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Abstract

The propensity of a surface to nucleate ice or bind to ice is governed by its ice-

philicity — its relative preference for ice over liquid water. However, the relationship

between the features of a surface and its ice-philicity is not well understood, and for sur-

faces with chemical or topographical heterogeneity, such as proteins, their ice-philicity

is not even well-defined. In the analogous problem of surface hydrophobicity, it has

been shown that hydrophobic surfaces display enhanced low water-density (vapor-like)

fluctuations in their vicinity. To interrogate whether enhanced ice-like fluctuations are

similarly observed near ice-philic surfaces, here we use molecular simulations and en-

hanced sampling techniques. Using a family of model surfaces for which the wetting

coefficient, k, has previously been characterized, we show that the free energy of observ-

ing rare interfacial ice-density fluctuations decreases monotonically with increasing k.

By utilizing this connection, we investigate a set of fcc systems and find that the (110)

surface is more ice-philic than the (111) or (100) surfaces. By additionally analyzing

the structure of interfacial ice, we find that all surfaces prefer to bind to the basal
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plane of ice, and the topographical complementarity of the (110) surface to the basal

plane explains its higher ice-philicity. Using enhanced interfacial ice-like fluctuations

as a measure of surface ice-philicity, we then characterize the ice-philicity of chemically

heterogeneous and topologically complex systems. In particular, we study the spruce

budworm anti-freeze protein (sbwAFP), which binds to ice using a known ice-binding

site (IBS) and resists engulfment using non-binding sites of the protein (NBSs). We

find that the IBS displays enhanced interfacial ice-density fluctuations and is therefore

more ice-philic than the two NBSs studied. We also find the two NBSs are similarly

ice-phobic. By establishing a connection between interfacial ice-like fluctuations and

surface ice-philicity, our findings thus provide a way to characterize the ice-philicity of

heterogeneous surfaces.

1 Introduction

Ice formation is a critical process in many fields like cloud formation,1–3 cryobiology,4,5

and the engineering of ice-repellent coatings,6–10 and is typically facilitated by solid surfaces.

The propensity of a surface to nucleate and bind to ice is determined by its ice-philicity,11

which is its relative preference for ice over liquid water. For a macroscopic surface, ice-

philicity can be quantified using the wetting coefficient, k = γSL−γSI
γIL

, where γIL is the ice-

liquid interfacial tension, and γSL and γSI are the solid-liquid and solid-ice interfacial tensions,

respectively. The wetting coefficient determines the extent to which ice nucleation barriers

are reduced, providing a correspondence between k and the supercooling needed to nucleate

ice (freezing efficiency).11 In part because of this relationship, the freezing efficiency has long

been used in experiments to quantify the ability of a surface to nucleate ice.12–17 Numerous

simulation studies have elucidated how features, such as lattice match to ice, polarity, charge

distribution, and many others influence the surface ice-philicity.18–22

Characterizing the ice-philicity of complex surfaces, which exhibit chemical or topograph-

ical heterogeneity, remains challenging. For example, ice nucleation on clay minerals, which
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influences cloud formation, is known to occur along highly curved regions of the surface.23–28

Similarly, bacterial ice-nucleating proteins possess surface curvature and chemical hetero-

geneity which strongly govern their performance.29 In the related problem of ice-binding, a

particularly salient example is the behavior of anti-freeze proteins (AFP). For an AFP to

function, it must first preferentially bind to a growing ice nucleus using an ice-binding site

(IBS) and resist engulfment with the non-binding regions of the protein (NBSs). It is ex-

pected that for the AFP to function properly, the IBS must be ice-philic and the NBSs must

be ice-phobic. Further, the binding free energy of the AFP would depend on the ice-philicity

of the IBS, whereas its ability to resist engulfment would depend on the ice-phobicity of the

NBSs.30 Because AFPs are inherently heterogeneous, it is challenging to characterize their

ice-philicity.

Several studies support the notion that the structure and interactions of interfacial water

are related to surface ice-philicity.11,31,32 Indeed, Davies et. al. were able to construct a

predictive machine learning model for surface freezing efficiency using the room-temperature

structure of hydration water alone.33,34 Studies of anti-freeze proteins have likewise focused

on understanding the local ordering of hydration water both on and away from the IBS.35–44

Some studies of bacterial ice-nucleating proteins similarly focus on the ordering of interfacial

water.45–47 The notion that surface ice-philicity is reflected in the structure and properties

of interfacial water molecules near a surface is evocative of results in the related problem of

surface hydrophobicity.48 The key observation is that enhanced low-density fluctuations of

water can be used as a molecular measure of surface hydrophobicity, such that the easier it

is to form cavities in the immediate vicinity of a surface, the more hydrophobic that surface

is. This observation has facilitated the use of interfacial water-density fluctuations for char-

acterizing the hydrophobicity of heterogeneous surfaces, like proteins.49–55 Building on this

foundation, we hypothesize that the surface ice-philicity can be quantified within a similar

framework by focusing on ice-like density fluctuations near solid interfaces. In other words,

water molecules near an ice-philic surface should more readily sample configurational states
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consistent with that of ice.

In this study, we aim to investigate whether ice-like density fluctuations near a solid

surface can be a predictor of surface ice-philicity. Using enhanced sampling to drive ice

formation in the vicinity of a surface, we first show that the free energy of observing in-

terfacial ice is indeed correlated with the wetting coefficient, k, for a family of benchmark

pseudo-ice surfaces. We then explore an fcc system, where we quantify the free energetics

of forming ice on the (100), (110), and (111) surfaces. We find that the (110) surface dis-

plays the most enhanced interfacial ice fluctuations and is therefore the most ice-philic. In

addition to rank-ordering the ice-philicity of the three surfaces, our calculations shed light

on the structure of interfacial waters that mediate the interactions between a surface and

ice and inform the crystal plane of ice that most favorably with the surface. Interestingly,

we find that all surfaces preferentially interact with the basal plane of ice. We attribute the

enhanced ice-philicity of the (110) surface to the presence of nano-scale surface corrugations

that complement the basal plane of ice. Interfacial ice density fluctuations can also be used

to characterize the ice-philicity of surfaces with nanoscale chemical and topographical het-

erogeneity such as anti-freeze proteins, for which the macroscopic wetting coefficient is not

well-defined. Here, we characterize the interfacial ice-density fluctuations in three distinct

regions of the spruce budworm AFP(sbwAFP) hydration shell: one containing the IBS and

the others containing one NBS each. We find that the protein IBS has enhanced ice-density

fluctuations relative to non-binding regions of the protein surface. Interestingly, the two

NBSs exhibit similar ice-philicity.

2 Methods

2.1 Order Parameters

Discriminating between ice-like and liquid-like water molecules is difficult, especially near

interfaces where water molecules exhibit neighbor deficiency. To accurately count the “true”
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ice-like molecules, λ, we implement a two-step methodology that addresses both bulk water

and interfacial regions. Initially, we introduce an order parameter, M̃v, which is a measure

of the approximate number of ice-like water molecules in the volume, v. This parameter

effectively distinguishes ice-like and liquid-like water molecules in bulk56 and is based on

the q̄6 parameter developed by Lechner and Dellago,57 with the added constraint that water

molecules must possess at least four nearest neighbors and reside within v. Coarse-grained

INDUS switching functions are used to define these volumes and constraints.58 This order

parameter is identical to the one used in Marks et al.,56 and is described in detail in the SI.

We estimate λ by identifying water molecules sandwiched between ice-like molecules and

solid surface (ones which are neighbor deficient) as ice-like. While imperfect, computing

this quantity for each observed configuration enables us to develop an estimate of the “true”

number of ice-like water molecules in the simulation box and more accurately account for

any chemical potential contributions to the free energies. Additional water molecules that

are counted as ice-like using this procedure are identified as “bridging” water molecules, as

they mediate the interactions between a solid surface and an ice crystal. This procedure of

computing the number of “true” ice-like water molecules is based on a recent publication by

Thosar et. al.30 and is described in detail in the SI.

2.2 Simulation Details

Molecular simulations are performed using versions of GROMACS modified to bias the

crystalline order parameters used in this work. For the pseudo-ice and fcc systems, a modified

version of GROMACS 2021.4 is used, and for the sbwAFP simulations, a modified version

of GROMACS 2016.3 is used. Simulations are performed using the leapfrog integrator with

a time-step of 2 fs. All simulations use the TIP4P/Ice model of water, which is known

to accurately capture the density, melting point, enthalpy of fusion, and surface tension

of water.59 All mobile water molecules are constrained using the SETTLE algorithm.60 A

cutoff distance of 1 nm is used for Lennard-Jones and short-ranged electrostatic interactions;
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no tail corrections are used. Long-ranged electrostatic interactions are treated using the

particle-mesh Ewald (PME) method.61 All production simulations are carried out in the

NPT ensemble at T = 298 K and P = 1 bar. The stochastic velocity rescale thermostat62

with a time constant of 0.5 ps is used for all simulations.

For the pseudo ice and fcc systems, the stochastic cell-rescale barostat63 using a time con-

stant of 10 ps is used. Because the surfaces span the x, y directions, semi-isotropic pressure

coupling is used with the compressibility set to zero in the x, y directions and a compressibil-

ity of 4.8×10−5 bar−1 set in the z-direction. Prior to running biased simulations, the systems

are energy minimized using a steepest descent algorithm and equilibrated for 500 ps in the

NPT ensemble. For AFP simulations, we use the Parrinello-Rahman barostat64 with a time

constant of 4 ps. Since the protein is surrounded by water, isotropic pressure coupling is used

with a compressibility of 4.5× 10−5 bar−1. Prior to running biased simulations, the system

is energy minimized using a steepest descent algorithm. The system is then equilibrated for

100 ps in the NVT and 1 ns in the NPT ensemble.

Free energy profiles are constructed using the binless WHAM algorithm65–67 on sets of

umbrella sampled data and are expressed in terms of the approximate number of ice-like

water molecules λ. Details of how biased simulations in terms of M̃v are used to construct

free energies in terms of λ are outlined in the SI. All free energies have the chemical potential

contribution subtracted to approximate the free energy profile at T = 273 K. We use the

notation βFv(λ : ∆µ = 0) = βFv(λ) − ∆µλ to express these free energies. As previously

reported in Marks et. al.,56 ∆µ = 0.54± 0.1 kJ/mol for T = 298 K.

2.3 System preparation

Pseudo-ice surfaces are constructed by taking bulk ice and position restraining the water

oxygens in a manner consistent with Marks et al.56 To create surfaces with different polarity,

a scaling parameter, α, is used which linearly scales the partial charges on each pseudo-ice

atom. When α = 1, pseudo-ice has the standard charges of TIP4P/Ice, and when α = 0, it
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is uncharged. Pseudo-ice surfaces are generated using the GenIce package.68 The fcc systems

are constructed using in-house code which templates a default fcc crystal cell such that the

desired plane is orthogonal to the z-axis of the simulation cell. These surfaces are position

restrained with a spring constant of 40000 kJ mol−1nm−2. A cubic crystal cell with a unit

cell length of a = 3.9236 Å, modeled after Platinum,69 is chosen due to its close lattice match

with the basal plane of hexagonal ice. In particular, the nearest-neighbor distance of the

Pt atoms ( a√
2
= 2.774 Å) is comparable to the projected distance between water-oxygens

along the c-axis (≈ 2.83 Å, manually computed from GenIce structures). The surface is

moderately hydrophilic, with ϵFCC-OW = 1.328 kJ mol−1 and σFCC-OW = 0.28507 nm. In

order to observe high-λ states, a bias on the order parameter M̃v is applied in a cylindrical

observation volume. This observation volume is situated at the midpoint of the top-most

layer of pseudo-ice atoms and is exactly 0.8 nm tall (approximately two hydration layers of

water) and 3 nm in diameter, encompassing roughly 150 water molecules when λv = 0.

We obtain a crystalized protein structure from the protein data bank (1M8N).70 The

sbwAFP is solvated with 35913 water molecules and 3 chlorine molecules to make the system

charge neutral. Protein heavy atoms are position restrained using a spring constant of

1000 kJ mol−1nm−2 and the protein is modeled using the AMBER99SB forcefield.71 To

conform to the shape of the protein, the observation volumes for the AFP are constructed

via a union of spheres (with radius r = 0.8 nm) centered on a set of atoms that we classify

as belonging to the IBS, NBS1, and NBS2, as described in the SI.49,50,72 All observation

volumes have roughly 220 water molecules in the hydration shell. More details on the setup

for the sbwAFP simulations are available in the SI.
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Figure 1: Characterizing the free energetics of ice density fluctuations near the pseudo-ice family of
surfaces, which span a wide range of ice-philicities. (a) Pseudo-ice surfaces (yellow) are comprised of
TIP4P/Ice water molecules position-restrained to the structure of bulk hexagonal ice. The “polarity”
parameter, α, modifies the partial charges on all the surface atoms by a constant factor. (b) The
wetting coefficient, k, which quantifies the surface ice-philicity, increases monotonically with α.
(reproduced from Marks et. al.) (c) The order parameter, λv, counts the number of ice-like water
molecules (blue or magenta) in a cylindrical observation volume, v, with radius, 𝑟 1.5 nm, and
height, 𝐻 0.8 nm. In states with low λ (left), no ice is observed, and in states with high λ (right) a
thin region of ice appears near the surface. Liquid-like water molecules are omitted for clarity. (d)
Water molecules, which mediate the interactions between the surface and ice, are referred to as
“bridging waters.” Oxygens of the bridging waters are magenta, and hydrogens are pink. (e) The free
energetics, 𝐹 λ , of observing λ ice-like water molecules in v display fat tails at high λ values. As α
increases, high-λ states become more favorable. (f) The free energy required to observe 100 ice-like
waters in v varies monotonically with the wetting coefficient, suggesting that the free energetics of
interfacial ice density fluctuations can serve as a measure of surface ice-philicity.
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Figure 1: Characterizing the free energetics of ice density fluctuations near the pseudo-
ice family of surfaces, which span a wide range of ice-philicities. (a) Pseudo-ice surfaces
(yellow) are comprised of TIP4P/Ice water molecules position-restrained to the structure
of bulk hexagonal ice. The “polarity” parameter, α, modifies the partial charges on all the
surface atoms by a constant factor. (b) The wetting coefficient, k, which quantifies the
surface ice-philicity, increases monotonically with α. (reproduced from Marks et. al.)(c)
The order parameter, λv, counts the number of ice-like water molecules (blue and magenta)
in a cylindrical observation volume, v, with radius, r = 1.5 nm, and height, H = 0.8 nm.
In states with low λ (left), no ice is observed, and in states with high λ (right) a thin
region of ice appears near the surface. Liquid-like water molecules are omitted for clarity.
“Bridging” water molecules, which mediate the interactions between the surface and bulk ice,
are shown in the green inset, which shows a typical all-atom representation of the α = 0.75
surface. Oxygens of the bridging water molecules are magenta and hydrogens are pink.(d)
The free energetics, Fv(λ), of observing λ ice-like water molecules in v display fat tails at
high λ values. As α increases, high-λ states become more favorable. (e) The free energy
required to observe 100 ice-like water molecules in v varies monotonically with the wetting
coefficient, suggesting that the free energetics of interfacial ice density fluctuations can serve
as a measure of surface ice-philicity.
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3 Results and discussion

3.1 Pseudo-ice Surfaces

To test our hypothesis that ice-density fluctuations can serve as a measure of ice-philicity,

we employ a family of benchmark surfaces for which the macroscopic wetting coefficient, k,

is known. In particular, we use the “pseudo-ice” family of surfaces, which has previously

been characterized to understand the impact of surface polarity on k.56 A family of surfaces

with different ice-philicities is constructed by varying the polarity of the pseudo-ice surfaces

using a scaling factor α, as shown in Fig. 1(a). Implementation details for these systems are

outlined in the methods section. In Fig. 1(b) we show the wetting coefficient, k, as a function

of the polarity parameter, α, reproduced from Marks et al.56 It was found that as α increases

so does k, with two different slopes. Between 0 ≤ α ≤ 0.5 there is a weak dependence of k on

α, followed by a strong dependence in the range 0.5 ≤ α ≤ 1. Using this family of systems,

we compute the free energy of observing high λ states, which manifest as a thin layer of ice

on the surface, as shown in Fig. 1(c). We identify two classes of interfacial ice, with blue

water molecules contributing directly to the order parameter M̃v, and the magenta water

molecules, referred to as “bridging waters”, which mediate the interactions between the blue,

ice-like waters and the surface. We provide a rationale for this approach in the methods

section and implementation details in the SI. In the special case of pseudo-ice, the bridging

waters essentially look like that of bulk ice, as shown in the green inset panel in 1(c) for

α = 0.75. However, the structure of the bridging waters is typically unknown a priori, thus

an important feature of our method is the ability to implicitly obtain this information from

the same biased simulations used to quantify interfacial ice-density fluctuations.

Fig. 1(d) shows the free energy of observing λ ice-like water molecules; we find that as

the surface becomes more polar, rare interfacial ice density fluctuations become more favor-

able. Using the α = 0.75 curve as a reference, at low-λ the free energy profile contains a

high curvature region, representing the stable, liquid-like configurations of interfacial water
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molecules at 298 K. As λ increases, and thus the interfacial water molecules become more

ice-like, “fat-tails” can be observed in the free energies. We choose the free energy at λ = 100

ice-like water molecules to quantify the ease with which rare ice-density fluctuations can be

observed. Comparing Fv(λ = 100) to k in Fig. 1(e), we find a clear, monotonic relationship

between rare ice-density fluctuations and k, suggesting that such fluctuations could serve

as a predictor of surface ice-philicity. Encouragingly, relationship between rare ice-density

fluctuations and k is analogous to the relationship between interfacial water density fluc-

tuation and surface hydrophilicity, a topic which has been studied in far greater detail in

the literature. Just as we observe fat tails in the Fv(λ) distributions for ice-philic surfaces,

hydrophobic surfaces are known to display fat low-density tails in the number of waters

near the surface, suggesting that it is easier to form cavities near these surfaces.48,50 Sev-

eral studies have leveraged this insight to characterize hydrophobicity on chemically and/or

topographically complex surfaces like heterogeneous SAM surfaces73 or proteins.49,51,53,54,72

3.2 FCC Surfaces

Having established the connection between rare interfacial ice-density fluctuations and

k, we now leverage this relationship to quantify the ice-philicity of a set of fcc surfaces. In

particular, we seek to uncover if certain planes of the fcc crystal might be more ice-philic

than others. To this end, we characterize the ice-density fluctuations in the vicinity of the

(100), (110), and (111) planes of the fcc crystal.

Fig. 2(a) shows each of the crystal planes we simulate. The lattice spacing of the fcc

crystal is chosen to correspond to the structure of Platinum, whose (111) plane is a near

lattice match to that of the basal plane of ice, as detailed in the methods section. The

forcefield parameters are tuned to make the surface hydrophilic, with precise values also

available in the methods section. Fig. 2(b) suggests that the (110) surface has the fattest

tail, followed by the (111) and the (100) surfaces, implying that the (110) surface is the most

ice-philic. This is more clearly shown in the bar chart in Fig. 2(c), which shows the values of
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the free energy profiles at λ = 100. Fig. 2(d) reveals that the (110) surface is better able to

support the basal plane due to the nano-scale corrugations on the top surface, in contrast to

the (111) and (100) surfaces whose interfacial water molecules are constrained to be nearly

planar. Surface roughness has previously been found to contribute to ice-philicity in a study

of AgI surfaces by Liu and coworkers.18 All surfaces prefer to nucleate the basal plane of ice,

with corresponding prismatic planes visible from the side profiles as shown in Fig. 2(d). This

observation is consistent with the work of Fitzner et. al.74 who similarly observed basal plane

nucleation for fcc surfaces with a similar lattice match and hydrophilicity. Interestingly, the

(100) plane seems to nucleate with the a-axis of ice offset from the a-axis of the fcc crystal.

Plots of ∆F (λ = 100) vs k, along with a comparison with the pseudo-ice family of surfaces

are available in the SI.

Such knowledge of the preferred binding plane, orientation, and structure of interfacial

ice can be used to facilitate seeding calculations like HSEED75 and RSeeds,76 which are

used to estimate heterogeneous ice nucleation rates but require candidate ice nuclei, or

seeds, to initialize the simulation. In particular, HSEED uses a random structure search to

generate seeds, while RSeeds treats an initial ice seed as a pseudo-rigid body and allows it to

equilibrate with interfacial water to generate candidate seed configurations. This information

is also helpful for initializing SWIPES simulations, which aims to directly estimate k and

requires a careful choice of plate size and spacing to avoid the build-up of internal stresses.56
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Figure 2: (a) Three planes of an FCC crystal with a lattice constant 𝑎  3.9236 Å are 
studied ; surface atoms are shown in gray. (b) The free energetics of ice density
fluctuations, 𝐹 λ , near the [110] surface has a fatter tail than the [100] and [111] surfaces,
suggesting that the [110] surface is more ice-philic than the other two. (c) The free energy
of observing λ 100 ice-like water molecules in v suggests that the [110] surface is the
most ice-philic followed by the [111] surface, and finally the [100] surface. (d) Selected
snapshots for each surface highlight that all surfaces nucleate the basal plane of ice, with
the top, side, and front views showing the basal, 1st prismatic, and 2nd prismatic planes,
respectively. Ice-like water molecules are shown in blue, bridging water molecules are
shown in magenta, and liquid-like water molecules are omitted for clarity. Interestingly, the
a-axis of ice is aligned with the diagonal (rather than the crystal axis) of the [100] surface
(red arrows), whereas the two axes are coincident for the [110] and [111] surfaces. The
enhanced ice-philicity of the [110] surface likely stems from corrugations (solid red lines)
which better support the basal plane.
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Figure 2: (a) Three planes of an fcc crystal with a lattice constant a = 3.9236 Å are studied;
surface atoms are shown in gray. (b) The free energetics of ice density fluctuations, Fv(λ),
near the (110) surface has a fatter tail than the (100) and (111) surfaces, suggesting that
the (110) surface is more ice-philic than the other two. (c) The free energy of observing
λ = 100 ice-like water molecules in v suggests that the (110) surface is the most ice-philic
followed by the (111) surface, and finally the (100) surface. (d) Selected snapshots for each
surface highlight that all surfaces nucleate the basal plane of ice, with the top, and two side
views showing the basal, 1st prismatic, and 2nd prismatic planes, respectively. Ice-like water
molecules are shown in blue, bridging water molecules are shown in magenta, and liquid-like
water molecules are omitted for clarity. Interestingly, the a-axis of ice is aligned with the
diagonal (rather than the crystal axis) of the (100) surface (red arrows), whereas the two
axes are coincident for the (110) and (111) surfaces. The enhanced ice-philicity of the (110)
surface likely stems from corrugations (solid red lines) which better support the basal plane.
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3.3 Antifreeze proteins

The relationship between interfacial ice density fluctuations and k can also be used to

characterize the ice-philicity of chemically and topographically heterogeneous surfaces, such

as proteins. Here we use this relationship to study the spruce budworm AFP (sbwAFP).77,78

The sbwAFP has three distinct regions; the experimentally revealed ice-binding site (IBS),

which binds to the growing ice nucleus, and two non-binding sites (NBSs), which serve to

resist engulfment by ice, with each site being associated with a single side of the (approxi-

mately) triangular prismatic AFP. In Fig. 3(a), we show the distribution of polar/charged

atoms and non-polar atoms on each side of the AFP.79 Side 1 contains the experimental IBS

and possesses stripes of polar residues resulting from TxT motifs, composed of two threo-

nine residues surrounding an arbitrary central residue. This patterning of polar residues is

commensurate with the structure of bulk ice.

As the ice-philicity of the IBS is crucial in its ability to selectively bind to ice, we expect it

to be ice-philic.77,80,81 To verify this hypothesis we carry out a set of simulations to calculate

the free energy of observing ice-like water molecules in the hydration shell of each side of

the protein. The selected atoms for the IBS, NBS1, and NBS2 are illustrated in Fig. 3(b).

The corresponding observation volume for the IBS is shown in 3(c). Specific details of the

simulation setup are available in the methods, and we describe how we define the IBS and

NBSs in the SI. Fig. 3(d) presents the free energy associated with observing λ ice-like

molecules within these volumes. We find that high-λ fluctuations are more favorable for the

IBS than either NBS1 or NBS2, which suggests that the IBS is more ice-philic than either

NBS. This finding is consistent with the expecation that AFPs use their IBS to preferentially

bind to a growing ice nucleus.81 If we focus specifically on the free energy required to have

λ = 100 ice-like water molecules in each observation volume, as shown in Fig. 3(e), we find

that there is an ≈ 40 kT difference in Fv(λ = 100) between IBS and NBSs. We also find

that while NBS2 appears to be slightly more ice-philic than NBS1, the difference between

NBS1 and NBS2 is less pronounced than that of either NBS and the IBS. The comparable
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Figure 3: Calculating the free energetics of interfacial ice density fluctuations in the hydration
shell of the spruce budworm antifreeze protein (sbwAFP). (a) sbwAFP is chemically and
topographically heterogeneous. Polar or charged atoms are colored in blue and non-polar
atoms are colored in white. (b) We highlight three regions of interest on the surface of
sbwAFP: the ice-binding sites (IBS) and two non-binding sites (NBS1 and NBS2), which are
colored blue, orange, and red, respectively. The rest of the protein is colored gray. (c) An
observation volume, v (transparent blue region), encompassing water molecules within 0.8
nm of the IBS (licorice) is shown. Water molecules outside the hydration shell are shown
in red lines. (d) The free energetics of observing λ ice-like water molecules near the three
sides of sbwAFP highlight that high λ states are significantly more favorable near the IBS
than NBS1 or NBS2. (e) The free energy of observing λ = 100 ice-like water molecules in
v suggests that the IBS is more ice-philic than either NBS, whereas NBS1 and NBS2 have
similar ice-philicities.
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free energy profiles of the NBSs suggest a uniform resistance by antifreeze proteins (AFP)

to ice formation on both sites. This is in line with results from Marks et. al., which suggests

that non-lattice matched surfaces tend to be similarly ice-phobic,56 with k = −0.5. Our

results are also consistent with the experiments of Liu et al.,82 who anchored different AFPs

onto solid surfaces with either the IBS or NBS facing the bulk, and found that the NBS was

ice-phobic and suppressed ice nucleation to a greater extent than if the IBS is facing the

bulk.

4 Conclusions

The ice-philicity, k, of a surface influences its ability to nucleate or bind to ice. However,

the relationship between the molecular characteristics of a surface and its ice-philicity is

not well understood, especially for heterogeneous surfaces, such as proteins. In this work

we elucidate the properties of water molecules near a surface that reflect its ice-philicity. In

particular, we use molecular simulations and enhanced sampling techniques to show that ice-

density fluctuations are enhanced near ice-philic surfaces, suggesting that such fluctuations

could be used as a predictor of surface ice-philicity.

We leverage the connection between ice-density fluctuations and k to characterize the ice-

philicity of a set of fcc surfaces and find that the (110) surface is the most ice-philic followed

by the (111) and (100) surfaces, respectively. By facilitating the formation of interfacial

ice, our simulations additionally provide us with the structure of the waters that mediate

the interactions between the surface and ice as well as the plane of ice that interacts most

favorably with the surface. We find that all fcc surfaces nucleate the basal plane of ice, and

the enhanced ice-philicity of the (110) surface can be attributed to its nanoscale roughness,

which is most commensurate with the basal plane. We hope that such information about

the ice plane that the surface prefers and the structure of the waters that mediate surface-ice

interactions will also serve as a useful starting point for other approaches, such as SWIPES,
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which seeks to quantify k, or seeding approaches like HSEED or RSeeds, which are used to

predict heterogeneous ice nucleation rates.56,75,76

By using interfacial ice-density fluctuations we are able to additionally characterize the

ice-philicity of heterogeneous surfaces, like AFPs, which cannot be readily quantified with

a unique value of k. In particular, by quantifying the interfacial ice-density fluctuations of

sbwAFP near its ice-binding site (IBS) and two non-binding sites (NBSs), we show that the

IBS is markedly more ice-philic than either NBS, which is consistent with an AFP’s function

of binding ice through its IBS and resisting engulfment using its NBS.81 We emphasize that

AFPs are only a subset of the materials for which curvature and chemical heterogeneity play

a role in ice nucleation. Atmospheric dust, which is often composed of micro and nanopar-

ticles of feldspar, quartz, kaolinite, and many other naturally occurring materials, is rich in

structural heterogeneity and has a substantial effect on cloud formation.23,26,27 Understand-

ing the thermodynamics of rare interfacial ice-density fluctuations in these systems could

shed light on the effectiveness of these materials as atmospheric ice nucleators. In addition,

superhydrophobic surfaces, which possess nano-scale surface texture, have been explored as

anti-icing surfaces.6,28 Our approach could be used to identify where and how readily ice

nucleates on these materials and could lead to developing more robust ice-repellent coatings

by quantifying their ice-philicity.83

The structure and thermodynamics of interfacial water/ice are likewise an important

consideration in the study of ice friction at the nanoscale.84–87 In particular, we anticipate

that ice-philic surfaces, which display enhanced ice density fluctuations, are less likely to

stabilize an interfacial layer of liquid water and consequently have a higher friction coefficient.

We believe that the conceptual and methodological framework presented here may also be

applicable to other crystal-melt systems, such as clathrate hydrates. Clathrate hydrates tend

to form in gas pipelines, where they can cause clogs or damage, as well as within ocean floor

sediments, where they play an important role in storing methane.88–90 Thus, characterizing

surface ‘clathrate-philicity’ by quantifying clathrate-like interfacial fluctuations would be
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of immense interest in both industry and climate science. Additionally, clathrate-binding

proteins (CBPs) have been recently found as inhibitors of clathrate formation in some ocean-

dwelling bacteria,91 suggesting that our approach might be adapted to gain molecular insights

into the function of these proteins.
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