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ABSTRACT: The nucleation mechanism of water can be precisely
regulated by conﬁnement within nanoporous alumina. We found a
transition from heterogeneous nucleation of hexagonal ice (Ih) to
homogeneous nucleation of predominantly cubic ice (Ic) with decreasing
pore diameter. These results lead to a phase diagram of water under
conﬁnement. It contains a (stable) predominant Ic form, a form known to
exist only in the upper atmosphere. Possible applications range from
cryopreservation to construction materials like cement.
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iquid water can be supercooled down to −38 °C, known as
the limit of homogeneous nucleation.1,2 In most cases,
however, water will freeze at higher temperatures by impurities
via heterogeneous nucleation. This is also the main
crystallization process in cloud droplets triggered by dust or
biological aerosols.3,4 However, despite fundamental importance in science and technology control of heterogeneous and,
more importantly, of homogeneous nucleation at atmospheric
conditions remains a challenge. Here we show that the
nucleation mechanism can be precisely regulated by conﬁning
water within self-ordered nanoporous aluminum oxide (AAO)5
with pore diameters ranging from 400 nm down to 25 nm.
Conﬁned water exists in globular proteins, cloud nuclei, and icy
interstellar particles with respective implications to molecular
biology, atmospheric chemistry and interstellar physics and
chemistry. Furthermore, controlling ice formation is essential
for the durability of building materials like cement.
When freezing bulk water from ambient temperature it
solidiﬁes to hexagonal ice (Ih).6 Indications for naturally formed
cubic ice (Ic) have only been found in the upper atmosphere.
Whalley,7 for example, suggested that the well-known
Scheiner’s halo around the sun or the moon is caused by
light passing at an angle of minimum deviation through
octahedral crystals of Ic. Later a partial Ic phase was reported by
rapid quenching of water droplets,8 by condensation of vapor in
a supersonic ﬂow9 and during the homogeneous freezing of
aqueous droplets suspended in an oil matrix.10 Partial Ic has also
been reported by annealing the amorphous phase,11 by

L

© 2015 American Chemical Society

recrystallization from high-pressure phases12,13 and by freezing
of water in nanoporous silica.14−19 More recently, it has been
suggested that the metastable Ic, is a stacking-disordered
material containing cubic sequences interlaced with hexagonal
sequences, a structure termed stacking-disordered ice (i.e., ice
Isd).20,6 In addition, a hidden metastable phase, named Ice 0,
was suggested to control homogeneous nucleation.21 Apart
from the crystal form of ice, little is known on the mechanism
of ice nucleation (heterogeneous vs homogeneous) under
conﬁnement. Herein, we employ AAO, which contains arrays of
discrete, parallel, and cylindrical nanopores with uniform pore
length and diameter,5 as a model system to study the eﬀect of
conﬁnement on water crystallization. The deﬁned geometry of
pores in AAOs (where the pores themselves are not porous)
also stimulated recent studies of liquid crystal22,23 as well as of
polymer crystallization under conﬁnement.24−27
Self-ordered AAO with a pore depth of 100 μm and the
speciﬁed pore diameter was prepared according to procedures
reported elsewhere.5 Low-temperature scanning electron
microscopy (SEM) images were acquired with a Nova600
NanoLab − Dualbeam SEM/focused ion beam (FIB) system
equipped with a cryogenic preparation chamber (Quorum
Technologies) using a “through the lens” secondary electron
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detector. Water containing 20 wt % CsCl (necessary to make
water “visible” only in the SEM/FIB study) was inﬁltrated into
the AAO membranes (Supporting Information, Section A.2).
The Θ/2Θ scans were made with a D8 Advance X-ray
diﬀractometer (Bruker) from AAO/water samples milled to
powder and inserted to 2 mm glass capillaries (Supporting
Information Figure S2) as well as from unmodiﬁed AAO/water
templates) (Figures 1c and 2). Scans in the 2Θ-range from 1 to

Figure 2. Diﬀraction patterns of water frozen inside AAO with pore
diameter of 35 nm (bottom) at −50 °C and following subsequent
heating to −10 °C (top). The main reﬂection (111) from cubic ice is
indicated.

diameter and a sample thickness of 1 cm. For water-inﬁltrated
self-ordered AAO samples, a 10 mm electrode was placed on
top of the templates whereas the Al in the bottom of the
templates served as the second electrode (Supporting
Information, Section A.5).
Figure 1 a,b shows SEM images of water frozen at −100 °C
revealing fully ﬁlled pores. Diﬀraction patterns of ice within
AAO with a pore diameter of 400 nm at −50 °C show relative
peak intensities signiﬁcantly diﬀering from those of bulk water:6
the (111) and (220) reﬂections were more intense, but the
structure is still identiﬁed as Ih (Figure 1c). When reducing the
pore diameter to 35 and 25 nm, the diﬀraction patterns were
fundamentally diﬀerent. The dominant peaks correspond to the
(111) and (220) reﬂections of cubic ice (Ic). A minor feature is
some remaining peaks from the Ih structure most likely due to
condensation at the AAO surface and/or due to the formation
of ice Isd containing a small amount of stacking faults.20 To the
best of our knowledge, under atmospheric conditions such
diﬀraction patterns corresponding to a predominantly cubic ice
at −50 °C have not been reported previously. This form is
stable under annealing and persists up to the melting point as
shown in the diﬀraction patterns of Figure 2 obtained at −50
°C and subsequently at −10 °C. Both patterns indicate a
predominantly Ic form. To further emphasize this point, a
comparison of previously reported X-ray diﬀraction patterns for
unconﬁned and conﬁned ice with the present case is made in
Figure S1, Supporting Information.
The suppression of the hexagonal and the dominance of
cubic phase in AAO pores having diameters ≤35 nm can be
understood if we compare the size of the critical nuclei, l*, with
respect to the pore size, d. It is known that certain metastable
crystalline phases can be stabilized within nanoporous materials
such as AAOs.28 This may reﬂect the relation of the critical
nucleus size to the degree of undercooling, ΔT. Phases formed
at small undercooling have large nuclei that are most aﬀected
by conﬁnement. In the smaller pores only phases having l* < d
are stable. On the basis of this ﬁnding, the radius of the critical

Figure 1. SEM images of conﬁned ice (left) and diﬀraction patterns of
water frozen inside AAO (right). (a) SEM top view (top) and (b), side
view of water frozen at −100 °C. The white bar corresponds to 2 μm
length. (c) Water frozen at −50 °C within AAO with diﬀerent pore
diameters: 400 nm (top), 35 nm (middle), and 25 nm (bottom). In
this conﬁguration the AAO pore axes are oriented parallel and the
AAO surface oriented perpendicularly to the plane of the incident and
scattered X-ray beams. The main reﬂections corresponding to
hexagonal ice (Ih) and to cubic ice (Ic) are shown in blue and red,
respectively. The star indicates background scattering (Al).

45 °C in steps of 0.01° were made at −50 °C after fast cooling
(50 °C/min) from ambient temperature (Supporting Information, Section A.3). Additional measurements were made
subsequently at −10 °C to address the stability of the formed
phase. Thermal analysis was carried out using a Mettler Toledo
diﬀerential scanning calorimeter (DSC-822). Prior to DSC
measurements, the Al substrates to which the AAO membranes
had been connected, were etched away by using a mixture of
HCl, CuCl2, and H2O. The AAO membranes were weighed
with a Mettler Toledo AX205 balance, inﬁltrated with water,
and ﬁnally milled to powder. Subsequently, 1.2−3.7 mg of
sample material was sealed in aluminum pans (100 μL). DSC
traces of water-inﬁltrated AAO were recorded using reference
pans containing empty AAO pieces of the same pore diameter.
All samples were ﬁrst cooled at a rate of 50 °C/min from
ambient temperature to −100 °C and then heated to 30 °C at
the same rate under a nitrogen atmosphere (Supporting
Information, Section A.4). Dielectric measurements were
performed as a function of temperature in the range from
−90 to 20 °C at atmospheric pressure under isochronal
conditions ( f = 1 MHz) using a Novocontrol Alpha frequency
analyzer (frequency range from 10−2 to 106 Hz). For bulk
water, the DS measurements were carried out with a
Novocontrol cylindrical cell with electrodes of 10 mm in
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Figure 3. Temperature dependence of the dielectric permittivity for bulk water and water inside AAO measured at 1 MHz. (a) Permittivity obtained
on cooling with 5 °C/min. Gray and blue areas correspond to ice formation via homogeneous and heterogeneous nucleation, respectively. (b)
Derivative of dielectric permittivity, dε′/dT, as a function of temperature. (c) Permittivity of water in AAO with a pore diameter of 200 nm measured
at diﬀerent cooling rates. Vertical dashed and dash-dotted lines indicate the characteristic temperatures of heterogeneous and homogeneous
nucleation, respectively. (d) Derivative of dielectric permittivity curves of panel c as a function of temperature. Arrows indicate the rate dependence
of the density anomaly of water in the 200 nm pores.

nucleus for the Ic phase is below ∼17 nm, which is in excellent
agreement with a thermodynamic estimate from Johari.29
The high dielectric permittivity of water and its temperaturedependence can be employed as a ﬁngerprint of the mechanism
of ice nucleation. The notion that the temperature of freezing is
coupled to the actual nucleation mechanism is not new but is
based on several studies in crystallizable polymers within the
same AAOs by the present group.24−27 These studies have
shown that homogeneous nucleation is the dominant
mechanism at lower temperatures in the smaller pores. Figure
3a compares the dielectric permittivity of bulk water measured
at a frequency of 1 MHz with water in AAO for pore diameters
ranging from 400 down to 25 nm. At the cooling rate of 5 °C/
min, bulk water freezes at −7.9 °C. The bulk dielectric
permittivity ﬁrst increases on cooling and below freezing
assumes a low value corresponding to the limiting highfrequency permittivity of hexagonal ice of ε′∞ ∼ 3.2. The
dielectric permittivity of water inside AAO with a pore diameter
of 400 nm was substantially diﬀerent (Supporting Information
Figure S3). First, the permittivity had a tendency to decrease
upon cooling except in the range from 7.5 to 1.2 °C where it

increased by 7.5%. The overall decrease was due to the
unavoidable fact that during the experiment a small amount of
water evaporated. The steep increase likely reﬂects changes of
the eﬀective dipole moment due to dipole−dipole interactions
(the Kirkwood factor). Upon further cooling, water froze at
−13.6 °C to a permittivity of ∼4. The derivative of the
dielectric permittivity with respect to temperature (Figure 3 b)
revealed another minor feature at ∼−38 °C, which is the
reported lowest temperature for water crystallization via
homogeneous nucleation.1 The step in dielectric permittivity
at this temperature is Δε ∼ 0.16, that is, only a fraction of the
step at −13.6 °C (Δε ∼ 12.4). On the basis of this, we
conclude that the majority of pores contain impurities that
initiate crystallization by heterogeneous nucleation. However,
about 1% of pores are either free from such heterogeneities or
the nucleation mechanism in these pores is very slow (see
below). In AAO with a pore diameter of 200 nm, ﬁrst a shallow
increase in dielectric permittivity in the range from 1.5 to −1.7
°C was observed, followed by stepwise decreases at −22.7 and
−38.9 °C attributed to heterogeneous and homogeneous
nucleation, respectively.
1989
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heterogeneous nucleation with a smaller exothermic peak at
−42 °C revealing some homogeneous nucleation. In AAOs
with 65 nm pores, two processes at −34 and at −42 °C were
observed, reﬂecting ice formation via heterogeneous and
homogeneous nucleation, respectively. For even smaller pores
(35 and 25 nm), water freezes solely via homogeneous
nucleation in agreement with dielectric spectroscopy results.
Figure 4b depicts the corresponding melting curves. The higher
than 0 °C melting temperature is due to the (high) heating rate.
There is signiﬁcant depression of the melting temperature with
decreasing pore diameter. In addition, as has been observed
earlier,31 the enthalpy of melting is also decreasing with pore
size. For example, for ice inside AAOs with 400 nm pores the
enthalpy of melting is 3.5 kJ/mol whereas within 25 nm pores it
is only 2.4 kJ/mol, that is, a fraction of the bulk value (∼5.9 kJ/
mol).32 Although this reduction is beyond the expected one
based on the lower crystallization temperatures within the 400
and 25 nm pores,32 we cannot make more quantitative
discussion for all pores because of some evaporation during
sample preparation in DSC.
Ice formation in AAO can be summarized in a “phase
diagram” (Figure 5). The proposed temperature versus

Crystallization in the smaller pores was fundamentally
diﬀerent. Only a single step in dielectric permittivity was
observed in the range from −36 to −38 °C. For the 65 nm
pores, we could instead distinguish two broad peaks in the
derivative of the permittivity at −36 and −38 °C. These results
can be interpreted by assuming that heterogeneous nucleation
become less and less likely the smaller the pores become. The
reduced propensity for heterogeneous nucleation in the smaller
pores can be discussed by water heterogeneities that are
excluded in the smaller pores. This suggests that the size of
most common heterogeneities in water exceed 35 nm. Indeed,
biological impurities such as bacteria as well as several viruses
have sizes above 35 nm.4 Alternatively, the pore curvature may
also play some role in suppressing crystallization.30 The value of
the dielectric permittivity at low temperatures (−90 °C) in
AAO was higher than the limiting high-frequency permittivity
of bulk ice (ε′∞ ∼ 3.2) suggesting the presence of some
undercooled water. Using the values of ε′∞ of ice, we estimate
that a fraction of 1.4 and 1.9% of water exists within the 400
and 65 nm pores, respectively (Supporting Information). As to
the relation between undercooled water and the presence of
interfacial water, more studies are needed to elucidate their
dielectric properties.
The extent of homogeneous nucleation as compared to
heterogeneous nucleation increased with increasing cooling
rate, as shown in Figure 3 c,d for water crystallizing in AAO
with pore diameter of 200 nm. At relatively high cooling rates,
both heterogeneous and homogeneous nucleation was
observed at −23 and at −38 °C, respectively. When cooling
very slowly, that is, with merely 1 °C/min, heterogeneous
nucleation dominated. This indicates that all 200 nm pores
contain heterogeneities that can ignite crystallization. However,
at the faster cooling rates, heterogeneous nucleation can be
suppressed for kinetic reasons. In contrast, in AAO with pore
diameters of 35 and 25 nm, water crystallization is exclusively
initiated by homogeneous nucleation, independent of the
cooling rate (Supporting Information Figures S4, and S5).
These results on ice formation under uniform conﬁnement
are further supported by diﬀerential scanning calorimetry
(DSC). Figure 4 a shows DSC traces of water inside AAOs at a
cooling rate of 10 °C/min. Under these conditions, water inside
400 nm pores freezes predominantly at −10 °C via

Figure 5. Eﬀective phase diagram of water located inside self-ordered
AAO. The squares indicate the melting temperatures as a function of
inverse pore diameter. The red-dashed line is the result of a ﬁt to the
Gibbs−Thomson equation. The half-ﬁlled circles indicate heterogeneous nucleation whereas the completely ﬁlled circles homogeneous
nucleation as obtained from dielectric spectroscopy. Half-ﬁlled and
completely ﬁlled triangles give the respective transition temperatures
obtained from DSC. Gray and blue areas correspond to ice formation
via homogeneous (O) and heterogeneous (E) nucleation, respectively.
Ih indicates hexagonal ice, Ic predominantly cubic ice, whereas Ih + Ic
indicates predominantly hexagonal ice.

curvature diagram, T versus 1/d, where d is the pore diameter,
compiles the heterogeneous and homogeneous nucleation
results from dielectric spectroscopy, DSC, and X-ray scattering.
Hexagonal ice formed by heterogeneous nucleation predominates under moderate conﬁnement. Under higher conﬁnement
characterized by a radius of curvature below 35 nm cubic ice
formed by homogeneous nucleation dominates. Implicit is a
correlation between the nucleation mechanism, the size of
conﬁnement and the type of ice crystals. In addition, Figure 5
includes the melting temperatures obtained from dielectric
spectroscopy. The melting temperature decreases with
increased conﬁnement that, in principle, can be described by
the Gibbs−Thomson (GT) equation as Tm(d) = Tmbulk − KGT/
(d − d0), where Tmbulk is the bulk melting temperature, d0 is the
thickness of a premelted layer, and KGT is a constant (Tmbulk =

Figure 4. Diﬀerential scanning calorimetry traces of water inside AAO.
(a) DSC traces obtained upon cooling with 10 °C/min. (b) DSC
traces obtained upon heating with 10 °C/min immediately following
(a). The vertical bar indicates a scale of 1 W/g.
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271.1 ± 0.6 K, KGT = 76 ± 3 nm·K, and d0 = 0.30 ± 0.03
nm).30
There are certain implications from this work. First, there is a
correlation between homogeneous nucleation in the smaller
pores and the formation of a predominant Ic form. Although
earlier observations already pointed to this, the form of Ic was
metastable to Ih and hence by heating there was always an
irreversible transformation to the thermodynamically stable Ih
phase. Under the uniform conﬁnement provided by AAOs on
the other hand, Ic is the only stable phase. We suggest that the
stability of Ic reﬂects the relation of the critical nucleus size to
the pore size. Second, the proposed phase diagram can have
possible technical application in various research areas where
water exists in conﬁned spaces including construction materials
like cement. For example, the occurrence of two well-deﬁned
peaks in DSC (at −41 °C and −23 °C) due to ice formation in
hardened Portland cement pastes (water/cement ratio below
0.40) can be well-understood based on the homogeneous/
heterogeneous freezing of water in diﬀerent pore structures.33
Third, the suppression of heterogeneous nucleation in AAO
pores having diameters ≤35 nm opens up the possibility of
employing AAO templates as ﬁlters for ultrapure water.
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