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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.39 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 (MgSO4, Fisher Chemical, ≥99.0% purity),
0.295 g of magnesium chloride hexahydrate (MgCl2·6H2O,
Sigma-Aldrich, ≥99.995% purity), 0.06 g of calcium chloride
dihydrate (CaCl2·2H2O, Fisher Chemical, ≥99.0 purity),
0.0414 g of potassium chloride (KCl, Sigma-Aldrich, ≥99.0%
purity), and 0.0170 g of sodium bicarbonate (NaHCO3, Fisher
Chemical, ≥99.7 purity). In addition, 0.838 g of MgSO4 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 NaHCO3 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),37 ultrasonic
sound waves at a frequency of 58 kHz are generated by a
piezoelectric transducer and reflected o< a concave plate
positioned vertically upward, thereby creating a standing wave.

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 μm. To capture visuals of the freezing process, the
chamber is also equipped with a Phantom Miro 3a10 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 significant
chemical or physical changes in the levitated samples.37,40,41

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.36 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 e>ciency. 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 NT45-
991, >99% reflectance) and a dichroic beam splitter (Semrock,
RazorEdge, model LPD01-532RU- 25 × 36 × 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 μm. 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 f/1.8
camera lens (Nikon, Nikkor 2137) into a HoloSpec f/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 μm slit. The CCD

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).
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detector consists of 1024 × 256 pixels, each with a spatial
resolution of 26 μm. Spectra are collected over Raman-shift
ranges of 200−2450 cm−1 and 2400−4000 cm−1 simulta-
neously, achieved by dispersing the total signal using two
overlaid holographic transmission gratings. The resolution of
the Raman spectrometer is 9 cm−1. 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 50
ns, with accumulation times for each spectral trace ranging
from 5 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 (C6H12), toluene (C6H5CH3), and acetonitrile
(CH3CN).37,40

2.4. Computational Methods. Geometry optimizations
and vibrational frequency calculations were performed for
sulfate (SO4

2−), carbonate (CO3
2−), and bicarbonate

(HCO3
−) encapsulated in an ice Ih 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.42 All geometry optimizations and vibrational frequency
calculations were performed with the NWChem program.43

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.44 The basis set was chosen for its
inclusion of di<use functions, which are known to be critical
for describing the anionic systems. Anharmonic e<ects were
corrected for by use of a scaling factor of 0.962 as
recommended by CCCPDB.45 Vibrational modes were
visualized and labeled manually in Avogadro 2.46 Figures
were rendered using VMD.47

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 μm in
diameter, encompassing submicron organic-enriched film
drops and larger jet drops formed from bubble burst-
ing.18,19,21,24 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 (ν7) of the sulfate ion (SO4

2−) centered at 981 cm−1.
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.48,49 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

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−1 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.
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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−1 is
consistent with the symmetric stretching mode of the SO4

2−

ion.48 Detailed peak assignments can be found in Tables S3
and S4. A smaller, yet distinct, peak is also observed near 1015

cm−1, suggesting low-level formation of bisulfate (HSO4
−)

even in the absence of added bicarbonate.49,73 This may be
attributed to mild acidification from Mg2+ ions (in the form of
MgSO4), which are known to hydrolyze in water and act as
weak Lewis acids. Mg2+ has a high charge density and strongly
polarizes coordinated water molecules, promoting partial
deprotonation to form H3O+ and lowering the pH of
solution.74 Formation of bisulfate may also be from proton
donation by water itself, as bisulfate has a pKa of 1.92, making
SO4

2− su>ciently basic to accept a proton under certain

Figure 4. Comparison of deconvoluted Raman spectra for 3.5% by weight sodium bicarbonate (NaHCO3) aqueous solution at (A) room
temperature liquid state (297.8 K) and (B) frozen conditions (equilibrated with the surrounding gaseous environment at 254.0 K). In the 1100−
800 cm−1 spectral segment, characteristic solvated bicarbonate-related vibrations are magnified. Refer to Tables S5 and S6 in the Supporting
Information for peak assignments.

Figure 5. Deconvoluted Raman spectra of a binary 3.5 wt % aqueous solution containing MgSO4 and NaHCO3 in a 1:1 mass ratio, measured at
(A) 297.8 K (liquid) and (B) 254.0 K (frozen and equilibrated with the surrounding environment). The 1100−800 cm−1 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.
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conditions.75,76 Another plausible explanation is that the sulfate
ion receives a proton from hydronium (H3O+), 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.77 In this
case, there cannot be any contribution of phase III Na2SO4 to
the 1015 cm−1 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 ν8s peak,
corresponding to the ν4 bending mode, and the ν9s peak,
corresponding to the ν2 bending mode, are clearly observed
and consistent with prior assignments (Table S3).72

In the Raman spectrum of the sulfate-only ice crystal, the
overall pattern closely mirrors that of frozen ASW: the 981
cm−1 peak broadens, and shoulders emerge at approximately
940 and 1015 cm−1. However, in contrast to the room
temperature case, the 1015 cm−1 peak exhibits markedly
reduced intensity under frozen conditions (Table S4). This
observation supports the hypothesis that symmetry-lowering
e<ects 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−1, which is
characteristic vibration of the C−OH stretching mode of the
HCO3

− ion (Figure 4).78−80 The increased bicarbonate
concentration in this sample, relative to ASW, enables the
identification of several additional spectral features. These
include the ν5b band at 2620 cm−1, corresponding to the CO−
H stretch, and the ν7b and ν8b bands at 1370 and 1309 cm−1,
assigned to −CO2 symmetric stretching and C−OH bending,
respectively (Table S5).78,79,81 Two lower-frequency bands are
also detected: the ν10b peak at 676 cm−1, associated with CO2
bending, and the ν11b feature at 642 cm−1, attributed to OCO
or HOC deformation modes.79,81

Upon freezing, the 1015 cm−1 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 5),
a strong peak is observed at 1015 cm−1, which exceeds the
intensity of the sulfate ν1 band at 981 cm−1. This dominant
feature is primarily attributed to the C−OH stretching
vibration of the bicarbonate ion (HCO3

−).78−80 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 ν5b band at 2620 cm−1 corresponding to the CO−H stretch
of bicarbonate is detected. The spectrum also includes ν7b, ν8b,
ν9b, ν10b, and ν11b bands, all previously observed in the pure
bicarbonate solution, as well as the sulfate-associated ν7, ν8s,
and ν9s bands found in the pure sulfate solution.

Upon freezing, the 1015 cm−1 peak persists but decreases in
intensity relative to the 981 cm−1 sulfate band, and the
characteristic ν7′/ ν8′ 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−1 (ν6m) assigned to the C−O
stretching mode of the carbonate ion (CO3

2−) in both room
temperature and frozen spectra of the 1:1 mixture provides
further evidence for partial carbonate formation.81−83 This
feature is absent in all other samples, indicating that
comparable concentrations of sulfate and bicarbonate (pKa

Figure 6. The optimized structure of SO4
2− with 42 water molecules initialized in an ice Ih crystalline structure (a) side view, (b) top view and (c) a

close look at the distortion of the sulfate anion exhibited in tetrahedral geometry. (d) SMD water solvated sulfate optimization exhibited in the
tetrahedral geometry, where prime atomic labeling indicates a single-molecule optimization.
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(HFCs), hydrofluoroolefins (HFOs), hydrochlorofluorocar-
bons (HCFCs)) with their degradation products such as
trifluoracetic acid (TFA). Sulfate uptake has been shown to
initiate diverse atmospheric reactions. For example, nitrate
photolysis in the presence of SO2 can generate nitric oxide

(NO2), thereby enhancing sulfate production under high-
nitrate conditions. Similarly, heterogeneous uptake of SO2
onto urban surfaces has been linked to the formation of
organic sulfur compounds and haze episodes.86,87 These cases
illustrate how sulfate-driven droplet and interfacial chemistry

Figure 7. The optimized structure of HCO3
− with 42 water molecules initialized in an ice Ih crystalline structure (a) side view, (b) top view and (c)

a close look at the distortion of the bicarbonate anion from the Cs symmetry. (d) SMD water solvated bicarbonate optimization exhibited in Cs,
where prime atomic labeling indicates a single-molecule optimization.

Figure 8. The optimized structure of CO3
2− with 42 water molecules initialized in an ice Ih crystalline structure (a) side view, (b) top view and (c)

a close look at the distortion of the carbonate anion from the D3h symmetry. (d) SMD water solvated carbonate optimization exihibited in D3h
geometry, where prime atomic labeling indicates a single-molecule optimization.
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