis of a few cm−1, indi-

cating the supersaturation of aqueous STS in microdroplets.54

For example, the 996 cm−1 band of S2O3
2−(aq), i.e., nsym(S–O),51

observed at over 80% RH could shi to around 1005–1010 cm−1
Environ. Sci.: Atmos., 2024, 4, 1398–1412 | 1401
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Fig. 2 Representative kinetics measurement results (symbols) of
ternary STS : sucrose (5 : 1, 4 : 2 and 3 : 3 mass ratios) microdroplets
exposed to ozone (∼14 ppm) at different RHs, as well as KM-SUB
model fit results (lines). The intensities shown here are the integrated
Raman bands of S2O3

2−(aq) centred at ∼445 cm−1 or ∼996 cm−1, and
they are normalized to those prior to the reaction. For clarity, some
apparent CERS interference is removed.
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at 20% RH, such as those of STS : sucrose 5 : 1 and 4 : 2 mixtures
shown in Fig. S1.† It should be noted that the observed Raman
shis of this nsym(S–O) band are still signicantly smaller than
that in the solid phase (∼1017 cm−1),48 indicating no crystalli-
zation of STS in microdroplets in the present work.

In addition to identifying species, molecular Raman spec-
troscopy was also utilized to determine the absolute concen-
trations of STS, sucrose and glucose, as provided in Tables S1
and S2.† Such information was further utilized for the deter-
mination of aerosol ionic strengths and Henry's law coefficients
prior to the reaction,30 as provided in Tables S1–S4.† It should
also be noted that during the reaction, the droplet pH is regu-
lated by reactions (2) and (3).30 Based on no identication of any
Raman band of HSO−

4 and the simulations of bulk-phase
kinetics in our previous work,30 the lower limit of droplet pH
aer the reaction is estimated to be around 3. Thus, any
potential decomposition of S2O3

2− caused by high acidity is not
expected to occur here.30 The decomposition of concentrated
S2O3

2− due to high acidity (pHz 0) should take only a couple of
minutes.30 However, the present work did not observe any
decomposition of S2O3

2− in microdroplets prior to O3 exposure,
indicating no existence of this high aerosol acidity. Under the
condition of high alkalinity (pOH z 0), while S2O3

2− should
remain stable,47,55 S4O6

2− could decompose to S3O6
2− and

S2O3
2−.30,55 According to the bulk-phase kinetics simulations of

our previous study,30 such high alkalinity could be created by
reaction (2) with concentrated S2O3

2−, subsequently leading to
the conversion of S4O6

2− into S3O6
2−. It should be noted that the

empirical relationship of kSLR with [S2O3
2−]b,0 listed in Table 1

has included the effect of this secondary chemistry.30

In addition to spontaneous Raman scatterings described
above, an optically trapped microdroplet could also emit cavity-
enhanced Raman scattering (CERS).9 The wavelengths of CERS
are the same as those of theWGMs within the molecular Raman
bands of the microdroplet, and the intensities of CERS are
further amplied by stimulated Raman scatterings inside the
microdroplet as a spherical cavity.56–58 The CERS signals
observed in the present work were analyzed via Mie resonance
tting (MRFIT),59 and the droplet radius for the microdroplet of
interest could be retrieved with an accuracy of a few nanome-
ters. Table S5† provides several representative examples of such
analysis for the data of this work. When there is no observable
CERS signal, the droplet radius was determined via brighteld
imaging. The typical radius of droplets studied in this work is
about 3 mm, as shown in Tables S1 and S2.† Finally, it should be
noted that the type of MRFIT utilized in the present work is
dedicated to a homogeneous sphere. Since the observed CERS
signals can always be assigned by such MRFIT with reasonably
small tting errors, see Table S5,† the present work indicates
that there is no formation of phase separation, such as a core–
shell structure or partial engulfment, in the microdroplets
under the experimental conditions of the present work.
According to the literature, the penetration depth of WGMs
from the interface is ∼r/m, where r and m are the radius and
refractive index of the particle, respectively.57 For the case of this
work, the value of m at wavelengths of observed WGMs is
around 1.4 (see Table S5†), indicating that the penetration
1402 | Environ. Sci.: Atmos., 2024, 4, 1398–1412
depth is equivalent to ∼0.7r. Thus, for any microdroplet con-
taining an aqueous inorganic core and an organic shell in this
work, when the ratio between the volumes of its core and shell is
larger than ∼0.03, its CERS signals should be subject to the
inuence of this core–shell structure. Indeed, the mass ratio
between inorganics (STS) and organics (sucrose or glucose)
prepared in this work is xed in the range between 5 : 1 and 2 : 4,
which is much larger than 0.03, justifying the above reasoning
for the nonexistence of a core–shell structure due to no corre-
sponding signature in the observed CERS signals.
Kinetics measurements of the S2O3
2− + O3 reaction in

microdroplets

Fig. 2 shows the representative kinetics measurement results of
ozone oxidation of ternary STS–sucrose microdroplets at
different RHs and STS : sucrose mass ratios. For all mass ratios
of STS and organics used in this work, the decay rates of S2O3

2−

integrated Raman intensities at higher RHs are faster than
those at lower RHs. Such RH dependence of the reaction time
scale can be tentatively attributed to diffusion-limited kinetics
and RH-dependent aerosol viscosity, as a higher content of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bulk diffusion coefficients of S2O3
2− (symbols) in ternary STS :

sucrose microdroplets at different RHs, as well as the SE predictions
for a binary STS–water system and for a binary sucrose–water system
(lines). 5T1S (blue circles), 4T2S (red diamonds), 3T3S (green triangle)
and 2T4S (purple square): ternary STS : sucrose mixtures in mass ratios
of 5 : 1, 4 : 2, 3 : 3 and 2 : 4, respectively. Hollow symbols:Db,T, retrieved
via Scenario 1. Hollow symbols marked with downward arrows: upper
limits of Db,T, retrieved via Scenario 1. Top-filled symbols: Db,T,fast,
retrieved via Scenario 2. Bottom-filled symbols marked with down-
ward arrows: upper limits of Db,T,slow, retrieved via Scenario 2. For
clarity, the error bars of RH (∼3.5%) are not plotted here. The error bars
of diffusion coefficients represent the fitting errors for each kinetics
data. See Tables S3 and S4† for the full details of diffusion coefficients.
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organics (sucrose or glucose) at lower RH can lead to a larger
aerosol viscosity and thus a smaller bulk diffusivity in
microdroplets.19,29,30

It should be noted that at relatively high RHs, all S2O3
2− in

microdroplets can be completely depleted by O3, such as those
at RH above 40% in Fig. 2. However, the time proles at rela-
tively low RHs can exhibit the incomplete decays of S2O3

2−, such
as the data of green triangle symbols in Fig. 2. This feature of
incomplete decay exhibits a fast initial depletion of S2O3

2−

within 1000 seconds followed by a signicantly slower decay at
prolonged O3 exposure times, such as over a few thousands of
seconds. Finally, when performing the kinetics measurements
at even lower RHs, such as those at RH below 25% in Fig. 2,
most of S2O3

2− in microdroplets remain intact with very little
depletion, even at O3 exposure times around 10 000 seconds.
Besides no decay of reactant Raman bands, the Raman spectra
also show the negligible formation of any product, supporting
the observations of no S2O3

2− depletion via ozone oxidation.
Fig. S2† shows the time evolutions of integrated Raman

intensities assigned to products SO4
2− and S3O6

2−/S4O6
2−, from

three representative kinetics measurements associated with
rapid and prolonged complete depletions and incomplete
depletion of S2O3

2− Raman intensities via O3 exposure. When
the Raman intensities of S2O3

2− started to decrease due to O3

exposure from 0 second, those of products increased accord-
ingly due to reactions (1)–(4). It should be noted that when the
decays of S2O3

2− Raman intensities stopped, the increases of
the product signals also stopped correspondingly, no matter for
the case of complete S2O3

2− depletion, such as Fig. S2(a) and
(b),† or for the case of incomplete S2O3

2− depletion, such as
Fig. S2(c).† For the latter case, the observed stop of product
formation can also support previous assignments of incomplete
S2O3

2− depletion.
Estimating diffusivities in ternary STS–sucrose mixtures

As the diffusion-limited kinetics dominates the S2O3
2− + O3

reaction in viscous microdroplets, we compared the kinetics
data with the KM-SUB model simulation results to retrieve the
bulk diffusivity of reactant S2O3

2− in each microdroplet. For
kinetics data exhibiting complete depletions of S2O3

2−,
employing Scenario 1 can yield reasonable model t results,
such as those of RH above 40% in Fig. 2. Since Db,T is the only
adjustable parameter in Scenario 1, this good agreement indi-
cates that all S2O3

2− in each microdroplet have the same bulk
diffusivity. All tted Db,T via Scenario 1 for ternary STS–sucrose
mixtures are listed in Table S3,† and they are also plotted as
a function of RH in Fig. 3. According to Fig. 3, most Db,T

determined at above 80% RH are in the range of 10−7 to 10−6

cm2 s−1, and those in the range of ∼40% and ∼70% RH
decrease to the range of 10−11 to 10−10 cm2 s−1 due to higher
sucrose contents and thus larger droplet viscosity at lower RHs.
Fig. 3 also shows that all these values for ternary STS–sucrose
mixtures are in between the SE predictions for binary STS–water
systems and for binary sucrose–water systems.12,60,61 This trend
also agrees with the general feature of ternary inorganic–
organic mixtures observed in several previous studies.11,12,16 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
dependence of aerosol viscosity on the inorganic–organic mass
ratio was also observed in the literature.11 However, Db,T in the
present work seems not to exhibit any signicant dependence
on the STS : sucrose mass ratio, as shown in Fig. 3. This
observation of no apparent compositional dependence may be
attributed to the sensitivity of the methodology applied in the
present work. According to the statistics and tting error bars of
data shown in Fig. 3, the sensitivity to diffusion coefficient of
S2O3

2− is around one order of magnitude, and such sensitivity
may not allow for distinguishing any marginal difference
between Db,T of different STS : sucrose mass ratios in the range
of RH applied in this work.

For the kinetics data exhibiting two distinctly fast and slow
decays of S2O3

2−, Scenario 2 was employed to capture both
reaction time scales, Db,T,fast and Db,T,slow, as well as their
concentration contributions, [S2O3

2−]fast,0 and [S2O3
2−]slow,0,

respectively. The model t results of Scenario 2 can have a good
agreement with these kinetics data, such as those (triangle
symbols) shown in Fig. 2. Note that the relatively slow decay
components of S2O3

2− can remain intact for over several thou-
sand seconds, and it becomes not trivial to pin down the
magnitude of its diffusion coefficient (Db,T,slow) with the exper-
imental times available in this work. Thus, this work only
provides the upper limits of Db,T,slow, which are represented by
symbols with downward arrows in Fig. 3 and 5. It should be
noted that for such labelling, only the symbol itself represents
the magnitude of the upper limit and the arrow itself just
represents no determination of the lower limit. However, the
length of each arrow does not have any meaning. Fig. 3 plots
each pair of Db,T,fast (top-lled symbols) and the upper limit of
Environ. Sci.: Atmos., 2024, 4, 1398–1412 | 1403
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Db,T,slow (bottom-lled symbols with arrows) retrieved from each
kinetics data of STS : sucrose 5 : 1, 4 : 2 and 3 : 3 mixtures via
Scenario 2, and Table S4† summarizes these values in detail.
According to Fig. 3, the magnitude of Db,T,fast is in the range of
10−11 to 10−10 cm2 s−1, and the upper limit of Db,T,slow is in
general below 10−12 cm2 s−1, indicating that the differences
between Db,T,fast and Db,T,slow are at least two orders of magni-
tude. Also according to Fig. 3, the co-existence of two distinct
decay components in the kinetics data only appears at RH
between 25% and 40%. Finally, when RH is below 25% for STS :
sucrose 5 : 1, 4 : 2 and 3 : 3 mixtures or below 40% for the 2 : 4
mixture, their kinetics data exhibit very little depletion of
S2O3

2− during the available observation times of this work. For
such a case, the present work employed Scenario 1 to estimate
the upper limits of Db,T for these data.

Fig. 4 plots the concentration ratio between the relatively fast
diffusing S2O3

2− ([S2O3
2−]fast,0) and the total S2O3

2− ([S2O3
2−]0)

in each single microdroplet, i.e., ffast, as a function of RH. In the
range of 30% to 40% RH, ffast for STS : sucrose 5 : 1, 4 : 2 and 3 :
3 mixtures is in between 0.4 and 0.7, indicating the co-existence
of both slow and fast components. When lowering RH to
around 27%, ffast for the STS:sucrose 4 : 2 mixture decreases to
a negligible value, such as 0.1, indicating a signicant reduction
of the fast S2O3

2− component at lower RHs. It should be noted
that besides the results of Scenario 2, several representative
results retrieved via Scenario 1 are also implemented as shown
in Fig. 4 in terms of two limiting cases, i.e., ffast = 1 and 0. For
the former case, i.e., ffast = 1 or [S2O3

2−]fast,0 = [S2O3
2−]0, it

corresponds to the kinetic data with Db,T in the range of 10−11 to
10−10 cm2 s−1. For the latter case, i.e., ffast= 0 or [S2O3

2−]slow,0=
[S2O3

2−]0, it corresponds to the kinetic data with Db,T smaller
than 10−12 cm2 s−1. When taking into account the results of
both Scenarios 1 and 2, ffast of each mass ratio seems to exhibit
a drastic change between 0 and 1 around a specic RH like
a turning point, as shown in Fig. 4. When comparing Fig. 3 and
Fig. 4 Ratios between the fast component to total thiosulfates (ffast =

[S2O3
2−]fast,0/[S2O3

2−]0) in ternary aqueous STS : sucrose mixtures of
different mass ratios plotted as a function of RH, as well as phenom-
enological fits (lines). 5T1S, 4T2S, 3T3S and 2T4S: ternary STS : sucrose
mixtures in mass ratios of 5 : 1, 4 : 2, 3 : 3 and 2 : 4, respectively. Hollow
symbols: data analysed using Scenario 1. Filled symbols: data analysed
using Scenario 2. The error bars of ffast represent the fitting errors of
[S2O3

2−]fast,0 for each kinetic data. See Table S4† for the full details of
[S2O3

2−]fast,0.

1404 | Environ. Sci.: Atmos., 2024, 4, 1398–1412
4, such a change in ffast is also associated with a distinct change
in S2O3

2− diffusivity over 2 orders of magnitude. As shown in
Fig. 4, the RH-dependent ffast for each mass ratio is phenom-
enologically tted using a growth curve. These t curves for
individual mass ratios indicate that the ternary mixture with
more sucrose has the turning point of ffast at a higher RH. For
example, such RH for the STS : sucrose 2 : 4 mixture, i.e., ∼43%,
is around 10% larger than that for the STS : sucrose 4 : 2
mixture, i.e., ∼33%. Fig. 4 also shows that the t curves for
nearly all kinds of mixtures reproduce the sharp changes of ffast

retrieved from the data, whereas the t curve for the STS :
sucrose 3 : 3 mixture appears relatively smooth. This difference
could be due to not enough data for the STS : sucrose 3 : 3
mixture around its turning point RH, leading to ambiguity in
determining the shape of the t curve around its turning point.
Finally, the RH dependences of ffast (see Fig. 4) do not resemble
those of spectral positions of the S2O3

2− nsym(S–O) Raman band
(see Fig. S1†). In particular, while the values of ffast for STS :
sucrose 3 : 3 and 2 : 4 mixtures exhibit sharp changes in the RH
range of ∼25% to ∼40%, their Raman shis of the S2O3

2−

nsym(S–O) band in this RH range remain the same as that of dilute
STS solution. Since the supersaturation state of STS correlates
with the spectral dri of the S2O3

2− nsym(S–O) Raman band, the
disagreement between the RH dependences of ffast and this
Raman shi implies that the observed changes of ffast should
not be attributed to supersaturation of STS.

Estimating diffusivities in ternary STS–glucose mixtures

To further elucidate the effect of organic species, the present
work also determined the bulk diffusivity of S2O3

2−in
Fig. 5 Bulk diffusion coefficients of S2O3
2− (symbols) in ternary STS :

glucose microdroplets at different RHs, as well as the SE predictions
for binary STS–water systems and for binary glucose–water systems
(lines). 5T1G (blue circles), 4T2G (red diamonds), 3T3G (green triangles)
and 2T4G (purple squares): ternary STS : glucose mixtures in mass
ratios of 5 : 1, 4 : 2, 3 : 3 and 2 : 4, respectively. Hollow symbols: Db,T,
retrieved via Scenario 1. Hollow symbols marked with downward
arrows: upper limits of Db,T, retrieved via Scenario 1. Top-filled
symbols: Db,T,fast, retrieved via Scenario 2. Bottom-filled symbols
marked with downward arrows: upper limits of Db,T,slow, retrieved via
Scenario 2. For clarity, the error bars of RH (∼3.5%) are not plotted
here. The error bars of diffusion coefficients represent the fitting errors
for each kinetics data. See Tables S3 and S4† for the full details of
diffusion coefficients.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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microdroplets consisting of aqueous STS mixing with glucose.
Fig. 5 plots the diffusion coefficients of S2O3

2−determined in
such a ternary system at different RHs and mass ratios. The
values of Db,T determined at above 90% RH are in the order of
10−6 to 10−5 cm2 s−1, and those determined in the range of 30%
to 40% RH decrease to the order of 10−11 to 10−10 cm2 s−1 due to
higher glucose content and thus higher droplet viscosity at
lower RHs. Similar to the case of sucrose, the magnitude of Db,T

in ternary STS–glucose mixtures is also in between the SE
predictions for binary STS–water systems and for binary
glucose–water systems,60–62 as shown in Fig. 5. It should be
noted that for this ternary system at RH between 23% and 30%,
the present work also observed the feature of incomplete S2-
O3

2−depletion where the difference between the reaction time
scales of fast and slow decay components can be at least two
orders of magnitude. According to Fig. 5, the diffusion coeffi-
cients for fast diffusing S2O3

2−(Db,T,fast) still remain around
10−11 to 10−10 cm2 s−1, while those for slow diffusing S2O3

2−(-
Db,T,slow) are below 10−12 cm2 s−1. When the RH is below 23%,
the kinetics data exhibit very little depletion of S2O3

2−. The
present work employed Scenario 1 to estimate the upper limits
of Db,T, and the values are below 10−13 cm2 s−1, as shown in
Fig. 5.

Fig. 6 plots the values of ffast, i.e., [S2O3
2−]fast,0/[S2O3

2−]0, for
ternary STS–glucose mixtures at different RHs. In the range of
∼23% to ∼30% RH, the value of ffast is in between 0.2 and 0.7,
indicating the co-existence of both fast and slow decay
components. The values of ffast below and above this RH range
are tentatively assigned to 0 and 1, respectively, because their
observed kinetics are associated with the dominance of single
decay/diffusing components, such as slow (Db,T << 10−13 cm2

s−1) and fast (Db,T = 10−11 to 10−10 cm2 s−1) ones, respectively.
As a result, Fig. 6 shows that ffast of most mass ratios have
Fig. 6 Ratios between fast components to total thiosulfates (ffast =

[S2O3
2−]fast,0/[S2O3

2−]0) in ternary aqueous STS : glucose mixtures of
different mass ratios (blue circle 5T1G, red diamond 4T2G, green
triangle 3T3G and purple square 2T4G) plotted as a function of RH, as
well as phenomenological fits (lines). 5T1G, 4T2G, 3T3G and 2T4G:
ternary aqueous STS and glucose mixtures in mass ratios of 5 : 1, 4 : 2,
3 : 3 and 2 : 4, respectively. Hollow symbols: data analysed using
Scenario 1. Filled symbols: data analysed using Scenario 2. The error
bars of fast ratios represent the fitting errors of [S2O3

2−]fast,0 for each
kinetic data. See Table S4† for the full details of [S2O3

2−]fast,0.

© 2024 The Author(s). Published by the Royal Society of Chemistry
drastic changes between 0 and 1 at specic RHs, similar to the
trends shown in Fig. 4. These results in Fig. 6 are also
phenomenologically tted via the growth curve. The t curves of
ffast for different mass ratios exhibit no signicant difference,
when taking into account the accuracy of the RH sensor (3.5%).

Diffusion-limited kinetics in ternary STS–organic mixtures

The above KM-SUB model simulation results allow for further
understanding of the observed aerosol kinetics. Fig. 7 exhibits
the simulated time-dependent radial distribution of [S2O3

2−] in
aerosol bulks for STS : sucrose 5 : 1 mixtures at RH 83%, 40%
and 31%, as three representative cases of diffusion-limited
kinetics associated with rapid complete depletion, prolonged
complete depletion and partial depletion of S2O3

2−, respec-
tively. For the case of RH 83%, where Db,T is in the order of 10−6

cm2 s−1, Fig. 7(a) shows that this fast bulk diffusion of S2O3
2−

leads to a homogeneous spatial distribution of [S2O3
2−] during

the depletion of S2O3
2− via surface O3. For the case of RH 40%,

where Db,T is in the order of 10−11 cm2 s−1, Fig. 7(b) shows that
this relatively slow bulk diffusion of S2O3

2− leads to an inho-
mogeneous spatial distribution of [S2O3

2−] where [S2O3
2−] at the

particle centre is a few times larger than [S2O3
2−] near the

surface. Such a diffusion gradient of concentration inside
Fig. 7 KM-SUB model simulated radial distributions of bulk [S2O3
2−]

vs. time for the data of the ternary STS : sucrose system in a 5 : 1 mass
ratio at (a) 83% RH, (b) 40% RH and (c) 31% RH. 0 and 1 in each vertical
axis indicate the particle centre and particle surface, respectively.

Environ. Sci.: Atmos., 2024, 4, 1398–1412 | 1405
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aerosol bulks has also been revealed by several studies on
aerosol kinetics.29,63 For the case of RH 31%, which exhibits the
inhibited depletion of S2O3

2−, Fig. 7(c) shows that some of the
S2O3

2− anions associated with Db,T,fast = ∼10−11 cm2 s−1 exhibit
the diffusion gradient, before these S2O3

2− anions diminish
completely aer around 1000 s. On the other hand, some of the
S2O3

2− anions associated with Db,T,slow = ∼10−14 cm2 s−1

remain intact over 2000 s, as shown in Fig. 7(c), while S2O3
2−

anions near the surface gradually decay due to penetration of
surface O3.

According to the literature, the existence of concentration
gradients inside aerosol bulks could be veried via excellent
agreement between observed time evolution of Raman signals
and kinetic simulation results.10 To compare with the kinetics
measurement results of AOT, the simulated radial distribution
of [S2O3

2−] was converted into radial-averaged [S2O3
2−], i.e., the

sum of [S2O3
2−] at each radial layer along the radial direction.

For the present work, since the beam cross section for the
Raman excitation laser (∼0.3 mm) is signicantly smaller than
the size of the microdroplet (∼3 mm), it is assumed that the
observed Raman intensities should resemble the radial-aver-
aged simulation results.10 For the case of the concentration
gradient in aerosol bulks (see Fig. 7(b)), Fig. S3(b) and (c)† show
that the radial-averaged simulation results can exhibit excellent
agreement with the shapes of observed Raman intensity time
proles. To justify this assumption of radial averaging,
Fig. S3(b) and (c)† also show the volume-averaged simulation
results, i.e., the sum of the product of [S2O3

2−] and volume at
each radial layer along the radial direction. However, as shown
in Fig. S3(b) and (c),† they cannot completely reproduce the
shapes of the experimental results. Besides the data compared
in Fig. S3(b) and (c),† the present work also found that the other
kinetic data associated with diffusion gradients, such as those
tted with diffusion coefficients below 10−10 cm2 s−1, also have
better agreements with radial-averaged simulation results than
with volume-averaged ones. Finally, for the case of homoge-
neously mixed [S2O3

2−] in aerosol bulks, such as Fig. 7(a), the
assumptions of radial and volume averaging should become
irrelevant.10 Indeed, Fig. S3(a)† shows that the observed Raman
intensity time prole agrees with both the radial-averaged and
volume-averaged simulation results which are essentially the
same for this case.

Besides the bulk diffusivity of S2O3
2−, Db,T, the possibility of

adjusting other KM-SUB input parameters to capture the
observed negative dependence between the reaction time scale
and ambient RH is also discussed here. According to the
previous study by Hsu et al.,30 the reaction time scale of
S2O3

2−in microdroplets via interfacial ozonolysis mainly
depends on the surface reaction rate coefficient (kSLR), the
surface ozone concentration and bulk diffusivity of S2O3

2−.
Firstly, if the increase in the observed reaction time scale when
decreasing RH is attributed to the decrease of kSLR, this means
that kSLR increases with RH. For example, Fig. S4(a) and (b)†
show that the tted values of kSLR for the data of STS : sucrose
4 : 2 mixtures at RH 89% and RH 42% are 3.2 × 10−10 cm2 s−1

and 1.1 × 10−10 cm2 s−1, respectively, when xing Db,T to 1 ×

10−5 cm2 s−1 and only allowing kSLR adjustable. This tting
1406 | Environ. Sci.: Atmos., 2024, 4, 1398–1412
result yields a positive dependence of kSLR on RH. However, Hsu
et al.30 found that kSLR actually should increase when decreasing
RH, because of its positive dependence on droplet ionic
strength and the negative dependence of droplet ionic strength
on RH. As a result, such RH dependence of kSLR from the
literature disagrees with the above tting results (Fig. S4†) and
thus rules out the necessity of allowing kSLR adjustable in the
present work.

Secondly, it may be possible that the increase in the reaction
time scale when decreasing RHs is attributed to the decrease in
the surface O3 concentration. Since the concentration of surface
O3 depends on [O3]g, as,0 and sd,30 its decrease is associated with
the decreases of as,0 or/and sd when xing [O3]g. For the case of
the surface accommodation coefficient of O3, i.e., as,0, Fig. S5(a)
and (b)† show that the tted values of as,0 for the data of STS :
sucrose 4 : 2 mixtures at RH 89% and RH 42% are 8.0× 10−2and
1.6 × 10−2, respectively, when xing Db,T to 1 × 10−5 cm2 s−1

and only allowing as,0 adjustable. This tting result yields
a positive dependence of as,0 on RH. However, according to the
literature, O3 has a stronger preference for accommodating on
air–organic interfaces than on air–water interfaces, because of
its hydrophobic nature.64 Furthermore, for a microdroplet
containing aqueous organics, decreasing RH should increase its
organic content. This means that according to the literature,
as,0 for microdroplets containing aqueous organics is less likely
to decrease when decreasing RH. And, therefore, the above
tting results of adjusting as,0 (Fig. S5†) are not supported by
the literature, ruling out the necessity of allowing as,0 to be
adjustable in the present work.

Thirdly, for the case of O3 desorption time, i.e., sd, Fig. S6(a)
and (b)† show that the tted values of sd for the data of STS :
sucrose 4 : 2 mixtures at RH 89% and RH 42% are 3.5 × 10−7 s
and 6.5 × 10−8 s, respectively, when xing Db,T to 1 × 10−5 cm2

s−1 and only allowing sd adjustable. This tting result yields
a positive dependence of sd on RH. However, like the properties
of as,0, since O3 is expected to have more intermolecular inter-
actions with organics than with water, it is less likely that its
desorption time, sd, for microdroplets of aqueous organics is
shorter at lower RHs, disagreeing with the above tting results
(Fig. S6†). As a result, the present work indicates that such
disagreement rules out the necessity of adjusting sd. On the
other hand, adjusting Db,T to capture the RH dependence of
observed reaction time scales leads to the positive dependence
of Db,T on RH, as described above (Fig. 3 and 5), and this
slowing of diffusion at low RHs can be attributed to enrichment
of organic content which can effectively inhibit the diffusion of
S2O3

2−. Since only the adjustment of diffusivity can provide
amore reasonable explanation to our data than the adjustments
of other parameters, this work attributes the observed prolon-
gation of reaction time scales to diffusion-limited kinetics. This
conclusion also justies the usage of Scenario 1, i.e., Db,T is the
only adjustable parameter. Finally, while xing kSLR, as,0 and sd
parameters in the model simulations of the present work, i.e.,
Scenarios 1 and 2, is justied by the above model simulation
results and corresponding discussions, they could also be
regarded as sensitivity simulations for these parameters.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Morphology and phase state of aerosol particles

The aerosol particles consisting of water, inorganic and organic
components could have several types of morphologies, such as
dry particles, homogeneous wet particles and phase-separated
particles, and the types of phase separations include liquid–
liquid phase separation and partial engulfment.65,66 According
to the literature, the elemental O: C ratios for organic species in
aerosol particles can be used as an indicator to predict the
morphology of aerosols. This means that the particles con-
taining organic species with O : C < 0.56 should be subjected to
phase separation, and those with O : C > 0.80 are homoge-
neously mixed.67,68 For the present work, since the O : C ratios
for glucose and sucrose are 1.0 and 0.9, respectively, the
microdroplets containing STS and these organics are expected
to be homogeneously mixed. Indeed, for our cases of aqueous
STS mixing with sucrose at RH above 40% or with glucose at RH
above 30%, this tentative classication of homogeneous
mixture can be justied by following observations. Firstly, the
observed reaction kinetics of S2O3

2−in eachmicrodroplet can be
adequately captured using the aerosol kinetic model with single
diffusion coefficients for S2O3

2−. Secondly, the magnitudes of
the retrieved S2O3

2−diffusion coefficients are in between the SE
predictions for binary STS–water systems and binary organic–
water systems, as shown in Fig. 3 and 5, implying homogeneous
mixing between STS and organics. Thirdly, as discussed before,
the observed spectral positions for Raman bands of S2O3

2−(-
Fig. S1†) indicate that STS remains in a supersaturated aqueous
phase without any phase transformation to a solid phase.

However, for our cases of aqueous STS mixing with sucrose
at RH between 25% and 40% and aqueous STS mixing with
glucose at RH between 23% and 30%, the observed co-existence
of both fast and slow diffusing components of S2O3

2−in each
single microdroplet cannot be rationalized in terms of kinetics
in homogeneous mixtures. While the morphology of phase
separation and its effect on molecular diffusivity have been
utilized to rationalize the observation of incomplete PAH
depletion in multiphase PAH ozonolysis,69 this mechanism will
not be able to rationalize our observation of differing diffusiv-
ities satisfactorily. When the morphology of liquid–liquid phase
separation occurs, the aerosol particles composed of aqueous
inorganic and organic species may have a core–shell structure
where the aqueous inorganic-rich and organic-rich phases
become the inner core and the shell of coating, respectively. For
a particle with such a core–shell structure, the diffusion through
the entire depth of the organic-rich shell should be the rate-
determining step for bulk S2O3

2−diffusing to the particle
surface, and thus the time scale for most bulk S2O3

2−reacting
with surface O3 should be more or less similar, disagreeing with
our observation. On the other hand, the morphology of partial
engulfment is also associated with the separation of aqueous
inorganic-rich and organic-rich phases, and both phases in
a partially engulfed particle could expose to gaseous O3 simul-
taneously, potentially leading to two distinct reaction time-
scales. Since the inorganic and organic species are separated,
the diffusivity of S2O3

2−in the aqueous inorganic-rich phase
should be similar to that in the binary STS–water system.
© 2024 The Author(s). Published by the Royal Society of Chemistry
However, this prediction does not agree with the observation of
the present work, as the observed diffusivities of fast S2O3

2−-

components are always in between those of binary STS–water
systems and binary organic–water systems (see Fig. 3 and 5).
Finally, the CERS assignments for our kinetics data indicate the
morphology of a homogeneous sphere. For the case of Expt. 10,
i.e., the ternary STS : sucrose 5 : 1 mixture at RH 31%, while its
kinetics data exhibit the co-existence of two distinct S2O3

2−-

diffusivities, its CERS assignments provided in Table S5†
conrm its morphology of a homogeneous sphere prior to the
reaction. In summary, neither a core–shell structure nor partial
engulfment can rationalize the observations in the present
work.

Beside the morphology of aerosol particles, the intermolec-
ular interactions between inorganic and organic species can
also affect the molecular diffusivities in aerosol particles via
formation of a microgel.10 It has been suggested that lowering
RH and thus reducing water content in aerosol particles can
prompt the formation of molecular clusters between organic
molecules and divalent inorganic ions, such as Ca2+, Mg2+ and
SO4

2−, by means of their ion–molecule intermolecular interac-
tions, and these clusters could further aggregate as a kind of
microstructure, such as a microgel, in aerosol particles.1,10,15 For
the present work, S2O3

2−investigated here can also be classied
as divalent anions. Thus, if localized formation of such an
inorganic–organic microgel also exists in the microdroplets in
this work, the observed slow components of S2O3

2−could be
tentatively assigned to those bound in the network of this
microgel via ion–molecular interaction. On the other hand, the
observed fast components of S2O3

2−could be assigned to those
remaining as isolated species in a viscous uid. According to
the results of the present work (see Fig. 3 and 5), the diffusivity
of S2O3

2−conned in inorganic–organic microgels could be at
least two orders of magnitude smaller than those remaining as
isolated species. The observed co-existence of both fast and slow
diffusing S2O3

2−in microdroplets can be regarded as a kind of
two-phase amorphous state where both the locally formed
microgels and the uid matrix co-exist.10 The sharp RH
dependence of ffast may imply a phase-changing process asso-
ciated with the gel formation, while it is not trivial to rationalize
such observation by means of conventional theory. According to
the literature, the change of diffusivity due to gel formation in
binary mixtures could be rationalized via percolation theory,
which is oen used to predict the effective diffusion coefficient
in a mixed system of two media with two different diffusiv-
ities.10,24 However, this theory used in the literature is dedicated
to binary systems, and it may not be applicable to more
complicated ternary systems, such as those studied in the
present work. Furthermore, this theory does not predict the
simultaneous existences of two effective diffusion coefficients,
as well as their population ratio. The main limitation of the
present work to predict ffast and also its RH dependence is the
lack of further understanding of intermolecular interactions
between S2O3

2−and sucrose/glucose from a molecular level, as
such understanding allows for retrieving the macroscopic
properties required by theory, such as the distribution of pore
Environ. Sci.: Atmos., 2024, 4, 1398–1412 | 1407
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sizes in this ternary system. A lot of experimental and theoret-
ical efforts are still required for this purpose.

Finally, while the viscosity of the binary sucrose–water
system is larger than that of the binary glucose–water system,
the magnitudes of S2O3

2−diffusivity in ternary STS–glucose and
STS–sucrose mixtures are similar, see Fig. 3 and 5. The trends of
RH-dependent ffast (see Fig. 4 and 6) for glucose and sucrose are
also similar. It should be noted that glucose and sucrose
essentially have the same functional groups, besides their
distinct differences in molecular weight and size. Such
comparison suggests that the functional groups of organics
would play a more major role in determining the properties of
the inorganic–organic microgel/gel proposed in the present
work, while the molecular weight or size of organics seems to
play a rather minor role.
Atmospheric implications

Since atmospheric aerosols can consist of inorganic and
organic compounds, their individual and cooperative inu-
ences on the properties and chemistry of aerosols have been one
of the main topics in aerosol chemistry. One of their cooperative
inuences is the morphology of phase separation. Numerous
studies have demonstrated that this morphology can signi-
cantly affect the kinetics of the chemical reaction and mass
transport in aerosols,69–80 and a recent review has summarized
these ndings.66 Recently, the studies by Richards et al.
demonstrated that the interactions between inorganic ions and
organic molecules can cause various profound inuences on
the properties and phases of aerosols, such as the enhancement
of aerosol viscosity and the RH-dependent gel phase transi-
tion.1,15 The present work demonstrates that besides the
morphology of phase separation, the intermolecular interaction
should also affect the reaction kinetics of aerosols via limiting
the bulk diffusivities of chemical species. This means that such
interaction facilitates the diffusion limitation of reactant ions
via clustering with organics in organic–inorganic microgels and
thus signicantly prolongs their reaction time scale in aerosol
particles with less water content. The magnitude of such
organic–inorganic interaction highly depends on the properties
of inorganic and organic compounds. It has been suggested
that divalent inorganic ions and oxygenated organic molecules
can create the most signicant cooperative ion–molecule
interactions.1,15

In the present work, S2O3
2−is utilized as a model system to

represent atmospheric divalent anions, such as SO4
2−. Glucose

and sucrose represent atmospherically relevant oxygenated
organic compounds with relatively low and high molecular
weights, respectively. The present work found that at relatively
high RHs, the S2O3

2−diffusivity in ternary STS–organic micro-
droplets remains in between the SE predictions for binary STS–
water systems and for binary organic–water systems, agreeing
with the general expectation for the viscosities of ternary
organic–inorganic mixtures.11,12,16 However, when RH is below
30% or 40% for glucose or sucrose, respectively, the diffusivity
of some S2O3

2−in ternary STS–organic microdroplets decreases
at least over two orders of magnitude and becomes rather
1408 | Environ. Sci.: Atmos., 2024, 4, 1398–1412
similar to the SE prediction for binary aqueous organics.
Richards et al. also observed a similar trend in the RH-depen-
dent viscosity of ternary (NH4)2SO4-gluconic acid micro-
droplets.1 In their case, the viscosities of ternary (NH4)2SO4-
gluconic acid microdroplets at RH above 15% remain 1 to 2
orders of magnitude smaller than those of binary gluconic acid–
water systems. When RH is below 15%, the viscosities of ternary
(NH4)2SO4-gluconic acid microdroplets become equal to or even
signicantly larger than those of binary gluconic acid–water
systems, indicating the formation of a gel. These results imply
that atmospheric sulfates could also have a similar inuence on
the phase state of atmospheric organic–inorganic aerosols.

Besides the present work, several previous studies which
performed water diffusion measurements for single aerosol
microdroplets via the H2O/D2O isotope exchange method have
also observed a similar kinetic limitation on the water diffu-
sivity in microdroplets of several binary inorganic–water, binary
organic–water or ternary organic–inorganic–water systems as
the model systems of atmospheric aerosols, and they attributed
such a diffusion limitation of water to the formation of micro-
gel/gel or molecular clusters.10,27,81 Davies and Wilson demon-
strated that the gel formation in binary MgSO4-water
microdroplets can result in a drastic decrease of water diffu-
sivity by several orders of magnitude, and such a drastic change
of water diffusivity highly depends on RH due to the RH-
dependent transition of the gel phase state.10 For the cases of
binary citric acid-water microdroplets, Nadler et al. observed
incomplete H2O/D2O exchanges at RH below 15%, indicating
the kinetic inhibition of water diffusion.27 The diffusion coef-
cients for diffusion-uninhibited water have a good agreement
with the literature, i.e., Vignes-type parameterization dedicated
for water diffusion in binary mixtures.10,27 However, the
percentage of diffusion-inhibited water increases from 0% at
RH 15% to 40% at RH 7%, implying a RH-dependent formation
of organized molecular structures with conned water. They
assumed that such a molecular structure formed in supersatu-
rated microdroplets can be attributed to molecular clusters
between citric acid and water or even the aggregation of these
clusters. A recent study by Tong et al. also observed the
incomplete H2O/D2O exchanges in ternary (NH4)2SO4-organics
microdroplets at RH 60%.81 While in each microdroplet, the
diffusion coefficient for around 1/2 to 3/4 of water molecules is
around 10−12 to 10−11 cm2 s−1, which is similar to those in
viscous uids, the rest of the water molecules are subject to
a signicant kinetic inhibition of diffusion. It should be noted
that the organic compounds used in their study, such as oleic
acid, diethyl-L-tartrate and 1,2,6-hexanetriol, have relatively low
O : C ratios, and thus they facilitate phase separation in aerosol
particles. The authors attributed the incomplete H2O/D2O
exchange diffusion to the potential existence of molecule clus-
ters in inorganic-rich phases as the cores of phase-separated
microdroplets, while the organic-rich phases as the shells of
phase-separated microdroplets determine the diffusion time
scale of isolated water diffusing from the cores to the surfaces of
microdroplets.

In addition to considering the composition, it is also
worthwhile to briey discuss how the ndings from this study
© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be applied to atmospheric aerosols of various sizes. For the
limiting case where interfacial reactions dominate the reactive
uptakes of aerosol particles, such as in the ozonolysis of binary
aqueous STS microdroplets, the uptake coefficient is indepen-
dent of the particle radius.30,82,83 However, in more general cases
involving coupled interfacial and bulk kinetics, such as the
ozonolysis of binary aqueous nitrite microdroplets, the uptake
coefficient increases with the particle radius, when the particle
radius is within the order of sub mm. Furthermore, when the
particle radius increases beyond a couple of mm, the uptake
coefficient decreases with the particle radius.44,83 This size
dependence of the uptake coefficient can be attributed to bulk
kinetics which contributes the effects of the bulk-phase reaction
and bulk diffusivity.44,83 In the case of this work, since the
organic content in ternary inorganic–organic microdroplets, as
well as inorganic–organic intermolecular interactions, can
inhibit the bulk diffusivities of reactants and thus raise the
contribution of bulk kinetics, it is expected that the uptake
coefficient of such microdroplets will exhibit similar size
dependence as that for coupled interfacial and bulk kinetics,
i.e., the negative size dependence of the uptake coefficient for
aerosol particles with sizes larger than mm.

In summary, the results of the laboratory measurements
described above indicate a rather ubiquitous existence of the
diffusion limitation associated with the formation of micro-
structures via intermolecular interaction in aerosol particles
consisting of inorganics or/and organics. Furthermore, the
results of the present work demonstrate that the reaction
kinetics of inorganic ions in inorganic–organic aerosols under
atmospherically relevant conditions can be affected by their
limited diffusion due to their ion–molecule interactions with
organic molecules. Thus, besides the formation of phase sepa-
ration or a glass phase in aerosols,66,84 the ion–molecule effect
may also play a role in the reaction kinetics of atmospheric
aerosols, demanding a further understanding of such an effect
in determining the reactivity of aerosols with more complex
mixtures.1

Conclusions

In this work, we exploited the interfacial ozone oxidation
kinetics of ternary STS–organic microdroplets via AOTs to probe
the bulk diffusivity of S2O3

2− as a proxy of atmospheric divalent
anions at different RHs and inorganic–organic mass ratios. We
also utilized a multiphase kinetics model dedicated to aerosol
reactions to retrieve the diffusion coefficients of S2O3

2− from
the kinetics measurement results via data-model comparison.
The experimental results show that when RH is above a specic
threshold, such as ∼30% or ∼40% for glucose or sucrose as
organics, respectively, all S2O3

2− ions in each ternary STS–
organic microdroplet can be completely depleted via oxidation
with surface O3 at droplet interfaces. The observed reaction
time scale increases when decreasing RH and thus increasing
the organic content, indicating that the diffusion of S2O3

2− in
STS–organic uid matrices also plays a key role in the observed
aerosol reaction kinetics. The magnitude of S2O3

2− diffusion
coefficients retrieved from the kinetics results is in between the
© 2024 The Author(s). Published by the Royal Society of Chemistry
SE predictions for binary STS–water systems and for binary
organic–water systems, agreeing with the typical prediction for
ternary inorganic–organic mixtures. However, when RH is
below the specic RH described above, the kinetics results
exhibit not only fast decay but also slow decay in parts of S2O3

2−,
which are assigned to fast and slow diffusing S2O3

2− in the
corresponding kinetic simulation, respectively. While the
magnitude of diffusion coefficients for fast diffusing S2O3

2− is
still in between the SE predictions for the binary STS–water
system and for the binary organic–water system, that for slow
diffusing S2O3

2− resembles the SE prediction of the binary
organic–water system. The results also show that the concen-
tration ratio of fast and slow diffusing S2O3

2− has a sharp RH
dependence. Based on these ndings and the literature, the
diffusion limitation/inhibition of S2O3

2− could be attributed to
the formation of microstructures with S2O3

2− and organics. On
the other hand, such assignment of the aerosol reaction
pathway could also conrm the potential inuence of ion–
molecule interactions on the reaction kinetics of aerosols.

Finally, to further understand the inuence of ion–molecule
effects on the aerosol reaction kinetics, future studies include
the measurements of aerosol reaction kinetics in more complex
mixtures, such as exploiting various organic species with
different functional groups, and also in the mixtures of salts
with divalent cations, such as CaS2O3 and MgS2O3. According to
the literature described above, not only Ca2+ but also Mg2+ can
lead to gel formation or enhanced viscosity.1,10 To further justify
the existence of ion–molecule microstructures, as well as their
inuences, it may also be possible to carry out the H2O/D2O
isotope exchange method to determine the water diffusivity in
the ternary STS–organic microdroplets. Furthermore, the
measurement focusing on compositional dependence of water
diffusivity could serve as a complementary study, clarifying if
the intermolecular interaction or methodology of diffusivity
measurement also plays a role in the insensitivity of S2O3

2−

diffusivity to the STS–organic mass ratio observed in the present
work.
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