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ABSTRACT: Ice is ubiquitous in natural environments, yet the
interstitial liquid trapped within polycrystalline grain boundaries
remains difficult to access, limiting mechanistic understanding of
accelerated reactions in ice. Here, we combine cryogenic stimulated
Raman scattering microscopy with multivariate curve resolution to
visualize and spectroscopically resolve internal constituents of frozen
microdroplets. We identify pronounced structural heterogeneity: the
entrapped interstitial liquid displays more strongly hydrogen-bonded
water signatures than bulk supercooled water, whereas the ice−water
interface shows diminished orientational ordering, whereby water
hydrogen atoms are less preferentially aligned toward solutes,
consistent with frustrated solvation and partial desolvation. Using
sulfur dioxide autoxidation as a model reaction, we find that frozen
microdroplets exhibit an approximately 20-fold faster apparent oxidation rate than supercooled liquid microdroplets under otherwise
comparable conditions. Kinetic analysis and simulations suggest that interfacial frustrated solvation, together with grain boundary
acidification, lowers the effective barrier for electron transfer and radical initiation and the associated enhancement of sulfate
formation. These findings provide a microscopic link between buried ice−water interfacial structure and low-temperature reaction
kinetics, with implications for atmospheric chemistry in cold and mixed-phase environments.

■ INTRODUCTION
The freezing of aqueous microdroplets is a ubiquitous phase
transition1 governing solute partitioning across atmospheric
science,2 cryobiology,3 and materials engineering.4 The solid-
ification of supercooled droplets creates highly confined
microenvironments within ice grain boundaries and interstitial
junctions.5,6 The rheology, melting, and electrostatic properties
of polycrystalline ice are fundamentally governed by its
microscopic structural heterogeneities.7−9 While surface-
sensitive techniques have revealed that the quasi-liquid layer
(QLL) on premelted ice exhibits slightly hydrophobic character-
istics,10 hydrogen bond asymmetry,11 and an electrical double
layer,12 the properties of the deeply buried ice grain boundaries,
consisting of interstitial liquid and ice−water interfaces enclosed
within them, remain largely unexplored. These deeply buried
microenvironments remain inaccessible to surface-specific
techniques, while their subtle spectroscopic signatures are
overwhelmingly obscured by the bulk ice matrix in conventional
ensemble-averaging measurements.

Resolving these hidden internal microstructures is critical, as
freezing can accelerate and even trigger new reactions involving
compounds excluded by the ice lattice.13 These reactions have

attracted considerable attention in recent years because of their
profound significance for both polar environments and green
chemistry. While increasing evidence suggests that these
accelerated kinetics cannot be solely explained by macroscopic
effects like traditional freeze-concentration or pH shifts,14,15 the
fundamental chemical mechanisms driving these reactions
remain elusive. Specifically, a critical scientific question persists:
how do reactant-solvent interactions within these confined
spaces thermodynamically and kinetically alter reaction path-
ways? Because the true state of the ice−water interface has been
a “black box” (as discussed above), the specific solvation
structures of reactants and their exact role in lowering electron-
transfer energy barriers remain largely unexplored. To bridge
this gap between microscopic solvation and macroscopic
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kinetics, we investigated accelerated sulfur dioxide (SO2)
autoxidation in frozen microdroplets, serving as an ideal
model system to decode the fundamental interplay between
interfacial confinement and chemical reactivity.

To directly probe these elusive microenvironments and
unravel the interfacial solvation dynamics, we employed
cryogenic stimulated Raman scattering (SRS) microscopy. By
leveraging the high-resolution 3D optical sectioning capability of
nonlinear chemical imaging, we tracked the in situ micro-
dynamics of individual frozen microdroplets. Coupled with
multivariate curve resolution with alternating least-squares
(MCR-ALS), this approach allows us to spatially resolve and
spectroscopically decouple the distinct vibrational signatures of
the interstitial liquid and the ice−water interface from the bulk
ice. Kinetic experiments and theoretical calculations further
corroborate the elucidated mechanism, highlighting the unique
role of ice−water interface and the acidification of ice grain
boundaries. The reduced electron-transfer energy may be

associated with frustrated solvation of solute molecules at this
acidified interface, characterized by multiple orientations of the
surrounding water molecules16 and weakened solute-water and
water−water hydrogen bonding. Consequently, this mechanism
offers a plausible explanation for the long-standing puzzle of
rapid S(VI) formation in cold environments, such as ice fog.17,18

Looking forward, the frequency of deep convective events and
associated freezing processes (e.g., hailstorms) is expected to
increase over the next 40−50 years due to climate change.19

Therefore, the transport of these frozen microdroplets−rich in
reaction products−into the lower troposphere represents an
unrecognized but critical process relevant to earth science.

■ RESULTS AND DISCUSSION

Microdynamics of Polycrystalline Ice Structure within
Frozen Droplets
We imaged and analyzed the frozen microdroplets with various
diameters (58−211 μm) using the setup illustrated in Figure 1A.

Figure 1. Stimulated Raman scattering imaging of frozen microdroplets. (A) Schematic of the cryogenic stimulated Raman microscopy setup (EOM:
electro-optical modulator; DM: dichroic mirror; HW: half-wave plate; SU: scan unit; PBS: polarizing beamsplitter cube; QW: quarter-wave plate; TS:
temperature-regulated microscope stage; PD: photodiode) and energy diagram of the SRS process (ωp: pump photons; ωs: Stokes photons; Ω =
ωp−ωs). (B) SRS images of frozen microdroplets scanned at the Raman shift of 3420 cm−1 ν(H2O) (stretching vibration of H2O) and 985 cm−1

νs(SO4
2−) (symmetrical stretching vibration of SO4

2−) with different microdroplet diameters (60, 145, and 230 μm) at TIN−T of 0, 5, 10, and 15 K (TIN
is the freezing temperature and T is the measurement temperature). Certain regions of solute distribution are magnified and inset. The scale bar
represents 20 μm. (C) Composite image of a quarter section of a frozen microdroplet (with a diameter of 60 μm, measured atTIN−T of 10 K), showing
ν(H2O) (blue) and νs(SO4

2−) (yellow) distributions, based on which two parameters can be defined: f boundaries (the fraction of ice grain boundaries) and
Iboundaries (the intensity of freeze-concentration). (D) f boundaries and (E) Iboundaries plotted as a function of microdroplet diameter. Color bar indicates
TIN−T, and the symbol size is proportional to microdroplet diameter. The black dot-dashed line represents least-squares linear regression fit to the
entire data set, and the gray shaded region represents the 95% confidence intervals, with the slope of regression line and probability value (p, obtained
by Spearman correlation test) listed alongside. Colored dashed lines represent linear regression fits of f boundaries versus microdroplet diameter at
different TIN−T.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c11450
J. Am. Chem. Soc. 2026, 148, 37134−37143

37135

D
ow

nloaded from
 pubs.​acs.​org/​jacsat/​article-pdf/​148/​34/​37134/​67322261/​jacs.​6c11450.​pdf by FU

D
AN

 U
N

IV user on 10 Septem
ber 2026

https://pubs.acs.org/doi/10.1021/jacs.6c11450?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c11450?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c11450?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c11450?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c11450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To investigate the behavior and distributions of solutes in frozen
microdroplets, water microdroplets were prepared from a
sulfate-containing solution, exploiting both the strong Raman
cross section of sulfate and its abundant presence in nature.20

Microdroplets were sprayed onto a hydrophobic substrate (Text
S1 of SI), cooled at a constant rate (1 K min−1), following
heterogeneous ice nucleation and complete freezing. SRS signals
were generated when pump and Stokes beams temporally and
spatially overlapped at the matched Raman frequency (Text S2
of SI). Targeting the vibrational modes of sulfate (νs(SO4

2−) at
985 cm−1) and water (ν(H2O) within 3000−3500 cm−1)
enabled high-resolution imaging of ice grain boundaries within
frozen microdroplets with different microdroplet diameters and

TIN−T levels, where TIN is the ice nucleation temperature and T
(lower than TIN) is the measurement temperature.

The evolution of sulfate signals indicates that freezing
concentrates solutes within ice grain boundaries inside the
microdroplet, where the solute concentration clearly increases as
the temperature decreases (Figure 1B). A detailed imaging
analysis of individual microdroplets further elucidates the
temperature-induced structural dynamics of polycrystalline ice.
Specifically, the morphological evolution of grain boundaries
demonstrates that progressive cooling not only contracts grain
boundaries but also drives the spatial redistribution of solutes
(Figure S2B).

Figure 2. Characterization of ice grain boundaries. (A, B) Composite image of a quarter section of a liquid microdroplet and frozen microdroplet
distinguished by ν(H2O) intensity (blue). The gray shaded region marks ice grain boundary, where SRS spectral scans were collected from the same
direction. (C) Peak frequencies of ν(H2O) at different distances from the starting point of scanning. The sea green solid line indicates the mean
ν(H2O) positions at different distances. The gray and blue lines indicate the mean ν(H2O) frequencies for supercooled liquid water and ice Ih
(hexagonal water ice), respectively. The shaded area represents one standard deviation. (D) MCR-ALS separated SRS spectra of ice−water interface,
interstitial liquid, and ice Ih. The shaded region represents the 95% confidence interval of the extracted interfacial spectrum. (E) SRS spectra of ice−
water interface fitted by Gaussian profiles (SHB H2O: saturated H-bonded H2O; PHB H2O: partially H-bonded H2O; WHB H2O: weakly H-bonded
H2O). The standard deviations of the peak positions for SHB, PHB, and WHB are 6.0, 2.4, and 10.3, respectively. Symbols denote actual original signal,
while the gray solid line depicts the sum of 3 Gaussians.
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Microdroplet size influences both ice nucleation activity and
freezing rate,1,21 with larger microdroplets exhibiting corre-
spondingly longer freezing time, and ice crystal dendritic growth
within them is more readily captured (Figure 1B). Dendritic
crystal growth leads to partial solidification, while the solute
distribution remains relatively uniform.

Furthermore, quantitative assessment of how temperature
and microdroplet size impact ice grain boundaries was achieved
by estimating component volume densities via the Delesse
principle22 (Text S3 of SI), which states that the areal fraction of
a component in a cross section estimates its volume fraction. We
calculated: (i) the grain boundary fraction ( f boundaries), defined as
the number of νs(SO4

2−) pixels divided by the total pixel count of
the frozen microdroplet (∪[νs(SO4

2−), ν(H2O)]); and (ii) the
intensity of freeze-concentration (Iboundaries), indicated by the

averaged intensity of νs(SO4
2−) at the ice grain boundaries (see

Figure 1C).
Continuous cooling progressively elevates Iboundaries in ice

grain boundaries (Figure S3A), corroborating the trends
observed in Figure 1B. Analyzing the temperature dependence
of the boundary width reveals that these grain boundaries
initially contract as the temperature decreases (Figure S2D). As
freezing progresses, the pronounced growth of ice crystals
severely compresses specific boundaries, forcing the expulsion of
interstitial liquid into adjacent regions and making those
boundaries unresolvable for the width analysis (Figure S2E).
Consequently, the measurable average width of grain boundaries
plateaus at a minimum value, remaining invariant upon further
cooling.

After analyzing fboundaries and Iboundaries in frozen microdroplets
of different diameters, we found that f boundaries is negatively

Figure 3.Altered kinetics and their mechanistic origins in frozen microdroplets. (A) Normalized S(VI) formation rates,RS(VI)/PSOd2
(where RS(VI) is the

formation rate of S(VI) and PSOd2
is the partial pressure of gaseous SO2), varying with temperature. The gray shaded region marks the temperature range

of ice nucleation. At 258 K, since the microdroplets were partially frozen, the S(VI) formation rates are determined separately for the liquid and frozen
microdroplets. RS(VI)/PSOd2

results are independently fitted with the Arrhenius expression for the frozen (238−248 K) and liquid (258−294 K) regimes
(short dashed lines), while the gray dot-dashed line depicts the predicted rates in frozen microdroplets based on the theoretical freeze-concentration
effect (Text S6 of SI). (B) S(VI) formation by SO2 conversion in the ice phase and gas phase plotted against IWC (SO2 mixing ratio: 150 pptv).
Colored dashed lines indicate formation rates at different temperatures. The black dot-dashed line represents S(VI) formation rate calculated using the
global average concentration of tropospheric hydroxyl radical (•OH), with the standard deviation range shown by the gray shaded region. The
calculation details were taken from the literature,45,46 as specified in Text S6 of SI. (C) Comparison of the normalized S(VI) formation rate at the air-
QLL interface (the freezing of microdroplets prior to the introduction of SO2(g)) and the S(VI) formation rate within ice grain boundaries (the
introduction of SO2(g) prior to the freezing of microdroplets). Statistical significance between groups is marked as *** (p < 0.001). Error bar
represents one standard deviation. (D) Normalized S(VI) formation rates as a function of microdroplet pH at different temperatures (distinguished by
symbols with different colors). Short dashed lines indicate piecewise linear fits applied to the data, the ratio of slopes (denoted as S) between adjacent
segments listed alongside for each temperature condition. (E) Normalized S(VI) formation rates as a function of microdroplet diameter at different
temperatures. The data were fitted linearly for liquid/frozen microdroplets smaller than 1200 μm but exponentially for frozen microdroplets larger than
1200 μm. The experimental methodology and quantification of S(VI) formation rates are detailed in Text S6 of the SI. Error bar represents one
standard deviation.
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correlated with microdroplet diameter (p < 0.01, Figure 1D),
while Iboundaries is positively correlated (p < 0.01, Figure 1E). That
is, smaller frozen microdroplets exhibit a higher fraction of ice
grain boundaries but a lower averaged solute concentration,
most likely explained by the more rapid freezing of smaller
microdroplets producing smaller ice crystals.23

Water Structure of Interstitial Liquid and Ice−Water
Interface

We analyzed the SRS spectra of ν(H2O) for supercooled liquid
microdroplets (Figure 2A) and ice grain boundaries within
frozen microdroplets (Figure 2B) at the same temperature.
When liquid water underwent phase transition to ice Ih
(hexagonal water ice), the ν(H2O) red-shifted due to the
strengthening of hydrogen bonds, and molecular H2O becomes
more fixed in the lattice.24 In contrast, as shown in Figure 2C, the
ν(H2O) within ice grain boundary exhibits nonmonotonic
shifts. We divided each ice grain boundary into two distinct
regions: the ice−water interfaces and the enclosed interstitial
liquid (Figure 2B). Near the center of the interstitial liquid,
ν(H2O) reaches ∼3300 cm−1, which is lower than the 3352
cm−1 of supercooled liquid water (Figure 2C), reflecting a
stronger hydrogen bonding in the interstitial liquid, distinct
from the QLL on premelted ice.25 This observation is consistent
with previous molecular dynamics simulations.23

Owing to the finite spatial resolution inherent to spectro-
scopic methods, the features of ice−water interface are heavily
obscured by signals of interstitial liquid and ice Ih. To retrieve
the intrinsic interfacial spectrum, we applied multivariate curve
resolution with alternating least-squares (MCR-ALS) method to
decompose the measured SRS spectrum of ice grain boundary
into an interfacial spectrum, an interstitial liquid spectrum, and
an ice Ih spectrum (Figure 2D). This approach provides robust
interface selectivity within solution.26 We compared the ν(H2O)
for three distinct hydrogen-bonding environments: (i) super-
cooled liquid water, (ii) bulk ice, and (iii) ice−water interface
(Figure S12A). At the ice−water interface, we observed blue
shifts relative to supercooled liquid water, indicating weakened
hydrogen-bonding interactions. Additionally, the characteristic
shoulder peak of hydroxyl (OH) stretching associated with
strong hydrogen bonding shifted from 3,273 cm−1 in super-
cooled liquid water to 3,331 cm−1 at ice−water interface
(Figures 2E and S12B). Simultaneously, its fractional peak area
decreased from ∼35% of the entire ν(H2O) to ∼10%. This likely
arises from the interactions among the ice lattice, free water
molecules, and solute molecules at the interface, forcing H2O
molecules into configurations distinct from bulk water and
disrupting the solvation structure surrounding solutes in the
interfacial region.

Our spectroscopic observations indicate that the buried ice−
water interface differs from the air−ice interface in water
structure, at which undercoordinated surface water molecules
form a disordered layer.27 Instead, the buried ice−water
interface more closely resembles the inner region of the QLL,
where water molecules remain partially ordered by the
underlying ice lattice to lower the surface energy.28

Altered Kinetics in Frozen Droplets

To determine whether these anomalous structural features result
in altered reactivity, we selected the oxidation of SO2 as a model
reaction. The oxidation products of SO2, namely S(VI), are key
constituents for aerosol formation and growth throughout the
troposphere.29,30 Our experiments revealed a distinct reaction
regime within frozen microdroplets (diameter range: 20−200

μm; pH: 5.0). Ice nucleation can be observed within a narrow
temperature range (258−264 K) (Figure S1C), enabling a clear
distinction between the temperature ranges of the frozen and
liquid microdroplets (Figure 3A). In the liquid (258−295 K)
microdroplets, the reaction rate normalized by SO2 partial
pressure (RS(VI)/PSOd2

) followed a standard positive temperature
dependence. A similar trend is observed in the lower-
temperature frozen microdroplets (238−248 K), whereas an
inverse temperature dependence emerges in the higher freezing
range of 248−258 K, where the rate increased linearly as
temperature dropped. We further compared RS(VI) in ice clouds
with those from gas-phase hydroxyl radical (•OH) oxidation as a
function of ice water content (IWC), which reaches up to 1.5 g
m−3 in atmospheric convective profiles.31,32 When IWC exceeds
∼0.5 g m−3, the ice-phase S(VI) formation rate becomes
comparable to that of the gas-phase •OH reaction (Figure 3B).

Such acceleration was not observed when SO2 was exposed to
prefrozen microdroplets (Figure 3C), which suggests negligible
reactivity at the QLL. The oxidation of S(IV) is thus likely
occurring within ice grain boundaries. The differences in
reactivity across these interfaces could be attributed to their
distinct physicochemical properties. Although the QLL may
share a similar water structure with ice grain boundaries, its
relatively small pH variation is expected to limit its chemical
reactivity.27

Mechanistic Origin of the Altered Kinetics

Previous studies attributed the accelerated reactions in ice to the
freeze-concentration effect on solutes33,34 and proposed models
for bulk ice.35−37 We quantified this effect (Figure 3A, depicted
by the gray dot-dashed line) and found that the model
prediction is 55.1−86.7% lower than our experimental data.
To further and more comprehensively elucidate the specific
mechanisms driving these accelerated kinetics, we selected three
freezing temperatures (243, 248, 253 K) and one liquid phase
temperature (268 K) to assess the impact of microdroplet pH,
ionic strength (IS), and diameter on RS(VI)/PSOd2

.
The kinetics in frozen microdroplets are distinct from those in

liquid microdroplets. As shown in Figure 3D, the pH
dependence of RS(VI)/PSOd2

in liquid microdroplets manifests
two regimes, respectively controlled by interfacial reaction (pH
< 6) and SO2 solubility (pH > 6).38 In contrast, this trend is
distinctly altered in frozen microdroplets, where RS(VI)/PSOd2

is
pH-dependent at pH < 5 but becomes pH-independent when
pH > 5. Since no transition metal ions (TMIs) or oxidants other
than O2 were introduced, sulfate formation likely proceeds via
uncatalyzed oxidation.39 We tested this hypothesis using
electron paramagnetic resonance (EPR, see Text S6 of SI) and
detected SO3

•− in frozen microdroplets under both elevated gas-
phase mixing ratio of SO2 (∼7 ppmv) and atmospherically
relevant SO2 conditions (∼68 ppbv) (Figure S6A). Mechanis-
tically, SO3

•− could trigger a series of free-radical propagation
steps (eqs S7−S15) to produce S(VI). The initial step involves
the interaction between bisulfite ion (HSO3

−) and O2 to form
SO3

•− alongside O2
•− (eq S7), which is supported by the

increased abundance of O2
•− with freezing duration (Figure

S6B). Furthermore, triple oxygen isotope measurements imply
that the radical chain reaction pathway may involves SO3

•−

formation in frozen microdroplets (Figure S6D, Text S7 of SI).
Although this process is typically inhibited under neutral liquid
conditions,40 SO3

•− remained detectable in frozen microdroplets
even when the original liquid pH was close to 7.0, in contrast to
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liquid microdroplets. Thus, freezing of microdroplets broadens
the pH range for the uncatalyzed oxidation of S(IV).

Freezing of microdroplets drives the unequal incorporation of
ions into the ice phase,41 thereby modulating the balance of
H3O+ and OH− within ice grain boundaries. We found that the
grain boundary pH decreased by about 1.5 units relative to the
liquid microdroplet pH (Figure S10, Text S12 of SI). We
therefore propose that freezing creates favorable pH conditions
for the generation of SO3

•− in microdroplets. This hypothesis is
supported by the influence of IS on RS(VI)/PSOd2

and pH shift
(Figures S7A, 10D−F). In liquid microdroplets, IS enhances the
S(VI) formation rate through salt effects on the equilibrium of
SO2 dissolution, and it also elevates the rate constant for S(IV)
autoxidation,38,42 thus causing the increased RS(VI)/PSOd2

with IS.
In frozen microdroplets, RS(VI)/PSOd2

increases with IS at lower IS
(<1 mol kg−1); however, further increases in IS counteracted the
acidification within ice grain boundaries, causing a rapid decline
in RS(VI)/PSOd2

.
Acidification of ice grain boundaries alone is insufficient to

account for the size dependence observed in the S(VI)
formation. Reaction kinetics in frozen microdroplets generally
exhibit a negative size dependence, qualitatively similar to the
trends observed in liquid microdroplets but characterized by
different scaling behaviors (see Figure 3E). As for the liquid
microdroplets previously studied, uncatalyzed SO2 autoxidation
predominantly occurs on the microdroplet surface, with S(VI)
formation depending linearly on the surface-to-volume ratio.38

In contrast, for frozen microdroplets, the negative correlations
(p < 0.01) between the frozen microdroplet size and RS(VI)/PSOd2

demonstrate that the S(VI) formation is also strongly affected by
a diameter-dependent factor.

Differences in microdroplet size may affect both freezing
kinetics and microstructures of frozen microdroplets. Given that
freezing times among microdroplets of different sizes are several
orders of magnitude shorter than the reaction time scale, the
observed size dependence of the reaction kinetics is more likely
attributable to structure variations in frozen microdroplets.
Consistent with this interpretation, SRS imaging reveals that
f boundaries increases with a decrease in microdroplet size (Figure
1D). The resulting increase in fboundaries therefore accounts for
the size-dependent RS(VI)/PSOd2

values observed in frozen
microdroplets. This can be supported by the positive
correlations between RS(VI)/PSOd2

and f boundaries for frozen
microdroplets at diverse temperatures (Figure S3C). Con-
sequently, a larger fraction of grain boundaries is associated with
a more rapid S(VI) formation.

In contrast to the robust hydrogen bond network of the
interstitial liquid, the frustrated hydrogen bonding at the ice−
water interface is more likely to facilitate electron transfer from
HSO3

− to an electron acceptor.16,43 We conducted a variance-
based sensitivity analysis to assess the relative contributions of
the ice−water interfacial effect to the RS(VI)/PSOd2

in frozen
microdroplets.44 The results indicate that the relative con-
tributions of IS (2.2%) and pH (6.0%) to the enhanced sulfate

Figure 4. Simulations of ice−water interface. (A) Molecular dynamics (MD) simulation indicating the normalized density profiles of H, O, and S
atoms as a function of the distance perpendicular to the ice−water interface orientated by the vertical gray dashed line. The extent of ice−water
interfacial region is determined by the Willard-Chandler instantaneous interface method,51 as shown by the gray shaded area (6.84 ± 2.77 Å). (B)
Snapshots of HSO3

− in bulk water and ice−water interfacial region, simulated by MD. (C) Illustrations of the solvation of HSO3
− (top). The gray dashed

lines represent the hydrogen bond between H2O and HSO3
−. The OS(IV)···Hwater−Owater angle (θOHO) in an ideal solvation structure is greater than that

in a frustrated solvation structure (bottom). (D) Histogram plot indicating the density of θOHO within the first shell of H2O surrounding HSO3
− in bulk

water and ice−water interfacial region. (E) Relative adiabatic ionization potential (AIP) for HSO3
− (left) and the relative adiabatic electron affinity

(AEA) for O2 in bulk water and ice−water interfacial region.
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formation under frozen conditions are substantially smaller than
those of temperature (91.7%). Because decreasing temperature
simultaneously affects the apparent reaction rate constant, the
freeze-concentration factor, and f boundaries, the overall temper-
ature effect can be further separated into contributions from
freeze-concentration and the interfacial effect. As shown in
Figure 3A, the freeze-concentration effect accounts for less than
50% of the observed enhancement in sulfate formation
associated with decreasing temperature. These results suggest
that the ice−water interfacial effect is likely to contribute
substantially to the accelerated sulfate formation and may play a
more important role than either ionic-strength effects or proton
activity effects. When considered together with the previous
spectroscopic results, the sensitivity analysis provides converg-
ing support for the proposed reaction mechanism involving the
ice−water interfacial effect.

To investigate the molecular origins of this interfacial
frustration and its mechanistic impact on reaction kinetics, we
conducted classical molecular dynamics (MD) simulations of an
ice grain boundary and bisulfite (HSO3

−) ions and O2 within it.
The densities of solvent O and H atoms, together with the solute
S atoms, were profiled as a function of the distance
perpendicular to the ice−water interface (Figure 4A, Text S12
of SI). The structural and dynamic properties of the ice−water
interface affect the H2O molecules and solutes nearby.15 A
previous study has shown that the ice lattice can prolong the
hydrogen bond lifetime of nearby water molecules by up to 13-
fold.23 In contrast, we found that the hydrogen bond lifetime
within the first solvation shell of the solutes in the ice−water
interfacial region was comparable to that in bulk water (17.2 ps),
indicating that the slowdown of solvation dynamics imposed by
the ice lattice is reduced in the ice−water interfacial region. We
further calculated the average tetrahedral order parameter (q̅4)
in the presence of the solutes. The interfacial region exhibited a
lower q̅4 (0.5) than that of bulk water (0.6), revealing a reduced
structural ordering of water molecules surrounding the solutes in
the ice−water interfacial region, consistent with the SRS
measurements. After simulation, the snapshots of HSO3

− in
liquid water and the ice−water interfacial region are shown in
Figure 4B. To obtain a more accurate description of the
molecular structure, we performed ab initio molecular dynamics
(AIMD) simulations of HSO3

− at the ice−water interfacial
region and bulk water. No significant differences in the S−O
bond lengths or O−S−O bond angles of HSO3

− were observed
between the two environments (Figure S12C), suggesting that
confinement at the ice−water interface has little influence on the
molecular geometry of HSO3

−. In contrast, the radial distribution
function (RDF) and coordination number (CN) for inter-
actions of HSO3

− and O2 with H2O were analyzed. Both HSO3
−

and O2 in the interfacial region exhibit a lower CN (Figure
S12D,E), indicating weaker coordination.

For the ideal solvation structure of HSO3
−, the hydrogen

atoms of H2O experience an attractive potential from oxygen
atoms of HSO3

− and tend to form hydrogen bonds (Figure 4C,
top panel). The closer the OS(IV)···Hwater−Owater angle (θOHO) is
to 180°, the stronger the interactions would be.47 Here, we
statistically analyzed the θOHO within the first solvation shell of
HSO3

− and found that the distribution of θOHO in ice−water
interfacial region is broader than that in bulk water (Figure 4D).
The variation in θOHO in the interfacial region mainly arises from
frustration (Figure 4C, bottom panel, the structural order of the
hydrogen bond network is frustrated), where the highly ordered
ice Ih surface imposes orientational constraints on the

surrounding H2O molecules. Frustration is known to influence
energy gap fluctuations,48 and is critical in solvent-mediated
electron transfer.49 Specifically, for HSO3

− in the confined
interfacial region, the partial desolvation relative to the bulk
creates significant frustration, accompanied by enhanced
fluctuations and accelerated electron-transfer rates.16,43,50 Our
quantum chemical calculations corroborate this mechanistic
hypothesis. Specifically, the adiabatic ionization potential (AIP)
for HSO3

− and the adiabatic electron affinity (AEA) for O2 are
reduced by 1.2 and 0.5 kcal mol−1, respectively (Figure 4E),
within ice−water interfacial region relative to bulk water.
Concurrently, the reorganization energy for this electron-
transfer reaction decreases by 38.3%. These results support an
electron-transfer-favoring effect of ice−water interfacial region.
In summary, freezing of microdroplet drives the exclusion of
solutes into acidified grain boundaries, lowering the activation
energy for SO3

•− generation, while the frustrated solvation
structure at the ice−water interface enhances electron-transfer
rates, collectively accelerating S(VI) formation.

■ CONCLUSION
The complex dynamics of microdroplet freezing generates
intricate internal microstructures. By employing SRS imaging
and spectral analysis, the temperature-dependent evolution of
polycrystalline ice at the microdroplet scale is clearly resolved.
Using the autoxidation of SO2 as a model system, we integrated
SRS spectroscopic analysis with kinetic experiments and
theoretical calculations to elucidate the mechanistic origins of
the altered kinetics in frozen microdroplets. Freezing segregates
dissolved S(IV) into acidified ice grain boundary within
polycrystalline ice. These interstitial liquids exhibit heteroge-
neous water structures, including strongly hydrogen-bonded
interstitial water and frustrated solvation at buried ice−water
interfaces. The reduced electron-transfer energy barrier and
enhanced sulfite-derived radical formation are associated with
interfacial partial desolvation within the acidified grain
boundaries. These effects are consistent with the enhanced
S(VI) formation in frozen microdroplets beyond what is
expected from freeze-concentration alone. These findings
provide a microscopic framework for understanding how buried
ice−water interfaces and grain boundary chemistry regulate low-
temperature multiphase reactions. The proposed mechanism
may also operate in acidified QLL, with implications for the
formation of sulfate and other pollutants in cold and mixed-
phase atmospheric environments.
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