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ABSTRACT: Interfaces between hexagonal ice and its vapor, liquid
water, and aqueous solutions are all of central importance to life on
earth. Despite its importance, much remains unknown about the ice
interface, particularly at the molecular level. This contribution
contains a brief survey of these three interfaces, emphasizing
experimental results. Remarkably, evidence suggests that the
secondary prism face is the most stable face at both the ice−vapor
and the ice−water interfaces. The ice−aqueous solution interface
can be used to generate unique materials. Directional freezing, using
a strong thermal gradient, results in kinetic control of ice
morphology. Surprisingly, even under these far-from-equilibrium
conditions, the secondary prism face is the most stable. A molecular-
level justification of this stability is presented.

1. INTRODUCTION
Life on earth would not be possible without water. Water
mediates interactions among biological molecules, is respon-
sible for weathering, transports materials around the globe, and
exchanges species with the larger universe; it literally shapes
our world on all scales from the atomic to the cosmic. Despite
having only three atoms, water is a complicated material. At
last count, there are 19 identified ice phases! A comprehensive
review would be extremely long, hence this contribution
focuses on the common form of ice at atmospheric pressure:
hexagonal ice, Ih (Figure 1). (The fundamental structure of ice
is that of a hexagonal prism. This is the first ice structure
discovered, so it is labeled Ih denoting first and hexagonal.)
More than 400 years ago, before the existence of molecules was
known, Kepler1 pondered the relationship between building

block packing and the hexagonal snowflake shape. We now
know that the core of a snowflake consists of a single crystal of
hexagonal ice, Ih. The lacy structure of snowflakes builds on
this single-crystal core.
A core component of water’s central role hinges on its

liquid−solid phase transition, a transition that occurs just 10%
below ambient temperature, releases significant heat, and is
accompanied by a volume expansion. At the molecular level,
the source of water’s unique place is its extended hydrogen-
bonded structure consisting of covalent and H-bonded
valences in equal measure. Even in the absence of defects,
there is considerable flexibility connected with which of the
four hydrogen atoms surrounding the oxygen atom are H-
bonded and which are covalently bonded, a flexibility that nets
a residual entropy at 0 K.2 Water’s flexible bonding structure
presents a challenge both theoretically and experimentally;
some of these challenges are highlighted in the discussion.
Not surprisingly, due to the key roles water and ice play,

there have been numerous investigations of ice growth,
particularly from the vapor phase. The thread that runs
through this synopsis builds on Kepler’s pondering: the
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Figure 1. (Left) Hexagonal prism schematic showing the three major
faces: (blue) the basal face that imparts a hexagonal shape to
snowflakes, (green) the primary prism face (the flat sides of the
hexagonal prism), and (red) the secondary prism face, a cut across
adjacent apexes. (Right) Growth conditions impact the height:width
aspect ratio from needles to flat plates.
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molecular-level structure. This contribution begins with a brief
overview of ice-vapor results; the major focus is on growth at
the ice−liquid interface, with a strong bias toward experimental
work. The ice−water interface participates in phenomena
including frost heaves, organ preservation, food storage, ice
skating, and antifreeze proteins that protect cold climate
organisms. Converse to ice prevention, there is also interest in
promoting ice formation (e.g., cloud seeding to produce rain,
making snow for recreational purposes, and countering the
large energy release that accompanies flash freezing when water
is supercooled). The third and last sections contain a
discussion about exploiting the propensity of ice to exclude
solutes present in the liquid to fabricate materials with desired
properties. In brief, solutes are swept into grain boundaries as
ice forms and hence are concentrated. Since water expands
when it freezes, the confined volume is under high pressure.
The result is the formation of materials with unique pore and
wall structures.

2. ICE−VAPOR INTERFACE
As with many materials, the ice−vapor interface has been
investigated under ultrahigh vacuum (UHV) conditions. UHV
results lay a foundation for a molecular-level picture.3,4

Initially, ice deposits on the substrate (usually a metal: Pt,
W, or Ag) as amorphous solid water (ASW). As the
temperature is raised, ASW converts to crystalline ice.4

Interestingly, as the ice crystallizes, it dewets the surface with
the result that the crystallization temperature depends on the
ice film thickness. Dewetting is attributed to the structure of
the first monolayer: on metals, first-layer water molecules are
fully coordinated, lacking both dangling −OH (d-OH) and
lone pairs (d-O). The normal chair hexagonal shape of ice is
flattened due to interactions with the substrate. Additional
layers of water thus have no receiving valence for attachment;
hence, the surface water layer is hydrophobic and water dewets
the surface despite being covered with a monolayer of water,
one of the experimental challenges presented by ice. The
dewetting phenomena may be relevant to the nucleation of ice
in the environment since atmospheric ice typically forms on
particulate matter including pollen, dust, soot, and salts that
result from ammonia neutralization of acidic gases common in
the atmosphere.5−8 The mismatch between the first solvation
layer and ice likely impacts both growth kinetics and the fate of
the nascent nuclei. Interestingly, a graphene overlayer appears
to create a template for crystallization due to the planar
structure of graphene preventing wrinkle defects;9 crystal-
lization then propagates layer-by-layer in a linear fashion.
Relevant to atmospheric conditions, observing layer-by-layer

growth in UHV requires capping of the film to prevent ice
formation at the ASW−vacuum interface. An outer surface ice
layer propagates from the vacuum toward the template,
trapping ASW and altering growth kinetics. Referring again
to the atmosphere, ice particles are commonly covered with an
adsorbate layer, perhaps protecting the seed from freezing in
an out-to-in configuration. Since water expands on freezing,
any outer frozen layer would act like a tempering layer, putting
strain on the interior and altering the morphology of the
resulting ice.
Probing ice−vapor growth near freezing temperature under

ambient as opposed to UHV, low-temperature conditions is
challenged both by a premelted surface layer and the
mechanical softness of the ice surface. For example, atomic
force microscopy, used to successfully produce atomic-
resolution images of many surfaces, is plagued by a water
column that forms a bridge between the surface and the tip.
Optical methods are not so plagued; one method that has been
successfully applied is laser confocal, differential interference
microscopy (LC-DIFM).10−13 LC-DIFM enables height differ-
ence resolution at the surface. Briefly, orthogonally polarized
and slightly offset beams reflect from the surface; after
polarization rotation−recombination, interference between
these two beams revels height differences on the subnanometer
scale. LC-DIFM has shown that ice grows in a surface film by
spiral growth with a step-edge height of one bilayer.14

However, the ice surface is not homogeneous, exhibiting
both droplets and films on the basal face.15 The source of this
spiral growth was revealed by STM.16−18 Inevitable step edges
in the substrate are nearly the same height as half of the ice c-
axis lattice constant. Growing films of hexagonal ice that meet
at such a boundary cannot smoothly cross the boundary, so the
boundary is bridged with cubic ice, creating a grain boundary.
Ultimately, the step edge heals, creating a twist in the overlying
film where cubic ice bridging the step dislocation meets
hexagonal ice.
The inverse of ice growth is ice sublimation. One method to

visualize face-specific sublimation is by etching: coat the
surface with a thin polymer film,19−21 and pinholes in the film
allow water to sublimate, leaving behind a negative impression
of a partially submerged, hexagonal-prism ice crystal.
Representative structures are shown in Figure 2. Etches reveal
information about relative surface energies as follows. The
optic axis is along the long dimension of the pit. The pit is
capped by basal faces on each end. The length is the selected
prism face. Figure 2, panel A constitutes a secondary prism face
with basal face end-caps; panel B a primary prism face with
basal face end-caps. The consistent orientation of the optic axis

Figure 2. Representative etch pits from (A) the secondary prism {1120} and (B) primary prism {1010} faces (green outlines show the pit profile).
Magnified, large primary prism pits (C) contain pyramidal plane corners. Note that the angle between the c axis and the pyramidal face is 60°,
indicating a {1011} face. Sublimation at −15 °C in an exactly saturated atmosphere. (A and B) Copyright 2015 National Academy of Sciences, ref
119.
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is a testament to the single-crystal nature of the samples. Note
that etch pits have consistent profiles over the entire face; the
size is dependent on the etch time. With the exception of
occasional defects such as glide planes that pin one end
forming a truncated pit, face energies are revealed by the
height:width aspect ratio using principles of a Wulff
construction.22−25 The ratio reveals the stability of the two
prism faces relative to the basal face and thus to each other.
The long profile of secondary prism face pits indicates that the
secondary face is the most stable. The squarer shape of primary
prism pits indicates that this face is only slightly more stable
than the basal face. Finally, large primary prism face pits (panel
C) exhibit corners between the primary face and the basal end-
cap; the 60° angle indicates that these corners are {1011}
pyramidal faces, which are facets that are also observed in STM
images of vapor-grown ice.26 Pyramidal faces are the smallest-
area faces and hence the highest energy among the faces
shown. Analyzing many pits indicates an energy relative to the
secondary prism face of 1.3, 1.8, and 1.9 for the primary prism,
basal, and pyramidal faces, respectively.
One method showing great promise for probing ice at the

molecular level under atmospheric conditions is nonlinear
spectroscopy, sum frequency generation (SFG). Only essential
aspects of SFG are described here since several reviews of this
technique are available;27−38 for a comparison of SFG
specifically applied to ice and controversies associated with
differences, see reference 39. SFG consists of overlapping a
visible and an infrared pulse on a surface. The two beams
combine only where macroscopic inversion symmetry is
broken; all interfaces break inversion symmetry and hence
can be probed with SFG provided that the surface is accessible
to both the infrared and visible beams. The challenge lies in
interpreting the spectrum: the SFG response is complex (in a
mathematical sense). The response intensity, I, is proportional
to the square of the complex polarization, P:

| |I 2 (1)

To second order, the polarization is linear in the amplitude
of the resonances

= [ + ] E E:(2)
NR
(2)

Res
(2)

vis IR (2)

where χNR
(2) (χRes(2)) is the nonresonant (resonant) response and

Ẽvis (ẼIR) is the visible (infrared) field. (The first-order
polarization nets linear IR and Raman responses, and neither is
surface-specific.) The resonant part contains information about
the vibrational resonances

=
iq

q q

q q
Res
(2)

IR (3)

where μq (αq) is the dipole (Raman) transition moment, ⟨. . .⟩
indicates the spatial average, ωq(IR) is the resonant (infrared)
frequency, and Γq is the bandwidth (proportional to 1/τ, where
τ is the lifetime). If there is a vibrational band, the sum in
equation 3 is replaced by an integral over the density of states.
The spatial average reveals the source of the surface specificity.
Most bulk phases are isotropic on a wavelength scale; the
surface is asymmetric, netting a nonzero average. SFG thus
probes the surface to the depth at which the asymmetry
persists.
The sum then square produces interferences among nearby

resonances, resulting both in apparent frequency shifts and in
masking weak resonances or those due to minor species at the
interface. The solution to this nonlinear challenge is to
measure the complex spectral response, hereafter termed
complex SFG. As is well known in optics, measuring a complex
response requires an interference technique and a phase
standard. There have been several techniques to produce the
required interference; the currently most used technique is to
produce an SFG response from a reference material, generally
referred to as the local oscillator, LO, and then interfere the
LO signal with that of an unknown sample. This scheme,
referred to as heterodyne SFG, has been implemented using
both picosecond, psec,40,41 and femtosecond, fsec, pulses.42−44

Like nearly everything about ice, marrying ice with
heterodyne SFG intertwines two challenging areas. The core
SFG issue is that the heterodyne technique requires the
absence of optics between the LO and the sample�optics
introduce phase shifts. Nonetheless, with a creative setup
Yamaguchi et al.45 probed isotopic mixtures of H2O and D2O
at low temperature (100 K), demonstrating long-range
coupling among water molecules leading to a red shift and

Figure 3. (Top) Schematic of orienting the secondary prism face of ice: cartoon and ball-and-stick model. (Left) c axis in the probe plane and
(right) c axis perpendicular to the plane. (Bottom)49 SFG spectrum at 110 K with ppp and ssp polarization for a (left) p-oriented surface and (right)
s-oriented surface. Lower panels adopted from ref 49.
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narrowing of the resonance with increasing H content.
Furthermore, the imaginary (Im) part indicates a net −OH
pointing out of the surface, suggesting that the resonance is
due to intrabilayer stitching bonds. These have a net dipole
pointing out due to the asymmetric environment at the
surface.46,47 Long-range interaction aligns the dipoles,
extending the lifetime, netting a narrowed resonance that
becomes increasingly narrow as the temperature is lowered.
Ice not only presents challenges but also presents

opportunities. Ice is a birefringent material. The prism faces
can thus be probed either with the optical c axis in the plane of
the two SFG probe beams or with the c axis perpendicular to
the probe plane. Here, optical notation is adapted to refer to
the former as p orientation and the latter as s orientation. SFG
also presents the ability to use polarization to orient the probe
beam electric vector. In SFG, there are three beams: the
produced sum frequency, the visible excitation, and the
infrared excitation. SFG spectra are then labeled with these
three polarizations in order: highest to lowest frequency. The
most common combination is ssp: s-polarized sum frequency,
s-polarized visible, and p-polarized infrared. Ice is a rare
exception in that it has both a strong ssp and a strong ppp
spectrum (Figure 3).48 Resonances in the intermediate H-
bonded region around 3400 cm−1 are reasonably isolated,
showing little of the interference normally observed in an
intensity or scalar spectrum. The region red of 3300 cm−1 is
much more intense than that at shorter wavelengths,
suggesting that the 3400 cm−1 region originates at the surface.
The secondary prism face presents (Figure 3) not only

isolated shorter-wavelength peaks but also peaks that depend
on both sample- and beam-polarization orientation. These
dependences (Table 1) suggest peak assignments.48 Note that

these are the first dangling valence assignments aside from that
of free OH at ∼3700 cm−1. Due to the weaker H-bonds
(smaller shift from the free OH), the four observed 3400 cm−1

region resonances are expected to be associated with water
molecules containing a d-O motif. The two donor hydrogen
atoms of such molecules can both be in the plane of the chain,
the surface plane; due to canceling in-plane orientations, these
are SFG-silent. The four resonances must therefore be due to
donor bonds that stitch the top layer to the next. In the
secondary prism face, each oxygen atom has only one donor-
to-the-next-layer bond. The four resonances can be identified
by considering the OH−H configuration of the nearest
neighbors in the chain. To bond to the resonating O−H
molecule, each nearest neighbor contains one donor and one
acceptor within the chain, a dangling valence, and either a
donor or acceptor to the next layer. Within the ice rules, the
allowed nearest-neighbor configurations (in-chain, cross-chain)
are (Figure 4) (i) d-O, d-O; (ii) d-OH, d-O; (iii) d-O, d-OH;
and (iv) d-OH, d-OH. (i) Strong longitudinal polarization is
created if both nearest-neighbor water molecules adopt a d-O
configuration. The two resonances at 3385 and 3390 cm−1 are
thus assigned to the d-O, d-O, d-O motif with the cross-chain

coupling slightly stronger than the along-chain coupling
(Figure 4, middle panel). Note that the short-wavelength
region on the basal face only has a longitudinal mode; it is
observed at 3388 cm−1, which is consistent with this
assignment.
Nearest neighbors with a d-OH configuration (ii−iv)

present a richer response. The dangling −OH disrupts the
longitudinal polarization, resulting in transverse polarization.
The d-OH neighbor can either be in the chain parallel to the c
axis (a p-orientation (ii)) or perpendicular to the c axis (an s
orientation (iii)). The p orientation is thus assigned to the
weakest stitching resonance (Figure 4 top panel), observed at
3435 cm−1. The s orientation is assigned to the strongest
stitching resonance (Figure 4 bottom panel), observed at 3372
cm−1. Finally, if both the parallel to the c axis and the
perpendicular to the c axis neighbors have a d-OH
configuration (iv), then the polarization is weak; resonance is
expected at the average between (ii) and (iii), thus overlapping
the longitudinal modes, and is swamped by them.

3. ICE−WATER INTERFACE
Measuring growth at the ice−water interface at the molecular
level is considerably more challenging than that at the ice−
vapor interface. Scanning techniques do not function well
under water, and SFG is unsuccessful since the infrared cannot
reach the interface through either the water or the ice. Yet
developing a picture of growth at the ice−water interface is
important for developing both inhibitors and promoters.
Inhibitors enable organisms such as arctic fish and spruce
budworms to survive in subzero temperatures, protect organs
during cryopreservation, and lead to fun items such as ice
cream. On the flip side, seeding clouds with ice promotors
provides raindrop nuclei, resulting in rainfall. Seeding is central
to forming artificial snow. The current understanding of

Table 1. Summary of Secondary Prism Face Modes

Mode (cm−1) Probe polarization Orientation Mode type

3372 ssp s (⊥ c) transverse
3385 ppp s (⊥ c) longitudinal
3390 ppp p (|| c) longitudinal
3435 ssp p (|| c) transverse

Figure 4. Cartoon showing bilayer stitching motifs from weakest to
strongest along with a schematic of the ice hexagonal prism
orientation for resonances in the secondary prism face.
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growth at the ice−water interface stems from three areas: (1)
splat assays of crystal size, morphology and number from
solution, (2) solidification of droplets placed on single-crystal
surfaces, and (3) equilibrium growth observations. Each of
these is described below.
The splat assay technique originated in 198850 as a method

to characterize proteins that protect their host from damage
under freezing conditions.51 This damage results in part from
the 10% expansion as liquid water becomes ice; the larger
volume of ice causes cells to burst. One model for protection is
to generate a critical concentration of protein in the
extracellular fluid that both induces the formation of
nanoscopic ice crystallites52 and inhibits the growth of larger
crystals.53,54 Within this picture, the protein has both an ice-
face templating region and typically a more hydrophobic
region.55−57 The splat assay builds on this idea, measuring
inhibition by dropping water droplets onto a cold substrate
(typically about −80 °C), thereby generating a large number of
small crystallites due to flash freezing the sample, warming the
resulting polycrystalline sample to a subzero temperature (−8
°C is typical), and holding the sample at this annealing
temperature for a prescribed period. Consistent with a model
of limiting ice crystallite size, splat assay analysis consists of
either counting the number of crystals or measuring the
morphology of the surviving crystals.58 Linking the splat assay
with mutagenesis and fluorescent tagging57 identifies parts of
the protein that are essential for ice recrystallization inhibition
(IRI). The result is a picture of the protein containing both ice-
templating and hydrophobic regions. Within this broad stroke
description, there are several open questions: Does the protein
actually bind to the nascent ice crystal, or is it separated from
the crystal by one or more quasi-liquid layers of water? Does
the attached or solvent-separated protein create a curved
indentation in the crystal face that inhibits overgrowth due to
the Kelvin effect?59,60 Molecular-level data could aid in
answering these questions.
The splat assay is typically used with a buffer and a high salt

content:61 10 mM, pH 7.4 phosphate buffer, [NaCl] = 0.138
M, and [KCl] = 0.0027 M. Both pH and high salt are known to
modify the structure of water at the air−water interface,62−65

where anions and cations have different concentration
gradients from the gas phase to the bulk concentration. This
differential distribution of anions and cations creates an electric
double layer, first suggested by experimental results64,66 and
later supported by MD simulations.67 This picture changes
only slightly at the ice−water interface where theoretical
models also find a double layer68 due to the propensity for ice

to exclude solutes. Frozen salt-water ice incorporates ions
mainly at pockets or in the grain boundaries,69,70 a property
that is exploited in freeze-desalination. Double layers are well
known in electrochemistry, profoundly altering the distribution
of ions and the orientation of larger molecules in the interfacial
region. Thus, it is expected that the structure of proteins as
well as that of the water is altered at the salt-buffer aqueous−
ice interface. Further studies are needed to determine if the
protein floats on a liquid-like layer or is directly attached and
how the buffer and salt concentrations impact the structure. If
the protein floats, then detaching ice from a protein-covered
surface is expected to be more facile than if ice directly attaches
to such a surface.
The molecular-level picture suggested by splat assays

motivates the investigation of growth at specific ice faces.
One approach is to generate a single crystal with a selected face
exposed, put a drop of water on the face, and examine the
crystal structure of the resulting frozen droplet. Since ice
should form a perfect template for itself, single-crystal growth
is expected. As with many aspects of ice, that is not what is
observed.71 Instead, while droplets on the prism face have the
same orientation as the underlying crystal (the single crystal
templates a single crystal) on the basal face, many crystallites
are formed (the single crystal does not net a single crystal in
the frozen droplet). The crystallite c axes are tilted randomly
along one of the three a axes of the hexagonal substrate. Since
the search for ice nucleating materials is often based on the
notion that the substrate should template the ice structure,72

lack of registry on the basal face is curious. A possible
explanation for this phenomenon lies in the molecular-level
structure of the secondary prism plane�the growth direction
with the a-axis tilt observed. As illustrated in Figure 5, both
prism faces have a greater density of dangling valences than
does the basal face. This tighter structure could result in
anisotropic thermal conductivity and thermal gradients within
the liquid layer.71 Alternately, stacking disorder due to
inevitable screw dislocations on the basal face as nuclei seeded
at different locations meet might be the source of the multiple
crystallites. As growing crystallites collide out of registry,
growth is favored in the a direction due to its nonbilayer
structure. Since the secondary prism face lacks a bilayer
structure, it templates single-crystal growth without interfer-
ence. In a similar manner, the primary prism face, though it has
a bilayer structure, lacks a 90° stacking fault layer-to-layer
matchup. Consequently, stacking faults favor continued growth
with a secondary face exposed. Further experimental and
theoretical work is needed to resolve these alternatives.

Figure 5. Molecular cartoon of the major faces of ice. (A) The primary prism plane has a bilayer structure. The top half-bilayer consists of water
molecule dimers with the water−water bond oriented parallel to the optical, c, axis. (B) The secondary prism face lacks a bilayer structure. The
topmost layer consists of chains of H-bonded water molecules; the chain axis is parallel to the c axis. (C) The basal face has a bilayer, hexagonal
shape. Note that the six points of a snowflake coincide with the hexagon formed by connecting the top half-bilayer dangling valences. The more
open structure of the basal face results in a lower density of d-OH bonds there.
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The relative stability of the basal, primary, and secondary
prism faces is also shown by equilibrium growth at the ice−
water interface.73 The challenge in growing ice under
equilibrium conditions (0 °C, 1 atm) is overcoming water’s
tendency to supercool.74−81 If water is supercooled, ice grows
under kinetic control, netting dendritic structures. Avoiding
supercooling requires a seed. There are several methods to
provide the seed. (1) A single ice crystal formed on the cold
enclosure falls and lands on the chilled water surface.
Molecular density and hence mass density are lower along
the c axis, so the seed orients with the c axis perpendicular to
the surface, thus seeding a single crystal with the c axis along
the growth direction.82−84 Long crystals tend to rotate the c
axis perpendicular to the growth direction as does lake ice.85

(2) A Czochralski method86−88 in which a single crystal is
solvent glued to a coldfinger, lowered into prechilled water and
slowly withdrawn. Success is seed-orientation-dependent. (3)
A modified Bridgman−Stockbarger73,89,90 (B−S) method. The
latter two generate greater reproducibility and reliability than
the former.
All methods overcome supercooling: methods (1) and (2)

use a single crystal to seed growth. While effective, these
methods give little information about growth at the ice−water
interface due to seed biasing growth. In contrast, the B−S
method avoids supercooling by supplying a polycrystalline seed
due to flash freezing water in the bulb (Figure 6). Presenting a

plethora of faces for seed growth, growth data are garnered via
competitive evolution through the lower part of the growth
tube. As the tube is slowly (0.1 μm·s−1) lowered through a
zero-degree zone, the various ice−water interfaces compete
with the more stable faces excluding less-stable ones. Upon
emerging from the ∼4 mm capillary, typically fewer than 4
domains remain (often only one). These few domains
propagate through the crucible where usually only one (95%
yield) intersects the neck and seeds the remaining growth tube.
The growth tube thus contains a frozen record of the most
stable face. The key question is how the ice single crystal is
oriented with respect to the boule axis. Growth is classified as
follows. It is basal-growth if the c axis is tilted less than 45°
with respect to the boule. Prism face categorization is based on
the hexagonal cross section: a axes are separated by 120°, so
the hexagon is subdivided into 6 sections (60°). The 60°

section is further subdivided into primary and secondary prism
faces. The prism faces are thus categorized according to the
angle between the nearest a axis and the boule-growth axis: as
a secondary prism face for angles between −15 and +15° and
as a primary prism face for angles between +15 and +45° (15−
30° is redundant with 45−30°). A representative scatter plot
using this classification is shown in Figure 7A. (Results in
Figure 7B are discussed below.)
Note that basal face growth is never observed over hundreds

of boules, an observation consistent with the drop solidification
experiment described above. Lack of basal face growth
indicates that the prism faces are more stable than the basal
face. Interestingly, both prism faces appear in nearly balanced
numbers. Equally interesting, nearly all boules are tilted away
from perfect prism face growth. Perfect prism faces would have
a tilt angle of 90°; most are tilted between 70 and 80°. Such a
tilt is consistent with pyramidal faces observed at the ice−
vapor interface.26

A simple Gibbs free energy model rationalizes observations
at the ice−water interface. Enthalpy is dominated by the
endothermic heat of fusion as the fluid water−water bonds are
replaced with bonds in ice. Enthalpy is thus determined by the
density of the dangling valences: docking onto the dangling
valence releases the heat of fusion. Entropy is estimated
following Pauling’s model of ice:2 within the ice rules (four
valences around each oxygen atom, two and only two covalent
bonds to hydrogen), the configurational entropy of bulk ice is
S/NkB, where kB is Boltzmann’s constant. The surface layer has
additional entropy due to the dangling valences lacking an
oxygen atom bonding partner, hence the configuration is more
flexible. All faces contain one dangling valence per top half-
bilayer oxygen atom (or top monolayer if lacking the bilayer
structure). The entropy difference among them comes from
restrictions on bonding between the vanguard layer and the
underlying layer; restrictions are due to simultaneously
docking and satisfying the ice rules. Consider the secondary
prism face, its vanguard layer consists of H-bonded chains of
water molecules that must be properly arrayed to bind onto the
underlying layer, thus restricting allowed chain configurations.
The primary prism face vanguard layer contains pairs of H-
bonded water molecules. The free ends enable many more
configurations, hence the greater entropy of the primary prism
face. The basal face is the most restricted since the top half-
bilayer is connected to the lower half by three bonds; only one
valence is free. Configurational entropy and entropy per unit
area relative to bulk ice are summarized in Table 2.
Growth at the ice−water interface is of interest in fields

ranging from cloud seeding91,92 to organ preservation56 to ice
prevention on airplanes.93 As discussed above, experimentally
probing growth at the ice−water interface is challenging, a
challenge made even greater if the goal is to probe the impact
of solution additives to build a molecular model for effective
ice-growth modifiers.52,53,94−96 At the present time, the most
common assays are the splat assay and the sucrose sandwich
assay.97 The common thread connecting these two assays is
measuring the average crystallite size/number. Along with
theoretical models,98,99 these data net a molecular-level model
of interactions among water, ice, and the growth modifier. B−
S-grown ice shares common steps with the splat assay and can
be used to test splat-assay-based models. Splat assays begin
with a polycrystalline seed formed when water droplets
impinge on a cold surface, often at −77 °C. Flash freezing
water in the growth-crucible bulb freezes the bulb droplet, also

Figure 6. Schematic of a modified Bridgeman−Stockbarger apparatus
for single-crystal ice growth. Supercooling is avoided by flash freezing
water in the bulb. The tube is lowered from a region slightly above 0
°C through an annulus to a region slightly below. The polycrystalline
seed in the bulb evolves through the capillary to the crucible.
Typically, fewer than 4 domains enter the crucible. Only one domain
intersects with the neck, and the remainder terminate on the
shoulders. One domain seeds the remainder of the tube, netting a
single crystal that is 2.5 cm in diameter and up to 10 cm long, limited
only by the drive screw of the lowering stepper motor and the crucible
length.
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at −77 °C. The splat assay then anneals the droplet at a
moderate, subzero temperature (−6.4 °C is common), during
which time small crystallites either grow by Ostwald ripening
or inhibit water monomers or clusters from attaching to the
faces of the already formed crystal.100 The B−S-grown ice
evolves its ice−water structure slowly under equilibrium
conditions. Faces compete for added molecules or clusters,
with more stable faces growing at the expense of less stable
ones. Splat assays and B−S-grown ice thus provide somewhat
complementary ice-growth information.
Splat assay results identify poly(vinyl alcohol) (PVA) as the

most efficient small molecule with ice recrystallization
inhibition activity. The model that emerges is one in which
PVA binds irreversibly to the primary prism face, reversibly to
the secondary prism face, and not at all to the basal
face.60,101−103

The B−S growth apparatus would seem to provide a method
to test the attachment model: if ice binds irreversibly to the
primary prism face, then growth statistics should be highly
biased against the primary prism face growth. In addition, if the
secondary prism face is sufficiently inhibited, then one might
observe basal face growth. Furthermore, PVA might be
occluded within the boule. The data (Figure 7B) does not
support this conclusion: no basal face growth is observed. Any
bias away from the primary prism face growth is modest at
best. An analysis of the resulting boule to detect PVA
incorporated into the ice structure (by melting cross sections
and analyzing for PVA) finds no PVA in the boule and thus
contradicts incorporation but rather supports a more dynamic
attachment−detachment mechanism of interaction. These
conclusions are consistent with microfluidic studies104,105

that find a modest impact on ice-face growth by PVA.
Interestingly, safranin, a cationic dye, appears to be quite
effective at modifying ice growth. As a charged molecule,
safranine has the ability to orient water molecules in both the

first and second solvation shells, supporting a water-layer
model.
In summary, it is not clear whether inhibitors function by

binding to ice, reorienting water molecules in their solvation
shell to configurations unfavorable for ice formation, and thus
“float” on water near the ice surface or another mechanism.
This field is ripe for subnanometer probing of the ice−water
solute interface.

4. USING ICE GROWTH AS A TEMPLATE
Green processing methods are of considerable current interest
with more than 1500 articles annually. Since ice is a green
chemical, using ice growth to create novel materials is also of
intense current interest for the creation of structured materials
in the biomedical,106−108 energy,109 separations,110,111 and
clean water sectors.112−114 Using ice growth is called freeze
casting; it leverages the propensity of ice to exclude solutes to
the ice−water boundary. Briefly, freeze casting typically uses an
insulating sleeve capped with a copper plug to create a strong
thermal gradient when the plug contacts a cold surface and
generates ice nucleation at sites separated by tens of
micrometers. Thermal transport takes over, and the fastest-
growing facet rapidly dominates the freeze front. Since the ice
domains tend to be on the order of 10 to 50 μm, comparable
to cell dimensions, there is biomedical interest in creating
materials with the potential to template bone and other tissue
structures if the solute is biocompatible. For energy
applications,114 the pore structure facilitates ion access to
walls of the material while creating a high surface-to-volume
ratio netting more rapid charge−discharge cycles. For
separations or clean water applications, ice templating creates
a material with uniaxial pores, a 10−50 μm pore diameter, and
cm length. With micrometer-sized cross sections, water flows
through with little Kelvin pressure yet diffusion times to the
cell walls are microseconds. For all of these applications, the
fundamental question is how does ice grow and create the
confined space of the pore? Answering this question is
expected to facilitate tailoring of the pore structure for a
given application.
Material in the grain boundary is concentrated and under

stress due to the volume expansion of water on freezing.115

Thus, a device can be generated if the concentrated solute
condenses to form a solid material; the grain-boundary
structure is reflected in the resulting scaffold. In principle,

Figure 7. Representative growth data for (A) neat ice−water and (B) ice−PVA solution. Boules are classified according to the angle between the
crystal c axis and the boule growth axis (the tilt angle) and the angle between the nearest a axis and the boule growth axis (the roll angle). Boules in
the blue outlined area are broadly labeled as the basal face, those outlined in red are labeled as the secondary prism face boules, and those outlined
in green are labeled as primary face boules. Note that basal face growth is never observed.

Table 2. Thermodynamic Parameters for Ice Major Faces

Face Basal
Primary
prism

Secondary
prism

Enthalpy (μJ ·cm−2) 5.57 5.94 6.90
Configurational entropy
relative to bulk ice

ln(2/31/2) ln(2/141/4) ln(2/21/2)

Entropy/NkB × 1014 (cm−2) 6.94 8.07 7.20
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the formed scaffold can be recovered simply by letting the ice
melt. However, the high surface tension of water (72 mN/m)
exerts stress on the nascent scaffold, collapsing the walls,
distorting the scaffold, and reducing the mechanical strength.
The result is a scaffold that falls apart on handling. One
solution to this problem is to exchange water for a lower-
surface-tension liquid; a small alcohol is a good choice. The
low-surface-tension liquid can be removed by supercritical
drying, allowing the scaffold to be heated (supercritical
temperature for ethanol is 249−252 °C) without melting,
consolidating walls sufficiently to withstand the supercritical
drying pressure (5−8 MPa for ethanol).
Remarkably, ice in the pores tends to be single crystal with

the a, {1120}, axis parallel to the temperature gradient:116 the
growth front is the secondary prism face. Herein, it is
conjectured that a-axis growth is a result of a confluence of
the same smaller exothermicity due to the lower dangling
valence density noted in section 3. Released heat counters the
strong thermal gradient, so the counterweight is smaller for the
secondary than for the other major faces. At the same time,
both prism faces have a greater molecular density than the
basal face; the stress crushes ice into a-axis growth. The
structure of ice is known to respond to applied stress (e.g.,
forming medium-density amorphous ice when ball milled).117

An example of a scaffold formed by this procedure is shown
in Figure 8. The cross-sectional structure is remarkably
consistent across the entire 5 cm2 area. In this example,
nucleation occurred on a copper plate at 77 K; the sample was
contained in a Teflon mold. Teflon is a poor thermal
conductor, thus ensuring a reasonably uniform temperature
within the cross section. Thus, the traveling freeze front
progresses uniformly up the cylindrical mold. The result is that
pores do not consolidate, bend, or otherwise distort. The
longitudinal cut confirms this picture, with pores extending
from the bottom to top of the plug. As shown in Figure 8,
there are veins where pores are uniformly oriented, but
adjacent veins are rotated on their axes. The result is facile flow
along the pore direction. As a bonus, the capillary pore size
enables wicking of aqueous solutions into the channels. This
opens the potential to coat the walls by using suitable chemical
reactions with the dangling −OH groups on the silica surface

to assist with molecular separations or as a platform for
chemical reactions.

5. SUMMARY
This contribution is a tour through ice interfaces: ice−vapor,
ice−liquid, and ice−solutes. Ice is known to form many
crystalline structures. This contribution narrows the focus to
hexagonal ice (Figure 1), the stable form under ordinary earth
conditions. Although familiar for millennia, much is still
unknown about ice growth at interfaces, particularly at the
molecular level. The surprising conclusion is that the basal
face, the face responsible for the hexagonal shape of
snowflakes, is not the most stable of the three major faces at
the ice−vapor, ice−water, and ice−aqueous-solution interfaces.
Under equilibrium conditions, slow sublimation under

saturated conditions, the most stable face, is the secondary
prism face. This conclusion is based on etch pits formed on
single-crystal samples and Wulff construction; the largest
exposed face is the most stable, and conversely, the smallest is
the least stable. Macroscopic boules 2.5 cm diameter and more
than 10 cm long cut to expose the primary prism face show
rectangular etch pits with parallel shadowed sides (Figure 2).
The bottom and sides of these pits comprise primary prism
faces, while the end caps are basal faces. Just slightly longer
than wide, this suggests that the primary prism face is more
stable than the basal face. Similarly, a boule cut to expose the
secondary prism face generates pits that are rectangular with a
single dark line centered between the long edges. Sublimation
occurs along the a axis. Again, the end-caps of the figure are
basal faces. The height:width ratio reveals that the secondary
prism face is nearly twice as stable as the basal face. Primary
prism face etches reveal an additional surprise; as pits grow,
they maintain the same shape unless a high-energy face cuts
diagonally between faces. Thus, there is a pyramidal face that
makes a 60° angle to the basal face�Miller index {1011}�
which is slightly higher in energy than either the basal or the
primary prism faces. The energies of the higher-energy faces
relative to the most stable secondary prism face are primary
prism face = 1.3, basal face = 1.8, and pyramidal face = 1.9.
Probing the ice−water interface under equilibrium con-

ditions is challenged by the tendency of water to supercool to

Figure 8. Ice growth characteristics can be used to create materials with unique properties. Solutes are excluded to grain boundaries between
growing ice grains, where the solutes can undergo chemical transformation. This process is called freeze casting. Pictomicrograph of a freeze-cast
silica scaffold from a 3 M silicic acid solution with a temperature gradient. (Left) Transverse cut showing a honeycomb structure. Note that the
long pore dimension varies across the cross section. Pores are ∼40 μm × 10 μm. (Right) The longitudinal cut shows continuously connected
channels. Shadows are artifacts from the microscope. Aqueous flow through the structure demonstrates both that the pores are large enough that
little head pressure is required for water flow despite the large surface tension of water and that channels are connected, enabling through flow.
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as low as −46 °C.78 Supercooled water solidifies rapidly
because of kinetic growth. Equilibrium growth requires a seed.
Three methods that successfully grow single-crystal ice are (1)
soft landing a single crystal on 0 °C water,82−84 (2) a
Czochralski method,86−88 and (3) a modified Bridgman−
Stockbarger73,89,90 (B−S) method. The former two bias
growth due to the seed (1) and by single-crystal seed
orientation (2). In contrast, the B−S method starts with the
flash freezing of water. A plethora of faces in the polycrystalline
seed undergo competitive growth under quasi-equilibrium
conditions (slow growth, about 1 bilayer/ms). Ultimately, only
one domain seeds a large boule (∼4 cm2 cross section and up
to 15 cm long). Optical inspection shows that the boule is
optically perfect. The boule cross section contains a frozen
record of the boule growth. Like the case for tree rings, the
cross section can be analyzed to determine growth. Crystal
orientation is characterized by a tilt angle, θ (the angle between
the c axis and the growth axis) and a roll angle, φ (the angle
between the crystal a axis and the growth axis). Growth is
classified broadly as basal if the tilt is less than 45° and prism if
the tilt is greater than 45°. Nonbasal growth is further
subdivided as secondary prism if the roll angle is less than 15°
and primary prism if the roll angle is between 15 and 30°. No
basal face growth is observed. This indicates that among the
three major faces, the basal face has the highest energy at the
ice−water interface. Nearly equal primary and secondary face
growth indicates a close balance between these two faces. A
simple model analogous to Pauling’s determination of the
residual entropy of ice118,119 shows that the primary prism face
is entropy-favored and the secondary prism face is enthalpy-
favored.
Two properties of ice make it a favorable substance for

templating materials: (1) ice excludes solutes from its bulk and
(2) ice grows with needle-like structures having high length to
width ratios. Ice is thus a desirable material for a method called
freeze casting.120−125 Freeze-cast conditions feature high
temperature gradients; these are far from equilibrium
conditions. Remarkably, it has been found that ice in the
pores between grain boundaries is oriented with the a axis
parallel to the thermal gradient.116 The c axis of various grains
appears to be randomly oriented around a cone about the
growth direction. Armed with this image, the picomicrograph
shown in Figure 8A suggests that grains grow with differing c-
axis orientations until they collide with neighboring grains.
Solutes accumulate in the collision region, where the solute is
concentrated under stress. The grain size is highly dependent
on the temperature gradient as well as the solute composition.
Those shown in Figure 8 are about 40 μm × 10 μm with
submicrometer walls. Ice in the pore grows under confinement
by the material in the grain boundaries. Water expands when it
freezes, tending to push the ice along the thermal gradient. The
result is continuous channels for the length of the plug, as
shown in Figure 8B. This long, fine capillary structure is ideal
for liquid water flow under low head pressure (i.e., laminar
flow). The diffusion time from the capillary center to the walls
is on the order of microseconds, ideal for ensuring interaction
between solutes and materials attached to the walls.
Separating the generated structure from the ice template, in

principle, involves simply melting the ice. However, the high
surface tension of water causes stress on the walls, collapsing
and distorting the newly formed structure. One method to
avoid the surface tension problem is to soak the frozen plug in
a water-miscible, lower-surface-tension liquid with a freezing

point lower than that of water. As the ice melts, water mixes
with the replacement liquid. Refreshing the liquid ensures the
removal of water. If the chosen liquid also has a relatively low
supercritical point, then it can be removed via supercritical
drying.126,127 Ethanol is used in the silica scaffold, as pictured
in Figure 8.
The short summary of ice growth is that at the ice−vapor

and ice−water equilibrium surfaces as well as at the ice−solute
kinetically grown surface, a-axis growth appears to be favored.
In contrast, c-axis basal-face growth is disfavored. Kinetic
growth along the six hexagonally configured a axes makes the
beautiful snowflakes often observed, answering Keppler’s
question of 400 years ago.
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