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ABSTRACT: Freezing of aqueous droplets plays a pivotal role in
atmospheric processes, which is often governed by the soluble
earth-abundant salts, minerals and their corresponding ions. These
droplet freezing events in turn control the physical state, reactivity,
and lifetime of aerosols at subzero temperature in the Celsius scale.
In this study, we investigated the freezing behavior of artificial
seawater droplets containing chloride and polyatomic anions like
sulfate and bicarbonate using a cryogenically cooled acoustic
levitation setup coupled with in situ Raman spectroscopy, enabling
contact-free measurements of evolving ionic speciation. Spectral
comparisons reveal that sulfate undergoes symmetry lowering and
associated spectral broadening upon freezing, while bicarbonate
remains a spectator at the given below-detection limit concen-
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tration. Complementary density functional theory calculations provide independent evidence of sulfate’s symmetry lowering upon
freezing and the associated Raman-band broadening. Control freezing experiments with pure sulfate, bicarbonate and their mixture
further demonstrate that sulfate is the pivotal component which solely initiates a distinct ionic transformation during ice formation,
providing molecular-level insight into the structural evolution of seawater ice crystals. This study directs the possibility of emerging
heterogeneous interactions between sulfate-rich ice surfaces and atmospheric gases, including pollutants and refrigerants,
underscoring their potential role in multiphase atmospheric chemistry.

1. INTRODUCTION

Approximately 71% of Earth’s surface is covered by seawater,
which constitutes 97% of total water content of planet Earth
among which additional 3% frozen in glaciers and ice caps.'
The major dissolved constituents of seawater are chloride
(CI"), sodium (Na'), sulfate (SO,*”), magnesium (Mg>"),
calcium (Ca?"), potassium (K*), and, to a lesser concentration,
bicarbonate ions (HCO;~).”” While the relative proportions of
these ions remain broadly consistent due to the principle of
constant proportions, regional variations can occur in response
to factors such as biogeochemical cycling, riverine input,
hydrothermal activity, and dynamic exchanges between the
ocean and atmosphere.” For instance, the magnesium to
calcium ratio can vary with geographic location and water mass
origin. On average, the total salinity of seawater is
approximately 3.3% by weight.”’

In polar oceans, seawater freezing represents a common and
climatically significant process. Modern ocean salinity
depresses the freezing point of seawater by approximately 2
K, and the presence of dissolved salts strongly influences ice
crystal structure, growth rates, and brine channel formation.™®
Dissolved ions interfere with the formation of the ordered
hydrogen-bond network required for ice nucleation by
disrupting O—H bonding between water molecules. This
disruption requires a lower temperature for water molecules to
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arrange into the crystalline ice lattice, effectively lowering the
freezing point relative to pure water.”® Ion-specific effects have
also been reported. For example, fluoride (F~) and ammonium
(NH,") ions can alter both the morphology and growth rate of
ice crystals in electrolyte solutions.” In biological systems, ions
in the surrounding medium can modify the efficiency of
bacterial ice nucleators via interactions with nucleating
proteins at the cell surface.'’ During freezing, salts are largely
excluded from the ice lattice, resulting in brine rejection and
the formation of highly saline inclusions or surface brine layers.
This process alters the physical properties of sea ice compared
to pure ice and plays a key role in ocean-atmosphere
exchanges. Seasonal and perennial sea ice formation in the
Arctic not only impacts salinity and stratification but also
modulates regional climate through albedo changes and heat
fluxes." " Although the overall volume, extent, and age of
Arctic Sea ice are declining, recent evidence suggests that
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winter sea ice production has increased in some regions despite
pronounced wintertime Arctic warming."’

Among the dominant ions in seawater, sulfate plays a
particularly important role. It is the dominant oxidized form of
sulfur in oxygenated seawater and a central component of the
marine sulfur cycle. Microbial sulfate reduction produces
hydrogen sulfide, which can subsequently be reoxidized to
sulfate by sulfur-oxidizing microorganisms, establishing a
dynamic biogeochemical loop.'*"> Beyond its microbial
cycling, sulfate contributes to aerosol formation, cloud
condensation nuclei activity, and heterogeneous chemistry
relevant to climate processes. Bicarbonate (HCO;7) is
similarly fundamental to marine chemistry. As the most
abundant dissolved inorganic carbon species, it underpins the
ocean’s role as a major sink for atmospheric carbon dioxide
(CO,)."° Bicarbonate, together with carbonate (CO,>7),
provides much of the ocean’s buffering capacity, thereby
moderating the effects of anthropogenic CO, uptake on
seawater pH and ocean acidification.'® In addition, many
marine photosynthetic organisms utilize bicarbonate directly as
a carbon source, linking it to primary productivity and carbon
cycling."”

Sea spray aerosols (SSAs) are the most abundant type of
marine aerosol. They consist primarily of the same salts and
ions found in seawater such as sodium chloride (NaCl), with
smaller amounts of magnesium, calcium, sulfate, and potassium
ions. They are generated when wind-driven waves produce
bubbles that burst at the ocean surface, ejecting saline droplets
into the atmosphere.'®'” These droplets can remain airborne
as aerosols, influencing cloud microphysics and radiative
forcing. Observations in coastal regions such as Hawaii reveal
significantly higher concentrations of giant sea salt aerosols
compared to those over the open ocean, with these
supermicron particles playing an important role in local
cloud formation and precipitation processes.'”'® SSAs can
act as efficient ice-nucleating particles (INPs), promoting ice
crystal formation at hi§her temperatures than homogeneous
freezing would allow.””*" This ability can influence mixed-
phase cloud properties, cloud lifetime, precipitation onset, and
radiative balance. Their impacts include enhancing snow and
ice precipitation, modifying regional hydrological cycles, and
introducing uncertainties into climate model predictions due
to limited representation of SSA-INP activity and its
dependence on seawater composition.””>* Given their high
surface-to-volume ratio and heterogeneous composition, SSAs
share physicochemical similarities with the saline droplets
examined in this study, making them an important atmospheric
analog for interpreting our results.

Because the behavior of sea spray and mixed aerosols reflects
the underlying chemistry of freezing seawater, it is important to
first consider what is already known about how salts reorganize
during the liquid-to-ice transition. While the effects of freezing
on bulk seawater salinity and ice morphology have been
extensively studied, fewer investigations have examined the
molecular-scale chemical changes induced by freezing,
particularly in relation to salt-specific chemistry. Prior work
has documented desalination effects during freezing and ion-
specific mi%ration or segregation behaviors in freezing saline
systems.26_ ® Recent surface-specific measurements on artifi-
cial seawater also show that realistic oceanic ion mixtures,
together with trace surfactants, substantially reorganize
interfacial composition and reactivity, altering the surface
propensity of sulfate, magnesium, and other ions and thereby
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affecting heterogeneous chemistry at the air—water boun-
dary.”” Using liquid-jet photoelectron spectroscopy and
surface-tension measurements on artificial seawater containing
the major seawater ions at realistic concentrations, it has been
shown that even a nominal 0.12 fraction of a monolayer of
charged surfactant can substantially remodel interfacial ion
populations. In particular, interfacial sulfate can be modulated
by about an order of magnitude depending on surfactant
charge, with trends governed by electrostatic attraction or
repulsion and further tuned by ionic strength and specific
interactions with Mg** and Ca*'. The liquid-jet photoelectron
spectroscopy approach probes only the top few nanometers,
directly reporting interfacial composition in these mixed ion-
surfactant systems.”” In addition, electrical potentials can
develop during droplet freezing due to ion partitioning. The
classic Workman-Reynolds freezing potential (WRFP) appears
during slow front propagation at small supercoolings and can
reach large voltages; at higher supercoolings a distinct, faster
“alternating-spike” potential accompanies the dendritic stage
and can set the polarity and magnitude of the subsequent
WREFP-like signal. The dendritic-stage amplitude scales with
AT and depends on ion concentration, with a breakdown
concentration in the 107*—=1072 mol/L range.30

However, there remains a gap in literature in understanding
how molecular and ionic interactions govern the evolving
structure and chemistry of seawater during freezing, especially
through approaches that can capture changes occurring in both
the bulk and interfacial regions. Addressing this knowledge gap
in the underlying chemistry specifically at the atmospherically
relevant droplet level is the primary motivation of the present
work.

Another potential process of atmospheric relevance is the
interaction between these seawater-derived salts and anthro-
pogenic halogenated refrigerants. While often considered
relatively inert, chlorofluorocarbons such as trichlorofluoro-
methane (CCLF) and dichlorodifluoromethane (CCLF,) have
been detected both in the marine atmosphere and within the
ocean water column of regions such as the Greenland and
Norwegian Seas.”’ These compounds have historically been
used as tracers for ocean circulation studies due to their
measurable solubility and [>ers.istence,3’1_35 indicating their
capacity for gas—aqueous phase transfer. Although the detailed
mechanisms of uptake and subsequent interfacial reactivity
remain uncertain, the presence of salts such as sulfate in
seawater or sea spray aerosols suggests the possibility of unique
ionic equilibria and heterogeneous interactions with refriger-
ants upon freezing, with implications for both atmospheric
chemistry and pollutant transformation.

An understanding of these processes requires first an in-
depth spectroscopic characterization of single droplets of
seawater proxies. To achieve this, we employed a surface-free
droplet levitation approach in an acoustic trap combined with
Raman spectroscopy to monitor the freezing of artificial
seawater and model salt solutions.’**” The levitated droplet
geometry eliminates container wall effects and, with its high
surface-to-volume ratio, enhances the role of interfacial
chemistry compared to bulk-phase systems. Acoustic levitation
has been used to study freezing of neat and salty droplets with
synchronized high-speed IR/VIS imaging, providing time-
resolved temperature fields and interior morphology during
supercooling and recalescence; related setups also integrate
high-speed cameras and can be operated with an acoustic
levitator in a controlled cooling chamber.’”*® This exper-
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imental configuration more closely represents the physico-
chemical environment of atmospheric aerosols, enabling direct
observation of freezing-induced ionic and structural trans-
formations under atmospherically relevant conditions. In this
work, we explore the behavior of sulfate and bicarbonate ions
during the freezing of seawater analogues, and show how their
spectroscopic signatures reflect distinct solvation environments
and protonation pathways. These results provide new
molecular-level insight into the evolution of ice structure in
saline systems and reveal an unexpectedly complex anionic
chemistry that emerges upon freezing.

2. EXPERIMENTAL SECTION

2.1. Artificial Seawater and Salt Solution Preparation.
Artificial seawater (ASW) was prepared following the recipe
detailed in Foltz et al.’” The resulting seawater solution
corresponds to 3.5% salinity by weight. In 53.70 g of distilled
water, the following salts were added: 1.52 g of sodium
chloride (NaCl, Fisher Chemical, >99.0% purity), 0.194 g of
magnesium sulfate (MgSO,, Fisher Chemical, >99.0% purity),
0.295 g of magnesium chloride hexahydrate (MgCl,-6H,0,
Sigma-Aldrich, >99.995% purity), 0.06 g of calcium chloride
dihydrate (CaCl,-2H,0, Fisher Chemical, >99.0 purity),
0.0414 g of potassium chloride (KCl, Sigma-Aldrich, >99.0%
purity), and 0.0170 g of sodium bicarbonate (NaHCOj, Fisher
Chemical, >99.7 purity). In addition, 0.838 g of MgSO, was
added to 23.9 g of distilled water for the desired sulfate
solution (3.5% w/w). Similarly, bicarbonate solution was
prepared by adding 0.884 g of NaHCO; to 25.3 g of distilled
water.

2.2. Surface-Free Levitator Setup in a Cryogenically
Cooled Process Chamber. In the acoustic levitator
apparatus utilized in this experiment (Figure 1),” ultrasonic
sound waves at a frequency of 58 kHz are generated by a
piezoelectric transducer and reflected off a concave plate
positioned vertically upward, thereby creating a standing wave.
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Holographic
spectrograph
) —————Beam splitter
Lens *.@ \
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Figure 1. Schematic top view of the complete levitator apparatus
displaying the ultrasonic levitator, process chamber, Nd:YAG laser,
Raman spectrometer, temperature probe, cooling jacket containing
liquid nitrogen, and optical camera. A photograph of the levitator
setup is depicted in Figure S1 of the Supporting Information (SI).

231

These sound waves generate acoustic radiation pressure,
enabling a liquid droplet or a small solid particle to levitate
just below one of the pressure minima of the standing wave.
The distance between the transducer and reflector is calibrated
to 2.5 times the wavelength of the sound wave (approximately
14.8 mm), resulting in a total of five pressure nodes. However,
only the second and third pressure nodes above the ultrasonic
transducer are suitable for levitation. The maximum diameter
of droplets or particles that can be stably levitated in this
apparatus is around 3 mm, while the minimum size can be as
small as 15 ym. To capture visuals of the freezing process, the
chamber is also equipped with a Phantom Miro 3al0 camera
that was aligned with the levitated sample via an optical
viewport. The camera operates at a repetition rate of up to 1
kHz. The levitator assembly is housed within a pressure-
compatible process chamber, approximately 15 L in volume,
constructed from low-carbon stainless steel 304. This design
allows for levitation in either inert or highly reactive gases to
facilitate the investigation of chemical reactions. The process
chamber is equipped with spectroscopic tools (Raman) along
with the visualization equipment to monitor any si%niﬁcant
chemical or physical changes in the levitated samples.””*"*!

A custom cylindrical cooling jacket, filled with liquid
nitrogen, is inserted from the top, and positioned between
the chamber wall and the levitator unit to cool the internal
environment.”® The cooling jacket features customized cuts to
accommodate all spectroscopic and camera probes and is
connected to a liquid nitrogen dewar located externally.
Additionally, the process chamber is well insulated to enhance
the cooling efficiency. The internal gas temperature is
monitored by a silicon diode sensor, which provides an
accurate reading of the chamber atmosphere. During the
droplet freezing processes, the droplet was allowed to remain
in the acoustic trap for 30 min without observing any spectral
changes. This is to confirm that the droplet temperature was
equilibrated with the chamber environment temperature as
measured through the silicon diode temperature sensor.
During all experiments, the chamber was filled with nitrogen
gas (Matheson, Research Purity 99.9999%) at a temperature of
293 K and a total pressure of 760 Torr.

2.3. Raman Spectroscopy. In the Raman spectrometer,
vibrational transitions are excited by a 532 nm line from a
diode-pumped, Q-switched Nd:YAG laser (CrystaLaser, model
QL532-1W0), which has a beam diameter of 0.35 mm and a
divergence angle of 3.8 mR. The laser outputs an average
power of approximately 200 mW with a pulse width of 13.5 ns,
operating at a repetition rate of 1 kHz. The laser beam is
introduced into the chamber through an antireflection-coated
window, followed by a mirror (Edmund Optics, model NT4S-
991, >99% reflectance) and a dichroic beam splitter (Semrock,
RazorEdge, model LPD01-532RU- 25 X 36 X 2.0). A plano-
convex lens with a focal length of 60 mm focuses the laser
beam onto the sample, creating a spot with a diameter (1/e2)
of approximately 20 pm. The Raman-shifted photons,
backscattered from the droplet, pass through an ultrasteep
long-pass edge filter (Semrock, model LP03-532RE-25) to
eliminate elastically scattered 532 nm laser light. The resultant
backscattered photons are then focused by a 50 mm /1.8
camera lens (Nikon, Nikkor 2137) into a HoloSpec /1.8
holographic imaging spectrograph (Kaiser Optical Systems,
model 2004500-501 and Holoplex HPG-532) equipped with a
PI-Max 2 Intensified Charge-Coupled Device (ICCD) camera
(Princeton Instruments) through a 100 pm slit. The CCD
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Figure 2. Deconvoluted Raman spectra of ASW (aqueous solution of 3.5% salinity by weight) in (A) liquid state at 297.8 K and (B) frozen solid
state, equilibrated with the surrounding gaseous environment at 254.0 K, as determined by the silicon diode sensor. Zoomed-in spectra at the 800—
1100 cm™ region where the sulfate stretching peak occurs is shown in both states respectively, depicting drastic changes upon freezing. Detailed
peak assignments can be found in Tables 1 and 2. Also shown are the images captured by the high-speed optical camera along with measurement of
the droplet size. Droplet size was determined through pixel measurements from captures of the optical camera, error bars originate from the
measurement uncertainty. The droplet undergoes nominal volume increase (~5%) upon freezing, otherwise remained consistent during the
freezing process, as well as across all experiments with various droplet compositions.

detector consists of 1024 X 256 pixels, each with a spatial
resolution of 26 ym. Spectra are collected over Raman-shift
ranges of 200—2450 cm™' and 2400—4000 cm™' simulta-
neously, achieved by dispersing the total signal using two
overlaid holographic transmission gratings. The resolution of
the Raman spectrometer is 9 cm™'. Both the excitation laser
and the detector operate at a 1 kHz repetition rate,
synchronized via a pulse generator, Quantum Composer
Plus, model-9518. To isolate the Raman scattering signal, the
pulse width for the ICCD detector is typically set around SO
ns, with accumulation times for each spectral trace ranging
from S to 100 s. For the experiments presented, a typical gate
delay of 480—500 ns was employed, with gates per exposure
fixed at 1000 shots. This is the optimal gate delay to suppress
any fluorescence background, which evolves at a longer delay
than Raman scattering. The Raman spectrometer was
calibrated by recording Raman spectra for levitating droplets
of cyclohexane (C4Hj,), toluene (C4H;CHj;), and acetonitrile
(CH,CN).*"*

2.4. Computational Methods. Geometry optimizations
and vibrational frequency calculations were performed for
sulfate (SO,>”), carbonate (CO,;*7), and bicarbonate
(HCO;™) encapsulated in an ice I, cluster containing 42
water molecules. All atoms were allowed to relax during
geometry optimization. Additional optimization and frequency
calculations were performed for the isolated (di)anions with
the solvation model density (SMD) continuum water solvation
model applied to simulate the experimental seawater environ-
ment.*” All geometry optimizations and vibrational frequency
calculations were performed with the NWChem program.*
Given the size of the structures studied, the use of highly
correlated methods and large basis sets was not practical.
Calculations were performed using B3LYP-D3 density func-
tional theory with the 6-31+G* basis set. The D3 dispersion

correction was necessary for accurately modeling hydrogen
bonding interactions.”* The basis set was chosen for its
inclusion of diffuse functions, which are known to be critical
for describing the anionic systems. Anharmonic effects were
corrected for by use of a scaling factor of 0.962 as
recommended by CCCPDB.* Vibrational modes were
visualized and labeled manually in Avogadro 2.*° Figures
were rendered using VMD."

3. RESULTS AND DISCUSSION

3.1. Room Temperature Raman Spectra of Artificial
Seawater (ASW) Droplets. While the levitated droplets
studied here have diameters on the order of 1—2 mm (Figure
2), atmospheric sea spray aerosols span roughly 0.1—10 ym in
diameter, encompassing submicron organic-enriched film
drops and larger jet drops formed from bubble burst-
ing.'»'”?"** The laboratory droplets thus represent bulk
aqueous analogs rather than true aerosol-scale particles, though
both share a high surface-to-volume ratio relative to macro-
scopic water volumes. Somewhat larger droplets in our case
allow spectroscopic probing at single droplet level to trace
molecular reorganization during freezing. Under ambient
conditions (297.8 K), the Raman spectra (Figure 2A) of
ASW exhibit the characteristic peak of symmetric stretching
mode (v;) of the sulfate ion (SO,*”) centered at 981 cm™.
This feature is not observed in the spectrum of pure water
droplets, as shown in Figure S2 and Tables S1 and S2. This
feature is widely documented in the literature and serves as a
unique spectral signature of sulfate in aqueous environ-
ments.”®"” In addition to the sulfate feature, several other
Raman bands associated with water, along with feature arising
from salt species present in the ASW were observed. In the
room temperature spectra of aqueous droplets, signals
attributable to both free or weakly hydrogen-bonded O—H
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Table 1. Peak Assignments for the Deconvoluted Raman Spectrum of ASW (3.5% Salinity by Weight) Droplets at 297.8 K“

Experimental wavenumber

Literature wavenumber

Peak (em™) Carrier Peak assignment (em™) Reference

v 3622 H,O (surface) Free or weakly bond O—H group 3632 50, 51
(surface/interface)

v, 3557 H,O (bulk) Weakly H-bonded hydration water ~3530 50, 52, 53

U3 3425 H,O (bulk) Bulk water O—H intermediate stretch 3435 52, 54

Uy 3223 H,O (deformed) O-—H stretch of deformed tetrahedral H-bond 3140 to ~3200 50, 53, 64, 65

Vs 3095 H,0 (bulk) O—H stretch of ideal tetrahedral H-bond 3075 53

Vsgw 2974 H,0 (bulk) Intense O—H stretching ~2800—3000 66, 67

Vg 1623 H,0 OH bend ~1600 68, 69

v, 980 S04 (aq) Symmetric S—O stretch in sulfate 981 48

Vg 286 H,O (bulk) Translational lattice mode ~280 36, 65

I 216 H,0 (bulk) Translational lattice mode ~220 36, 65

“sw = seawater solution being the first time this mode appears.

Table 2. Peak Assignments for the Deconvoluted Raman Spectrum of Ice Crystal from Artificial Seawater Droplets (3.5%

Salinity by Weight) at 254.0 K*

Experimental wavenumber

Literature wavenumber

Peak (em™) Carrier Peak assignment (em™ Reference

v, 3583 H,O (surface) Free or weakly bond O—H group (surface/interface) ~3530—-3632 50-53

vy 3566 H,0 (surface) O—H stretch of fully coordinated interfacial water ~3530 52
molecules

vy 3380 H,0 (s) Bulk water O—H stretch (red-shifted intermediate 3314—3435 50, 52, 54, 57, 64,
H-bond) 70

2% 3256 H,0 O—H stretch of hexagonal crystal structure ~3208 57

(deformed)

Vg 3160 H,0 (s) O—H stretch in fully slightly distorted DDAA* ice 3140 to ~3200 50, 53, 64, 65

vs' 3140 H,0 (s) O—H stretch in DDAA ice 3140-3150 50, 64, 65

Vs 2874 H,0 (bulk) Intense O—H stretching ~2800—3000 66, 67

Vg 1650 H,0 (bulk)  OH bend ~1600 68, 69

v,/ 1013 SO (ag/s)  Symmetric S—O stretch of sulfate in reduced symmetry 1000 71
environments

vy 981 SO, (aq) Symmetric S—O stretch in sulfate 981 48

vg' 951 SO, (ag/s)  Symmetric S—O stretch of sulfate in reduced symmetry 62, 63, 72
environments

vg 280 H,0 (s) Translational lattice mode ~280 36, 65

Vo 227 H,0 (s) Translational lattice mode ~220 36, 65

a g —

Double donor double acceptor. i = red-shifted.

groups appear in the stretching regions as v; (3622 cm™') and
v, (3557 cm™'), respectively (Table 1). The v, peak at 3622
cm™" closely matches literature-reported value near 3632 cm™
for weak or non-hydrogen bonded O—H stretches.”" >’ The v,
band appears at 3557 cm™!, consistent with previous reports of
similar modes at approximately 3537 cm™' resembling to fully
coordinated water molecules.”® The broad peak at 3425 cm™'
(v3) corresponds to bulk water O—H stretching vibrations,
while the feature near 3223 cm™' (v,) arises from tetrahedrally
coordinated water molecules slightly distorted from ideal
tetrahedral geometry.””>*~>* The ratio of intensities of these
two peaks is inherently temperature-dependent and has been
widely used as a semiquantitative structural indicator or
“spectroscopic thermometer”.”>*® Under room temperature
conditions, the v; band dominates over v, in spectral intensity.
No detectable spectral features of bicarbonate anion are
observed as the concentration is too low (0.03%).

3.2. Raman Spectra of Frozen ASW Ice. Notably, upon
freezing, alteration in the spectral pattern for the broad O—H
stretch region (3800—2800 cm™") is observed accompanied by
spectral shifts and emergence of new bands (Figure 2B, Table
2). In particular, the v, band is red-shifted to 3135 cm™ (v,;)
and becomes more prominent than v; which also saw
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redshifting from 3425 cm™ to 3380 cm™, on the contrary
as observed in the liquid phase. Among the new bands, v, at
3566 cm™! is assigned to the symmetric stretch of O—H in
fully coordinated interfacial water.”> The v, band at 3256
cm™' aligns more closely to O—H stretching in hexagonally
oriented crystal water structures, while the v feature at 3140
cm™ corresponds to the DDAA (double donor double
acceptor) O—H stretch mode.”””

It is also apparent that, besides both experiencing a redshift,
bands v; and v, undergo a change in relative bandwidth, which
is shown in Tables S9 and S13. Namely, in liquid ASW, the full
width at half-maximum (fwhm) of v; is notably larger than v,
(252 cm™ versus 177 cm™'), whereas in the frozen crystal this
trend is reversed (212 cm™' versus 259 cm™!). This is a
reflection of the phase transition to a rigid tetrahedral lattice in
which all OH groups experience nearly identical hydrogen-
bonding environments, reducing inhomogeneous broadening,
solvation dynamics, and producing a strongly coupled,
coherent vibration.”>****7°" Because these changes evolve
continuously during cooling, we additionally monitored the
time-dependent behavior of the O—H stretch envelope
together with the sulfate v, band to track the progression of
the freezing event and the accompanying changes in ionic
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Figure 3. Deconvoluted Raman spectra of a 3.5 wt % aqueous magnesium sulfate (MgSO,,) solution in (A) the liquid phase at 297.8 K and (B) the
frozen state equilibrated with the gaseous environment at 254.0 K, as determined by the silicon diode sensor. The spectral region from 1100 to 800
cm™!, corresponding to the sulfate vibrational modes, is highlighted, revealing notable spectral broadening and intensity reduction after freezing.

Peak deconvolution and assignments are summarized in Tables S3 and S4.

environments. These temporal Raman spectral traces and the
corresponding kinetic profiles are provided in Figures S3 and
S4. Their inclusion illustrates that freezing proceeds through
an initial liquid stage, an onset of salt-induced heterogeneous
nucleation, and subsequent partial and complete freezing,
which together establish the context for the sulfate symmetry-
lowering behavior discussed below.

The 981 cm™" peak corresponding to solvated sulfate anion
undergoes significant broadening upon crystallization of the
droplet and indicates a decrease in integrated area upon
spectral deconvolution (Figure 2B); this phenomenon is
suggestive of structural perturbations in the ionic solvation
environment. Two additional peaks adjacent to the primary
sulfate peak (981 cm™') can be located: a low-frequency
shoulder at 951 cm™ and a higher-frequency weak feature in
the 1013—1031 cm™! range, as shown in Figure 2B. The 951
cm™' component is attributed to sulfate anions occupying
reduced-symmetry environments within the ice matrix. This
assignment is consistent with previous findings and cannot be
fit with other known species in ASW exhibiting Raman activity
in this region.”>®’

Mechanical stress or crystalline constraints can cause
elongation in chemical bonds, thereby the observed red-shift
in the vibrational frequency can be linked to a phenomenon
applicable to the freezing-induced changes.62 Additionally, it
has been demonstrated that Raman-active modes of sulfate,
including v, and v,, can undergo splitting under symmetry-
lowering conditions.”” For example, in the case of creedite
(Ca;ALSO,(F,O0H)-2H,0), the local symmetry reduction
from T, to C,, occurs due to bidentate coordination between
the sulfate ion and water molecules hydrogen-bonded to AI**
centers, resulting in the splitting of the v,, 13, and v, modes.
Furthermore, it has been reported that in potassium sulfate
(K,S0,) crystals, the v, symmetric stretching mode can appear
as low as 930.3 cm™}, reinforcing the notion that deviation
from ideal tetrahedral symmetry leads to spectral shifts and
additional bands.*®
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The high-frequency feature at ~1014 cm™" likely arises from
one of two plausible mechanisms. First, it may result from
additional symmetry lowering of the sulfate tetrahedron due to
the freezing-induced restructuring of the local solvation shell.
This is supported by the observation of a shift of the sulfate v,
band from 981 to 1000 cm™' when sulfate was incorporated
into the apatite lattice (SSrApOH), leading to significant
distortion of the tetrahedral geometry within the crystalline
matrix.”" Alternatively, this band may correspond to the
bisulfate ion (HSO,”), which is known to exhibit Raman
activity near this region.”””® While bisulfate formation is
chemically plausible under acidic conditions, its presence in
ASW is uncertain due to the relatively low concentration of
bicarbonate (a potential proton donor). As detailed in the
Experimental Section, the concentration of sulfate in ASW is
more than 10-fold higher than that of bicarbonate (0.194 g vs
0.017 g), making significant bisulfate formation unlikely under
these conditions. It is noteworthy that when sodium and
sulfate jons are present in high concentrations, freezing,
particularly in aerosolized particles, can promote the
crystallization of sodium sulfate in the solid phase III form,
especially under slightly acidic conditions.”” A key spectral
distinction between sulfate in phase III Na,SO, and aqueous
sulfate is the position of the v; symmetric stretching band. In
phase III, the band is shifted to approximately 992—996
cm™'.7? In the present study, while the dominant sulfate v,
band in frozen ASW remains centered at ~981 cm™},
indicating that the majority of sulfate species remain as ions
within the ice matrix, a minor shift due to phase III Na,SO,
formation may have also contributed to this broader peak at
1013 em™.

3.3. Plausible Dynamic Anionic Interplay during
Freezing. To further evaluate the origins of the shoulder
peaks observed in ASW ice crystal, three additional solutions
involving the polyatomic anions were prepared and analyzed: a
pure magnesium sulfate solution, a pure sodium bicarbonate
solution, and a 1:1 by-weight mixture of sulfate and
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(A) 297.8 K (liquid) and (B) 254.0 K (frozen and equilibrated with the surrounding environment). The 1100—800 cm™' range, capturing
overlapping vibrational features of sulfate and bicarbonate species, is magnified to highlight structural and spectral changes upon freezing. Peak

details are listed in Tables S7 and S8.

bicarbonate ions. These control experiments were designed to
isolate the contributions of each ionic species and to assess
their individual spectral signatures under both ambient and
frozen conditions.

3.3.1. Freezing of 3.5% w/w Sulfate Solution. In the room
temperature spectrum of the pure magnesium sulfate solution
(Figure 3), the dominant Raman feature at 981 cm™’
consistent with the symmetric stretching mode of the SO,*”

is

ion.*® Detailed peak assignments can be found in Tables S3
and S4. A smaller, yet distinct, peak is also observed near 1015
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cm™!, suggesting low-level formation of bisulfate (HSO,)
even in the absence of added bicarbonate.”””” This may be
attributed to mild acidification from Mg>" ions (in the form of
MgSO,), which are known to hydrolyze in water and act as
weak Lewis acids. Mg®" has a high charge density and strongly
polarizes coordinated water molecules, promoting partial
deprotonation to form H;O" and lowering the pH of
solution.”* Formation of bisulfate may also be from proton
donation by water itself, as bisulfate has a pK, of 1.92, making

SO,>” sufficiently basic to accept a proton under certain
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tetrahedral geometry, where prime atomic labeling indicates a single-molecule optimization.

conditions.”””® Another plausible explanation is that the sulfate

ion receives a proton from hydronium (H;O%), particularly
since low-salinity solutions such as ASW or the sulfate solution
used here can reach a pH of 6.5 at 258 K or lower.”” In this
case, there cannot be any contribution of phase III Na,SO, to
the 1015 cm™ peak as sodium is absent from the solution.
Additionally, several secondary sulfate peaks that were
previously undetectable in the ASW spectra due to lower
sulfate concentration are resolved here. Notably, the vy peak,
corresponding to the v, bending mode, and the vy, peak,
corresponding to the v, bending mode, are clearly observed
and consistent with prior assignments (Table S3).”*

In the Raman spectrum of the sulfate-only ice crystal, the
overall pattern closely mirrors that of frozen ASW: the 981
cm™' peak broadens, and shoulders emerge at approximately
940 and 1015 cm™'. However, in contrast to the room
temperature case, the 1015 cm™ peak exhibits markedly
reduced intensity under frozen conditions (Table S4). This
observation supports the hypothesis that symmetry-lowering
effects dominate over bisulfate formation during the freezing
process.

3.3.2. Freezing of 3.5% w/w Bicarbonate Solution. Raman
spectrum of the droplet containing bicarbonate solution
displays a strong Raman feature near 1015 cm™, which is
characteristic vibration of the C—OH stretching mode of the
HCO,™ ion (Figure 4).”°7®° The increased bicarbonate
concentration in this sample, relative to ASW, enables the
identification of several additional spectral features. These
include the v, band at 2620 cm™, corresponding to the CO—
H stretch, and the v.;, and vg, bands at 1370 and 1309 cm™!,
assigned to —CO, symmetric stretching and C—OH bending,
respectively (Table $5).”%””*" Two lower-frequency bands are
also detected: the vy, peak at 676 cm™’, associated with CO,
bending, and the vy}, feature at 642 cm™', attributed to OCO
or HOC deformation modes.””"'
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Upon freezing, the 1015 cm™ band remains the most
intense feature in the bicarbonate spectrum, indicating that
freezing induces minimal changes in bicarbonate speciation or
coordination. This stands in contrast to the sulfate- and ASW-
containing systems, where the freezing process results in
considerable spectral broadening and the emergence of new
features, further reinforcing the role of sulfate-specific
structural transformations.

3.3.3. Freezing of 1:1 Sulfate—Bicarbonate Mixed
Solution. In the room temperature Raman spectrum of the
droplet containing 1:1 sulfate-bicarbonate mixture (Figure $),
a strong peak is observed at 101S cm™', which exceeds the
intensity of the sulfate v, band at 981 cm™". This dominant
feature is primarily attributed to the C—OH stretching
vibration of the bicarbonate ion (HCO;7).”*™* In addition
to this, nearly all Raman-active modes identified in the
individual sulfate and bicarbonate solutions are also present in
this mixed system (Table S7). On the high-wavenumber end,
the vg, band at 2620 cm™ corresponding to the CO—H stretch
of bicarbonate is detected. The spectrum also includes v, Vg,
Vgy, V1o and vy, bands, all previously observed in the pure
bicarbonate solution, as well as the sulfate-associated v, vg,,
and vy, bands found in the pure sulfate solution.

Upon freezing, the 1015 cm™ peak persists but decreases in
intensity relative to the 981 cm™' sulfate band, and the
characteristic v,'/ vg' sulfate shoulder features observed in
ASW and pure sulfate solutions are not distinctly resolved in
the mixed system, indicating that bicarbonate has little
influence on the coordination or symmetry of the sulfate
anion under frozen conditions (Table S8). Notably, the
appearance of a band at 1458 cm™ (vg,,) assigned to the C—O
stretching mode of the carbonate ion (CO5>”) in both room
temperature and frozen spectra of the 1:1 mixture provides
further evidence for partial carbonate formation.*’~* This
feature is absent in all other samples, indicating that
comparable concentrations of sulfate and bicarbonate (pK,
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10.33) may favor this deprotonation transformation pathway.”®
On the other hand, plausible formation of bisulfate can be
masked under the dominant features of bicarbonate.

Some Raman bands evident at room temperature such as the
V1o mode of bicarbonate and the vg sulfate bending mode are
no longer observed in the spectrum of the ice crystal. This
trend is consistent with a broader pattern of intensity loss upon
freezing, which may be attributed to increased structural
disorder or symmetry changes in the frozen matrix, similar to
the effects observed for the sulfate v, band. In addition, it is
noteworthy here that in the high-wavenumber OH-stretch
region, all four droplets studied saw a redshift in the dominant
bands v; and v, and are given new assignments vy and vy,
respectively, to reflect this decrease in wavenumbers. This is
expected considering the increase in oscillatory strength of
hydrogen-bonds upon freezing.”’ A comparison of the OH-
stretch region of the four droplets and their crystals can be
found in Figures SS and S6, and Tables S9—S16 depict the list
of detailed peak locations and fwhm’s of the bands of the
deconvoluted regions.

3.4. Computational Analysis. The vibrational frequencies
of the SO,7, CO,;*", and HCO,  anions in the ice are
computed according to Section 2.4. Geometry optimizations
show that the incorporation of SO, into the hexagonal-ice
hydrogen-bonded network produces inequivalent S—O bond
lengths (150—152 nm) and deviations from ideal O—S—0O
angles (+1.2°) lowering the local symmetry from the
tetrahedral point group (T,) to C; (Figure 6). The normal-
mode analysis (Table 3) indicates that the totally symmetric

Table 3. Frequency Calculation Results for Sulfate in
Solution and in the Ice Crystal

SMD water solvated

Vibrational model wavenumber Ice-encapsulated model
mode (em™) active wavenumbers (cm™)
Sulfate 856 886
symmetric
stretch
892
895
908
Carbonate 978 1057
symmetric
stretch
1053
1031
1028

S—O stretch is extensively coupled with surrounding water
molecules and thus becomes active across several nearby
modes in hexagonal-ice rather than appearing at a single
frequency. As the neighboring molecules do not hold
tetrahedral symmetry around SO,>”, the coupling results in
the observed inhomogeneous broadening with partially
resolved shoulders of the symmetric stretch Raman band
upon freezing.

The most rigorous study of the vibrational frequencies of
SO,>” in liquid water should sample a large configurational
space with ab initio molecule dynamics (AIMD) simulations to
account for different arrangements of the hydrogen-bond
network, so that local distortions can be averaged over all these
configurations.** Since extensive AIMD simulations are well
beyond the scope of this work, we employed a continuum
model, SMD to account for the liquid phase. It is worth noting

237

that the absolute frequencies these calculations should not be
directly compared with the experiment due to the finite size
cluster (for ice) and implicit solvent (for liquid); the focus
should be on the structural distortions and spectral broad-
ening.85

Figures 7 and 8 show the geometry optimization of CO5*~
and HCOj;™ in the condensed phase. Similar to the case of
SO,>", the encapsulated environment of hexagonal ice
introduces a fair amount of geometry distortion to both
CO;* and HCO,;". Since the symmetric sulfate stretch
involves concerted motion from all four S—O bonds, it is
intrinsically sensitive to symmetry breaking. In contrast, since
HCO;™ is of lower symmetry (C,) and the C—OH stretch is
highly localized, general distortions of the asymmetric
interactions from neighboring water molecules couple only
indirectly to the Raman band. Although CO;*™ is of high
symmetry (Dj;,) and the calculations predict similar freezing-
induced broadening of the symmetric C—O stretch as observed
in the symmetric S—O stretch (Table 3), the experimental
carbonate abundance in the droplet is too low to validate the
prediction.

4. CONCLUSION

Using Raman spectroscopy on levitated droplets of artificial
seawater (ASW) and model salt solutions in a simulated
atmosphere, this study examined ion speciation and structural
changes during freezing under conditions that closely resemble
atmospheric aerosols. The droplet levitation method eliminates
container wall effects and, with the high surface-to-volume
ratio for the microliter-sized droplets, enables the study of the
enhanced interfacial chemistry compared to bulk-phase
systems.

Droplet freezing of ASW and the pure sulfate control
solution resulted in a broadening of the sulfate v, band at 981
cm ™' and production of additional peaks near 940 and ~1014
cm™!, consistent with reduced-symmetry sulfate environments
and possible bisulfate formation. Collectively, our results
support three key conclusions: (1) the broadening of the
sulfate peak upon freezing is primarily driven by symmetry
reduction and heterogeneity in local solvation environments;
(2) control experiments show that while bicarbonate serves as
a useful control for distinguishing overlapping vibrational
features, sulfate emerges as the pivotal component that initiates
distinct ionic conversion during ice formation in seawater,
while possibly also enhancing reactive interfacial interactions
due to increased acidity; and (3) ASW contains insufficient
bicarbonate to promote any significant bisulfate formation or
self-conversion to carbonate, thus exhibiting only very weak
features beyond the dominant sulfate band. Although the
present measurements probe the bulk composition of the
droplets, the Raman signatures alone cannot determine
whether the potential bisulfate formation occurs primarily in
the bulk phase, at the air—liquid interface, or in both regions.
Future studies employing interface-specific techniques, such as
(liquid jet) photoelectron spectroscopy, would therefore be
highly valuable for resolving the interfacial contributions and
providing a more complete picture of the freezing-induced
ionic transformations in these systems.

In addition, these results have direct implications for the
atmospheric chemistry of frozen aerosols, including the uptake
and transformation of acidic gases such as sulfur dioxide (SO,),
hydrogen chloride (HCI), hydrofluoric acid (HF), and
common fluorinated refrigerant gases (hydrofluorocarbons
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Figure 7. The optimized structure of HCO;~ with 42 water molecules initialized in an ice I, crystalline structure (a) side view, (b) top view and (c)
a close look at the distortion of the bicarbonate anion from the C, symmetry. (d) SMD water solvated bicarbonate optimization exhibited in C,,
where prime atomic labeling indicates a single-molecule optimization.
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Figure 8. The optimized structure of CO;*~ with 42 water molecules initialized in an ice I, crystalline structure (a) side view, (b) top view and (c)
a close look at the distortion of the carbonate anion from the Dy, symmetry. (d) SMD water solvated carbonate optimization exihibited in Dy,
geometry, where prime atomic labeling indicates a single-molecule optimization.

(HFCs), hydrofluoroolefins (HFOs), hydrochlorofluorocar- (NO,), thereby enhancing sulfate production under high-
bons (HCECs)) with their degradation products such as nitrate conditions. Similarly, heterogeneous uptake of SO,
trifluoracetic acid (TFA). Sulfate uptake has been shown to onto urban surfaces has been linked to the formation of
initiate diverse atmospheric reactions. For example, nitrate organic sulfur compounds and haze episodes.*>*” These cases
photolysis in the presence of SO, can generate nitric oxide illustrate how sulfate-driven droplet and interfacial chemistry
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can redirect multiphase pathways and amplify secondary
pollutant formation. In this context, the interactions of sulfate
with emerging atmospheric constituents such as halogenated
refrigerants are especially relevant to decipher their long-range
transport and degradation mechanism. Salt phase segregation
in ice, such as hydrohalite and antarcticite formation, may
strongly bind halides and alter pollutant reactivity and
lifetime.*® By combining chemical specificity with a geometry
that mimics atmospheric particles, this approach provides a
framework for predicting reactivity, phase behavior, and
pollutant uptake in frozen marine and mixed aerosols under
cold environmental conditions.
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