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Molecular simulations reveal that heterogeneous ice nucleation
occurs at higher temperatures in water under capillary tension
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Abstract.

Heterogeneous ice nucleation is thought to be the primary pathway for the formation of ice in mixed-phase clouds, with
the number of active ice-nucleating particles (INP) increasing rapidly with decreasing temperature. Here, molecular dynamics
simulations of heterogeneous ice nucleation demonstrate that ice nucleation rate is also sensitive to pressure, and that negative
pressure within supercooled water shifts freezing to higher temperatures. Negative pressure, or tension, occurs naturally in
water capillary bridges and pores, and can also result from water agitation. Capillary bridge simulations presented in this study
confirm that negative Laplace pressure within the water increases heterogeneous freezing temperatures. The increase in freez-
ing temperature with negative pressure is approximately linear within the atmospherically relevant range of 1 to —1000 atm.
An equation describing the slope depends on the latent heat of freezing and the molar volume difference between liquid water
and ice. Results indicate that negative pressures of —500 atm, which correspond to nanometer-scale water surface curvatures,
lead to a roughly 4 K increase in heterogeneous freezing temperature. In mixed-phase clouds, this would result in approxi-
mately one order of magnitude increase in active INP concentrations. The findings presented here indicate that any process
leading to negative pressure in supercooled water may play a role in ice formation, consistent with experimental evidence of
enhanced ice nucleation due to surface geometry or mechanical agitation of water droplets. This points towards the potential for
dynamic processes such as contact nucleation and droplet collision/breakup to increase ice nucleation rates through pressure

perturbations.

1 Introduction

Heterogeneous freezing of water occurs when a substrate or material in contact with water catalyzes the formation of ice.
The heterogeneous ice nucleation rate coefficient, referred to in this paper as the intensive nucleation rate j¢;, describes the

2 s71). It is commonly recognized that jj; is

number of ice nucleation events per unit area of substrate per unit time (m~
temperature dependent, with probability of nucleation increasing as temperature is decreased. Meanwhile, less attention has
been given to the pressure dependence of j;.;, which will be the focus of this study. Specifically, we study the behavior of
Jnet under negative pressure, with the hypothesis being that negative pressure in supercooled water will correspond to elevated

temperatures of heterogeneous ice nucleation.
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Negative pressure in water is prevalent throughout nature, occurring in tree xylem (Jacobsen et al., 2007), in water capillary
bridges in soil (Seiphoori et al., 2020), and within nano-sized pores on atmospheric ice nucleating particles (David et al., 2020;
Marcolli, 2020; Klumpp et al., 2023). Negative Laplace pressure, given by P = 0y, /2r, (Where oy, ~ 0.7 J m~2 is the liquid-
vapor surface tension of water), becomes significant for nucleation when the air-water interface radius of curvature r is on the
order of nanometers. This corresponds to negative pressures on the order of hundreds of atmospheres. Thus, in this work we
explore atmospherically-relevant negative pressures down to —1000 atm.

Though small changes in temperature exert a much larger influence on ice nucleation rate compared to changes in pressure,
our results show that negative pressures within the range of —1000 atm can cause heterogeneous ice nucleation rates to occur
several Kelvin higher compared to without any pressure change. Within the narrow band of temperatures where heterogeneous
ice nucleation is active in the atmosphere, it is commonly approximated that the concentration of active ice-nucleating particles
increases exponentially with decreasing temperature (Pruppacher and Klett, 1997, Sec. 9.2); this suggests the activation of
ice-nucleating particles a few Kelvin warmer can have significant impacts.

Recent experiments provide compelling evidence that dynamic or geometric factors can lead to enhancement of ice nu-
cleation rates independent of temperature, leading investigators to explore non-thermal sources of freezing enhancement. For
example, it is widely known that contact between an ice-nucleating material and supercooled liquid leads to an increase in
the freezing temperature as compared to when the material is immersed (Pitter and Pruppacher, 1973; Levin and Yankofsky,
1983; Diehl et al., 2002). Wetting of a small ice-nucleating particle at a water surface (Shaw et al., 2005) and roughening of a
substrate (Gurganus et al., 2014) have both yielded similar increases. Even contact with a soluble material not typically con-
sidered an ice nucleating particle can induce freezing (Niehaus and Cantrell, 2015). It has been observed that ice nucleation is
strongly enhanced when the three-phase contact line of a sessile drop distorts and moves over a substrate during electrowetting
(Yang et al., 2015) or over a surface with pinning points (Yang et al., 2018). One hypothesis that attempts to unify these diverse
observations is that the curvature and/or stretching of the air-water interface produces negative Laplace pressure and tension
within the water (Marcolli, 2017; Yang et al., 2020).

Our previous molecular dynamics simulations of homogeneous ice nucleation within pure water identified that homogeneous
ice nucleation rates occur at higher temperatures due to negative pressure, where the increase in temperature 7 resulting from

a decrease in pressure P is described by the linear approximation (Rosky et al., 2022)

Tm Vs

T =
Ly

P. )

The governing quantities are the equilibrium melting point (7},,), the molar-volume difference between liquid and solid water
( vis = v — ), and the enthalpy of fusion (also known as latent heat, [ ;) — all evaluated at a reference pressure of 1 atmo-
sphere. The molar volume difference between liquid water and ice is negative across the range of pressures addressed in this
study. This property of water allows for an increase in freezing temperature (7" > 0) from a decrease in pressure (P < 0).
A thorough derivation of Eq. (1) can be found in the appendix of Rosky et al. (2022), using the pressure-dependent formulation

of the solid-liquid chemical potential difference (1) formulated by Némec (2013) combined with classical nucleation theory
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(see also Yang et al., 2018). Several thermodynamic properties of water such as the ice and liquid density, latent heat of fusion,
and ice-liquid surface tension are approximated as constant with temperature and pressure on the scales relevant to this work.

In Equation 1, the slope of ( T/ P)pom is approximated as parallel to the liquid-solid phase coexistence (melting point)
line, given by the Clapeyron equation. However, it is important to note that homogeneous freezing lines are not actually par-
allel to the melting point line as shown in both experiments and simulations of water (Bianco et al., 2021; Espinosa et al.,
2016; Kanno et al., 1975; Lu et al., 2016; Dhabal et al., 2022). The slope of ( T/ P)nom becomes increasingly steeper than
the melting point line at large positive pressures. However, all of these studies suggest that the homogeneous freezing lines
and melting point line become closer in slope when approaching the negative pressure regime. Indeed, Rosky et al. (2022)
has shown that approximating the two slopes as parallel is satisfactory at negative pressures ranging from 1 atm to —1000
atm. Furthermore, inspection of the simulated thermodynamic properties of water by Montero de Hijes et al. (2023) arrived
at a similar conclusion that “the homogeneous nucleation line should be parallel to the coexistence line for pressures below
500 ~bars.” In light of this interpretation, we see that applying Eq. (1) at moderate positive pressures (e.g. 200 atm) provides
excellent agreement with the experimental homogeneous freezing temperature depression measured by Kanno et al. (1975),
whereas extending the approximation of Eq. (1) farther into the positive pressure regime (e.g., beyond 500 atm) exhibits a
growing discrepancy between the predicted value and the experimental measurement. Given the lack of experimental measure-
ments of ice nucleation at negative pressures, it is helpful to ensure that the water models used for this study compare well with
measurements in the positive regime before extrapolating to negative pressures. We describe in the Methods section how the
water models employed in this study show reasonable agreement with experimental measurements of homogeneous freezing
at positive pressures, which builds confidence that they can be used to derive useful insights pertaining to freezing of real water
under negative pressures.

In the present study we ask: Does the heterogeneous ice nucleation rate follow a similar expression for pressure dependence
at negative pressures as that of the homogeneous ice nucleation rate? And do simple geometric arrangements leading to negative
Laplace pressure indeed result in similar behavior? The behavior of homogeneous ice nucleation at negative pressures has
been the subject of investigation because of its relationship to the fundamental properties of water (e.g., Bianco et al., 2021;
Lu et al., 2016). The work of Rosky et al. (2022) used molecular simulations to characterize a simple (linear) behavior of
homogeneous ice nucleation rate across the range of negative pressures thought to be relevant to the atmosphere. Extending
these studies to heterogeneous ice nucleation is an integral step towards applying these findings to physical situations. In
particular, heterogeneous ice nucleation in atmospheric cloud droplets is of great interest because the majority of ice in the
atmosphere forms via this mechanism (Cantrell and Heymsfield, 2005; Hoose and Mohler, 2012). Heterogeneous ice nucleation
rates determine the temperature at which primary ice particles form in clouds, which goes on to influence the cloud optical
properties, lightning activity, and precipitation (Lamb and Verlinde, 2011).

In this work we characterize the pressure dependence of intensive heterogeneous ice nucleation rates jp¢; at negative pres-
sures using a molecular model of water in contact with an ice-nucleating substrate. In the first method of applying negative
pressure we use a barostat to explicitly set the pressure. In the second method we use capillary water bridges of varying heights

to create a range of negative Laplace pressures. We consider whether Eq. (1) remains a valid description for the pressure de-
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pendence of heterogeneous ice nucleation in the negative pressure range. In addition to analyzing heterogeneous ice nucleatic
rates, we also explore the spatial distribution of ice nucleation events within the water capillary bridges to understand how
con nement relative to the substrate and the air-water interface may in uence our results.

While our simulations do not attempt to represent any speci ¢ substrate or con guration found in atmospheric or exper-
imental ice nucleation, our ndings provide insight into the extent that capillary tension and surface curvature (e.g. due to
mechanical agitation) can in uence heterogeneous ice nucleation rates through negative Laplace pressure. Additionally, the
spatial locations of ice nucleation relative to the substrate and to the air-water interface inform us that these length scales mus

be taken into account when considering ice nucleation rate enhancement via this mechanism.

2 Methods

Molecular dynamics (MD) simulations are carried out in LAMMPS (Plimpton, 1995) using the mW (Molinero and Moore,
2009) water model, and the ML-mW (Machine-Learning-mW) model which has a more realistic representation of the density
difference between liquid water and ice (Chan et al., 2019). The mW homogeneous freezing curve was explored across a wide
range of positive pressures by Lu et al. (2016), showing qualitative agreement with that measured by Kanno et al. (1975). More
relevant to our study, the ML-mW model also exhibits quantitative agreement with the experimental measurements. Using
the same methods described in Rosky et al. (2022), we simulated homogeneous freezing of the ML-mW model at a positive
pressure of 500 atm and observed a 6 K depression in the freezing temperature in reference to 1 atm. This agrees quantitativel
with the experimental results of Kanno et al. (1975), and exhibits the expected steepening of the homogeneous freezing line
in the positive pressure regime. This increases our con dence that ML-mW simulation results will provide useful insights
pertaining to real water at negative pressures.

The selection of pressures used for this study is informed by two factors. First, Eqg. (1) dictates that an increase in freezing
temperature due to negative pressure is expected when the molar volume difference between liquid water and ice is hegative
in value (s < 0). Simulations of water under a wide range of thermodynamic conditions indicate thathanges from
negatively to positively valued at some point belod000atm (Bianco et al., 2021). Thus, we do not explore pressures below

1000atm to stay within the range of interest to ice nucleation enhancement. Furthermore, we are particularly interested in
negative pressure regimes that could be feasible during atmospheric processes or during laboratory experiments, making th
range of pressure from 1 atm tal000atm appropriate for our purposes.

2.1 Ice nucleation rate

To observe ice nucleation, we equilibrate the water at a supercooled temperature and then cool the water at a constant rate c
0.25 K ns ! until ice forms. The same cooling rate is used for all simulations in this study. All simulations employ periodic
boundary conditions along the three spatial dimensions, and use a simulation timestep of 5 fs. The starting temperature for
the cooling ramp at all pressures is 240 K for ML-mW and 225 K for mW, corresponding to 52 K and 48 K of supercooling
respectively, relative to their melting temperatures at 1 atm. Ice is identi ed usingstbeder parameter, where clusters of
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molecules withgs > 0:54 are considered to be ice (Steinhardt et al., 1983; Lupi et al., 2014; Rosky et al., 2022). Using the same
method as Rosky et al. (2022), the freezing temperature of each cooling ramp is identi ed by the sharp increase in ice to liquid
ratio. The steepest point on a sigmoidal t to the ice/liquid ratio curve is used to select the hominal nucleation temperature.
Intensive nucleation rates are found by running the same cooling simulation a minimum of 20 times and recording the
freezing temperature of each cooling run. These repeated cooling runs form a statistical distribution of freezing temperatures
that can be divided into temperature bins with a corresponding intensive nucleatign&dtg), within each bin. Calculation
of intensive nucleation rate values for this process is described in Rosky et al. (2022) using the methods of Zobrist et al. (2007).
The width of the temperature bins are displayed as uncertainty bounds on our data points. As determined from Poisson statistics
we report with 99% certainty that the intensive nucleation rates shown are contained within the bounds of the temperature bin.
We reference Table 2 of Koop et al. (1997) to obtain the 99% upper and lower con dence bounds for the number of freezing
events observed in each temperature bin. The cooling rate and substrate surface area used in our study allow us to sampl

intensive heterogeneous nucleation rates of order of magrjitede 10%* m 2s 1.
2.2 Ice-nucleating substrate immersed in water

We simulate heterogeneous ice nucleation by inserting an ice-nucleating substrate into a box of water with periodic boundary
conditions. This con guration is shown in Fig. 1(a). The Fig. 1(a) simulation box has dimensions of 4822 58.75

A, containing 4,906 water molecules with a 10 A thick sheet of ice-nucleating substrate inserted at the center of the z-axis.
The total surface area of substrate in contact with water (including both the top and bottom of the substrate) is48.B8 nm
substrate molecules are held xed with zero velocity. The x,y-dimensions of the simulation cell are kept constant, while the
z-axis dimension may adjust to accommodate changes in pressure. After equilibration of the simulation box, we use cooling
ramps to measuliget (T) at three pressures: 1 atm500atm, and 1000atm.

Simulations containing 4,906 molecules (a volume of roughly 128)rare a conventional choice for studies that aim to
simulate bulk water properties (e.g., Molinero and Moore, 2009; Lupi et al., 2014; Li et al., 2011). The interaction forces felt
between two water molecules in our simulation go to zero when molecules are spaced furthe# tRaapart, and forces
between water molecules and substrate molecules go to zero for separations bBybiilolinero and Moore, 2009). Thus,
the chosen thickness of our substrate ensures that water molecules on either side of the substrate will not interact with eact
other. We refer to the con guration shown in Fig. 1(a) as “uncon ned” because the vertical dimension is large enough that
much of the water is unaware of the substrate. Structural correlations in the liquid decay to zero beyond 1.5 nm (Cox et al.,
2015; Bi et al., 2016; Lupi et al., 2014); the height of the “uncon ned” simulation cell is more than twice this length. To
con rm that the nucleation rate on the substrate is not in uenced by con nement effects in the “uncon ned” cell, simulations
at 1 atm were performed with theeaxis dimension doubled to 100 A, showing no change in the heterogeneous nucleation rate.

2.3 Connement

To simulate the effects of con ning the water between the two substrate surfaces, we repeat the simulations with reduced box
heights, as shown in Fig. 1(b). We testxis heights oh =30 A, 24 A, and 18 A, which will later be used as the heights of our
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Figure 1. Heterogeneous ice nucleation simulation con gurations with periodic boundary conditions employed along all three dimensions.
Water molecules are cyan and the substrate material is brown. All con gurations have the same total surface area of contact between water an
substrate to within 6%. (a) "Uncon ned" water with a barostat. (b) Con ned water with a barostat, designed to capture the effect of con ning
water along the-axis between substrate surfaces. (c) Capillary water bridge, used without a barostat so that negative Laplace pressure may
arise naturally within the water capillary bridge due to the curved geometry of the air-water interface (gray shading). (d) Narrow capillary
bridge, simulates con nement of the water along ¥iaxis between the two air-water interfaces (gray shading). In con gurations (b), (c),

and (d), the periodic boundary conditions cause the bottom surface of the substrate to be in contact with the water molecules at the top of the

simulation cell, thus forming the water bridge in (c) and (d).

capillary water bridges. For both the “uncon ned” and con ned con gurations, equilibration is carried out with a Berendsen
barostat (damping constant of 10 ps) and Bussi thermostat (damping constant of 5 ps). The cooling runs are carried out in
the isothermal-isobaric (NPT) ensemble, implemented by employing an isobaric-isoenthalpic (NPH) ensemble using a Nose-
Hoover barostat (damping constant of 10 ps) coupled with the Bussi thermostat (Allen and Tildesley, 2017). Only the ML-mW
model is used for the con nement simulations.

2.4 Water capillary bridges

We have taken steps towards addressing whether these magnitudes of negative pressure within water can be found in natut

by simulating water capillary bridges. A volume of water placed between two hydrophilic substrate surfaces forms a capillary
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bridge that is expected to have negative Laplace pressure within the water. As shown in Fig. 1(c), we use the same ice-nucleating
substrate used in the previously described con gurations to construct water capillary bridges with Inei@atsA, 24 A, and

18 A. We apply the same constant-cooling simulation procedure to obtain intensive heterogeneous ice nucleation rates within
the capillary bridges. In these simulations, we remove the external barostat so that negative pressure within the water is solely
a result of the capillary bridge geometry. Only the ML-mW model is used for the capillary bridge simulations.

Water capillary bridge simulations are equilibrated and carried out in the NVT ensemble (number of molecules, volume,
and temperature is conserved during each timestep), using a Bussi thermostat with damping constant of 5 ps. The simulatior
cell dimensions are all held xed during the capillary bridge simulations. The widths of these capillary bridges are measured
at the water—substrate interface. The total area of contact between the water and substrate remains codsig®nt¢) to
within 6% for all capillary bridge con gurations. The desired contact area is achieved by tuning the y-axis dimension of the
simulation cells to adjust the length of the capillaries along the y-axis. Intensive nucleation rates are ultimately obtained by
dividing by the water—substrate surface area{ra 1) and maintaining a consistent surface area ensures that all simulations
sample the same magnitude of nucleation rate.

We look more closely at the ice nucleation events within the water capillary bridges by identifying the location of all
nucleation events. The identi cation of ice nucleation location is done visually using the clustering capability of OVITO, a
visualization and analysis tool for molecular dynamics simulation data (Stukowski, 2010). The center of mass of the initial ice
cluster is used as the freezing location. The initial ice clusters contain an average of 25 water molecules and their positions
have an uncertainty of 5 A along each axis.

Throughout this paper, data points will be presented using circles to indicate “uncon ned” heterogeneous freezing in the con-
guration shown by Fig. 1(a). Squares will indicate con ned heterogeneous freezing as in the example of Fig. 1(b). Diamonds
will indicate water capillary bridge data, as in Fig. 1(c). Narrow diamonds will represent the narrow capillary con guration,
shown by Fig. 1(d).

2.5 Interaction potential between water and substrate

In molecular dynamics simulation, the forces between molecules are de ned by interaction potentials. Lupi et al. (2014)
introduced an interaction potential to model mW water with a carbon substrate, with the contact angle between mW water and
carbon tuned to 86 degrees. We use this same interaction potential to simulate heterogeneous freezing of the mW water mode
Although our focus in this work is not to model any particular substrate, this mW-Carbon interaction potential has the bene t
of having been already used in studies of ice nucleation (Lupi et al., 2014; Bi et al., 2016). A description of the equations of
interaction for this potential and its parameters is included in Appendix A.

We observe that a simulation box containing 4,096 mW water molecules at 1 atm with no substrate freezes homogeneously
at an average temperature of 202 K when cooled at a constant rate of 0.25 KAfir inserting a layer of substrate into
the center of this same volume of water (as in Fig. 1(a)) and using the same cooling rate, we observe that heterogeneou:
freezing on the substrate takes place at an average temperature of 217.5 K, a 15.5 K increase over the homogeneous freezir
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temperature. This is consistent with the results of Lupi et al. (2014), who reportedKlLdifference between heterogeneous
and homogeneous freezing temperature when cooling at a rate of 1K ns

Our previous study (Rosky et al., 2022) indicates that the ML-mW water model is more appropriate for studying pressure
effects on ice nucleation because it exhibits a molar volume difference between liquid water and ice that is closer to real
water (Chan et al., 2019). Therefore, in order to increase the ability to translate our ndings onto real water droplets, we
focus our study on the ML-mW model instead of mW. We de ne a substrate interaction potential for the ML-mW model
that is a modi ed version of the mW-Carbon interaction potential de ned by Lupi et al. (2014). We adjust the parameters
of the interaction potential to form a substrate on which ML-mW water is stable within the range of negative pressures that
we study and exhibits a similar temperature difference between heterogeneous and homogeneous freezing as seen in the mw
Carbon interaction. A simulation box containing 4,096 ML-mW water molecules at 1 atm freezes homogeneously at an average
temperature of 214.5 K when cooled at a constant rate of 0.25 K With the substrate inserted, the average heterogeneous
freezing temperature on this substrate is 228.5 K, a change in temperature of 14 K.

The resulting ML-mW-Substrate interaction potential has a contact angle between water and substrate that is smaller than
that of the mW—Carbon potential. This smaller contact angle is consistent with Bi et al. (2016), Cox et al. (2015) and Lupi and
Molinero (2014), where the interaction potential is adjusted in a similar manner as here to modify the substrates hydrophilicity.
Our estimate of the ML-mW-Substrate contact angle is 50.5 degrees and will be discussed in Sec. 3.2. The resulting interaction
parameters used in this work are summarized in Table Al.

3 Results
3.1 Heterogeneous nucleation rate with negative pressure

Freezing of water on an ice-nucleating substrate (Fig. 1(a)) is simulated at 1 868atm and 1000atm to identify how
the intensive heterogeneous nucleation raig, behaves at negative pressures. The cooling rate and area of the substrate in
contact with water is kept xed as we change the pressure of the system so that the same magnijtygdesrefsampled
at all pressures. For each pressure setting, we identify the temperature at which the intensive nuclegtigrisaqual to
10%* m 2s 1, thus obtaining contours of constgmt; in pressure—temperature coordinates. Figure 2 shows these results for
both the ML-mW model and mW model. Intensive homogeneous nucleation ratg,gatém 3s 1), as well as equilibrium
melting pointsT,, are also included in these plots for comparison with Rosky et al. (2022).

Comparing the data for intensive heterogeneous nucleationj rate=(102* m 2s 1) with the data for intensive homoge-
neous nucleation rat¢om =10%2 m 3s 1), we see that the two follow a similar slope in pressure—temperature coordinates.
Most signi cantly, we observe that the increase in temperature as a function of pressjg fran be approximated as linear
within the sampling uncertainty, indicating that the use of a linear estimafe fo= P)net may be applied to heterogeneous
ice nucleation. For the mW model in particular, the slope predicted by Eq. (1) ts exceptionally well to both the homogeneous
and heterogeneous freezing data. Meanwhile, Eq. (1) seems to underestimate the heterogeneous slope of the ML-mW mode
The source of excess steepness in the ML-mW heterogeneous slope is not uncovered in this study and merits further investiga
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Figure 2. Melting (green open circles), heterogeneous-freezing (red closed circles) and homogeneous freezing temperature (blue open circles)
versus pressure. The heterogeneous freezing results are new, using an ice-nucleating substrate inserted into a lled box of water with periodic
boundary conditions (See Fig. 1(a)). The melting and homogeneous freezing results are reproduced from Rosky et al. (2022) for comparison.
The red and blue shading represents the 99% con dence intervals (uncertainty) for the simulation data. Dashed lines use the slope predictec
by Eq. (1) to obtain a best t to the intercept. Solid lines are a best linear t of both slope and intercept. The numeric values of these slopes
are given in Table 1. Contours of constant heterogeneous nucleation rate are, to within sampling uncertainty, linear and nearly parallel with
lines of constant homogeneous nucleation rate for both the ML-mW model (a) and mW model (b). The gray melting point line from Marcolli
(2017) is a tto experimental measurements, which the ML-mW model reproduces more realistically. Noté@@d¥iPa= 1000atm.

tion. Despite this weakness, these results do indicate that the slope predicted by Eg. (1) may still be applicable to heterogeneou
nucleation, to within the simulation uncertainty. The similarity between the heterogeneous and homogeneous slopes for each
respective water model suggest thand v;s remain key factors in determining the pressure dependence of heterogeneous
nucleation rate. Indeed, the consistent change in slope between the mW and ML-mW models indicate that the magnitude of
density difference between liquid water and ice plays a similar role for heterogeneous freezing as was previously found for
homogeneous freezing (Rosky et al., 2022).

In classical nucleation theorj,et has the form (Lamb and Verlinde, 2011)

e @

jhet = Anet €XP
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wheref ¢ is a heterogeneous compatibility function, typically related to the contact angle of water on the substrate, and

is the chemical potential difference for the phase change. The factat6 2 =(3ks 2) depends on the liquid-solid surface
tension () and density of ice (). The pre-factoAne; is related to the diffusivity of water molecules. The pressure dependence

is introduced into this expression by using a formulation for chemical potential difference givearbgd\(2013). As with
homogeneous freezing, we may approximate that the pre-factor, liquid and ice density, latent heat of fusion, and ice-liquid
surface tension remain constant with temperature and pressure on the scales relevant to this work. As long as the heterogeneol
compatibility functionf e is not strongly pressure dependent, the approximation of Eq. (1) is valid for heterogeneous, as well
as homogeneous, ice nucleation. The heterogeneous compatibility furigtiolf the substrate, is formulated as a function

of the effective contact angle between water and substrate (Lamb and Verlinde, 2011; Zobrist et al., 2007)). The roughly linear
trend in our data suggest that the contact angle and compatibility function are not strongly dependent on pressure in the negative
pressure regime studied here. This follows from the fact that the derivation of Eq. (1) hinges on approximating many terms
as constant along lines of constanif these assumptions are invalid in the pressure regime examined here, we would expect
their effects to reveal themselves by producing a highly non-linear trend in pressure—temperature coordinates, which we do not
observe.

The values ofl,, |5, andl; used in Eq. (1) to produce the dashed lines in Fig. 2 are listed in Table 1 and correspond to
bulk water at 1 atm (no proximity to an interface). As summarized in column four of Table 1, these values predict a slope of
( T= P)het = 0:069K MPa ! for the ML-mW model. A line of best t to the simulated ML-mW heterogeneous freezing
data instead gives a slope(©f T= P)he = 0:14K MPa ! (solid red line in Fig. 2(a)). The predicted slope (dashed red line
in Fig. 2(a)) sits only marginally within the uncertainty bounds of the heterogeneous nucleation rate data and is 47% steeper
than the best t of the ML-mW homogeneous freezing data (See Table 1).

We take some time to consider which factors may contribute to the steeper slope of heterogeneous freezing in the ML-
mW model compared to the homogeneous freezing line. One hypothesis is that Eq. (1) still holds true for heterogeneous ice
nucleation, but that adjustments need to be made to the valuew,gfor Iy used in the equation to achieve quantitative
agreement with the heterogeneous freezing line. While our results support that the {redd=inP )¢ can be approximated
as linear in the negative pressure regime, we are less con dent in the quantitative values ehdl; for heterogeneous
freezing compared to homogeneous freezing. In the homogeneous case, the valyek oind vis are well constrained
because they can be calculated from bulk water, which could account for the excellent agreement between Eg. (1) and the
homogeneous simulation results of Rosky et al. (2022). For the heterogeneous case, there is more ambiguity around thes
thermodynamic values because the properties of water near an interface may differ from the bulk properties. We see that
by using bulk thermodynamic values in Eq. (1), we underestimate the slopeT™f P)net by up to 50%. Interestingly,
this discrepancy between the homogeneous and heterogeneous slopes is seen only in the ML-mW model. Meanwhile the
homogeneous and heterogeneous freezing lines are nearly parallel for the mW model. This could indicate the thermodynamic
properties of mW water are less in uenced near the substrate compared to the ML-mW model. This interpretation is supported
by evidence from Qiu et al. (2018) which identi ed that mW water at the mW-Carbon interface has thermodynamics similar
to that of the bulk liquid.

10
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Table 1. Parameters entering Eq. (1) for homogeneous and heterogeneous nucleation, for both mW and ML-mW models. Dashes indicate
that a measurement of this value is not known to us. Soutd8kan et al. (2019f, Rosky et al. (2022).

It T Vis otk T= P best t
[3/mol] K] [m3/mol] [K/IMPa] [K/IMPa]
MW Jhom 5271.8° 2733 42 10 7@ 0:022 0:035
MW Jhet --- 273 --- 0:028
ML-mW Jhom 5857.6% 292° 13:8 10 '@ 0:069 0:089
ML-MmW Jhet e 292 s 0:14
Real watet hom 6025.0* 273.15% 161 10 7?® 0:073 “--

Another possibility is that the contact angle and surface free energy (surface tension) between water and substrate exert:
an in uence on the slope df T= P)ne. Evans (1967) showed that a heterogeneous freezing line for aqueous suspension
of ice-nucleating material at positive pressures is actually less steep than the melting point line, and thus also less steep that
the homogeneous freezing line. Although the mW-substrate and ML-mW-substrate were designed to have the same freezing
temperature enhancement over the homogeneous freezing temperatures, they do exhibit different contact angles between tt
water and substrate. Thus, this could potentially be a factor involved in the discrepancy between ML-mW homogeneous and
heterogeneous slopes as compared to the mW case where the two lines are parallel. Note that in the previously mentioned stud
by Qiu et al. (2018), the bulk-like thermodynamics of mW at the substrate interface can be attributed to the nearly 90 degree
contact angle between mwW and Carbon.

In our simulation results, using bulk water thermodynamic values in Eq. (1) provides a lower-bound to the §lope oP et ,
which can be very useful in estimating the increase in heterogeneous freezing temperature due to negative pressure in atmc
spheric and experimental contexts. However, further investigation is needed to identify a robust way to account for the observed
steepness of the ML-mW heterogeneous nucleation slope. Going forward, the linearity and the theoretical prediction of the
slope are probably adequate for practical use, given other signi cant uncertainties in using classical nucleation theory.

3.2 Heterogeneous ice nucleation in water capillary bridges

One way for water to exist stably under negative pressure is through geometric con gurations which produce high degrees of
negative surface curvature at the air-water interface, such as inside a water capillary bridge. The negative pressure experience
by the water in these cases is a result of Laplace pressite; |y % + %), where |, is the surface tension between liquid

and vapor, and; andr, are the radii of curvature of the air-water interface. Negatively valued radii of curvature cause the
equilibrium pressure within the water to be smaller than the external environmental pressure, allowing for negative pressure to
exist within water that is otherwise in a 1 atm environment. The Laplace pressure associated with different capillary geometries
is summarized by Elliott (2021). For the capillary bridge con guration used in this study, shown in Fig. 1(c), the expected

Laplace pressure within the water is
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Figure 3. Increase in heterogeneous freezing temperatureversusl=h for capillary-bridge heights di = 30 (green lled diamond), 24

(blue lled diamond), and 18 A (red open diamond), as well as for bulk water ( lled black circle) in contact with identical ice-nucleating
substrates. Excluding the 18-A capillary (red diamond) which is in uenced by con nement effects, the line of constant nucleation rate as a
function of inverse capillary height follows a linear trend shown by the linear best t to the data (dashed black line). The 18-A capillary data
is not included in the linear t to obtain the indicated slopd h.

2cos() .
h

where is the contact angle between water and the substrate. By substituting the above equation into Eq. (1), we obtain an

P = v (3)

expression to predict the temperature increase for a given nucleatigpdiases a function of inverse capillary bridge height,

T
T= 2, cos()%

Given the previous inference that termg and do not change signi cantly with pressure, we expect a linear relationship

1 .
= (4)

between freezing temperature and inverse capillary hdightFigure 3 shows the freezing temperatures corresponding to an
intensive heterogeneous nucleation jate = 10%* m 2s ! inside water capillary bridges with heighis= 30, 24, and18 A.
We nd that the data can be described by a linear trend as anticipated. As will be discussed in Sec. 3.4, we have excluded the
18 A capillary bridge from the current analysis because this scale of con nement of the water between the substrate surfaces
causes an increase in ice nucleation rate that %annot ble attributed to negative pressure alone.

We can now use the linear slope |, cos() ;%Tm from Eq. (4) to analyze the results in Fig. 3. A linear t to the
data, shown by the dashed black line in Fig. 3, produces a sl?]pe f h? =9:3 K m. We also know from our analysis
of ( T= P)pet in Sec. 3.1 and Table 1 that the best t value O%Tm for the ML-mW model is 0:14 K MPa 1.
We substitute these two slopes into Eq. (4) to solve for the valueos ) =0:042J m 2. The surface tension,, of the
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mW model was reported by Molinero and Moore (2009) to0t@66 J m 2, and by following methods of Li et al. (2009,
Supplementary material), we found the same value for the ML-mW model. Using this valyg, @fe solve for the contact

angle =50:5 degrees. This value of is consistent with estimates we obtain by measuring the radius of curvature of the
capillary bridge air-water interfaces using a method similar to Giovambattista et al. (2007). With these estimgtasdf,

we can also use Eq. (3) to calculate the magnitude of Laplace pressure that may be present within the water capillary bridges
The 24-A capillary bridge has a pressure @45atm, and the 30-A bridge a pressure dt75atm.

Our main ndings are that negative Laplace pressure created within water capillary bridges increases the temperature of
jnet In @ manner that is consistent with the linear slopé o = P)nt combined with the expected Laplace pressure for this
capillary geometry. A 24-A capillary bridge can exhibit a83-K increase in heterogeneous freezing temperature, ang-&
increase within a 30-A water capillary bridge.

3.3 Effect of con nement between substrate layers

Capillary theory is expected to remain valid at the nano-scale (Elliott, 2021), however the ice nucleation rate in water can
be affected by con ned geometries on these scales (Cao et al., 2019; Roudsari et al., 2022; Hussain and Haji-Akbari, 2021).
When con ned between two at surfaces (sometimes referred to as a “slit pore”), density oscillations in the water induced by
the atinterfaces can interfere constructively and in uence the ice-forming probability (Cox et al., 2015; Bi et al., 2016; Lupi

et al., 2014). When analyzing the increase in freezing temperature within the water capillary bridges, we need to disentangle
the effects of con nement from the effects of Laplace pressure. To do so, we ran simulations to observe how con nement
alone affects ice nucleation rate on the substrate. We use the con guration shown in Fig. 1(b), where the spacing between
the substrate surfaces along thaxis dimension has been reduced to 18, 24 and 30 A to match the levels of con nement
present in our water capillary bridges. In these simulations, water molecules are con ned between the substrate surfaces, bu
have no air-water interface that gives rise to Laplace pressure. The pressure in the boxes is sé8@6 and 1000atm,

to directly compare against the “uncon ned” con guration across the full range of pressures. Results are plotted in Fig. 4(a),
showing that 24 and 30-A separations (blue and green data points) have identical freezing temperatures at all pressures as tr
“uncon ned” con guration (black data points). This allows us to conclude that the freezing temperature enhancement reported
previously, e.g. for 24 and 30-A capillary bridges in Fig. 3, are due to pressure alone. The 18-A setup (red data points in Fig.
4(a)) exhibits a signi cant increase in freezing temperature as a result of the con ned geometry. This behavior is indeed evident
in the departure of the 18-A capillary bridge freezing data point from the linear trend in Fig. 3. This is why we have excluded

the 18-A capillary bridge data from the slope analysis in the previous section.
3.4 Freezing locations relative to the air-water interface

We now consider whether there is an analogous con nement effect alongakis, between the two air-water interfaces of our
capillary bridge simulations. A narrow capillary bridge con guration can be seen in Fig. 1(d). These narrow capillary bridges
are 30 A wide, while the capillary bridges used in our previous results (henceforth referred to as “wide capillary bridges”) are
60 A wide. The total surface area of substrate—water contact is kept constant between the narrow and wide capillary bridges by
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