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Abstract

Ice is a fundamental solid with important environmental, biological, geo-
logical, and extraterrestrial impact. The stable form of ice at atmospheric
pressure is hexagonal ice, I,. Despite its prevalence, I, remains an enig-
matic solid, in part due to challenges in preparing samples for fundamental
studies. Surfaces of ice present even greater challenges. Recently developed
methods for preparation of large single-crystal samples make it possible
to reproducibly prepare any chosen face to address numerous fundamen-
tal questions. This review describes preparation methods along with results
that firmly establish the connection between the macroscopic structure (ob-
served in snowflakes, microcrystallites, or etch pits) and the molecular-level
configuration (detected with X-ray or electron scattering techniques). Se-
lected results of probing interactions at the ice surface, including growth
from the melt, surface vibrations, and characterization of the quasi-liquid
layer, are discussed.
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1. INTRODUCTION

Ice isarguably among the most fundamental and ubiquitous solids in the Universe (1-3). Consisting
of two of the three most abundant elements, ice and its liquid form, water, not only shape Earth and
our Solar System but also transport material throughout the Universe. Of the 18 or so crystalline
phases of ice, hexagonal ice (1) is the stable phase at atmospheric pressure. Given the importance of
ice to Earth, it might be expected that [,—hereafter referred to simply as ice—is well characterized.
That it is not is a testament to the challenges, both theoretical and experimental, in divining ice’s
secrets.

Ice is challenging in part due to configurational flexibility exemplified by the famous residual
entropy of ice at 0 K (4). The source of residual entropy lies in the tetrahedral coordination around
the oxygen atom: T'wo coordinations are bonds to hydrogen atoms and two are lone pairs. Hence,
water forms an extended network, but there is considerable flexibility for locating the hydrogen
atoms to satisfy the “ice rules” (5): exactly one hydrogen atom must be located between any pair of
oxygen atoms and every oxygen atom must be covalently bonded to exactly two hydrogen atoms.
Surface termination leads to dangling valences. Dangling valences, even at the ideal surface, can
be random or patterned (6-10). Finally, as is common with many solids, the ice surface can relax
and/or reconstruct. Thus, it is not surprising that “research on the properties of the ice surface
has a long and often controversial history” (11, p. 324).

Single-crystal surface studies revolutionized understanding of heterogeneous catalysts and
nanoparticles ranging from pure metals to alloys to semiconductors. The global impact of this
work was recognized with the 2007 Nobel Prize awarded to Gerhardt Ertl. Applying the single-
crystal surface strategy to ice has been hindered by challenges both in substrate generation and
in probe methodology. As a result, questions about molecular-level structure, dynamics, surface
binding site patterns, and adsorbate interactions/transformations remain unanswered (12). Taking
inspiration from catalyst studies, this review begins with a description of two key developments for
substrate preparation: growth of high-quality single crystals and connection of surface-structure
probe signals with surface molecular configuration.

The goal of this review is to highlight recent advances that promise to help unlock ice surface
secrets, as well as to summarize important open questions. The emphasis is on experimental results.
The first requirement for examining the surface is preparing it; Section 2 describes recently
developed tools. The connection between the macroscopic shape and the crystal structure is
discussed in Section 3. Interfacial interactions are described in Section 4.

2. GROWING AND ORIENTING

Several methods exist for growing single crystals and model ice surfaces in the laboratory, including
deposition on a substrate (13-18) and growth from the melt in either a Bridgman (19, 20) or a
Czochralski (21) apparatus.

2.1. Bridgman Method

The oldest technique for growing single crystals was developed by Bridgman in 1925 (19). Some-
what modified by Stockbarger (20), this is the method of choice for growing large GaAs semicon-
ductor crystals and other mixed-element semiconductor crystals, as well as very low—defect density
Si crystals. In broad strokes, the technique consists of passing a crucible containing the melt and a
single-crystal seed from a high-temperature region into a low-temperature one. The single-crystal
seed both circumvents issues associated with kinetic growth due to supercooling and provides an
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Schematic of a crucible used in a Bridgman apparatus (not drawn to scale). The crucible body is 2.5 cm in
diameter and approximately 30 cm long. The capillary is approximately 4 mm long. The bulb provides a
convenient way to flash-freeze a polycrystalline seed. The combined capillary and neck select a single
domain to seed the growth tube.

oriented substrate for crystal growth. The Bridgman—Stockbarger method has been modified for
single-crystal ice growth (Figure 1) (22, 23) in two significant ways. First, a polycrystalline seed is
used rather than a single crystal because it is easier to generate a noncontaminated polycrystalline
seed by simply flash-freezing water in the seed bulb, e.g., by touching the bulb to a dry ice pellet.
The crucible narrows to a neck that spatially filters the multiple flash-frozen crystal domains to
a single domain that seeds the remainder of the boule. The capillary connecting the seed bulb
to the crucible is surprisingly effective at reducing the millions of exposed faces generated by
flash-freezing to fewer than five exposed faces in the crucible (23). The few domains propagate
through the crucible until they reach the neck. At the neck, domains that intersect the shoulders
are quenched. Only domains aligned with the neck emerge to seed the remainder of the boule. In
short, the capillary and neck select the single domain that generates the boule.

The second significant modification of the Bridgman-Stockbarger method concerns process
parameters designed to keep a stable, near-equilibrium growth front. Temperature fluctuations
are minimized via the viscosity of the surrounding thermal transfer fluid (ethylene glycol) and by
further surrounding the growth apparatus with a temperature-stabilized bath. The temperature
gradient in the growth zone is controlled both to minimize convective mixing and to ensure
dissipation of the heat of fusion between steps. In the reported work, the temperature gradient is
maintained at 0.015 &+ 0.001°C/mm using a proportional integral differential controller. Success
is demonstrated by near-100%, optically perfect single crystal production.

The Bridgman ice-growth process yields a surprising result about the ice-water interface.
Faces of the polycrystalline seed are presumably randomly oriented because the seed is generated
by flash-freezing water in the bulb. As growth proceeds up the capillary, these numerous faces
compete; the more stable faces occupy increasingly larger fractions of the ice—water interface
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(24-27). The surprising result is that the most stable face—the face that seeds the larger boule—is
never the basal face. Indeed, the faces that emerge are the primary prism face and the secondary
prism face, with the secondary face being slightly more likely. This result, discussed further in
Section 4.1.1, is attributed to slight differences in the balance between the surface entropy and
surface enthalpy among the three major faces of ice.

The orientation of the crystal axes relative to the boule axes is not known a priori for boules
grown with the Bridgman method. However, the orientation can be determined using several
methods including X-ray diffraction, electron backscatter diffraction (EBSD), and etching. Of
these, etching is the most convenient for laboratory work (28).

2.2. Czochralski Method

The Czochralski method of single-crystal ice growth was first reported in 1975 (29). It consists
of attaching an oriented, single crystal to a cold (~—20°C) pin and extracting it from a rapidly
circulated melt. The major advantages of the Czochralski method are that it is fast and that the
orientation of the crystal within the boule is known because growth is seeded by a single crystal.
Czochralski-grown ice boules are typically 30 mm long, whereas Bridgman-grown crystals are
limited only by the physical dimension of the crucible and growing chamber.

Typical extraction rates are 5 mm/h (30), much faster than Bridgman parameters. The con-
trast between these two techniques likely lies in the mechanism for preventing incorporation
of alternate-orientation crystallites into the growing boule. Alternate-orientation crystallites are
out of register with the bulk ice orientation and hence form a grain boundary with the growing
boule. Bridgman growth excludes these out-of-register crystallites via thermodynamic growth:
Higher-energy crystallites either reorient into registry with the bulk or melt. Czochralski growth
is kinetically controlled and uses a well-stirred melt. It is believed that the weak grain—boundary
connection between nonregistered crystallites and the bulk crystal, in conjunction with fast stir-
ring, sweeps misregistered crystallites off the growing surface (21).

2.3. Growth on a Substrate

The molecular-level structure of the ice surface strongly influences interactions between ice and
gas-phase molecules in the atmosphere (31-33). Hence, ice has been the subject of numerous
ultrahigh vacuum techniques that image at the molecular level. Recent studies with scanning
tunneling microscopy (STM) (9, 34-42) provide insights into the ice surface. For STM studies,
ice is grown on a substrate: Cu (34, 40), Pt (35, 36, 41, 42), P/Ru (39), or BaF, (38). In what
follows, we focus on the influence of the substrate on ice structure.

The Cu(111) surface has a hexagonal structure with lattice constants that closely match those
of ice, and so is considered to be an excellent substrate for growing model hexagonal ice surfaces.
At the surface, the ideal tetrahedral coordination of the oxygen atoms is disrupted, generating
dangling OH bonds (4-OH) and dangling lone pairs (4-O). A naive picture suggests that the
surface is planar, tessellated with hexagonal rings that are decorated with dangling OH bonds
orthogonal to the surface. STM data at low temperatures (<160 K) combined with modeling
(34, 40) suggest a richer picture consisting of admolecules with little area covered by a simple
hexagonal structure. Monomer admolecules are bonded to the surface via three strained hydrogen
bonds that favor a donor—-donor-acceptor configuration. As the adcluster grows, linear structures
are more stable than hexagonal rings or star-like structures. Linear structures are reminiscent of
a striped or Fletcher (6) phase that has strings of nearest-neighbor d-OH orientations. The STM
images cannot distinguish 4-OH from 4-O, but clearly show a chain structure for the admolecules.
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Annealing to 130 K generates one-hexagon-wide adrows growing along the [112] direction of
cubic ice (1) or the [1101] direction of hexagonal ice. Calculations (38) suggest that these adrows
are either parallel to or form 60° angles with a Fletcher stripe. This configuration is consistent with
faceting and observation of equilateral triangular islands on annealing to 149 K (34). Formation
of linear structures gives rise to an effective local electric field (37) that directs the orientation
of impinging polar molecules, affecting the adsorption energy. Modifying the adsorption energy
likely also modifies the ice structure.

Modification of the ice structure is clearly observed on BaF;(111). Water on BaF,(111) is
imaged at room temperature with scanning polarization force microscopy (38), a method that
produces coarser resolution than low-temperature images on metals. The results, however, provide
insight into interaction between water and surfaces that have been proposed as excellent ice-
nucleating agents. The (111) face of BaF; consists of trilayers, with Ba>* ions sandwiched between
F~ layers. The lattice constantis 4.38 A, comparable to that of ice (4.52 A). Contrary to prediction,
BaF); is not a good ice-nucleating agent. The oxygen atoms nicely bind to the Ba’* sites, but the
hydrogen atoms bind to the adjacent F~ ions. This configuration inhibits formation of an ice
bilayer and hence hinders ice growth. Water molecules accumulate at step edges, growing chains
along the [110] direction. Other directions are hydrophobic.

The influence of step edges is also seen for ice grown on Pt(111) (35, 39, 41, 43). Ice is usually
deposited as an amorphous film at <120 K. After heating, ice crystallizes into a hexagonal array
that is in register with the underlying metal atoms. First-layer water molecules, however, do not
form an ideal hexagonal array: only 4-O molecules are observed (44). The non-hydrogen-bonded
OH group points to the metal to maximize interaction there. At 125 K, interaction with adsorbates
can be sufficient to flip the water from OH down to OH up. The flip is accompanied by formation
of hexagonal layers (39). This example illustrates both the flexibility of the water molecule and a
source of challenge in obtaining molecular-level data on ice.

Combining experiment and theory, a series of papers examined the water layer structure as the
film thickness increased (35, 36, 41). At low coverage, ice forms I, patches on terraces. Growing
the patches large enough to span across the step edges leads to a very interesting phenomenon
involving hexagonal and cubic ice. We next discuss the subtle but important differences between
these two crystal structures.

Ice is an insulator, so STM does not probe beyond the top bilayer. Thus, STM is not able to
distinguish between hexagonal and cubicice because these differ only in the bilayer stacking. Layers
in hexagonalice alternateas ABAB . . ., whereas those in cubicice are ABCABC. . . . This seemingly
subtle packing difference has profound consequences. All hexagonal rings in cubic ice are chair-
configuration hexagons, whereas those in hexagonal ice include boat-configuration hexagons. The
only stable face of cubic ice is the (111) plane, whereas several faces of hexagonal ice have nearly
identical energies. Specifically, the hexagonal basal face, the primary prism face (the rectangular
sides of the hexagonal prism), and the secondary prism face (a cut across alternate hexagonal apices)
are nearly isoenergetic. Pyramidal faces that cut across the sharp edge between the basal face and
the prism faces are only slightly higher in energy. All of these faces are observed (45-47).

Forice grown on a substrate, the stacking difference between hexagonal and cubic ice interplays
with the step height to determine which crystal forms. Flat substrates generate I, ice, likely due
to edge termination by prism faces. As two I, patches meet, the step height is critically important.
The substrates Pt(111) (35, 36, 41) and BaF,(111) (38) feature step heights corresponding to one
ice bilayer, so two hexagonal patches can join smoothly across the step only if the bilayers are
similarly oriented. The orientation can be visualized with the tetrahedral coordination around
the oxygen atoms of the upper half bilayer (Figure 2). For cubic ice, the triangular bases of the
tetrahedra in both bilayers face in the same direction. Two patches can thus smoothly join with
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Figure 2

Ice crystal structure: top view of the basal face showing tetrahedral coordination around the oxygen atom. In
the top bilayer, the upper atoms are colored red; in the lower bilayer, upper atoms are colored green.
Remaining oxygen atoms are not shown for clarity. The O-O distances in hexagonal and cubic ice are the
same. (#) In cubic ice (1), the tetrahedral triangular bases are all oriented in the same direction. (9) In
hexagonal ice (I}), tetrahedral triangular bases are rotated 180° from bilayer to bilayer. As a result, I, lacks
stable prism faces. In contrast, the energies of the prism faces of I ice are comparable to that of the basal
face. I, also lacks the open channels that are characteristic of Ij,.

only a simple screw dislocation. In contrast, the hexagonal ice tetrahedra are rotated by 180° in
alternate bilayers. I, would thus form a high-energy grain boundary at the single bilayer step. The
crystal structure thus shifts from hexagonal to cubic as the patches bridge the step edge (41).

As the ice film grows thicker to ~20 nm (about 50 bilayers), it can support double spirals.
Depending on orientation, double spirals can accommodate two step height shifts; that is, they
negate the established single spiral (41). Thicker films thus support return to hexagonal ice. This
example exquisitely illustrates the importance of the supporting substrate.

3. MOLECULAR STRUCTURE-CRYSTAL STRUCTURE CONNECTION

One of the stunning features of the ice literature is the sheer volume of unanswered questions.
Ice grows under rather mundane conditions and has been known for a very long time. The
large number of unanswered questions is a testament to the challenges posed by the flexible
nature of the hydrogen bond binding the solid. Among the only recently answered questions
is the relationship between the macroscopic morphology and the molecular-level structure of
ice. Microcrystallites, snowflakes, and etch pits all have a hexagonal structure long associated with
the basal face. At the molecular level, there are two hexagons in the basal face (Figure 3). One
is defined by the chair-configuration hexagonal structure, hereafter referred to as the molecular
hexagon (Figure 3, green outline). The other hexagon is derived from the crystallographic unit
cell. The unit cell is a right-angle, rhombohedral prism (Figure 3, blue outline). The crystal-
lographic hexagon is completed from the unit cell by connecting the centers of the six chair-
configuration hexagons surrounding a central molecular hexagon. This is referred to as the crys-
tallographic hexagon (Figure 3, black outline). Notice that the molecular and the crystallographic
hexagons are orthogonal. In a hexagonal structure, # axes point to the hexagonal apices, so the
molecular and crystallographic # axes are also orthogonal. The essence of the question is: Which
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Figure 3

(@) Stick model looking down on the basal face of hexagonal ice. The molecular hexagon is the smaller
hexagon, outlined in green. The crystallographic rhombohedral unit cell is shown in blue (and, in panel 4, in
three dimensions). The crystallographic hexagon includes the unit cell and is completed in black. Note that
the molecular and crystallographic hexagons are rotated 90° to each other.

hexagon is reflected in the shape of snowflakes, the orientation of negative crystals, and the shape
of microcrystallites?

The widespread assumption (18, 46, 48-57) is that the growth hexagon is the crystallographic
hexagon. Until recently (58), experimental evidence for this assumption has been tenuous, based
on a paper by Nakaya (56). The argument is that dendrites should grow in low-index directions.
All angles in the dendrites corresponded to low indices if the prism apices corresponded to {1010},
but not if they corresponded to {1120} (59, 60). This conclusion appears to have propagated, being
cited by Higuchi (51), who developed ice etching. Higuchi’s method is widely used, particularly
in glaciology research, and provides a readily applied laboratory method for determining crystal
orientation (28, 51, 53, 61). Often the focus is on the ¢ axis orientation between crystallites, so the
a axis orientation has been less relevant. As focus shifts to fundamental issues such as face-specific
ice growth kinetics (55, 62-67) and its dependence on molecular-level structure, # axis orientation
becomes more critical.

3.1. The Probes

Connecting the macroscopic structure to the underlying molecular-level configuration is greatly
aided by large single crystals. Within a hexagonal structure, there are three # axes connecting
opposing hexagonal points. Consequently, the # axes of the two molecular-level hexagons—the
molecular hexagon and the crystallographic hexagon—are related by a mere 30° rotation. Thus,
connecting the macroscopic hexagonal prism shape to either molecular-level hexagon requires that
the microscopic and the macroscopic probes sample the same crystallite. Single crystals found in
the environment typically exhibit numerous dislocations on the periphery of void hexagons (68).
Dislocations can easily shift the # axis by tens of degrees. Thus, availability of large, low-defect
single crystals enable compelling connection between the macroscopic shape and the microscopic
configuration. Probes making this connection are described in this section.

3.1.1. Etch and growth. Etching was developed by Higuchi (51, 61) as an improvement over
Tyndall flowers (56) to probe the ice macroscopic shape. Etch pits have the shape of negative
hexagonal prisms truncated at the surface (Figure 44). Determining orientation of both the ¢ and

www.annualreviews.org o Ice Surfaces

291



Figure 4

Etch and growth of ice. (#) Example etch pits with truncated hexagonal prism submerged on the left side. The hexagonal point is rolled
toward the bottom of the photo. (§) Scanning electron microscopy image of small crystallites showing hexagonal prism shape with
chamfer between basal end cap and rectangular sides. Panel 4 reproduced from Reference 69 with permission. () Primary-face etch pits
showing chamfered corners similar to those of microcrystallites.

292

a axes from the etch pit profile is a geometric exercise (28, 53). Success in generating any desired
face (28) validates the negative crystal model for the etch pits.

Crystal growth is the inverse of etching. Microcrystallites can be imaged with scanning electron
microscopy (45-47). As shown in Figure 45, the overall crystallite shape is also that of a hexagonal
prism. Note that the basal face meets the primary prism face at a 90° angle; the surface energy is
lowered if the 90° corner is chamfered. Figure 4¢ shows that the larger etch pits from a primary
prism face are also chamfered. Complementarity of etch pits and microcrystallites suggests that
both growth and desorption reflect the same hexagonal structure. Generating a molecular-level
picture for the water—water interactions that lead to the overall hexagonal shape or the specific
chamfer morphology requires answering the question of which hexagon—the molecular or the
crystallographic—is reflected in the macroscopic observed shapes. This connection is discussed
below following description of the molecular-level probe EBSD.

3.1.2. Electron backscatter diffraction. EBSD is based on the well-known wave properties of
electrons. Electrons reflect from the various crystal planes, interfering and creating a diffraction
pattern. The first diffraction patterns, called Kikuchi patterns, were reported in 1928 (70). Because
electrons are charged particles, penetration depth is shallow, typically ~20 nm, so EBSD is a surface
technique (71). Application of EBSD to ice is more recent, just over a decade old (72-76).

EBSD data are typically displayed in pole figures (Figure 5). Three axes are imaged for ice:
the ¢ or optical axis, the crystallographic # axis, and a third mutually orthogonal axis in the basal
plane labeled the 4 axis. Note that the hexagonal symmetry means that there are three # and three
b axes. The data consist of scatter plots of axis orientations over the sampled area (Figure 6a,b). A
false-color pole plot of the ¢ axis for a single-crystal sample is shown in Figure 64; note the tight
spot indicating consistent ¢ axis orientations for the >400 spots sampled. A similar plot for the #
axis (Figure 6b) shows multiple, tightly clustered spots consistent with the three # axes.

3.2. The Connection Implications

The connection between the crystallographic and the etch hexagon is revealed by using large
single crystals, so that both etch and EBSD data are obtained from the same surface (58). The
hexagon connection is most clearly shown with a basal face sample. Note that the ¢ axis hot spot
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Figure 5

Schematic of pole figure data from electron backscatter diffraction (EBSD). Backscattered electrons impinge
on a phosphor screen; phosphorescence is imaged on a charged-couple device array. Data are typically
processed with software that accompanies the EBSD instrument. The crystal plane normal penetrates the
reference sphere, the penetration point is connected to the south pole of the reference sphere, and the
projection-plane crossing point is recorded. The projection-plane crossing points generate the pole
projection plot.

(Figure 6a) is somewhat off-sphere north because the sample ¢ axis is slightly tilted relative to
the surface normal. The six ends of the three # axes (Figure 6b) also reveal the surface tilt; the
three lower # axes’ ends are slightly above the horizon, the 10-0’clock axis is on the horizon, and
the remaining two are slightly below the horizon. A photomicrograph of etch pits on the same
surface is shown in Figure 6¢. An etch pit is outlined, magnified, and overlaid on the # axis EBSD
image in Figure 6d. The merged figure clearly shows that the crystallographic # axes coincide with
the etch pit apices; the etch pit hexagon coincides with the crystallographic hexagon. A similar
experiment with X-ray (30) diffraction draws the same conclusion.

Armed with the correspondence between etch pit hexagonal prisms and the crystallographic
hexagon, the molecular configuration on the various faces is clear. For example, a surface with
the rectangular etch pattern of Figure 4c is correctly labeled as a primary prism face of the
crystallographic hexagonal prism. Surface termination consists of rows of water molecule pairs
(Figure 74). The lower half bilayer features pairs in the unoccupied rows staggered between top-
half bilayer pairs. Surfaces with V-bottom boat etch patterns (similar to Figure 44) are secondary
prism faces and are terminated in water molecule chains (Figure 75). Both the chain and the pair
axes are along the c axis.

Results of molecular-level surface probes can be interpreted in terms of both short- and long-
range interactions. The next section contains discussion of interaction probes: growth from the
melt (23, 77), spiral growth (18, 78), surface vibrations (79, 80), and premelting (30, 81, 82).
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Correlation between crystallographic axes and etch axes. Electron backscatter diffraction (EBSD) pole
figures are color coded: red indicates high-density crossing points, blue low density, and white no density.
(@) The ¢ axis pole figure tight clustering indicates a single crystal with axis slightly tilted relative to the
surface. (b) The # axis pole figure shows six points corresponding to three &« axes. (c) Etch pit image of the
surface used in EBSD. (d) Etch hexagon outlined, magnified, and laid over the # axis pole plot. The
conclusion is that the etch hexagon coincides with the crystallographic hexagon.

Figure 6

4. MOLECULAR-LEVEL INTERACTIONS

Connecting etches/growth and crystallographic hexagons is important for molecular-level mod-
els of growth and melting. We desribe two microscopic methods to monitor growth: reading
the frozen front record and using laser confocal microscopy—differential interference microscopy
(LCM-DIM). Interactions likely guide molecules and nanoscopic particles into registry with the
growing interface (83). Vibrational spectroscopy has the potential to probe these interactions; re-
sults using surface-sensitive vibrational spectroscopy sum frequency generation (SFG) to probe in-
teractions suggest that long-range interactions significantly affect vibrational energies. Section 4.3
discusses the old but unsettled issue of surface premelting, also known as formation of a quasi-liquid
layer (QLL) on the ice surface.

4.1. Growth

Faces of ice are nearly isoenergetic. The close energy match challenges experimentalists to design
experimental conditions capable of yielding a clear conclusion about which face is the most stable
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Figure 7

Stick model of the two prism faces of ice. In both images the ¢ axis is vertical, with surface terminating
molecules shown in red, the next layer in green, and the remainder with reduced size. (#) Top view of the
primary prism face showing hydrogen-bonded pairs aligned along the ¢ axis. () Top view of the secondary
prism face showing chains of hydrogen-bonded water molecules; the chain axes are aligned along the ¢ axis.

or about the growth mechanism. As a fringe benefit of the equilibrium conditions supported
by the Bridgman apparatus, a boule cross section contains a frozen record of the equilibrium
growth. Section 4.1.1 describes the connection between the frozen record and face stability; the
conclusion is that the secondary prism face is the most stable at the solid-liquid interface. The
growth mechanism can be probed with differential interference microscopy (DIM). Results suggest
that growth on a substrate occurs via a layer-by-layer spiral growth mechanism, as discussed in
Section 4.1.2. Each of these is described in greater detail in the following paragraphs.

4.1.1. Growth from the melt. As indicated above, I, has three major faces: the basal face and
the primary and secondary prism faces. All have very similar energies. Small perturbations tip
the balance of which is the most stable, and hence largest, face (26, 27). This delicate balance is
thought to explain the dendritic shape of snowflakes (55, 62-65, 84). Although a comprehensive
model is still lacking, it is likely that snowflake growth (growth at the solid-vapor interface) is
kinetically controlled. In contrast, growth at the solid-liquid interface can be thermodynamically
controlled because material transport to the interface is not an issue and slow growth ensures near-
equilibrium thermal transport. On the basis of a Wulff model relating face energy and surface area
(24, 26, 27, 85), Bridgman single-crystal ice growth yields evidence for the lowest-energy face
at the ice-water interface. The boule slowly lowers from an above-freezing region to a subzero
region, so once it is solidified, the frozen boule cross section contains a record of the growing
front, much like tree rings reveal past climate. Relative face energy is revealed by prominence of
a given face among multiple boules.

The growth face is determined through examination of the ice-crystal lattice orientation with
respect to the boule cross section. If we classify the growing face as basal if the ¢ axis is tilted <45°
from the boule axis and as prism if tilt > 45°, the result is that basal face boules are never observed.
Prism face growth is subdivided into primary and secondary according to the # axis orientation.
Secondary prism boules outnumber primary boules by ~3:2. Because the polycrystalline seed
crystal contains a random face sampling, this predominance suggests that the secondary face is the
most stable face at the solid-liquid interface, followed closely by the primary prism face.
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Table 1  Configuration, enthalpy, and entropy of ice faces

Face Primary prism Secondary prism Basal
Termination motif Bonded pairs Bridging chains 3-Coordinate
Successful docks 14/16 172 3/4
Entropy* (cm™2) 8.07 x 1014 720 x 1014 6.94 x 101
Enthalpy (1] x cm~2) 5.94 6.90 5.57

*Relative to bulk.

A simple model similar to Pauling’s (4) model for the residual entropy of ice at 0 K suggests a
source of stability of the two prism faces relative to the basal face. Formation of a hydrogen bond
is exothermic, so faces with greater d-OH density release more heat on bonding the termination
layer (Table 1). The other component of surface energy is entropy. Surface entropy is modeled
relative to the residual entropy of ice. Because the liquid has greater entropy than the solid, faces
with greater entropy—those with more flexibility in attaching the termination layer—are favored.
Prism faces not only release more heat but also have greater entropy per unit area than the basal
face. Thus, only prism faces are observed in the frozen record. Between the two prism faces, the
primary prism face is favored by entropy and the secondary by enthalpy. Entropy and enthalpy
are necessarily closely matched at the freezing point, so it is not surprising to observe both prism
faces in nearly equal number among the frozen boules.

Note that this model for face determination also suggests the basis for kinetic growth favoring
the basal face. The two prism faces release more heat per unit area than does the basal face. If
thermal conduction is limited, as is expected for the thin dendrites in a snowflake and the poor
thermal conductivity of the gas phase, then the greater exothermicity of the two prism faces results
in greater evaporation from these faces, leading to accumulation on the basal face.

4.1.2. Differential interference microscopy spiral growth. One of the open questions con-
cerning ice is that of the growth mechanism: Does ice grow layer by layer [Frank—van der Merwe
(FM) growth] or by island growth [Vomer—Weber (VW) growth], perhaps by attachment of pre-
formed crystallites (83)? To address this question, LCM-DIM (86) was used to probe the surface.
LCM-DIM is capable of high spatial resolution. It probes the solid—air interface on a bilayer
scale. Elementary, single spiral steps at the basal face were reported in 2010 (18); double spirals
were reported in 2014 (78). In the reported work, the solid was grown from the vapor on a Agl
crystal. In light of subsequent work (41), it seems likely that the first report was dominated by
cubic ice, the second transition to hexagonal ice. Nonetheless, the consistent interpretation is that
ice grows via an FM mechanism rather than nucleating at defects, which would lead to island
formation.

4.2. Interactions and Vibrations (Sum Frequency Generation)

There are only two methods capable of probing either buried or high—vapor pressure interfaces
at the molecular level: the two nonlinear spectroscopies, SFG and second harmonic generation
(SHG) (87-90). Of these, only SFG is capable of detecting OH vibrations. The OH vibrational
frequency is highly sensitive to the hydrogen bonding environment, redshifting by as much as
700 cm™! from the unperturbed OH stretch. This makes the OH vibration a prime candidate for
probing interactions at the ice surface.
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An SFG spectrum is generated by overlapping a visible and an infrared laser beam on the
surface. The intensity is the square of the nonlinear polarizability,

32w’ sec? g

F ) - 2 . Bl Bl
[3711((1)51:)711(0)1)111(&)2) E(a)gF) X 'E(a)ws)E(wIR) )

I(w) =

where 7y is the sum frequency angle, E is the electric field vector for the w; beam, 7;(w;) is the
index of refraction in medium 7 at frequency w; [1 = visible, 2 = IR (infrared)], ¢ is the speed
of light, and 7@ is the second-order hyperpolarizability (third-order tensor) for the surface. SFG
thus provides two experimental handles—the polarization of the visible and the infrared beams—
and reports on surface composition via ):Z(z). Both the polarization and the directional properties
of )E(Q) have been used to delve into the structure of ice surfaces.

The directional properties of ¥@ are probed by using a visible excitation polarized 45° to
the input plane, defined as the plane formed by the surface normal and the impinging light
propagation direction. With 45° incident polarization, the electric field excites both tangential
and longitudinal polarizations. The emitted sum frequency polarization is thus not limited to
either polarization. Instead, the tangential and longitudinal responses interfere, generating an
amplitude (Ag4s,) response

Aossy = [(cos Oy cos nsp Ly K3¥ =+ sin Ogp cos nsp Ly K1) xxxz + cos Ogp sin nseLzKzxzz22)

X €os 4-5°KIZReX'5Se;R,

where Ogp is the experimentally determined sum frequency polarization angle, L and K are optical
and Fresnel factors, and x jx are the elements of the hyperpolarizability tensor. Measuring the SF
polarization reveals the balance between the longitudinal, xxxz, and the transverse, xzzz, surface
polarizations.

The ice 3,100-cm~! peak shows an unusual response: It is not a simple dipole (80, 91, 92).
Interpretation of this result is not yet complete (93-95), but it appears that the peak consists of
two uncorrelated dipole responses. Why the two dipole responses are uncorrelated is an open
question. Theory suggests that one of the dipole responses is due to bilayer stitching bonds (94).
This represents the first assignment of a distinct bonding motif in the broad hydrogen-bonded
region. Assignment of the origin of the second dipole awaits further experimental and theoretical
developments.

The 3,100-cm™! peak is nearly the most redshifted of the OH stretches in the ice surface.
On the other end are the nearly isolated resonances at about 3,400 cm~!. Being on the blue
end of the hydrogen-bonded resonances, the 3,400-cm™~! peak originates from weak hydrogen-
bonded oscillators. Theory indicates (96, 97) that weak hydrogen bonding is associated with
3-coordinate, d-O surface-termination water molecules. On the secondary prism face, surface
termination consists of chains of water molecules (Figure 7). This chain consists of water molecule
pairs along the ¢ axis connected by pairs nearly orthogonal to it. This configuration provides an
additional experimental variable: The surface can be oriented with the ¢ axis in the plane of
incidence or orthogonal to it.

The hydrogen bond between a bonded pair is parallel to the surface. Due to this orientation the
pair bond is SFG-silent. Thus, SFG-observed resonances in the hydrogen-bonded region report
on OH oscillators pointing into the surface. The strength of the hydrogen bond to the surface is
nonetheless sensitive to the bonding partner. Consider a molecule with a d-O: Its bonding partner
can have either a d-O or a d-OH. If the partner configuration affects the surface-donating OH
bond strength, the SFG spectrum will show distinct resonances for these two configurations.
In addition, the pair aligned with the ¢ axis is in a different polarization environment than the
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pair nearly orthogonal to it; the SFG spectrum should show distinct resonances for these two
environments. Thus, there are four potential resonances in the weak hydrogen-bonded region:
d-0O, d-O parallel to ¢; d-O, d-OH parallel to ¢; d-O, d-O orthogonal to ¢; and 4-O, d-OH orthogonal
to ¢. All four are observed (79, 98). Peaks are assigned on the basis of polarization: longitudinal if
d-0, d-O; transverse if d-O, d-OH. The two pairs aligned along the ¢ axis form weaker hydrogen
bonds to the surface (shifts to 3,390 cm™! and 3,425 cm™!) than the two orthogonal to the ¢ axis
(shifts to 3,385 cm™! and 3,372 em™!). The two longitudinal pairs form surface bonds of nearly
identical strength (3,385 cm™! and 3,390 cm™!).

On the basal face, all dangling bonds are perpendicular to the surface and are isolated from other
dangling bond molecules. Thus, there is only one d-O configuration. The donor to the surface
bond resonance is at 3,385 cm™!, the same frequency as the two longitudinal configurations on
the secondary prism face.

The hydrogen-bond strength variation among the four weak hydrogen bond configurations is
significant: nearly 70 cm~". The level of detail of these experimental results presents a challenge
to theorists trying to model hydrogen bond strength at the solid surface, but may also give insight
into hydrogen bonds at the liquid interface.

4.3. Premelting and the Quasi-Liquid Layer

Among the open questions about ice surfaces are: What is the temperature for formation of the
QLL? For a given temperature, how thick is the QLL? What is the nature of the QLL? These
questions have received intense scrutiny since the QLL was postulated by Faraday in 1859 (99).
(For a review, see 100; for a discussion of efforts through 2006-7, see 101.) In sum, techniques
as diverse as glancing angle X-ray (102, 103), SFG (82), He atom scattering (104), atomic force
microscopy (105, 106), ellipsometry (107), photoelectron spectroscopy (108), nuclear magnetic
resonance (NMR) (109, 110), theory (111-114), and differential interference contrast (57, 115,
116) conclude that the QLL exists. There is wide discrepancy among the techniques concerning
the formation temperature, from as low as 200 K to as high as 260 K. The discrepancy has
been attributed to various causes, from contamination to differing probe depths. There is also
disagreement about the nature of the QLL. Theory indicates that it is ordinary supercooled water
(117), whereas recent interfacial force microscopy (105) suggests that the QLL is neither ice nor
water but rather a new viscoelastic phase.

There is evidence that probe depth influences conclusions about QLL onset temperature.
Two SFG studies illustrate the probe depth issue. The shallowest probe depth is provided by
the free-OH signature. On the ideal basal surface, terminating OH bonds are orthogonal to
the surface. Using deviation from orthogonality as a signature of QLL formation leads to the
conclusion that the QLL forms at ~200 K (81, 82, 118), the coldest temperature reported. More
recent work (30) examined the hydrogen-bonded region, which probes deeper into the surface.
As the temperature is lowered there is a step-by-step redshift. The shift, together with modeling,
suggests that the transition consists of bilayer-by-bilayer melting and begins at 255 K, nearly
the warmest temperature reported. These two reports not only probe different depths, but also
probe different characteristics. The free OH is sensitive to the termination-layer configuration,
whereas the hydrogen-bonded region is sensitive to four-coordinate bonding extending deeper in
the lattice.

Considering these results together, it is clear that even the definition of the QLL is not agreed
upon. Absent such a definition, it is not clear what signature to examine. We know that the
technique used, probe depth, and characteristic measured affect conclusions. Much more effort is
needed.
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5. OPEN ISSUES AND FUTURE DIRECTIONS

Ice remains an enigmatic solid. Enumerating all the open questions is well beyond the scope of
this review; only those questions related to topics already discussed are addressed here. Recently
developed methods for growing large, single-crystal samples and for generating any desired face
are expected to significantly advance efforts to address these questions.

Several questions relate to ice growth: Does ice grow from the melt in the same manner as it
does from the vapor? Is that growth layer-by-layer (an FM mechanism) or island growth (a VW
mechanism)? If the latter, do nanocrystallites form and land on the developing face or do islands
nucleate on the surface, perhaps because of near-surface defects? If ice is grown on a substrate,
how does the substrate affect ice properties? What substrate is suitable as a model for the prism
faces of ice?

Armed with the connection between the molecular-level structure and the surface termina-
tion, can we address fundamental questions about the impact of termination pairs (primary face)
or chains (secondary face) on interactions between ice and impinging molecules? Nearly every
question about the QLL remains unresolved. Progress requires an agreed-upon definition. Then
we can address questions such as: What is the onset temperature? What is the nature of the QLL?

SUMMARY POINTS

1. Methods are now available to grow large single-crystal ice samples, enabling fundamental
studies similar to those that revolutionized understanding and optimization of catalysts.

2. The connection between the macroscopic hexagonal shape and etch pit profile and the
crystallographic lattice is experimentally established.

3. The molecular configuration of various faces is determined. The primary face terminates
in water molecule pairs and a bilayer structure. The secondary prism face consists of
chains and a nonbilayer structure.

4. Hexagonal ice and cubic ice differ in oxygen atom tetrahedral orientation, resulting
in channels in I, but not in /.. Interactions in ice are long range, so interactions with
impinging molecules are expected to differ for these two forms of ice.

5. The structure of ice grown on a substrate is significantly altered by interactions with the
substrate.

6. Numerous open questions include: What is the growth mechanism? Relative energies
of various faces are not well understood. What is the impact of face termination on
ice surface energy and reactivity? What definition is relevant for the QLL? At what
temperature does the QLL form? What is the nature of the QLL?
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