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Freezing water at constant volume and under
confinement
Matthew J. Powell-Palm1✉, Boris Rubinsky1 & Wenhao Sun2✉

Water expands upon freezing. What happens when water is cooled below 0 °C in an

undeformable, constant-volume container? This is a fundamental question in materials

thermodynamics, and is also relevant in biological, geological, and technological applications

in which ice forms under nano-, meso-, or macroscale confinement. Here, we analyze the

phase-equilibria and kinetic behaviors of water and ice-1h in an isochoric (constant-volume)

system. By making use of the Helmholtz potential F(temperature, volume), in contrast to

the Gibbs potential G(temperature, pressure), we demonstrate significant changes in phase

behavior when the specific volume of the container is constrained below that of ice-1h. We

construct a T–V (temperature–volume) phase diagram for water and ice that features a broad

two-phase equilibrium region, and we further derive an isochoric nucleation theory that

reveals the existence of a critical confinement volume, on the order of microns, below which

ice-1h is kinetically prohibited from forming.
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Water is essential to nearly all biological, climatological,
and industrial functions on planet Earth. Of enduring
scientific interest are the various phase transitions

undergone by water, both within the liquid state and between its
numerous condensed phases1–6. One phase transformation of
emerging importance is the freezing of water in an undeformable,
constant-volume container. This transformation has been iden-
tified in the bioengineering community as a compelling potential
route to the ice-free cryopreservation of organs and tissues7–10, is
being investigated for low-temperature thermal phase-change
energy storage11, and may aid in describing fundamental atmo-
spheric and climatological processes12. Recent molecular
dynamics simulations and physical observations have suggested
that confinement of water in various meso- and nanoscale
constrained-volume contexts can limit ice formation12–20, and
recent experimental work has also demonstrated that macro-
scopic confinement in isochoric (constant-volume) systems also
restricts ice growth21 and alters kinetic behavior11,22. Given this
recent interest, a robust, multi-scale theoretical treatment of the
thermodynamics and kinetics of freezing water in isochoric
(constant-volume) systems is needed.

The phase transitions of water are generally described using
natural variables of temperature T and pressure P, which corre-
spond to the Gibbs thermodynamic potential G(T, P). Consider
the freezing of pure water in an undeformable container (i.e., at
constant volume). Water expands upon freezing to ice-1h, and
should the container have a lower specific volume than that of
ice-1h, the contents of the system will never be able to freeze
entirely, resulting in a two-phase water-ice equilibrium. The
standard T–P phase diagram for pure water includes only single-
phase regions, so this anticipated two-phase equilibrium of water
and ice under isochoric conditions cannot be quantified in a
straightforward fashion from the traditional water phase diagram.
By retaining pressure as a natural variable, one is forced to
analyze this two-phase equilibrium as occurring between two
distinct entities—the ice and the water—and one must solve for
mechanical equilibrium by balancing the bulk moduli of the solid
and liquid phases against the hydrostatic pressure that emerges as
the ice forms and expands21. While the equilibrium states of the
system can indeed be predicted using this approach, the mathe-
matical formulation proves awkward, and must be continuously
re-solved as temperature and pressure are altered.

While the Gibbs potential is appropriate under most physical
contexts, it is only one of many possible Legendre transforms of
the internal energy, U(S, V), which has natural variables of
entropy S and volume V. Should a situation arise in which the
Gibbs free energy ceases to be convenient, it should be replaced in
favor of a better-suited potential. For the case of freezing under
isochoric conditions, a more elegant thermodynamic approach is
to exchange pressure as a natural variable in favor of volume,
thereby leveraging the Helmholtz thermodynamic potential for
this analysis. In this description, the thermodynamic boundary
conditions are reframed around the containing vessel, describing
the entire two-phase water-ice system at once.

Herein, we use the Helmholtz free energy to derive the equi-
librium phase behaviors of water held in a constant-volume
system at subzero temperatures. Our derivation yields the T–V
phase diagram for water and ice, featuring a prominent two-
phase equilibrium region, analogous to those found in binary
eutectic phase diagrams. We also derive a classical nucleation
theory for ice under isochoric conditions, which reveals funda-
mental differences between the kinetics of freezing under con-
stant volume versus constant pressure. In isochoric systems, we
reveal the existence of a critical absolute volume threshold (on
the order of microns), under which nucleation of ice becomes
kinetically prohibited. Our analyses here provide a classical

foundation from which to analyze the thermodynamics and
kinetics of freezing in isochoric systems, establishing context to
interpret the phenomenology of water and ice under these
important boundary conditions.

Results
T–V phase diagram based on the Helmholtz free energy. Phase
diagrams are constructed by a projection of the lowest free-energy
phases onto axes of the natural thermodynamic variables. The
choice of natural variables governs the geometry of the free-
energy surfaces, and thereby the phase-coexistence behavior in
the resulting phase diagram.

In order for a homogeneous single-phase substance to be
stable, its internal energy surface, U, must be positive definite;
∂2U/∂X2 > 0, where X are the extensive thermodynamic variables
X= S (entropy), V (volume), N (particle number), and so on.
When it is not convenient to use an extensive natural variable, a
new thermodynamic potential can be constructed with intensive
natural variables, Y= T (temperature), P (pressure), μ (chemical
potential), and so on, by a Legendre transformation of the
extensive variable with respect to its intensive conjugate, U−
(∂U/∂X)X=U− YX23. Following a Legendre transformation, the
curvature of the free-energy surface becomes concave down in
the corresponding intensive thermodynamic variable(s)24, or
otherwise retains the convex curvature of U in the extensive
variable(s)25.

The Gibbs potential has intensive natural variables of
temperature and pressure, and thus Gibbs free-energy surfaces
are concave down in both T and P. Projection of the lowest Gibbs
free-energy phase onto the temperature and pressure axes
recovers the standard T–P phase diagram, as shown for H2O in
Fig. 1a, constructed using thermodynamic data from the
International Association for the Properties of Water and Steam
(IAPWS)26,27. For a single-component system like H2O, phase
coexistence is governed by the intersection of these concave-down
free-energy surfaces, resulting in a one-dimensional (1D) phase-
coexistence line in the T–P plane.

In an isochoric system however, the natural variables should be
temperature and volume, rather than pressure, which corre-
sponds to the Helmholtz thermodynamic potential, F. We can
construct F(T, V) for water and ice-1h by a Legendre transform of
Gibbs free-energy data as:

FðT;VÞ ¼ GðT; PðVÞÞ � PV : ð1Þ

Because V is extensive and T is intensive, F is convex in volume
(∂2F/∂V2 > 0), and concave down in temperature.

The convexity of the Helmholtz free energy as a function of
volume fundamentally changes the nature of phase coexistence in
the T–V space. The lowest free-energy envelope now includes
tangent lines between the convex Fwater(V) and Fice(V) curves,
which signify a two-dimensional two-phase equilibrium region, as
opposed to a 1D phase-coexistence line. Gibbs called these
tangent lines “Lines of Dissipated Energy,”28 along which a
single-phase homogeneous substance can reduce its free energy
by forming a heterogeneous mixture of two phases. These tangent
lines are analogous to those used in the convex hull construction
of binary eutectic phase diagrams, which are constructed from the
Gibbs free energy, G(T, x)29. The convex hull construction can be
applied to both G(x) and F(V) because both composition (x) and
volume (V) are extensive variables, and thus their free-energy
surfaces are convex.

By projecting the lowest-energy convex hull formed by the
Fwater and Fice surfaces in Fig. 1b, we construct the T–V phase
diagram for water, shown in Fig. 1c. To the best of our
knowledge, this phase diagram has not been reported previously
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in the literature. The T–V phase diagram of water features a two-
phase equilibrium region, where the equilibrium phase fraction
can be solved using the Lever rule, in the same manner employed
for T–x binary eutectic phase diagrams29. For the reader’s
reference, the phase fraction as a function of temperature and
system-specific volume is shown in Fig. 1d.

At a given temperature, the slope of these tangent lines, (∂F/
∂V)T, provides the pressure that the two-phase mixture exerts
onto the constant-volume container. We mark these pressure
isoclines on the T–V phase diagram in Fig. 1c. Note that in the
equilibrium two-phase region, the tangent lines connect the water
and ice-1h free-energy curves, implying that water and ice
experience the same pressure, which is indeed a requirement for
mechanical equilibrium.

Physical motivations for an isochoric nucleation theory. The
equilibrium T–V phase diagram produced in Fig. 1c is depen-
dent on the specific volume (v), as the phase-coexistence regions

define thermodynamic equilibrium regardless of the amount of
material present. We next show that the kinetics of nucleation in
isochoric systems are additionally dependent on the absolute
volume (V) of the system container, and we leverage both
dependencies to derive an isochoric theory of ice nucleation.

Consider the process of isochoric freezing, in which a closed,
fixed-volume container filled with pure water is brought below
0 °C to a metastable supercooled state (Fig. 2a). Before ice
nucleates, the supercooled water will experience some pressure
P1, which is given by the slope of the tangent line ∂Fwater/∂v at
the specific volume of the container, as marked on Fig. 2b. When
ice-1h nucleates, the nascent nucleus will exert further pressure
on the water and the container, and because the total system
volume cannot change, the container will exert equal and
opposite pressure back on both the water and the ice nucleus
(Fig. 2c). This reduces the specific volume of ice and water, and
increases their specific free energy according to the F(v) curves
shown in Fig. 2b. We name the energy required for this
pressurization of the system and densification of the initial liquid

Fig. 1 Free-energy surfaces of water and ice-1h under different thermodynamic boundary conditions. a Gibbs free-energy surfaces of water and ice-1h in
a system with natural variables temperature and pressure. The projection of the lowest free-energy phase onto the temperature–pressure plane gives the
standard T–P (temperature–pressure) phase diagram for water. b Helmholtz free-energy surfaces of water and ice-1h in a system with natural variables
temperature and specific volume. Common tangents between the phases define the range over which a two-phase mixture in equilibrium will produce the
lowest system free energy. The slope of the common tangent, ∂F/∂V, gives the equilibrium pressure of the system. c T–V (temperature–volume) phase
diagram for water and ice-1h. d Phase fraction of ice-1h as a function of temperature at various system-specific volumes in an isochoric system.
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phase the “isochoric growth penalty,” which can be interpreted as
an energetic penalty that the solid phase must pay in order to
grow within a system of constrained absolute and specific volume.

Intuitively, the magnitude of this penalty must vary with the
absolute volume of the system; growth of a single ice nucleus
confined in an ocean will cause no appreciable effect, but growth
of the same nucleus in a nanoscale container may compress the
remaining water significantly.

The pressure within the system is therefore a function of the
relative phase fraction of ice that has grown. Because water and
ice remain in constant mechanical equilibrium, the pressure
experienced by both phases will be equal. Recalling that the
pressure within a given phase at a given specific volume is
described by the slope of the line tangent to its F(v) curve at that
volume, this physical constraint can be illustrated by a “parallel
tangent construction” as shown in Fig. 2b, whereby the specific
volumes and energies of each phase for a given phase fraction of
ice are identified by the points on the F(v) curves for water and
ice that yield parallel tangents between the phases.

The use of this parallel tangent construction to track continuity
of pressure between phases is analogous to the tangent
construction originally used by Gibbs to describe continuity of
chemical potential between phases in binary systems at constant
temperature and pressure30. During the growth of ice in an
isochoric system (and the accompanying densification of both
phases), the tangent lines will remain parallel while gradually
increasing in slope until the two lines merge and form the

common tangent, which marks the two-phase equilibrium state
shown in Fig. 1 and provides the equilibrium pressure Pequilibrium.

Mathematical formulation of the system. In the preceding sec-
tion, it was established that in an isochoric system, the specific
free energies of water and ice do not remain constant during the
process of nucleation and growth, instead shifting dynamically
along their respective F(v)|T curves according to the parallel
tangent construction. In order to mathematically describe this
behavior, an expression relating the specific volumes (and thus
free energies) of the phases as a function of ice nucleus growth is
needed.

Given a closed isochoric system, mass and volume must be
conserved

msystem ¼ mice þmwater; ð2Þ

Vsystem ¼ Vice þ Vwater; ð3Þ

which further implies conservation of specific volume. However,
we note that the conservation of specific volume does not take the
form vsystem= vice+ vwater as might be expected, because the
system-specific volume is not itself an inherently conserved
quantity; it is instead conserved as a simple mathematical
consequence of the conservation of the system mass and volume,

Fig. 2 Conceptual formulation of the nucleation process in an isochoric system. a The initial state of the system, in which the contents are entirely liquid.
In this state, the absolute volume V and specific volume v of the system will equal that of the water phase by definition, as no ice is present. b Parallel
tangent construction. For an emergent ice nucleus of absolute volume Vice in a system of absolute volume Vsystem, the specific volume and free energy of
each phase can be found by identifying the points on each curve that will satisfy conservation of system mass, absolute volume, and specific volume, while
producing tangent lines (∂F/∂v) that are parallel to one another, indicating continuity of pressure P throughout the system. At equilibrium, the tangent lines
of the two phases will become colinear and the system will experience the equilibrium pressure Pequilibrium. c A second state of the system, in which the
finite mass and volume of the system are now split between water and ice phases possessing different absolute volumes (Vice, Vwater) and specific volumes
(vice, vwater). The pressure within the system increases to P2 > P1 due to the expansion of the ice nucleus. d Statement of the conservation relations
governing the system.
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and is thus as:

vsystem ¼ Vsystem

msystem
¼ Vice þ Vwater

mice þmwater
: ð4Þ

The requirement of equal pressure throughout the system
provides the final constraint. Leveraging the parallel tangent logic,
the pressures of ice and water during the non-equilibrium
nucleation process can be tracked along the F–v curves by their
derivatives:

� dFwater
dv

� �
jvwater ¼ � dFice

dv

� �
jvice: ð5Þ

In the Supplementary Note 1, we use these four constraints to
determine the specific volumes of each phase as a function of
nucleus volume (vwater(Vice), vwater(Vice)) along the reaction
coordinate of the nucleation process. These specific volumes
thereby give the specific free energy for both water and ice,
Fwater(vwater(Vice)), Fice(vice(Vice)) as a function of the ice nucleus
volume, enabling derivation of the nucleation barrier.

Derivation of an isochoric nucleation barrier. We consider now
two states that the isochoric system may occupy (Fig. 2a, c),
subject to the established physical constraints (Fig. 2d). For
clarity, we will describe the total free energy of the system with
the variable ∅, and the specific Helmholtz free energies of each
phase as Fwater and Fice. The subscripts 1 and 2 will be used to
denote the values of parameters in States 1 and 2.

In State 1, the entire system is in the liquid phase, and its free
energy is thus given by:

;1 ¼ Fwater1msystem; ð6Þ
in which Fwater1 ¼ Fwater vwater1 ¼ vsystem

� �
. In State 2, an ice-1h

nucleus of absolute volume Vice has formed, dividing the system
into two phases with specific volumes vwater(Vice) and vice(Vice).
Defining the ice phase fraction of the system as

f ¼ mice

msystem
¼ Vicevsystem

viceVsystem
ð7Þ

and incorporating a standard interfacial free-energy term γ,
which scales with the surface area of the ice nucleus Aice, the total
free energy of State 2 is given by:

;2 ¼ ;1 þ Δ; ¼ ½Fwater2 ´ 1� fð Þ þ Fice2 ´ f �msystem þ γAice;

ð8Þ
in which Fwater2 ¼ Fwater vwater2 ¼ vwater Viceð Þ

� �
and

Fice2 ¼ Fice vice2 ¼ vice Viceð Þ
� �

. Rearranging these equations and

grouping specific free-energy terms by phase, the free-energy
change Δ∅ upon formation of a nucleus is given by:

Δ; ¼ ;2 � ;1 ¼ ðFwater2 � Fwater1Þ þ ðFice2 � Fwater2Þf
h i

msystem þ γAice:

ð9Þ
The two energy difference terms in Eq. (9) have distinct and

meaningful physical significance. ðFwater2 � Fwater1Þ describes
the “isochoric growth penalty,” or the energy required to pressurize
the system and densify the water phase, which the emergent ice
nucleus must provide in order to grow. This term will always
be positive. ðFice2 � Fwater2Þ, which will always be negative, gives the
bulk free-energy difference between the phases at their present
specific volumes, which is weighted by the phase fraction f in order
to capture the two-phase nature of the equilibrium system.

The free-energy change accompanying the formation of an ice
nucleus in an isochoric system can thus be reduced to the

following:

Δ; ¼ ΔFisochoric growth þ ΔFbulkf
h i

msystem þ γAice: ð10Þ

The interfacial and bulk free-energy terms in Eq. (10) are
roughly analogous to those found in classical nucleation theory;
the former will scale with the surface area of the nucleus in the
positive direction, the latter with its volume or mass in the
negative. However, it is crucial to note that within the Gibbs
formulation, the bulk free-energy difference between water and
ice is considered constant—whereas in an isochoric system, it
varies as a function of the ice phase fraction, decreasing in
magnitude as the ice grows in a reflection of the fact that the
ultimate thermodynamic destination of the system is a state of
two-phase water-ice equilibrium, not complete freezing.

The isochoric growth penalty term is unique to systems of
constrained volume, and will be shown next to fundamentally
alter the nucleation behavior.

Kinetic effects of isochoric confinement. In Fig. 3a, we plot the
total free-energy change Δ∅ alongside the three separate energy
contributions; the interfacial energy, the bulk energy, and the
isochoric growth penalty. Our calculations for Fig. 3a describe a
single ice-1h nucleus of spherical geometry in a system of abso-
lute volume Vs ~2 × 10−22 m3 at a temperature of −4.15 °C, with
an assumed interfacial free-energy relation31 of γ= (28.0+
0.25T) mJ m−2 (additional parameters available in Supplementary
Note 2). Figure 3b features additional Δ∅ curves for the same
temperature, but varying absolute system volumes Vs. These plots
reveal a fundamental difference between ice formation at constant
volume and ice formation at constant pressure: in the classical
Gibbs formulation, the ΔG(radius) curve features one critical
point, while in an isochoric system there are two critical points.

Classically, the critical point of the free-energy curve is a
maximum and defines the nucleation barrier, or the energetic
barrier after which continued ice growth will lower the free
energy of the system indefinitely until the entirety has changed
phase. In the isochoric case however, ice growth is not indefinite
—it must cease upon reaching the equilibrium phase fraction, in
accordance with the T–V phase diagram (Fig. 1c, d). This
limitation is captured kinetically by the isochoric growth term,
and thus the Δ∅ curves can possess two critical points: the first a
maximum at which the bulk driving force for phase transition
overcomes the penalty of forming a new phase interface, and the
second a minimum at which the isochoric growth energy
overcomes the bulk driving force.

Importantly, because the isochoric growth term is a function of
the absolute system volume (scaling as Vice/Vsys), its contribution
vanishes at the infinite volume limit, consistent with intuition. In
this case, which we label the Gibbs limit in Fig. 3b, the Δ∅ free-
energy curve will be identical to that found using the classical
Gibbs formulation, featuring only an initial maximum.

Conversely, as the system volume decreases the relative
contribution of the isochoric growth term increases, both
introducing the second critical point (corresponding to the phase
fraction limitation) and increasing the critical radius of the
nucleation barrier. This increase is captured in Fig. 3c, given as a
function of absolute system volume for various sub-freezing
temperatures. Note that at temperatures close to the freezing
point, the effect of the volume constraint on isochoric nucleation
can be significant even under relatively large system volumes—on
the order of microns.

Our derivation further reveals the existence of a discrete
absolute system volume, which we term the critical confinement
volume, below which the second critical point will reach an
energy equal to the first, erasing the inflection point between
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them and yielding a nucleus free-energy curve that increases
monotonically with radius. A representative free-energy curve at
this absolute volume threshold is labeled as the Helmholtz limit in
Fig. 3b. These critical confinement volumes are also marked on
the critical radius curves in Fig. 3c, indicating the system volume
at which the critical radius for nucleation would become infinite.
These critical system volumes are then plotted independently
against temperature in Fig. 3d, resulting in a “kinetic phase
diagram” for freezing water under confined volumes. Our kinetic
phase diagram reveals a unique implication for systems of
constant volume: there exists a volumetric regime in which
nucleation of ice-1h from the supercooled liquid state is
kinetically impossible.

Notably, the existence of ice within this regime is not
thermodynamically prohibited—comparing Fig. 3c with Fig. 1d

it can be seen that these critical ice nucleus volumes are orders of
magnitude smaller than the equilibrium phase fraction limit.
These results indicate that ice could theoretically exist at these
system volumes (e.g., if an ice crystal was artificially seeded in the
system and the volume was then constrained), but that super-
cooled water simply has no kinetic pathway to freezing in a
sufficiently confined isochoric system.

Discussion
Many recent studies, based principally on molecular dynamics
simulations or experimental observations, have suggested that
confinement of water at small volumes limits ice formation12–19.
This effect has been variously described as a depression of the
equilibrium melting point, a purely probabilistic effect, a result of
complex hydrogen or polar interactions, and so on, and has been

Fig. 3 Nucleation kinetics in isochoric systems. a Total free-energy change Δ∅ accompanying the formation of a spherical ice-1h nucleus as a function of
radius. The interfacial, isochoric growth, and bulk free-energy components contributing to the total are plotted independently. b Δ∅ curves for varying
absolute system volumes. The Gibbs limit gives the system behavior at the limit of infinite system volume, and the Helmholtz limit at the critical system
volume at which the free-energy curve begins to increase monotonically. c Critical radius as a function of system volume for various temperatures, with
critical system volumes marked. d Phase diagram mapping the critical system volume as a function of temperature. In the kinetically dominated regime, all
Δ∅ curves will be monotonically increasing, and thus no kinetic pathway to nucleation will exist.
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reported nigh exclusively in systems with geometric constraints
on the order of single nanometers12,13,15,18. Our results corro-
borate these previous findings of confinement-based freeze inhi-
bition, but also suggest that this behavior has more fundamental
origins, and can in fact occur at characteristic length scales up to
hundreds of nanometers (Fig. 3c, d). By making an appropriate
choice of thermodynamic boundary conditions, in this case
constant volume vs. constant pressure, we are able to infer this
effect directly from high-level thermodynamic and kinetic ana-
lysis, without resorting to atomistic arguments. Furthermore,
because volume itself is incorporated as a natural variable within
our model, its applicability is not limited to a single system scale,
and can instead be applied continuously from the nanoscale to
the macroscale.

Other recent works have leveraged similarly unconventional
thermodynamic boundary conditions to reveal previously inac-
cessible thermodynamic and kinetic information32, using free-
energy expressions that can include forms of thermodynamic
work beyond temperature and pressure—including surface work
(size, adsorption)33,34, elastic work (epitaxy, stress–strain)35,36,
electromagnetic work (electrical polarization, magnetic polariza-
tion)37,38, chemical work (such as compositional variation, pre-
cursor activity)39,40, and more. These findings as a whole suggest
that the Gibbs free energy alone is unable to capture the wide
range of thermodynamic equilibria and kinetic behaviors
encountered in materials systems in the diverse modern tech-
nological environment.

The kinetic analysis provided herein only describes the for-
mation of the first ice-1h nucleus in an infinitely rigid container
(e.g., a container of truly constant volume), and is subject to
further simplifying assumptions, including the assumptions of
spherical nuclei and that the first nucleus to form from super-
cooled water will be hexagonal and not cubic in structure41. A
standard form of the temperature-dependent interfacial free
energy is also assumed31, although this relation may, in fact, vary
in as-of-yet undetermined ways under the described isochoric
conditions. Despite these simplifying assumptions, the conceptual
insights revealed herein provide the foundations for a wide range
of further study, and outline the limiting energetic behaviors of
ice nuclei in isochoric systems. We anticipate that in systems that
deviate from the conditions and assumptions described herein, ice
nucleation kinetics will lie somewhere between the identified
Gibbs and Helmholtz limits. For example, systems of nanoscale
volume found in biological matter may experience a reduced
isochoric growth penalty due to the finite rigidity of the container,
but the excess energy required to grow in a constrained volume is
still a physically pertinent feature. Conversely, within the thick-
walled metallic containers employed in cryopreservation, the
assumption of infinite rigidity is likely acceptable, but the mac-
roscopic volumes are too large to appreciate the effect of a single
ice nucleus. The continuity of pressure within the system remains
however, forcing every growing nucleus to interact with every
other via pressure, and thus some macroscopic effect on the
kinetics may still be observed. This may have useful implications,
such as enhanced or high-stability supercooling due to heigh-
tened nucleation barriers, and ensemble-level analysis built from
the single-nucleus isochoric nucleation theory should be studied
in the future.

We further anticipate that additional analytical study of water
under alternative thermodynamic boundary conditions (e.g.,
constant electric field, polarization density, etc.) may yield further
profound results currently inaccessible under the constant-
pressure Gibbs formulation. It should also be noted that the
isochoric nucleation analysis developed herein is not exclusive to
the water/ice-1h transition, but can also be applied to any other

confined system in which a phase transformation results in a
higher molar volume, such as in elemental gallium.

Finally, the ability to hold liquid water and ice in equilibrium at
controlled and predictable phase fractions tens of degrees below
the atmospheric freezing point presents a transformative prospect
in the decade-long effort to cryopreserve biological matter
(including full organs for transplantation) with neither the threat
of uncontrolled ice formation nor the requirement of toxic freeze-
combatting chemical agents. Early experimental validation of this
notion has been realized recently by groups employing high-
strength metallic containers as constant-volume vessels8–10, and
we anticipate that the thermodynamically complete outline of the
water/ice-1h equilibrium phase space will accelerate experimental
progress in this field.

Data availability
All data available from the corresponding authors upon reasonable request.
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