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ABSTRACT: Aerosol acidity significantly influences heteroge-
neous chemical reactions and human health. Additionally, acidity
may play a role in cloud formation by modifying the ice nucleation
properties of inorganic and organic aerosols. In this work, we
combined our well-established ice nucleation technique with
Raman microspectroscopy to study ice nucleation in representative
inorganic and organic aerosols across a range of pH conditions (pH
−0.1 to 5.5). Homogeneous nucleation was observed in systems
containing ammonium sulfate, sulfuric acid, and sucrose. In
contrast, droplets containing ammonium sulfate mixed with diethyl
sebacate, poly(ethylene glycol) 400, and 1,2,6-hexanetriol were
found to undergo liquid−liquid phase separation, exhibiting core−
shell morphologies with observed initiation of heterogeneous
freezing in the cores. Our experimental findings demonstrate that an increased acidity reduces the ice nucleation ability of droplets.
Changes in the ratio of bisulfate to sulfate coincided with shifts in ice nucleation temperatures, suggesting that the presence of
bisulfate may decrease the ice nucleation efficiency. We also report on how the morphology and viscosity impact ice nucleation
properties. This study aims to enhance our fundamental understanding of acidity’s effect on ice nucleation ability, providing context
for the role of acidity in atmospheric ice cloud formation.
KEYWORDS: aerosol acidity, ice nucleation, aerosol morphology, phase separation, viscosity

■ INTRODUCTION
Atmospheric ice particles play a key role in determining the
physical properties of clouds, thereby affecting the global
radiative balance1−6 and the hydrological cycle.7 Additionally,
ice particles can promote reactive heterogeneous chemistry,
scavenge semivolatile gas species, and subsequently affect
tropospheric composition.8 Cirrus clouds are ubiquitous in the
upper troposphere, covering 30% of the earth’s area.9 The
abundance of cirrus clouds significantly impacts the earth’s
radiation budget, particularly considering that water vapor is
the strongest greenhouse gas.10,11 Furthermore, large radiative
forcing uncertainties are associated with mixed-phase clouds
containing both supercooled cloud droplets and ice particles.12

In mixed-phase clouds, ice particles can significantly influence
the supercooled liquid water content and determine the
lifetimes of clouds.13,14 Despite significant research advances in
understanding atmospheric ice formation, a detailed under-
standing of the complex role of atmospheric aerosol particles in
ice nucleation processes remains incomplete.
Determining the role of aerosols in ice nucleation is

challenging because ice can form through multiple pathways.
Homogeneous ice nucleation occurs spontaneously in pure
water or aqueous solution droplets at temperatures below −38
°C and relative humidity well above the supersaturation with

respect to ice (≥140% RHice).
15 However, at warmer

temperatures and/or lower relative humidity, nucleation can
occur through heterogeneous pathways, in which ice-
nucleating particles (INPs) lower the nucleation barrier.
Heterogeneous ice nucleation can occur through several
different pathways, including immersion, deposition, or contact
nucleation.16,17 Although homogeneous ice nucleation has
been considered to dominate cirrus cloud formation,18−20

heterogeneous nucleation can increase cirrus occurrence and
change the microphysical properties of cirrus clouds.21,22

Chemical composition strongly influences the conditions
under which an INP can catalyze a freezing event. For example,
mineral dust particles with large emission rates of up to 5000
Tg yr−1 are recognized as the most important INP type
because of their generally effective ice nucleation ability.23−26

Previous studies have found that dust particles activate as ice
crystals at temperatures above −15 °C in the immersion
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mode.23 Additionally, biological aerosols including bacteria,
pollen, viruses, fungi, and phytoplankton can also act as
effective INPs with freezing temperatures ranging from −3 °C
for bacteria to below −38 °C for marine aerosols.27−36

Furthermore, many studies have shown the pervasive presence
of ammonium sulfate and sulfuric acid particles in the upper
troposphere. These particles exhibit homogeneous freezing
temperatures below −38 °C, playing a significant role in the
formation of cirrus clouds.37−41

Organic aerosols often comprise a significant fraction of the
ambient global tropospheric aerosol42−46 and can contribute
up to 90% by mass in tropical forested areas.47,48 Secondary
organic aerosol (SOA) is primarily formed through the
oxidation of volatile organic compounds, resulting in lower
vapor pressure products that either nucleate, condense, or
undergo reactive uptake of existing particles. In addition to the
variety in composition, organic aerosol may be present in the
atmosphere in various phases, including solid, viscous liquid, or
solution droplets, which complicates the determination of their
contributions to ice crystal formation.
Previous research has shown that organic aerosols can

promote heterogeneous ice nucleation via immersion,
deposition, and contact freezing,49−54 whereas other studies
suggest that organic species tend to inhibit atmospheric ice
formation.55−57 Ice nucleation experiments have shown that
naphthalene, methylglyoxal with methylamine, and isoprene-
derived SOA particles are effective INPs.58−60 However, the
reported ice nucleation temperatures and mechanisms of α-
pinene-derived SOA vary widely in the literature.57,61−64

Differences in freezing temperature may result from variations
in experimental processes, specifically residence times within
the ice nucleation chambers, the selected conditions, and time
scales of aerosol sample preprocessing prior to entering the
respective chamber.61,62,64 Ladino et al. investigated the ice
nucleation ability of freshly generated α-pinene SOA from a
flow tube with 2 min residence time as well as the α-pinene
SOA generated from a smog chamber with 1.6 h residence
time and precooling to mimic a cloud-processed particle. The
result showed that the freshly generated α-pinene SOA froze at
or even slightly above the homogeneous freezing line at
temperatures between −40 and −60 °C while precooling the
SOA particles to −40 °C dropped their ice nucleation onsets
by up to 20% relative humidity with respect to ice.61 Another
study with highly viscous α-pinene SOA revealed freezing
onsets below the homogeneous freezing threshold at temper-
atures between −39.0 and −37.2 °C.62 Wagner et al. also
investigated the ice nucleation ability of α-pinene SOA at
temperatures from −68 to −20 °C and found that the
unprocessed α-pinene SOAs were inefficient INPs at cirrus
temperatures. However, the morphology and ice nucleation
ability of the particles substantially changed, transforming from
spherical to irregular, highly porous particles before and after
the α-pinene SOA particles were activated to supercooled
cloud droplets and underwent homogeneous freezing.64 In a
recent study, ice nucleation experiments conducted between
−63 °C and −33 °C suggested that α-pinene SOA at different
humidities (i.e., 40, 10, and <1% RH) can influence their ice
nucleation.63 This study shows that surrogates of boreal forest
SOA particles promote only homogeneous ice formation in
solution droplets.63

Extensive studies have investigated the heterogeneous ice
nucleation efficiency of SOAs that exhibit a semisolid or glassy
phase.49,58,61,63,65 Interestingly, viscous organic liquids can

serve as effective INPs through contact ice nucleation.66 The
diversity of phases that organic aerosols exhibit, such as solid,
viscous liquid, or solution, further complicates the assessment
of their role in ice nucleation processes. Increased viscosity in
aerosols represents a barrier for immersion ice nucleation since
the time required for water to diffuse within the particle and
for a critical cluster of water molecules to arrange in an ice-like
configuration may be substantially longer than in a solution.67

Studies illustrate that the transition to a viscous or glassy phase
can influence the mechanism that activates heterogeneous
nucleation. For instance, Wang et al. studied the heteroge-
neous ice nucleation of naphthalene SOA particles and found
that the particles had immersion freezing temperatures at
−32.2 to −43.2 °C at ice saturation ratios = 1.48 to 1.35 and
deposition freezing at −43.2 to −70.2 °C at ice saturation
ratios = 1.52 to 1.36.58 Their study indicated that particle
phase state and viscosity influenced the particles’ response to
temperature and water uptake. In another previous study,
Schill and Tolbert observed the immersion freezing temper-
ature of the ammonium sulfate/1,2,6-hexanetriol mixtures at
−33.2 to −53.2 °C at ice saturation ratios = 1.20 to 1.15 and
no deposition freezing temperature until lower temperatures
and higher ice saturation ratios = 1.31 to 1.2 were reached.49

Notably, their study suggested that phase-separated mixtures
could act as INPs regardless of whether the organic coating
was liquid or glassy.49 In the follow-up study, Schill et al.
investigated the ice nucleation efficiency of aqueous SOA
formed from the dark reactions of methylglyoxal with
methylamine.59 They discovered that the presence of
ammonium sulfate decreased the viscosity of the aqueous
SOA matrix, facilitating immersion ice nucleation at ice
saturation ratios = 1.38 to 1.15 and temperatures ranging
from −58.2 to −43.2 °C. The occurrence of ice nucleation,
whether through homogeneous freezing of a viscous droplet or
via heterogeneous pathways, is often dictated by the sample’s
specific conditions, including temperature and humidity, as
well as the period before it enters the ice nucleation
chamber.63,64

In addition to composition and phase, the acidity of particles
has been shown to substantially impact SOA formation by
modifying the reactive uptake rates of organic species through
heterogeneous chemistry reactions.68−70 For example, acid-
catalyzed ring-opening reactions of epoxides that are taken up
into particles have lifetimes on the order of seconds in acidic
particles but on the order of days long in pH-neutral
particles.71 Atmospheric chamber experiments have observed
that greater SOA formation occurs under acidic conditions
(pH 1.5) compared to neutral conditions (pH 5).70,72 Another
study found that the ammonium sulfate seed particles with
varying initial atmospheric acidity levels could lead to distinct
differences in the morphology, phase state, and chemical
composition of isoprene-derived SOA.68 Other multiphase
chemical processes where acidic pH conditions are important
include water uptake,73,74 hydrolysis,75 metal ion dissolu-
tion,76−78 and photolysis and OH reaction chemistry.79,80

Recent studies have found that pH strongly affects liquid−
liquid interactions, phase transitions, and ice nucleation ability
of mineral dust particles.81−84 With the increase in pH, the
protonation state of organic acids changes, leading to the
deprotonated organic acids having increased solubility in salt
solutions due to increased ion−ion interactions. While the
effects of particle acidity on these processes have been
documented,68,81,82,85,86 the effect of pH on the ice nucleation
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ability of atmospheric relevant particles with different
morphologies has yet to be explored. A more complete
understanding of the critical factors (i.e., acidity and
morphology) involved in ice nucleation is needed to better
model cirrus formation in the upper troposphere and its effect
on climate.
In the present work, we investigated the effect of acidity on

homogeneous ice nucleation for particles composed of
ammonium sulfate and their mixtures with sucrose. Addition-
ally, we expanded our study to explore the heterogeneous ice
nucleation behavior of particles undergoing liquid−liquid
phase separation, specifically focusing on ammonium sulfate
mixed with organic compounds such as diethyl sebacate,
poly(ethylene glycol) 400, and 1,2,6-hexanetriol. For particles
exhibiting a core−shell morphology, we observed that
heterogeneous nucleation initiated within the core was
accompanied by inclusion formation as the temperature
decreased. Sulfuric acid was utilized across all experiments to
adjust the pH levels, which ranged from −0.1 to 5.5. The ice
nucleation experiments for isolated single droplets were
performed by using a custom ice nucleation array inside a
sealed cooling stage. Individual droplets were characterized by
using Raman microspectroscopy, coupled with a temperature-
and humidity-controlled cooling stage, to provide detailed
information on droplet morphology and chemical composition
throughout the ice nucleation process. Understanding the
effect of the physicochemical properties of aerosols on ice
nucleation is important for resolving the role of organic
aerosols in ice cloud formation.

■ METHODS
Sample Preparation. Aqueous solutions were prepared

using ultrapure water (UHPLC grade, Sigma-Aldrich) and the
following chemicals: ammonium sulfate (Sigma-Aldrich),
sulfuric acid (Millipore Sigma), sucrose (Sigma-Aldrich),
diethyl sebacate, poly(ethylene glycol) 400, and 1,2,6-
hexanetriol (TCI America). All chemicals were of >98.0%
purity and used without further purification. No unexpected or
unusually high safety hazards were encountered. The acidity of
each solution was adjusted by the addition of 2 M sulfuric acid,
resulting in pH values ranging from −0.1 to 5.5 ± 0.1, as
measured using a pH probe (HI2002, HANNA Instrument).
The homogeneously mixed solutions were prepared with
concentrations of 0.3 M ammonium sulfate and 1 M sucrose.
Detailed information on the concentrations is presented in
Tables S1 and S2 of the supplementary document. Liquid−
liquid phase-separated droplets were generated from a mixed
solution of 0.3 M ammonium sulfate and 1% organic species at
a 1:1 volume ratio of inorganic to organic components (Table
1). Each organic species was mixed separately with ammonium
sulfate and sulfuric acid (AS/SA) to create droplets that
exhibited phase separation at various pH levels. Diethyl
sebacate, poly(ethylene glycol) 400, and 1,2,6-hexanetriol
were selected because they are known to undergo liquid−

liquid phase separation, while sucrose was chosen for
comparison as a substance that does not undergo phase
separation.

Ice Nucleation Experiments. A custom ice nucleation
array was used to measure the freezing temperature of each
sample, consisting of a cooling stage (LTS420, Linkam, Epsom
Downs, UK), a ring LED light, a camera (EOS 5D Mark IV,
Canon), and a computer system (Figure 1a). Liquid nitrogen

was used to cool the stage and control the temperature within
0.2 °C accuracy. Following our previously established
procedure,87 temperature calibration was performed in a
range from −10 to −57 °C by measuring the melting points
of droplets of dodecane (−9.6 °C), decane (−30.0 °C), and
octane (−56.8 °C) in the sample state.37,38 To further ensure
the accuracy of our temperature measurements, freezing
experiments with 2.0 μL of pure water droplets (UHPLC
grade) were periodically conducted. These one-point checks
yielded an average freezing temperature of −31.7 ± 0.6 °C
standard deviation, which agrees with the freezing temper-
atures reported in the literature for similar-sized droplets of
approximately 1−2 mm diameter.88 This apparatus is based on
our previous ice microscope apparatus,87 with some
modifications. The first modification was the addition of a
polydimethylsiloxane spacer featuring 16 holes for testing the
ice nucleation of 16 single droplets, isolated from one another
and sealed with a glass coverslip. When one sample droplet
freezes, the spacer ensures that the ice crystal will not scavenge

Table 1. List of Inorganic and Organic Compounds Used in Ice Nucleation Measurements

compounds formula molecular weight (Da) O/C separation RH refs

ammonium sulfate (NH4)2SO4 132.1 N/A N/A N/A
sucrose C12H22O11 342.3 0.92 N/A You et al., 2015
diethyl sebacate C14H26O4 258.4 0.29 100.0 ± 6.2 You et al., 2013
poly(ethylene glycol) C2nH4nC2On+1 400.0 0.56 88.3 ± 6.6 You et al., 2013
1,2,6-hexanetriol C6H14O3 134.2 0.50 76.7 ± 6.2 You et al., 2013

Figure 1. Experiment setup (a) ice nucleation setup using an array
with 16 droplets; (b) Raman microspectroscopy setup to simulta-
neously measure ice nucleation of individual droplets, composition
(Raman spectra), and phase separations (10× CCD images).
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moisture from any remaining unfrozen droplets.89 The spacer
is fabricated from a 10:1 mixture of base polymer to curing
agent (Sylgard 184, Dow Corning) poured onto a 3D printed
mold that was custom-designed to represent the compartment
array.89 In our previous evaluation of viscous organic droplets
as contact INPs, a viscous organic liquid droplet was placed
adjacent to a droplet of pure water.66 In contrast, each sample
in this study is from an aqueous solution. Given the uniform
distribution of solutes within the solution prior to freezing, it is
assumed that the ice nucleation events observed are
homogeneous. In the case of droplets from mixed in-
organic−organic solutions that exhibit a core−shell morphol-
ogy, the observed ice nucleation corresponds to heterogeneous
freezing initiated at the core. The second modification was
replacing optical microscopy with a high-resolution digital
camera. While the images of sample droplets are not magnified,
the high-resolution images allowed us to differentiate between
liquid and frozen droplets. The camera also has the advantage
of a wider viewing area, which allows for simultaneous viewing
of all 16 sample compartments. The collected images are used
to observe droplet freezing and determine the temperature of
ice nucleation in postprocessing analysis. Furthermore, the
images enable us to examine the morphology of the solution
droplets to confirm different ice nucleation mechanisms in
both liquid−liquid phase-separated and homogeneously mixed
solution droplets.
In each experiment, 16 droplets were pipetted in the array,

each undergoing 20 freezing events. This process was repeated
three times, resulting in a total of 960 freezing events. At the
start of each experiment, the 3D printed array with 16 holes
was placed onto a hydrophobic glass slide (75 × 50 mm L ×
W, Fisher Scientific), and a 2 μL droplet of the solution was
pipetted in the center of each hole. A second hydrophobic glass
slide was placed on top to isolate the individual samples and
prevent the evaporation of droplets. The droplets were then
cooled down from 10.0 to −50.0 °C at a cooling rate of 1.0 °C
min−1, and images of the droplets were recorded at every 0.1
°C. Next, the stage was warmed to 5.0 °C at a rate of 5 °C/min
and held for 5 min to ensure that all the droplets had fully
melted before the next cycle began.

Morphology and Chemical Characterization. Raman
microspectroscopy was used to characterize the changes in
phase-separated droplets and the chemical composition of the
sample during freezing. A schematic of the experimental setup
is shown in Figure 1b. The Raman system consists of an
XploRA PLUS Raman spectrometer (Horiba Scientific)
equipped with a 50 mW 532 nm Nd/YAG laser source and
a CCD detector that is coupled to a confocal optical
microscope (Olympus, 5×, 10×, and 50× objectives). A
diffraction grating with 600 grooves/mm was used to obtain a
spectral resolution of 1.7 cm−1. Each Raman spectrum was
collected over the range of 500−4000 cm−1 with acquisitions
lasting 5 s each. The laser was set to 10% of its power capacity
for molecular excitation to prevent the droplet from
evaporating and heating up due to the laser.
To probe ice nucleation, the Raman system was outfitted

with a Linkam LTS420 cooling stage, a hygrometer (EdgeTech
DewPrime II, model 2000), and a Linkam temperature
controller. In each experiment, a 2.0 μL single droplet was
placed on hydrophobic quartz inside the cooling stage. A low
humidified nitrogen flow was introduced into the sealed stage
to prevent droplet evaporation throughout the experimental
runs. The humidified flow was generated through the mixing of

a flow of dry nitrogen (0.6 lpm) with another nitrogen flow
that became saturated by passing through a glass bubbler (0.01
lpm). The hygrometer was used to monitor the dew point of
the moist flow and ensure that condensation did not occur
inside the cooling stage. The cooling stage was then sealed and
cooled at 1.0 °C min−1 from 5.0 °C down to −40.0 °C.
Microscopic images were automatically captured every 0.1 °C
and Raman spectra were taken every 5.0 °C.

Viscosity Measurements. To address the role of viscosity
in the ice nucleation of solution droplets, we conducted a
series of experiments to measure the viscosity of aqueous AS/
SA and AS/SA/diethyl sebacate as a function of pH (−0.1, 0.0,
1.0, 2.0, and 5.0) and temperature (23.0, 10.0, 5.0, 0.0, and
−5.0 °C). A glass capillary viscometer (Ubbelohde Viscometer
Cannon Instrument Co., size 1C) was filled with the solution
and submerged into a cooling bath (Neslab ULT 80/95) held
at a chosen temperature for 20 min to equilibrate before
measurements were taken. The viscometry measurements were
conducted ten times at each temperature setting, with the time
scale for measuring the sample’s movement through the
viscometer ranging from 30 to 100 s.
Following our previously used viscometer measurements,66

viscosity (n) was determined using the following equation

t c= × × (1)

where η is viscosity, t is flow time (s), c is the viscometer
constant, which was set to 0.03073 cSt/s for the Ubbelohde
viscometer (model 1C) according to the manufacturer’s
calibration, and ρ is the density (g/mL) of the solution. The
mass and volume of each solution with different pH values
were measured to calculate the density. After each measure-
ment, the glass capillary viscometer was thoroughly cleaned by
soaking it in ethanol and rinsing it multiple times with UHPLC
water. It was then fully dried by using nitrogen before the next
measurement.

■ RESULTS AND DISCUSSION
To determine ice nucleation temperatures, droplet images
were analyzed on a frame-by-frame basis using a custom-
developed Python program from our laboratory. A nucleation
event is identified by observing a distinct change in the opacity
of the water droplet from a transparent liquid state to an
opaque solid state between frames. In each experiment, four
individual droplets with the same pH were placed in each row
of the array, resulting in 16 droplets with four different pH
levels. These droplets underwent 20 freezing cycles, and we
repeated this entire process three times, culminating in a total
of 960 independent freezing observations. t tests were
conducted to compare the freezing temperatures of droplets
at different pH values, with p-values < 0.05 being considered
statistically significant.
The mean homogeneous freezing temperatures of AS/SA

solution droplets across various pH levels are shown in Figure
2a. As a reference, the homogeneous freezing temperature of
ammonium sulfate droplets without sulfuric acid (pH = 5.3)
was observed at −26.8 ± 1.0 °C. Among the pH conditions
tested, droplets with a pH of 3.8 exhibited the highest mean
homogeneous freezing temperature at −25.9 ± 0.7 °C, while
the most acidic droplets (pH = −0.1) displayed the lowest
mean homogeneous freezing temperature at −37.4 ± 1.9 °C.
These findings suggest an increasing trend in homogeneous
freezing temperatures with decreasing acidity, indicating that
greater acidity can depress homogeneous ice nucleation.
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Interestingly, no significant changes in homogeneous freezing
temperatures were observed for droplets with pH values above
1. This suggests that a very high acidity level, pH < 1, is
required to substantially influence the homogeneous freezing
behavior of AS/SA droplets. The fraction of the droplets
frozen as a function of temperature is shown in Figure 2b,
revealing a correlation between decreasing homogeneous
freezing temperatures and increasing acidity for droplets with
pH values below 1.
To further explore the characteristics of the solution above

and below pH 1, we first consider the simplified case of sulfuric
acid in water. Sulfuric acid dissociates through a two-step
process

H SO H HSO2 4 4++
(2)

HSO H SO4 4
2++

(3)

In a previous study, Knopf et al. investigated the dissociation
of sulfuric acid solutions as a function of concentration and
observed that the degree of dissociation of HSO4− increases
with decreasing temperature.90 The relative fraction of the
HSO4− and SO42− ions under different temperature conditions
is calculated and the results are presented in Figure 3a. At pH
< 1, bisulfate (HSO4−) dominates, comprising approximately
90% of the ions, while at pH > 4, sulfate (SO42−) dominates,
accounting for approximately 99% of the ions at room
temperature. It has been observed that as the temperature
decreases from 18 to −42 °C, the equilibrium between sulfate
and bisulfate ions shifts toward a lower pH of 1.4 from an
initial pH of 1.9. This shift in equilibrium suggests that lower
temperatures enhance the dissociation of HSO4− ions, leading
to an increase in the relative fraction of bisulfate ions.
Next, Raman spectra were collected on a sulfuric acid

droplet with pH = −0.6 to confirm the changes in composition
with temperature. The spectra showed vibration bands
ν(SO42−) at 980 cm−1 and ν(HSO4−) at 1040 cm−1 (Figure
3b).91,92 The intensity of the sulfate peak increased as the
temperature decreased, consistent with the previous findings.

This shift in the ν(HSO4−) to ν(SO42−) ratio coincided with
significant differences in homogeneous freezing temperatures
observed for AS/SA droplets with pH values ≤ 1. These results
suggest that higher relative fractions of HSO4− ions within the
droplets may potentially drive their ice nucleation ability. We
hypothesize that the ratio of HSO4− to SO42− may play a
crucial role in determining the ice nucleation properties of
inorganic−organic droplets as well.
To assess the impact of acidity on the ice nucleation in

homogeneously mixed inorganic−organic droplets, the mean
homogeneous freezing temperature of AS/SA/sucrose at
various pH values is shown in Figure 4a. The results indicated
a trend in homogeneous freezing temperature similar to that
observed for AS/SA, with the lowest mean homogeneous
freezing temperature of −36.9 ± 2.8 °C for droplets at pH
−0.1 and the highest of −21.8 ± 0.9 °C for droplets at pH 5.3.
Unlike AS/SA droplets, the ice fraction of AS/SA/sucrose
droplets exhibited distinct variations across different pH levels,
except at pH 1.5 and 2.0, where no significant difference was
observed (Figure 4b).
Raman spectra of AS/SA/sucrose droplets with pH values of

0.0, 1.0, and 5.3 are shown in Figure 4c. A strong sulfate peak
νs(SO42−) at 973 cm−1 and the bisulfate νs(HSO4−) peak at
1041 cm−1 are clearly discernible in the Raman spectra for
droplets at all three pH values.93−96 As seen in the AS/SA
system, the ratio of the sulfate to bisulfate peaks shifts with the
acidity of the droplet. For example, a larger bisulfate peak was
observed for droplets at pH 0.0 compared to those at pH 5.3.
Peaks indicative of organic activity were observed in all
droplets. Specifically, peaks at 1060 and 1129 cm−1 are
assigned to ν(C−O) and δ(COH), respectively.97,98 The
asymmetric carbon−hydrogen bend, δ(C−H), of methylene at
1456 cm−1,99,100 carbonyl ν(C�O) at 1650 cm−1, and
symmetric and antisymmetric of methyl and methylene
stretches were observed in the ν(C−H) region between
2800 and 3000 cm−1.94,101 The peak at 3230 cm−1 is assigned
to ammonium ν(NH4+)102 and the hydroxyl ν(O−H) peak

Figure 2. (a). Mean homogeneous freezing temperature of the AS/SA
droplets. The error bars represent the standard deviation; (b) ice
fraction of AS/SA droplets. Different colors represent different pH
values.

Figure 3. (a) Relative fraction for HSO4− and SO42− concentrations
as a function of pH and temperature, using the dissociation constant
under different temperatures.77 (b) Raman spectra of a pH = −0.6
sulfuric acid droplet under different temperatures.
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was observed at 3423 cm−1 from either the sucrose or water
from the aqueous droplet.94,103

Raman spectra of the inorganic−organic droplets were taken
at different locations within the single droplet (Figure 4c). The
AS/SA/sucrose droplets did not exhibit core−shell morphol-
ogy at varying pH levels from microscopic images, and the
spectra were taken both at the edge and center of the droplet
present consistent composition. This suggests that the AS/SA/
sucrose droplets were uniformly mixed across all pH values
(−0.1 to 5.3), which is consistent with findings from previous
studies.104,105 Additionally, the chemical composition of the
droplets was characterized under different temperature
conditions. Specifically, at pH 0, the Raman spectra (Figure
4d) revealed a shifting ratio of sulfate to bisulfate peaks as a
function of temperature, suggesting an increase in sulfate
concentrations within the droplet at lower temperatures. This
result provides further indication that higher concentrations of
bisulfate ions may enhance the ice nucleation ability of these
homogeneous mixed inorganic−organic droplets.
Previous studies have shown that the freezing temperatures

of ammonium sulfate, sulfuric acid, and other organic
compounds can be predicted by changes in water activ-
ity.37,39,40,106 To evaluate whether the observed trends in
freezing temperatures of homogeneous droplets could be
predicted with water activity, we utilized the Extended Aerosol
Inorganics Model (E-AIM) to estimate water activity in
homogeneously mixed inorganic and organic systems.107

Detailed concentrations and corresponding calculated water
activities for AS/SA and AS/SA/sucrose at various pH levels
are shown in Tables S1 and S2. For the AS/SA system, the
results indicated that the water activity increases with a
decrease in acidity, ranging from 0.94 at pH −0.1 to 0.98 at pH
0.5 solution. However, the water activity levels off between
approximately 0.98 and 0.99 for pH values ranging from 1.5 to
5. In comparison, the freezing temperatures increased more
steadily with decreased acidity, from approximately −37.4 °C
at pH −0.1 to −26.8 °C at pH 5.3.
Similarly, for the AS/SA/sucrose system, the trend in water

activity was not found to align closely with the observed

changes in freezing temperature. It was also noted that the E-
AIM model analysis might not accommodate the more
complex cases of phase-separated particles. Our findings
suggest that while increased water activity may promote
warmer freezing temperatures as reported in previous
studies,106 the observed changes in freezing temperatures
were more closely aligned with shifts in composition as
indicated in the Raman spectra.
The role of acidity on ice nucleation may differ for phase-

separated droplets that exhibit a core−shell morphology. To
investigate this, AS/SA solutions were mixed with different
organic compounds, including diethyl sebacate, poly(ethylene
glycol) 400, and 1,2,6-hexanetriol; each of these mixtures has
been observed to undergo liquid−liquid phase separation at
high relative humidity (RH > 76.7%).105 In our study,
inorganic−organic mixed droplets with different pH values
consistently exhibited liquid−liquid phase separation with a
core−shell morphology. These findings align with previous
work by Bertram et al., who reported that binary mixtures of
organic species and sulfates typically undergo phase separation
if the O/C ratio of the organic component is below 0.7.108

Furthermore, the phase separation of the mixtures in this study
showed no dependence on pH or temperature, which is
consistent with previous studies.49,109

To ensure that the ammonium sulfate droplets were fully
coated at room temperature and relative humidity (∼50%), the
microscopic images were collected under different temper-
atures at 10× magnification of a single droplet (Figure 5a).
The core−shell structure was further confirmed using Raman
spectra, which provided detailed chemical compositions of the
droplet core and shell (Figure 5b). The Raman spectra showed
peaks presenting νs(SO42−) at 972 cm−1, νs(HSO4−) at 1042
cm−1, and the broad ν(N−H) region around 3418 cm−1

indicating sulfate, bisulfate, and ammonium located primarily
in the particle core.93−96,110−112 Additionally, a peak at 1438
cm−1 was assigned to the methyl/methylene group bend
δ(CH3/CH2), while a carbonyl group ν(C�O) mode was
observed at 1725 cm−1,113 indicating the presence of diethyl
sebacate in the shell. Peaks between 2800 and 3000 cm−1,

Figure 4. (a) Mean homogeneous freezing temperature of the AS/SA/sucrose system (1:1 ammonium to sucrose ratio) with varying pH values, the
error bars represent one standard deviation; (b) ice fraction of AS/SA/sucrose; (c) Raman spectra of AS/SA/sucrose with pH 0.0, 1.0, and 5.3; (d)
Raman spectra of pH = 0.0 AS/SA/sucrose under different temperatures.
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indicative of the C−H stretching region, were observed in the
Raman spectra of standard diethyl sebacate in Figure S5.
To determine whether the morphology of the phase-

separated droplet changes during freezing, we captured
microscopic images at different temperatures. In Figure 5a,
as temperatures gradually decreased to −5 °C, a droplet
consisting of AS/SA/diethyl sebacate at pH 0 displayed a
core−shell morphology with an inclusion. The Raman
spectrum of the inclusion was collected at −5 °C, suggesting
that the inclusion contained both organic compounds from the
AS/SA/diethyl sebacate mixture, as evidenced by the ν(C�
O) at 1085 cm−1 within the inclusion. Further cooling to −15

°C resulted in the organic shell losing its smooth surface,
indicative of a transition from a liquid to a semisolid/solid
state. Notably, the absence of the hydroxyl ν(O−H) peak at
3428 cm−1 in the shell implies that the coating of the droplet
likely became solid or glassy. As the temperatures dropped
below −20 °C, the morphology of the inclusion changed from
a round to an irregular shape, indicating that the liquid phase
shifted to a more solid state. It is interesting to note that the
AS/SA/diethyl sebacate droplet froze when the core froze at
−31 °C, as shown in the last microscopic image in Figure 5a.
Despite the phase changes in the shell and inclusion being
observed at different temperatures, the initiation of heteroge-
neous freezing was noted at the core of a phase-separated
droplet rather than at the shell. This result is supported by our
Raman spectra, which show the absence of water in the shell at
−5 °C, suggesting that the organic shell lacks the capability to
actively promote or initiate a freezing event. In terms of ice
nucleation, a prior study by Wise et al. suggested that organic-
sulfate particles with incomplete organic coatings can
effectively initiate ice nucleation, and even uncoated
ammonium sulfate could catalyze new ice formation,114

findings which are in agreement with those of this study.
In Figure 6, the heterogeneous core freezing temperatures

were measured for the droplets composed of AS/SA mixed
with each of the organic compounds including diethyl
sebacate, poly(ethylene glycol) 400, and 1,2,6-hexanetriol
across a range of pH values from −0.1 to 5.5. Although
there is no significant difference in freezing temperatures for
the mixture droplets with pH > 1.0, the ice fraction for each
organic mixture displays different trends (Figure 6a−c).
Specifically, there was a noticeable increase in the heteroge-
neous core freezing temperatures as pH increased from −0.1 to
0.5, which then stabilized at similar temperatures for pH > 1.0.
It is worth noting that the AS/SA/poly(ethylene glycol)
samples showed a trend of decreasing heterogeneous core
freezing temperature with increasing acidity for droplets with
pH < 1.5. In contrast, the AS/SA/diethyl sebacate mixture

Figure 5. (a) Microscopic images of a single AS/SA/diethyl sebacate
droplet with pH 0 under different temperature conditions; (b) Raman
spectra of the droplet collected at different locations of the droplet.

Figure 6. Ice fraction of phase-separated droplets with ∼100 freezing cycles: (a) ice fraction of AS/SA mixed with diethyl sebacate; (b) ammonium
sulfate mixed with poly(ethylene glycol) 400; (c) AS/SA mixed with 1,2,6-hexanetriol; the error bars represent standard deviation; (d) mean
heterogeneous core freezing temperature of four different mixture systems with varying pH values.
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samples showed a similar trend for droplets with pH < 1.0, and
the AS/SA/1,2,6-hexanetriol mixture samples exhibited this
trend for droplets with pH < 0.5.
The mean heterogeneous core freezing temperatures of

different organic mixtures with varying acidities can be seen in
Figure 6d. Our results suggest that droplets with a lower pH
exhibit poor heterogeneous ice nucleation efficiency compared
to those with higher pH levels. Specifically, the lowest
heterogeneous core freezing temperatures were observed for
the mixtures of AS/SA/diethyl sebacate (−41.0 ± 1.7 °C),
AS/SA/poly(ethylene glycol) 400 (−38.9 ± 1.7 °C), and AS/
SA/1,2,6-hexanetriol (−38.2 ± 1.0 °C), respectively. Overall,
our findings indicate that these phase-separated droplets serve
as more effective ice nuclei as their acidity decreases.
The differences in nucleation temperatures observed for

each organic-sulfate mixture may be attributed to the varying
phase states (i.e., semisolid or glassy) of the respective organics
and the inclusion formation. To elucidate why these phase-
separated droplets become more efficient ice nuclei under less
acidic conditions, we collected Raman spectra of an AS/SA/
diethyl sebacate mixture with different pH levels at different
temperatures (Figures S1−S4). The Raman spectra showed a
strong sulfate νs(SO42−) peak at 973 cm−1 and the bisulfate
νs(HSO4−) peak at 1041 cm−1 in the core of the droplets with
pH from 0.0 to 1.0 under room temperature. As the
temperature decreased, a higher concentration of sulfate was
observed within the core of the droplets, while no sulfate peak
was detected in the shell. This result is consistent with our
previous findings for the AS/SA/sucrose mixture. Despite the
presence of full organic coatings, these mixed organic-sulfate
droplets were found to exhibit ice nucleation efficiency
comparable to that of the freezing temperature of inorganic
AS/SA (with homogeneous freezing temperatures ranging
from 37.4 to 26.8 °C for pH values ranging from −0.1 to 5.3).
The organic coating of these liquid−liquid phase-separated
droplets did not significantly facilitate ice nucleation across
varying pH conditions.
A previous study observed water vapor diffusing through the

liquid coating to facilitate ice nucleation on the ammonium
sulfate cores.49 Particles that have undergone liquid−liquid
phase separation, composed of inorganic and organic materials,
appear to nucleate ice with an efficiency nearly on par with that
of pure ammonium sulfate when in the depositional mode.49

When the organic coating becomes semisolid or glassy, it may
hinder the diffusion of water vapor, leading to depositional ice
nucleation on the organic shell. However, in our study, the
freezing cycles were conducted without introducing additional
water vapor, which led to no observed water uptake or
diffusion through the shell from outside the particle. While the
initiation of heterogeneous ice nucleation by the core of the
droplet was observed, it is possible that the freezing of the core
was aided by the interface with the shell, which was noted to
visibly roughen at its edges as the temperature decreased, or by
the presence of inclusions within the core. Future work will
focus on conducting detailed and quantitative characterizations
of morphological changes of core−shell systems under various
temperatures and coating thicknesses to gain further insights
into the influence of these changes on the heterogeneous ice
nucleation ability of droplets with varying pH values.
In addition to morphology, previous studies have shown that

the viscosity of organic compounds increases as temperature
decreases from 20 to −40 °C,66 which can impede
heterogeneous ice nucleation due to retarded water diffusion.

Therefore, we measured the viscosity of AS/SA and AS/SA/
diethyl sebacate systems across various pH values ranging from
−0.1 to 5.0 under different temperatures (Figure 7a,b). The

viscosity as a function of the temperature and acidity was
observed for both mixture systems. At room temperature,
slight differences in viscosity were observed across the AS/SA
system with varying pH. For example, the viscosity at pH −0.1
was 0.013 Pa·s compared to 0.010 Pa·s at pH 5.0. However,
the more acidic AS/SA solutions (pH = −0.1 and 0.0) are
more viscous than less acidic solutions (pH 1.0, 2.0, and 5.0).
Additionally, the decrease in temperature causes a dramatic
increase in viscosity of more than 2 orders of magnitude for
AS/SA. At −5 °C, the viscosities were recorded at 0.022 Pa·s
for pH −0.1 and 0.018 Pa·s for pH 5.0. A similar trend was
found in the AS/SA/diethyl sebacate mixture, with increasing
acidity and decreasing temperatures resulting in higher
viscosities. It is interesting to note that the viscosity trend
across different pH levels paralleled those of freezing
temperatures; a higher acidity was associated with increased
viscosity and lower freezing temperatures. This suggests that
acidity may play a role in altering the viscosity of droplets,
potentially modifying their ice nucleation properties.

■ CONCLUSIONS
To the best of our knowledge, this is the first study to explore
the impact of pH on ice nucleation abilities in a range of
inorganic (AS/SA) and inorganic-organic mixed aerosols (AS/
SA/sucrose, AS/SA/diethyl sebacate, AS/SA/poly(ethylene
glycol) 400, and AS/SA/1,2,6-hexanetriol), across pH
conditions from −0.1 to 5.5. The mean homogeneous freezing
temperatures of AS/SA droplets fall between −37.4 and −25.9
°C for pH values from −0.1 to 3.8. In general, the observed
changes in ice nucleation parallel and may be driven by
changes in water activity.106 The mean homogeneous freezing
temperature of droplets containing 3.8% weight percent
ammonium sulfate without sulfuric acid and with a pH of

Figure 7. Viscosity of (a) AS/SA mixture; (b) AS/SA/diethyl
sebacate mixture under different temperatures. Different colors
represent different pH values.
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5.3 was measured to be −26.8 °C. This value is notably higher
than the freezing temperature observed in a previous study,
where 6% weight percent ammonium sulfate droplets were
reported to freeze at −41 °C.38 This discrepancy may be
attributed to the different relative concentrations of ammo-
nium sulfate and water in the respective studies, as well as
differences in droplet sizes.
We also measured the mean heterogeneous core freezing

temperatures of various inorganic−organic mixtures [AS/SA/
diethyl sebacate, AS/SA/poly(ethylene glycol) 400, and AS/
SA/1,2,6-hexanetriol] over a range of pH values spanning from
−0.1 to 5.5. The observed heterogeneous core freezing
temperature ranges for these mixtures were as follows: −41.0
to −24.8 °C for AS/SA/diethyl sebacate, −38.9 to −25.4 °C
for AS/SA/poly(ethylene glycol) 400, and −38.2 to −26.3 °C
for AS/SA/1,2,6-hexanetriol.
Understanding the detailed physicochemical properties of

aerosol particles is crucial for gaining insights into atmospheric
ice cloud formation. Our results indicate that freezing
temperatures are strongly influenced by aerosol acidity, with
increased acidity resulting in lower freezing temperatures. This
correlation is primarily attributed to the presence of sulfate and
bisulfate fractions in the droplets, which increase as the
temperature decreases. We also show that the viscosity of the
inorganic−organic mixture increases under more acidic
conditions and at lower temperatures, suggesting that viscosity
may contribute to the reduced ice nucleation ability due to
retarded water diffusion. This inorganic−organic particle
behavior highlights the importance of detailed physicochemical
characterization considering their crucial role in cloud
condensation nuclei, INP activity, and ice cloud formation.
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