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ABSTRACT: Contact freezing is a mode of atmospheric ice Hourglass-shaped nuclei Spherical cap-shaped nuclei
nucleation in which a collision between a dry ice nucleating particle
(INP) and a water droplet results in considerably faster heterogeneous
nucleation. The molecular mechanism of such an enhancement is,
however, still a mystery. While earlier studies had attributed it to
collision-induced transient perturbations, recent experiments point to

the pivotal role of nanoscale proximity of the INP and the free

interface. By simulating the heterogeneous nucleation of ice within

INP-supported nanofilms of two model water-like tetrahedral liquids,

we demonstrate that such nanoscale proximity is sufficient for inducing EI _ : 5 ; ‘

rate increases commensurate with those observed in contact freezing [N \\\\\\\\\\\\\\\\\\\%ﬁ\\\\\\\\\\\\\\\\\\ &\\M
experiments, but only if the free interface has a tendency to enhance

homogeneous nucleation. Water is suspected of possessing this latter

property, known as surface freezing propensity. Our findings therefore establish a connection between the surface freezing propensity
and kinetic enhancement during contact nucleation. We also observe that faster nucleation proceeds through a mechanism markedly
distinct from classical heterogeneous nucleation, involving the formation of hourglass-shaped crystalline nuclei that conceive at either
interface and that have a lower free energy of formation due to the nanoscale proximity of the interfaces and the modulation of the
free interfacial structure by the INP. In addition to providing valuable insights into the physics of contact nucleation, our findings can
assist in improving the accuracy of heterogeneous nucleation rate measurements in experiments and in advancing our understanding
of ice nucleation on nonuniform surfaces such as organic, polymeric, and biological materials.

B INTRODUCTION can in turn alter the kinetics and mechanism of nucleation in
nontrivial ways. Considering the highly stochastic nature of
immersion freezing,27 such changes can, for instance, introduce
large uncertainties into experimental estimates of immersion
nucleation rates.

A more intriguing example is contact freezing (Figure 1b-,c)
in which nucleation is triggered by a collision between a dry
INP and a supercooled water droplet.”® Contact freezing is
usually orders of magnitude faster than immersion freezing, as
has been demonstrated for a wide variety of INPs.”” >’
Pinpointing the molecular origin of this enhancement is,
however, extremely difficult due to the transient nature of
contact freezing. While earlier works had mostly attributed it to
transient factors caused by the collision,®* ™’ more recent
studies point to the pivotal role of mixed-interface confine-
ment. For instance, Shaw and Durant>”*® observed that the
kinetic freezing temperature in droplets that undergo repeated
cycles of freezing and melting only depends on the proximity

Crystallization of liquids under nanoscale confinement has
received considerable attention in recent decades,' as drastic
changes in the thermodynamics of freezing,”~” the kinetics and
mechanism of nucleation,” '® and the identity of the nucleated
crystals””'” have been reported in numerous experimen-
tal¥”!3'*1¢ and comg)utationalz"?’’5"8_12’15’17 studies of freezin

in nanopores,7’13’14’1 nanotubes,”*'” slit pores,‘%’6 wedges,1

nanodroplets,9 and freestanding nanofilms.*'°~'* What has
received less attention is the freezing of liquids under mixed-
interface confinement: i.e., when a liquid is sandwiched
between a solid—liquid and a free interface. Mixed-interface
confinement can emerge in many different environments and
can dramatically affect the spatial heterogeneity and kinetic
stability of the corresponding systems. Examples include the
glass transition temperatures'"'° and crystallization tenden-
cies”® of organic and polymeric films and the formation of low-
dimensional ices on solid surfaces.”' ~>* One process that can
be strongly affected by mixed-interface confinement is
atmospheric ice nucleation, which plays a pivotal role in Received: ~ October 7, 2020
cloud microphysics.”> The dominant mode of ice formation in Published: January 28, 2021
clouds is immersion freezing (Figure 1a), in which ice nucleates

heterogeneously on an ice nucleating particle (INP) fully

immersed within an atmospheric microdroplet.”® INPs can,

however, come into close proximity of free interfaces, which
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Figure 1. Free interfaces and the kinetics of heterogeneous ice
nucleation. (a—c) Schematic representation of (a) immersion
freezing, and (b) inside-out, and (c) conventional contact freezing,
the three modes of heterogeneous ice nucleation discussed in this
work. The INPs and water droplets are depicted in dark red and light
blue, respectively. (d) Schematic representation of a graphene-
supported thin film, with water molecules and carbon atoms depicted
in dark blue and light green, respectively. (e, f) Dependence of
heterogeneous nucleation rate on film thickness in (e) mW and (f)
SW21 films. Error bars correspond to 95% confidence intervals and
are smaller than the symbols.

of the INP and the free interface and is independent of
whether the INP approaches the interface from the outside
(Figure 1c) or from within (Figure 1b). These two modes of
contact freezing are referred to as “outside-in” and “inside-out”
freezing, respectively. Initially, it was argued that these
observations might be explained by the supposed tendency
of the water-vapor-INP contact line to facilitate nucleation.***”
Later experiments by the same group, however, found no such
tendency’”*' except for INPs with a nanoscale texture,*
suggesting that nanoscale proximity might result in faster
nucleation even in the absence of a contact line.

Despite these remarkable findings, there is a considerable
gap in our understanding of how a vapor—liquid interface can
enhance hetero%eneous nucleation on a proximal INP. It has
been argued””***” that this tendency might be linked to the
suspected ability of a free interface to facilitate homogeneous
ice nucleation. Here, “homogeneous nucleation” refers to
nucleation in the absence of an extrinsic INP, whether it occurs
in the bulk or is facilitated at the vapor—liquid interface.
Surface-dominated homogeneous nucleation—typically re-
ferred to as surface freezing—was originally proposed by
Tabazadeh et al.”’ and has since been extensively studied
experimentally** ™ and computationally.””'> Experimental
evidence for surface freezing, however, is inconclusive mostly
due to the difficulty of generating monodispersed droplets in
the sub-micrometer size regime, where this effect is predicted
to become dominant.”” Computational studies of surface
freezing have also been equally inconclusive,”® as the
enhancement of nucleation is only observed®'"'? for some
force fields, such as the atomistic TIP4P/Ice* model, and not
others,”™"" such as the coarse-grained monoatomic water
(mW)*° potential. This force-field dependence of surface
freezing propensity provides an opening for testing the
hypothesized connection between free surface-induced homo-
geneous and heterogeneous nucleation, or surface and contact
freezing, respectively. If such a relationship exists, the rate of
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heterogeneous nucleation in supported liquid nanofilms of a
model prone to surface freezing will decrease drastically with
film thickness, while no (or the opposite) dependence on
thickness will be observed for the force field(s) with no surface
freezing propensity.

Here, we use molecular dynamics simulations and our
recently developed jumpy forward flux sampling (jFFS)
algorithm®" to test this hypothesis by computing the rates
and characterizing the mechanism of heterogeneous nucleation
in supported nanofilms of two model water-like tetrahedral
liquids with opposing surface freezing propensities. Our focus
on supported nanofilms not only allows us to test this
hypothesized connection but also enables us to probe the
exclusive effect of interface proximity on heterogeneous
nucleation, in the absence of other competing factors such as
contact lines, interfacial curvature, and collision-induced
perturbations. In other words, supported films constitute
ideal model systems for determining whether nanoscale
proximity is sufficient for inducing faster heterogeneous
nucleation in contact freezing. As such, we will refer to the
strong sensitivity of rate to film thickness as “contact freezing
propensity” for brevity, even though contact freezing is a
complex phenomenon whose precise kinetics and mechanism
is likely affected by a plethora of other factors. Our calculations
reveal that nanoscale proximity is indeed a sufficient condition
for inducing kinetic enhancements of the types observed in
contact freezing experiments, but only for a liquid that is prone
to surface freezing. More precisely, heterogeneous nucleation
becomes orders of magnitude faster in ultrathin films of the
surface-freezing liquid wherein critical nuclei adopt a
hourglass-shaped structure due to the nanoscale proximity of
the two interfaces, while no dependence of rate on thickness is
observed for the other liquid. Our analysis using classical
nucleation theory (CNT)>” reveals that the formation of such
nuclei can result in a decrease in nucleation barrier, but not by
enough to quantitatively explain the observed increase in rate.
We explain this discrepancy by noting that the presence of an
INP modulates the free interfacial structure of the films
exhibiting faster nucleation, which results in a decrease in the
effective contact angle and the nucleation barrier.

B METHODS

System Description and Molecular Dynamics Simulations.
We consider supported films of two water-like tetrahedral liquids.
Both liquids belong to the Stillinger—Weber (SW)>* family of
potentials in which the tetrahedral arrangement of nearest neighbors
around a central site is enforced by including in the interatomic
potential a three-body term that penalizes deviations from the
tetrahedral angle. The magnitude of the energetic penalty is tuned
using a parameter called tetrahedrality, 4. The first model liquid is
mW,”° a widely used coarse-grained model of water with A = 23.15,
which has been shown”'® to not undergo surface freezing, while the
second liquid is a reparameterized variant of mW with 1 = 21 that
undergoes' " surface freezing. We call this second liquid SW21, which
is different from real water and mW in several aspects such as its
melting point (206 K for SW21 vs 274 K for mW) and its hydration
structure.'' The grecise phase diagrams of these two models can be
found elsewhere.””** We choose SW21 over atomistic models with
surface freezing propensity—such as TIP4P/Ice**—not only due to
the prohibitively large computational cost of the latter but also
because comparing SW21 and mW allows us to explore the effect of
surface freezing propensity on heterogeneous nucleation in two
models that are otherwise similar. Conversely, comparing any
potential differences between the contact freezing propensities of
TIP4P/Ice and mW could not be conclusively attributed to their
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differing surface freezing tendencies and could instead be caused by
other factors, such as the presence of electrostatic interactions in the
TIP4P/Ice system. The temperatures at which rates are computed
correspond to similar relative supercoolings (or T/T,, values), which
all lie between 0.8 and 0.87. We put liquid films of mW and SW21
(Figure 1d) in contact with two types of model INPs. The first INP is
a graphene wall that interacts with liquid molecules via the two-body
part of the SW potential, with &8y = 0.52 kcal mol™" and &yy,; = 0.13
kecal mol™ for mW and SW21, respectively. €8 is adopted from Bi et
al,,>> while &8y, is chosen because no heterogeneous nucleation was
observed for €8,y in the SW21 system. We use a value of 6® = 0.32 nm
for both liquids. (ii) The second INP is a structureless attractive wall
interacting via the Lennard-—ones (LJ) 9-3 potential56 with ey = 1.2
kcal mol™ and oy = 0.32 nm, and €¥y,; = 0.48 kcal mol™" and 68y,
= 0.3 nm for mW and SW21, respectively. These values represent the
smallest & values for which heterogeneous nucleation is observed in
conventional 50 ns long MD simulations at 215 and 155 K in the mW
and SW21 systems, respectively. All L] 9-3 interactions were truncated
at 2.50.

All MD simulations are performed in the canonical (NVT)
ensemble using the large-scale atomic/molecular massively parallel
simulator (LAMMPS)*” package. Equations of motion are integrated
using the velocity-Verlet algorithm with a time step of 5 fs, while the
temperature is controlled using the Nosé—Hoover’*® thermostat
with a time constant of 0.5 ps. Supercooled liquid configurations are
prepared by melting a properly sized film of cubic ice at 350 and 250
K for mW and SW21 systems, respectively. We collect a minimum of
100 melted configurations once every 0.05 ns and gradually quench
them to the respective target temperature at a cooling rate of 6.25 ps
K. This choice was guided by the fact that structural relaxation
times for both mW and SW21 never exceed 2 ps within the range of
temperatures considered in this work (Figure S1). Therefore, the
quenched configurations have sufficient time to structurally relax
during cooling and did not get kinetically arrested. Note that the
ensuing films are sandwiched between the INP and the vapor phase,
which, due to the low vapor pressure of mW-like models under
supercooled conditions,’’ is technically indistinguishable from
vacuum. This implied simulating nucleation at zero pressure, which
accurately represents atmospherically relevant conditions. All system
characteristics (including system sizes) are given in Table SI.

Rate Calculations. Nucleation rates are computed using our
recently developed jFES algorithm® with the number of molecules
within the largest crystalline nucleus as the order parameter, £(-).
Individual molecules are classified as solid-like or liquid-like on the
basis of the g4 Steinhart bond order parameter,”’ and the solid-like
molecules within a distance cutoff r, are clustered to form crystalline
nuclei. In order to be consistent with our earlier work on the SW21
model,"’ we use r. = 0.32 and 0.345 nm for mW and SW21,
respectively, and apply the chain exclusion algorithm of Reinhardt et
al.°* Further details about the particular definition of g4 and the
clustering algorithm can be found in our earlier publications.">""
Forward flux sampling (FFS)®® has been extensively utilized for
studying rare events,®* and jFES is a generalized variant of FFS
particularly suitable for use with order parameters—such as that
utilized in this work—that undergo high-frequency high-amplitude
temporal fluctuations. The rate of transition from the supercooled
liquid basin A = {x:£(x) < £,} to the crystalline basin B = {x: £(x) >
£p} is estimated by partitioning the intermediate [£,, £5) region using
N milestones &, < & < «+ < &y = &g, which are level sets of £(+) and by
recursively computing the flux of trajectories leaving A and reaching
each milestone. This is achieved by computing the flux of trajectories
crossing &, (computed from long conventional MD trajectories within
A) and estimating transition probabilities between successive
milestones (by initiating trial trajectories from configurations arising
from earlier crossings). The mechanism of nucleation is characterized
using the pedigree analysis method described in ref 65. Further details
about jFFS calculations can be found in Section S3 in the Supporting
Information.
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B RESULTS AND DISCUSSION

Kinetics and Mechanism of Nucleation. We first
explore the dependence of heterogeneous nucleation rate on
the thickness of the supported film, which is a measure of the
proximity of the INP and the free interface. As depicted in
Figure le, the rate is virtually insensitive to film thickness in
the mW system, which does not undergo surface freezing. Note
that such a lack of sensitivity is not an artifact of the relatively
large nucleation rates at 235 K and is also observed at 240 K,
where nucleation rates are 4 orders of magnitude smaller. In
the SW21 system, which undergoes surface freezing, however,
the rate is very sensitive to film thickness, as can be seen in
Figure 1f, and is almost 6 orders of magnitude larger in the
ultrathin 1.2 nm thick film than in thicker films. These findings
confirm our core hypothesis that there is a relationship
between the ability of a free interface to enhance homogeneous
and heterogeneous nucleation, as the contact freezing
propensities of these two liquids match their respective surface
freezing tendencies. We use the heuristics developed in our
earlier publication® to show that these findings are not
affected by finite size effects, with the results of such an analysis
being presented in Figure S2 and Table S2. This is further
confirmed by conducting MD simulations of the 1.2 nm film in
a larger simulation box (Figure S3) with the rate obtained from
the mean first passage time method®” being almost identical
with that reported in Figure 1f. Also, these rates are tens of
orders of magnitude larger than the homogeneous nucleation
rates at identical temperatures (Table S3).

In order to understand the origin of this contrasting
behavior, we inspect the nucleation mechanism by analyzing
the spatial spread of the largest crystalline nuclei in “surviving”
configurations. A configuration stored at an FFS milestone is
called surviving if it bears progeny at the target crystalline
basin: i.e., if at least one configuration at &y can be traced back
to it via a collection of trial trajectories. As can be seen in
Figure 2, a major qualitative difference is observed between the
ultrathin SW21 film and the remaining films. While the
crystalline nuclei only form at the graphene surface in mW
films of all thicknesses (Figure 2¢,d and Figure S4c,d) and in
thicker SW21 films (Figure 2b and Figure S4a,b), they tend to
emerge at either of the two interfaces in the ultrathin SW21
film (as can be seen from the representative surviving
configurations and pathways depicted in Figure SS) and
grow to form hourglass-shaped nuclei. (Here, by “hourglass”
we refer to a structure that is fatter at the top and the bottom
than in the middle.) Representative critical nuclei depicted in
the insets are also hourglass-shaped in the ultrathin SW21 film
(Figure 2a and Figures S3 and SS) as opposed to spherical cap-
like nuclei reminiscent of classical heterogeneous nucleation in
thicker films (Figure 2b). In mW films, however, all such nuclei
are spherical cap-like irrespective of film thickness, as depicted
in Figure 2¢,d. In particular, nucleation exclusively starts at the
graphene wall in ultrathin mW films (Figure 2c), as
demonstrated in the pathway depicted in Figure S6.

Clearly, the dependence of mechanism on film thickness
follows the same trend as that of the nucleation rate. Most
notably, the dramatic enhancement in nucleation kinetics in
ultrathin SW21 films is accompanied by an abrupt change in
the shape and spatial spread of the crystalline nuclei. This
change demonstrates a synergy between the two interfaces in
the ultrathin film, which is likely responsible for faster
nucleation presumably due to a decrease in the nucleation
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Figure 2. Geometric spread of crystalline nuclei in graphene-
supported films. Histograms of the z coordinates of the molecules
belonging to the largest crystalline nuclei in surviving configurations
of SW21 (a, b) and mW (¢, d) films at 170 and 23S K, respectively.
The area under each histogram is normalized to unity. Legends
correspond to surviving nuclei at different jFFS milestones. Insets
depict representative critical nuclei in each system, with solid-like
molecules within the nuclei, liquid-like molecules, and carbon atoms
depicted in red, dark blue, and light green, respectively. Nuclei in (a)
are hourglass-shaped with their typical geometry depicted in the inset.
Shaded regions correspond to the geometric spreads of the supported
films.

barrier. We use the FES-MFPT method®® to compute
nucleation barriers in SW21 films and observe that the
nucleation barrier decreases abruptly upon decreasing the film
thickness to 1.2 nm (Figure 3a). We refer to this effect as
interfacial synergy, since the proximity of the two interfaces
leads to increases in rate (and decreases in the nucleation
barrier) that are otherwise impossible in the presence of the
isolated individual interfaces. We also observe further
manifestation of this synergy by noting that surviving
configurations at &, are more likely than vanishing config-
urations to possess strong free interfacial peaks, as depicted in
Figure S7a.

CNT-Based Theoretical Model. In order to determine
whether it is the formation of hourglass-shaped nuclei that
results in a decrease in the nucleation barrier, we employ the
formalism of classical nucleation theory,”” which has been
extensively utilized to interpret the findings of experimental

and computational studies of nucleation.”” In the standard
form of CNT for heterogeneous nucleation, crystalline nuclei
are assumed to be spherical caps that form at the surface that
harbors nucleation and grow at a fixed three-phase contact
angle. This results in a nucleation barrier given by

1611';/51‘C (9)

i
AGhet 3p52|A,u|2 (1)
wherein Ay is the chemical potential difference between the
supercooled liquid (1) and the crystal (s), 74 is the solid—liquid
surface tension, p; is the number density of the crystal, and 6 is
the three-phase contact angle. f.(9)—given by eq S7 in the
Supporting Information—is a measure of the efficiency of
heterogeneous nucleation and is called the potency factor’*—
or the compatibility factor.”' We generalize this standard form
of CNT to the case of two parallel interfaces separated by a
distance [ by assuming that crystalline nuclei can comprise
two—intersecting or nonintersecting—spherical caps of radii
r, and ¢ forming at the INP wall (w) and the free interface (f),
respectively, and can be further connected via a cylindrical
bridge of radius r.. Within this framework, nucleation can start
at both interfaces, commensurate with our observations in
ultrathin SW21 films. Moreover, model nuclei can only touch
each interface at a fixed contact angle (6,, for the INP and 6
for the free interface). This further limits the set of permissible
values of r,, rp and r,, as each cap can intersect the opposing
interface only within the base of the opposing cap, and the
cylindrical bridge will also have to be contained within those
bases or not touch the interfaces at all. (See Section S1B in the
Supporting Information for a detailed discussion.) The free
energy of formation of such a composite nucleus (Figure 3b)
will thus be given by

AGy (1, 1, 1) = > wiy, — 7)) sin® 6~ Vg Al AU

i€ {w,f)
+ YiShg 2)

with Vj,, and S, being the volume and the liquid-exposed
surface area of the hourglass-shaped nucleus, respectively, and
Yap the surface tension between phases a and f# €{w,fl,;s}. The
free energy of formation of a nucleus of size N will thus be
given by

8 T b
—
= 12 a9keT |2 <
< 3 S yo=28.14 mN.m't
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Figure 3. CNT-based theoretical description of nucleation. (a) Free energy profiles computed using the FFS-MFPT method®® for nucleation
within graphene-supported SW21 films. (b) Schematic representation of an hourglass-shaped crystalline nucleus. ,, and 6; are the corresponding
contact angles at the INP and the free interface, respectively, while [ is the thickness of the film. (c) AGgyyg vs & for the yy value given in ref 11
(blue). The orange and green curves are computed at the boundaries of the 95% confidence interval of 7, while each dotted curve is computed at
0,, + 60, with 60,, being the error bar in ,. The shade around each curve is therefore a measure of uncertainty in AGgyg at a fixed yy due to
uncertainties in @,. The insets depict representative nucleus shapes predicted from the theory. The dark red and dark green horizontal lines
correspond to the AGyy values predicted from CNT for the uncorrected €¢ and estimated from the FFS-MFPT method, respectively.
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min
AVhg(rrter) =N

AG}llg(N) = AG}IAg(rw) T rc)

3)

The nucleation barrier AGL¥ can be estimated by max-
imizing AG{,g(N). If the corresponding critical nucleus is
comprised of only a single spherical cap, i.e., with r,, # 0 and r¢
=r.=0, AG{;;‘ will be identical to AG{, given by eq 1 and the
proximity of two interfaces will not result in smaller barriers
and faster nucleation. One can therefore use AGgy =
Afoet—AGé;" as a measure of the efficacy of the second
interface in enhancing nucleation.

Before discussing the predicted AGgy values, we first give an
overview of how we estimate the necessary thermodynamic
parameters. Unlike quantities such as Ay and p, that can be
accurately estimated via thermodynamic integration and NpT
MD simulations, surface tensions and contact angles are
extremely difficult to estimate directly in the supercooled
regime. For mW-like liquids, indirect estimates based on CNT
reveal that y4 is not very sensitive to temperature’> or
tetrahedrality.'' We therefore use the value of 74 = 28.14 +
2.95 mN m™ reported in ref 11, which satisfactorily describes
nucleation in mW-like liquids over a wide range of
tetrahedralities. In order to estimate contact angles, we invoke
a CNT prediction that has been previously validated in
computational studies of heterogeneous ice nucleation on
graphene”” and stipulates that the potency factor is equal to
the ratio of the sizes of critical nuclei in heterogeneous and
homogeneous nucleation. We consider nucleation in free-
standing films and supported 3.6 nm films as references for
determining &; and 6, respectively, with further details being
given in Section S2A in the Supporting Information. We
compute AGLg(N) for SW21 films of different thicknesses
(Figure S8) using the numerical approach described in Section
SID in the Supporting Information and observe that AGL¥ is
identical with AG, in thicker films and is only 6kzT smaller in
the ultrathin 1.2 nm film. The corresponding critical
nucleus—(i) in the inset of Figure 3c—is comprised of two
intersecting spherical caps, as no cylindrical bridge is
geometrically possible due to the sizes of the spherical caps.
These predictions are qualitatively consistent with the rates
and mechanisms obtained from jFFS and demonstrate that the
synergy between the two proximal interfaces can result in faster
nucleation. In mW films, however, AG%;;‘ = AG{, for films of
all thicknesses due to the lack of surface freezing propensity at
the free interface.

Structural Characterization of the Free Interface in
the Supercooled Liquid. Our theoretical description
provides a qualitative explanation for faster nucleation in
ultrathin SW21 films. Its quantitative accuracy, however, is
limited, as it underestimates the extent by which nucleation is
enhanced: ie., a 6kgT decline in barrier vs the 11.6kT
obtained from the FFS-MFPT method and depicted in Figure
3a. As can be seen from Table S4, such discrepancies cannot be
tully explained by uncertainties in model parameters such as
surface tensions and contact angles; thus they are caused by
either limitations of CNT or peculiarities specific to SW21
ultrathin films. In order to identify—or rule out the existence
of—such peculiarities, we analyze the molecular structure of
the free interfaces in supported and freestanding liquid films of
SW21 and mW. Here, “free interface” corresponds to parts of
the film within the last major peak of p(z), the density profile
as a function of z, the distance from the wall, and the film
center for supported and freestanding films, respectively. (p(z)
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profiles for all the films considered in this work are depicted in
Figure S9.) We also compute each structural feature within the
“bulk” region, i.e. the parts of the films where density is
constant and is equal to the bulk value, e.g. at the center of
freestanding films. We first compute g(r,z), the planar radial
distribution function (RDF),”®> which provides a radially
averaged picture of a molecule’s hydration shells. As can be
noted in Figure 4a, there is a statistically significant difference
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Figure 4. Structural characterization of the free interface. (a—d)
Planar RDFs and (e—h) g; and (i—1) nearest neighbor count
distributions for molecules within the free interfacial regions of
supported and freestanding thin films of SW21 (a, b, ¢, £ i, j) and mW
(¢, d, g h, k, 1). The “bulk” refers to the properties computed in the
central bulklike region of a 3.6 nm thick freestanding film. Error bars
in (a—d) and (i—l) are thinner than the curves and smaller than the
symbols, respectively. The areas under the curves in (e—h) are
normalized to unity, and the shades correspond to error bars.

between free interfacial RDFs of supported and freestanding
ultrathin films of SW21, with the supported film RDF
possessing a shallower first valley and a weaker second peak,
corresponding to more intermixing of the first and second
hydration shells in the free interface. Moreover, the free
interfacial RDF in the supported ultrathin film lies between
those in the bulk and the freestanding film. This suggests that
the free interface becomes more bulklike due to its proximity
to the graphene wall. The distinction between the free
interfacial RDFs of supported and freestanding films disappears
in thicker SW21 films (Figure 4b and Figure S4e,f) and in mW
films of all thicknesses (Figure 4c,d and Figure S4gh).

In order to further probe the structure of the free interface,
we compute the g; distribution for the molecules within the
free interface. g3 is a local Steinhardt bond order farameter61
usually used for distinguishing ice polymorphs’* but is, in
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general, a measure of how neighbors of a central molecule are
oriented within its first hydration shell. Similar to RDFs, free
interfacial gq; distributions differ considerably between
supported and freestanding ultrathin SW21 films, as depicted
in Figure 4e, while no such difference is observed in thicker
SW21 films (Figure 4f and Figure S4i,j) and in mW films of all
thicknesses (Figure 4gh and Figure S4k,1). The rightward shift
in q; makes free interfaces in supported ultrathin films more
bulk-like, a trend also observed for RDFs (Figure 4a).
Interestingly, this dramatic change in the g; distribution can
be fully attributed to a change in the number of molecules
within the first hydration shell, as depicted in Figure 4i. Indeed,
the g; distribution undergoes a rightward shift when the
number of molecules within the first hydration shell increases
(Figure S10). Again, no change in the nearest neighbor count
distribution is observed in thicker SW21 films (Figure 4j and
Figure S4m,n) and mW films of all thicknesses (Figure 4k,1 and
Figure S40,p). One might expect the synergy between the two
interfaces to also result in a change in the structure of the
graphene-adjacent interfacial region: ie., the region corre-
sponding to the first density peak in Figure S9a. Our analysis,
however, reveals no such structural modulation, as is evident
from planar RDFs and ¢q; and nearest neighbor count
distributions depicted in Figure S11.

All of these structural features point to the same picture, a
free interface that becomes increasingly bulklike in the
presence of a proximal INP. Such changes in structure will
inevitably alter interfacial properties such as y,, and 6; In
particular, we expect y;, to only increase upon an INP-induced
structural modulation, since the unperturbed free interface
adopts the structure that minimizes the free energetic penalty
associated with forming a two-phase interface. Any deviation
from such an “optimal” structure will only increase such a
enalty. According to the Young equation, 6 is related to y;, by
cos b = (¥, — ¥«)/7q and will therefore decrease upon an
increase in y},. This is based on the reasonable assumption that
7s is not affected by the thinness of the film. Unfortunately, we
cannot accurately estimate the perturbed 7, using standard
methods such as integrating the difference between normal and
lateral stress and the capillary wave method”> due to the
absence of a well-defined bulk region, nor can we compute it
using the test area method,”® which will require straining the
crystalline graphene wall. We therefore only examine the
sensitivity of AGgg to 6. As depicted in Figure 3¢, AGyg
increases upon decreasing 6; from its unperturbed value of
~136°. Indeed, decreasing 6; by ~18° brings AGyg up to the
11.6 kgT value, depicted in Figure 3a. Moreover, the
“perturbed” value of 0 ~ 118.6° results in critical nucleus
shapes and sizes more commensurate with those obtained from
jEFS. For instance, unlike the original nucleus (predicted for
the original ; ~ 136°) that is only comprised of two spherical
caps, all critical nuclei for € < 120.6° also comprise a
cylindrical bridge and therefore more resemble the hourglass-
shaped nuclei observed in simulations. Furthermore, with the
“corrected” ¢ ~ 118.6°, the critical nucleus size is predicted to
be N*_ ~ 1505, which is considerably smaller than N* ~
216155 (predicted for 6; ~ 136°) and is closer to the average
critical nucleus size of Nipg ~ 31 + 2 obtained from jFFS.
Note that the difference between N, and Nips might be

~
~

j
corr
inflated, as the apparent nucleus size determined from classical

MD or JFFS is usually very sensitive to the employed clustering
and classification algorithm.”” Indeed, analyzing our critical
configurations using a second-order parameter in which the
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first hydration shells of solid-like molecules are included in the
nucleus yields an average nucleus size of 92 + 1, which is
considerably closer to N¥  and falls within its confidence
interval. Finally, as can be seen in Figure 3c, our analysis is
robust to uncertainties in the model parameters such as y, even
though the “corrected” 6; that would yield the expected AG
will be slightly different. The confidence intervals for the
“corrected” 6 and its associated N* is given in Table S4.

It must be noted that the quantitative accuracy of our CNT-
based model is still limited even with an adjusted 6. Most
importantly, the predicted nucleation barriers (for both thick
and thin films) are considerably larger than those estimated
from the FFS-MFPT method. This discrepancy can arise from,
among other things, the strong sensitivity of the nucleation
barrier to quantities such as surface tensions and contact
angles. For instance, a 10% error in y4 and 6,, can result in as
much as 33% and 25% errors in AGf,, respectively. It is indeed
plausible that we might be overestimating 6, as the typical
critical nuclei on a 3.6 nm SW21 film (e.g., those depicted in
Figure 2b) are too flat to be approximated as spherical caps.
Other factors that can affect our contact angle estimates are the
classification and clustering criteria utilized for detecting the
largest crystalline nucleus, which can result in large changes in
the apparent size of the critical nucleus.”” Despite these
limitations, our analysis is still useful, as it demonstrates that
the synergy between interfaces and structural modulation of
the free interface by an INP can collectively explain the
observed acceleration of nucleation in ultrathin SW21 films.

Our structural analysis of the free interface also sheds further
light on the unresolved conundrum of why different water
models have such distinct surface freezing propensities. For all
the structural features highlighted in Figure 4, the interfacial
regions in freestanding SW21 films are distinct from the bulk,
while for mW films, no difference is observed between the bulk
and the free interface. This significant difference between these
two otherwise similar models can qualitatively explain their
differing surface freezing propensities. In other words, in order
for the free interface to harbor nucleation at a faster rate, its
structure must be sufficiently different from the bulk.

Structureless Walls. In order to ensure that the observed
behavior is not an artifact of the molecular structure of the
underlying graphene wall and is truly caused by a synergy
between a free interface and a "generic” INP, we explore the
kinetics and mechanism of nucleation in thin supported SW21
and mW films in the vicinity of L] 9-3 structureless walls.*® A
structureless wall exerts no lateral force on the molecules and is
therefore incapable of inducing any lateral order within the
film. Table 1 summarizes the computed nucleation rates in 1.2-
and 3.6-nm thick supported mW and SW21 films. In order to
keep the corresponding calculations computationally tractable
and devoid of finite size effects, we conduct them at slightly
lower temperatures. Similar to the case for graphene-supported

Table 1. Summary of Heterogenous Nucleation Rate, 7, in
Supported SW21 and mW Films in the Vicinity of an L] 9-3
Structureless INP“

10gm J (m—z S_l)

model T (K) 1.2 nm film 3.6 nm film
Sw21 165 22.96 + 0.26 6.82 + 0.45
mW 220 20.07 + 0.08 20.86 + 0.07

“Error bars correspond to 95% confidence intervals.

https://dx.doi.org/10.1021/jacs.0c10663
J. Am. Chem. Soc. 2021, 143, 2272-2284


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c10663/suppl_file/ja0c10663_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c10663?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
SW21 mW SW21 mW
10 a —¢-10 Jc — Ef %g 4.0 e Buk — g Bulk —
£=27 ¢ ; %0 Freestanding — Freestanding — E
OS - E =55 o E: 105 20 Supported —. Supported — ~
A A —€=165] —~ -
A A —€=220] &
00f —¢-14 [d Tets | £ OO0 s —h o —
—£&=55 —£&=30 Freestanding — Freestanding — E
— &£=100 — £=60 Supported — Supported —
0.5 t! s £ 100 2.0 :
— £=208 — &=150
0.0 - 0.0
0O 10 20 30 0O 10 20 30 40 0.0 1.0 20 0.0 1.0 2.0
Distance from the INP (nm) r (nm)
Sw21 mW SW21 mW
H Bulk — Bulk — ulk == Bulk —0—
20 l Freestanding — k Freestanding —| 09 m Freestani\'n‘;—I— © Freestanding —E— E
Supported — Supported — 0.6 Supported —5— Supported —5— c
1.0 N
N —~ 0.3 -
§ OO H Bulk — Bulk = Zgo Bulk:O— Bulk —¢—
J Freestanding — | Freestanding — = 0.9 n Freestanding —E— P Freestanding —E— =
Supported — Supported — Oé Supported —§— Supported —§— =
1.0 0
0.3 ™
0.0 0.0
-0.6 00 0.6 -0.6 00 0.6 0 3 6 0 3 6 9
as Number of Nearest Neighbors (Nngb)

Figure 5. Nucleation mechanism and structural characterization in supported films in the vicinity of a structureless INP. (a—d) Histograms of the z
coordinates of the molecules belonging to the largest crystalline nuclei in surviving configurations of SW21 (a, b) and mW (c, d) films. Shaded
regions correspond to the geometric spreads of the supported films. (e—h) Planar RDFs and (i—1) q; and (m—p) nearest neighbor count
distributions for the vapor—liquid interfacial regions of supercooled supported and freestanding films of SW21 and mW. The “bulk” refers to the
properties computed in the central bulklike region of a 3.6 nm thick freestanding film. Error bars in (e—h) and (m—p) are thinner than the curves
and smaller than the symbols, respectively. The areas under the curves in (i—1) are normalized to unity, and the shades correspond to error bars.

films, the nucleation rate is virtually insensitive to film
thickness in the mW system. In the SW21 system, however,
nucleation is 16 orders of magnitude faster in the ultrathin film.
These findings confirm that even though the extent by which
nucleation becomes faster can depend on the particular
structure and chemistry of the INP, the mere enhancement
in heterogeneous nucleation kinetics only depends on the
surface freezing propensity of the corresponding liquid.

We also explore the mechanism of nucleation by quantifying
the spatial spread of crystalline nuclei in surviving config-
urations. In ultrathin SW21 films, crystalline nuclei form at
both interfaces and are hourglass-shaped (Figure Sa), a
behavior also observed in their graphene-supported counter-
part (Figure 2a). Similarly, nucleation proceeds through
conventional heterogeneous nucleation in thicker SW21 films
(Figure Sb) and in mW films of all thicknesses (Figure Sc,d).
Moreover, structureless walls modulate the structure of the free
interface in ultrathin SW21 films (Figure Se,i,m), while no such
modulation is observed in thicker SW21 films (Figure Sfj,n)
and mW films of all thicknesses (Figures Sghkl,0,p).

Applying our CNT-based theory to nucleation near
structureless walls is particularly instructive. Since both 8,
and 6; are obtuse in the case of the structureless wall, a
geometric upper bound exists for the sizes of nuclei of the type
depicted in Figure 3b. (A rigorous proof is provided in Section
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S1C in the Supporting Information.) For the unperturbed 6,
AGLg(N ) is a strictly increasing function of N, and therefore no
nucleation is feasible according to the theory. The structural
modulation of the free interface, however, implies that 6 is
smaller in supported ultrathin SW21 films. Decreasing 6; not
only makes nucleation possible but also results in a larger
AGyg (Figure 6b). Using a perturbed contact angle of ~94.6°
yields AGgg ~ 36kyT obtained from the FFS-MFPT method
and depicted in Figure 6a. Similarly to graphene walls, this
analysis is robust to uncertainties in model parameters such as
74 and 6, as can be seen in Table S4.

Polymorphism and Cubicity of Crystalline Nuclei.
Figure 7 depicts the percentage of molecules within the largest
crystalline nuclei with local structure of cubic ice, determined
using the g; order parameter.”* It is abundantly clear that both
INPs favor the formation of hexagonal ice at their immediate
vicinity. Consequently, cubicity is very small in the case of
graphene-supported SW21 films (Figure 7a), since the
crystalline nuclei are predominantly comprised of two layers
in thicker SW21 films (Figure 2b and Figure S4a,b). In the 3.6
nm SW21 film supported by the structureless INP, the cubicity
is higher, as the crystalline nuclei are comprised of more layers
in comparison to their graphene-supported counterparts
(Figure Sb). For the ultrathin SW21 films, the cubicity is
very small since both interfaces tend to favor the formation of
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Figure 6. Theoretical analysis of nucleation in the vicinity of a
structureless INP. (a) Free energy profiles computed using the FFS-
MFPT method®® for nucleation within supported SW21 films in the
vicinity of the structureless INP. (b) AGyy vs 6 for the ultrathin film
at the vicinity of the structureless wall for the y, value given in ref 11
(blue). The orange and green curves are computed at the boundaries
of the 95% confidence interval of yg, while each dotted curve is
computed at 6,, + 66, with 60,, being the error bar in fw. The shade
around each curve is therefore a measure of uncertainty in AGg at a
fixed y4 due to uncertainties in 6,. Nucleation is not feasible within
the light blue region. The dark green horizontal lines corresponds to
the AGgg values estimated from the FFS-MFPT method in (a).

hexagonal ice. It has indeed been previously shown that free
interfaces tend to favor the formation of hexagonal ice motifs
in a wide variety of water models, including mW.'*”® Unlike
SW21 films, supported mW films are generally more cubic
(Figure 7c,d). While this can be partially attributed to the
existence of more layers within the crystalline nuclei (Figures
2¢,d and Sc,d and Figure S4c,d), it can also be due to the
higher propensity of mW toward stacking disorder. Further
studies are needed to assess the sensitivity of polymorphism to
the tetrahedrality parameter in the mW-like systems.

Comparison with Experiments. Due to the limited
spatiotemporal resolution of the existing experimental
techniques, the mechanistic details obtained here cannot be
directly verified in experiments. We can, however, compare the
kinetic enhancements observed here to those reported in
contact freezing experiments. Due to the interfacial nature of
heterogeneous nucleation, we report all rates in nucleation
events per unit area per unit time. This is in contrast to
experiments where an average volumetric nucleation rate is
reported for an ensemble of microdroplets. It is therefore
necessary to build a kinetic model to convert our areal rates
(computed in idealized systems) to the apparent volumetric
rates measured in experiments. More specifically, 7, (s, ®), the
areal rate of heterogeneous nucleation on an INP will depend
on s, its distance from the free interface, and @, its orientation
relative to the free interface. The average volumetric nucleation
rate for a droplet of radius ry with n dispersed INPs will thus be
given by

3an

VAT L AL A SV R TS
T lres p()1 = 1‘3 /(; /‘;7‘ (r, ®)J (1, — r, @) dP dr
4)

where a is the surface area of an individual INP and 4zr’p(r,
@) dr d® is the probability of observing it at a distance r from
the center and at a relative orientation ®. Both 7,(+) and p(-)
can, in principle, be constructed using a combination of
thermodynamic analysis and extensive molecular simulations.
Note that eq 4 is only valid if the INPs do not ”interact” with
one another: ie., that their nanoscale proximity and/or
aggregation does not result in faster nucleation.

The simple physical picture emerging from this work

suggests that J, can take the two distinct values J ‘(f) and

J ‘(:) for s < sy and s > sy, respectively, where s, is the threshold
for transitioning from hourglass-shaped to regular nuclei and

J f) > T i") . We also expect the interfacial contribution to eq
4 to be dominated by the orientation in which the INP is
parallel to the free interface. This is because an arrangement in
which the two interfaces are proximal, but make a nonzero
angle, is not mechanically stable and depending on the wetting
properties of the INP will either revert to the parallel
arrangement or will partially dewet (and form a contact line)
over time scales considerably shorter than the nucleation time.
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(We do not expect the latter scenario to result in considerable

changes in J Ef), as contact lines have been shown to not
accelerate heterogeneous ice nucleation on chemically uniform

surfaces.””*') The only plausible reason for J ‘(;) to be
orientation-dependent is if the underlying INP has different
crystallographic planes with differing ice-nucleating potencies.
Depending on which of these planes comes in contact with the
free interface, the extent by which nucleation is enhanced
might be different. Due to the simple geometries of the INPs
considered in this work (a single layer of graphene and a
structureless INP with no crystallographic features), this latter
situation is not relevant here. If the INPs are also uniformly
distributed within the droplet, the apparent volumetric rate will
be given by

T = anTDGac + 1) (s)

with a = sp/ry << 1and ¢ = jfj)/jﬁj) > 1. (The derivation of
eq S is included in Section S4 in the Supporting Information.)
We call 3ag the enhancement factor, as it is the factor by which
the apparent volumetric rate is enhanced due to “inside-out”
freezing, and denote it by y. According to the calculations
conducted here, s, is ion the order of a few nanometers, while ¢
varies between 10° and 10'. This will correspond to 3ag ~
103-10" for a microdroplet, which is in line with the
enhancements observed in earlier experimental studies®””" that
report enhancements of between 5 and 13 orders of
magnitude.

While this simple kinetic model predicts y values that are in
reasonable agreement with experiments, it is important to
assess its robustness to violations of some of its key underlying
assumptions. In particular, we consider a situation in which

J ‘(;) is not constant within the interfacial region (s < s). It

must, however, be noted that even then l(zs) is unlikely to be
an arbitrary continuous function of s. This is because a liquid
nanofilm that lies in between an INP and the free interface will
be layered as can be seen in Figure S9. Consequently, not only
will the thickness of such a film change in increments of 0.3—
0.4 nm (the characteristic thickness of each liquid layer) but

also J S) will be a discontinuous function of s and will only
depend on the number of liquid layers that separate the INP
and the free interface. As demonstrated in detail in Section S4
in the Supporting Information, the enhancement factor
obtained from such a stratified model will be dominated by

contributions from the “magic” separations at which J E:) 19 t(;)
is the largest. This will make our predictions robust to a
“worst-case” scenario in which nucleation is only enhanced
within a 1.2 nm film (i.e, one comprised of three full liquid
layers) and not for films that are thicker or thinner. Under such
a scenario, ., (r,) will be dominated by contributions from s &
1.2 nm, which will eclipse contributions from slow nucleation
at other permissible thicknesses. As a result, the enhancement
factor will only decrease by an algebraic factor given by eq S34,
while its order of magnitude will remain unchanged. Therefore,
the enhancement in rate within a 1.2 nm film alone is still
sufficient for a dramatic increase in ., even if it ditsappears for
films with fewer or more liquid layers.

B CONCLUSION

In this work, we explore how free interfaces affect
heterogeneous ice nucleation by computing heterogeneous
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nucleation rates in supported supercooled nanofilms of two
model water-like tetrahedral liquids. We observe that the
kinetics of nucleation is enhanced by several orders of
magnitude in ultrathin films of the liquid that undergoes
surface freezing: i.e., that has a free interface amenable to
homogeneous nucleation. No such enhancement is observed
for the liquid with no surface freezing propensity. We use
classical nucleation theory to conclude that the formation of
hourglass-shaped crystalline nuclei (observed in our jFFS
simulations of the films that undergo faster nucleation) can
result in a considerable decrease in the nucleation barrier, but
not by enough to explain the extent of increase in rate. By
analyzing the structure of the supercooled liquid, we observe
that the INP alters the structure of the free interface in the
ultrathin films that undergo faster heterogeneous nucleation
and makes it more bulk-like. This results in a decrease in the
three-phase contact angle at the free interface, which in turn
leads to smaller nucleation barriers and faster nucleation. We
confirm these findings for both graphene and model
structureless L] 9-3 walls.

Both model INPs considered in this work induce significant
structural perturbations within the free interfacial region of the
ultrathin SW21 film, while the INP-adjacent interface is mostly
unaffected by the free interface. Note that either of these
assertions might be violated for INPs with differing top-
ographies and chemistries. As demonstrated in the case of
graphene, faster nucleation can still be possible in the absence
of INP-induced structural modulations, but the extent of
enhancement will be attenuated considerably. Further studies
with a wide variety of INPs are needed to probe whether and
when any of these key observations are violated.

Our work provides ample evidence that nanoscale proximity
of an INP and a vapor—liquid interface can lead to rate
increases commensurate with those observed in contact
nucleation. There are, however, reasons to suspect that these
findings might have limited direct relevance to atmospheric
contact freezing, which occurs under conditions far from
equilibrium and is likely affected by a plethora of other factors.
Therefore, even though we demonstrate that nanoscale
proximity is a sufficient condition for kinetic enhancement in
contact nucleation, it is plausible that the inclusion of those
other effects might result in comparable (or even larger)
increases in the nucleation rate. Further studies are needed to
assess the relative importance of factors such as etching,**
vapor deposition,” and mechanical waves.”® Moreover, the
validity of the physical picture presented here is predicated on
the assumption that real water undergoes surface freezing,
which, while supported by a large body of indirect evidence,
has yet to be proven unequivocally.**

Recently, pressure perturbations have been proposed’” as a
plausible cause of kinetic enhancement during contact
nucleation. According to this theory, a collision between an
INP and a water droplet could result in the formation of a
distorted contact line and thus lead to the emergence of
regions with local negative curvature. The ensuing negative
Laplace pressure will then result in faster nucleation due to
water’s negatively sloped melting curve.”” While this theory
cannot be fully confirmed experimentally due to the difficulties
of probing nanoscale local curvature, it tends to perform
reasonably well in explaining experimental observations of
contact nucleation efficacy. While regions with local negative
curvature can arise in our simulations, e.g,, due to capillary
waves at the free interface, the flat geometry of the supported
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film makes it extremely unlikely for such regions to extend over
sufficiently large swaths of the liquid. Therefore, our work
reveals that the emergence of negative pressure is not a
necessary condition for faster contact nucleation. Further
studies are, however, necessary to probe the combined effects
of interfacial curvature and nanoscale proximity on the kinetics
and mechanism of heterogeneous nucleation.

Due to the coarse-grained nature of the utilized force fields,
our explanation for the relationship between surface and
contact freezing is minimal in nature. In particular, we are not
able to capture electrostatic and polarizability effects that play
an important role in heterogeneous ice nucleation, as
demonstrated in several earlier studies.”' ~** Due to the long-
range nature of electrostatic interactions, the synergy between
an INP with charged or polar groups and the free interface
might be stronger and might extend over longer distances. It is
therefore likely that the enhancement in nucleation kinetics
will occur for films that are considerably thicker than 1 nm.
The nature of INP-induced structural modulations might also
be different, as the free interface in real water has distinct
dielectric signatures due to the presence of dangling hydrogen
bonds.*> Exploring these questions can be the topic of future
studies.

Despite the success of our CNT-based theory in predicting
faster nucleation in ultrathin SW21 films, its predictive power
at a quantitative level is limited due to a confluence of factors,
such as the difficulty in accurately estimating interfacial
properties such as surface tensions and contact angles and
the exponential sensitivity of rate to subtle changes in such
quantities. The more important—and consequential—short-
coming of CNT, however, arises from the important role of
INP-induced structural modulation that effectively alters the
relevant interfacial properties. Therefore, even if all interfacial
properties are estimated accurately, and even if CNT
accurately describes both homogeneous and heterogeneous
nucleation, it will still fall short of accurately predicting the
extent by which contact freezing will be faster. This partially
explains the quantitative inadequacy of CNT-based models in
describing contact freezing in experiments.

We wish to conclude with a few broader implications of this
work beyond contact nucleation. First of all, our findings call
for a more cautious approach in interpreting immersion
nucleation experiments in which a large number of water
microdroplets are generated from a mixture of water and INP
particles. The fraction of the microdroplets that freeze upon
supercooling is then monitored as a function of time, and an
average nucleation rate is extracted accordingly.*® It is totally
plausible that the INPs within such droplets might approach
the free interfacial region and harbor nucleation at
considerably larger rates in accordance with the mechanism
discovered in this work. The emergence of such “nucleation
hotspots” can, in turn, result in an overestimation of the true
immersion nucleation rate, as suggested by eqs 4 and S. Such
nanoscale proximity will be more likely to emerge if the INPs
have an intrinsic affinity toward the free interface (e.g, if they
are hydrophobic or amphiphilic) or if a droplet has a
sufficiently large number of INPs. Indeed, variations in INP
concentration among different droplets have already been
shown to result in large uncertainties in rate estimates.”” Our
findings suggest that INP-free surface proximity can result in
even larger uncertainties, and quantifying its likelihood is
critical to obtaining more reliable heterogeneous nucleation
rate estimates. The same framework can be used to probe
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nucleation in other liquids suspected of surface freezing, such
as silicon.*

Finally, the theoretical approach proposed in this work can
be applied to other scenarios in which crystalline nuclei might
simultaneously form on multiple interfaces—or interfacial
patches—with different chemistries or topographies. This
could, for instance, occur in “Janus” slit pores comprised of
different types of confining surfaces.’ A more interesting
scenario, however, emerges when a single interface is
comprised of multiple distinct “patches”, or nanoscale regions
with differing chemistries and ice nucleating propensities. Such
patchy surfaces can emerge in a wide variety of systems, such
as complex organic aerosols,”® block oligomers®” and
polymers,*® and ice nucleating® and antifreeze™ proteins.
Such patchy surfaces and coatings have garnered increased
interest recently due to advancements in various top-down
techniques”’ and bottom-up approaches,”” such as block
copolymer self-assembly,”””* which have made their precision
fabrication possible. In principle, the applicability of the
theoretical framework proposed in this work to study
nucleation on such patchy surfaces does not depend on their
particular chemistries and mechanical and topographical
properties. However, such patches sometimes resemble free
interfaces, such as hydrophobic patches on a protein,”
henceforth making the interfacial proximity of the type
discussed here even more salient. Our findings demonstrate
that different aspects of confinement can be harnessed to
realize nonclassical nucleation behavior.
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