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CONSPECTUS: The ice premelt, often called the quasi-liquid layer
(QLL), is key for the lubrication of ice, gas uptake by ice, and growth
of aerosols. Despite its apparent importance, in-depth understanding
of the ice premelt from the microscopic to the macroscopic scale has
not been gained. By reviewing data obtained using molecular
dynamics (MD) simulations, sum-frequency generation (SFG)
spectroscopy, and laser confocal di�erential interference contrast
microscopy (LCM-DIM), we provide a uni�ed view of the
experimentally observed variation in quasi-liquid (QL) states. In
particular, we disentangle three distinct types of QL states of
disordered layers, QL-droplet, and QL-�lm and discuss their nature.
The topmost ice layer is energetically unstable, as the topmost
interfacial H2O molecules lose a hydrogen bonding partner,
generating a disordered layer at the ice�air interface. This disordered
layer is homogeneously distributed over the ice surface. The nature of the disordered layer changes over a wide temperature
range from �90 °C to the bulk melting point. Combined MD simulations and SFG measurements reveal that the topmost ice
surface starts to be disordered around �90 °C through a process that the topmost water molecules with three hydrogen bonds
convert to a doubly hydrogen-bonded species. When the temperature is further increased, the second layer starts to become
disordered at around �16 °C. This disordering occurs not in a gradual manner, but in a bilayer-by-bilayer manner.
When the temperature reaches �2 °C, more complicated structures, QL-droplet and QL-�lm, emerge on the top of the ice
surface. These QL-droplets and QL-�lms are inhomogeneously distributed, in contrast to the disordered layer. We show that
these QL-droplet and QL-�lm emerge only under supersaturated/undersaturated vapor pressure conditions, as partial and
pseudopartial wetting states, respectively. Experiments with precisely controlled pressure show that, near the water vapor
pressure at the vapor-ice equilibrium condition, no QL-droplet and QL-�lm can be observed, implying that the QL-droplet and
QL-�lm emerge exclusively under nonequilibrium conditions, as opposed to the disordered layers formed under equilibrium
conditions.
These �ndings are connected with many phenomena related to the ice surface. For example, we explain how the disordering of
the topmost ice surface governs the slipperiness of the ice surface, allowing for ice skating. Further focus is on the gas uptake
mechanism on the ice surface. Finally, we note the unresolved questions and future challenges regarding the ice premelt.

� INTRODUCTION
The ice premelt is the disordering of water molecules at the ice
surface. It is commonly referred to as a quasi-liquid layer
(QLL).1,2 After Faraday’s postulation of the presence of the ice
premelt, it has been identi�ed as being important for various
physical phenomena. For instance, the ice premelt is crucial for
reducing the friction on ice,3 nucleating aerosols, and providing
a unique platform for atmospheric reactions on ice.4 Despite
many experimental and theoretical attempts to characterize the
ice premelt de�nitively, the conclusions regarding its thickness
and nature vary substantially.5,45 It is still unclear whether the

QLL on top of ice surfaces as identi�ed by di�erent methods
all represent the same kind of water layer. For example, the
thickness of the QLL has been inferred from X-ray scattering,
atomic force microscopy, ellipsometry, electron di�raction, and
molecular dynamics (MD) simulations.1,5,6 These individual
techniques may probe di�erent observables, resulting in
di�erent QLL thicknesses. Furthermore, when the temperature
is close to the melting point, the vapor pressure starts to a�ect
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the molecular organization at the ice surface critically, making
the identi�cation of the QLL di�cult. As such, characterizing
the QLL on the ice surface has been a challenge.

So far, at least three di�erent quasi-liquid (QL) states have
been identi�ed on the ice surface under equilibrium and
nonequilibrium conditions, which are schematically displayed
in Figure 1. A disordered layer starts to be formed above �90
°C.1,7,8 This disordered layer arises from the energetically
unstable topmost water molecules due to the interruption of
the hydrogen bonding at the topmost ice layer and is thus
homogeneously distributed over the ice surface at the
equilibrium condition, as the hydrogen bonding is interrupted
everywhere on the ice surface. The water molecules in this
layer is mobile9 and its viscosity has been reported to be
comparable to that of bulk water.10 This disordered layer is
typically captured by using MD simulations and molecular-
scale measurements such as sum-frequency generation (SFG)
spectroscopy.

When the temperature approaches the bulk melting point,
two additional QL states, QL-droplets and QL-�lms, emerge,
but likely only under conditions deviating from the vapor-ice
equilibrium.11 These droplets and �lms are inhomogeneously
distributed in space on the ice surface, and have been reported
to be 20 and 200 times more viscous than bulk water.12 The
QL-droplet and QL-�lm are typically observed using confocal
microscopy techniques. The confocal microscopy observations
indicate that the QL-droplet and QL-�lm appear not only on
the basal face but also on the prism faces and high-index faces
above �2 °C,13 while in the temperature range from �90 to
�2 °C, only one QL state, disordered layer, exists.

In this Account, we review the literature in which the ice
premelt is characterized with di�erent tools, MD simulation,
SFG spectroscopy and laser confocal di�erential interference
contrast microscopy (LCM-DIM), at di�erent vapor pressures
and temperatures. Furthermore, we explain how heterogeneous
the ice melting is by examining the deviations between the
experimental/simulation data on the ice surfaces and the
predictions from the continuum model. Finally, we summarize
the unsolved questions and future challenges for understanding
the premelting of ice.
Continuum Model of Ice Surface Melting

Surface-induced premelting is a phenomenon found for a wide
class of materials, not only at ice surfaces but also in metals,
rare gases, and organic substances.16 In the framework of

classical equilibrium thermodynamics, surface-induced pre-
melting can be described as wetting transition, where the
crystal is wetted by its own melt. The free energy F d( ) of the
system is described as a function of the QLL thickness d.
Negative � = � =F d F d F d( ) ( ) ( 0) indicates that the surface
can melt before the bulk; a QLL is formed at the surface of a
crystalline solid below the bulk melting point Tm, when the
temperature T is above the onset temperature T0(Figure 2A
and B).

Considering a three-layer system (crystal, QLL, vapor), the
free energy F d( ) per surface area A is given by17

Figure 1. Variation of the ice surface structures at the basal face. Above �90 °C (�16 °C), the �rst (the second) bilayer becomes mobile. Above
�2 °C in nonequilibrium conditions, the partial and pseudopartial wetting states emerge. The structures of ice surfaces are generated from the MD
trajectories at �103, �73, and �13 °C of refs 14 and 15.

Figure 2. (A) Crystal�vapor interface below the onset temperature
and (B) surface-induced premelting above the onset temperature. (C)
Temperature variation of normalized growth law �d T( )/ governed by
short-range repulsive (red, eq 3) and long-range van der Waals
interactions (green, eq 4). Structural forces can lead to so-called layer-
by-layer melting where discrete equidistant oscillations of thickness l
are observed in d T( ) (blue).
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