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ABSTRACT: The nucleation mechanism of water (heterogeneous/homogeneous) can be regulated by conﬁnement within
nanoporous alumina. The kinetics of ice nucleation is studied
in conﬁnement by employing dielectric permittivity as a probe.
Both heterogeneous and homogeneous nucleation, obtained at
low and high undercooling, respectively, are stochastic in
nature. The temperature interval of metastability extends over
∼4 and 0.4 °C for heterogeneous and homogeneous
nucleation, respectively. Nucleation within a pore is spread
to all pores in the template. We have examined a possible
coupling of all pores through a heat wave and a sound wave,
with the latter being a more realistic scenario. In addition,
dielectric spectroscopy indicates that prior to crystallization undercooled water molecules relax with an activation energy of ∼50
kJ/mol, and this process acts as precursor to ice nucleation.
well-deﬁned peaks at −41 and −23 °C. According to the
proposed phase diagram, these peaks may reﬂect the
homogeneous/heterogeneous freezing of water in diﬀerent
pore structures. In addition, the suppression of heterogeneous
nucleation and dominance of homogeneous nucleation in the
smaller AAO pores suggests the absence of heterogeneous
nucleation sites (that is, impurities) from the pores because of
the small pore volume. Based on this ﬁnding, we suggest that
the majority of impurities in water have sizes that exceed 35
nm. This observation opens up the possibility of employing
AAO templates as ﬁlters for ultrapure water.
This study combines structural and dynamic probes to
provide fundamental insight into the kinetics of ice nucleation
in the conﬁned space of AAO. For this purpose, we employ
dielectric permittivity as a ﬁngerprint of ice nucleation under
conﬁnement in conjunction with structural probes (X-rays).
We explore the heterogeneous and homogeneous nucleation
kinetics for water located inside 400 and 25 nm, respectively, by
performing temperature quench experiments to diﬀerent ﬁnal
crystallization temperatures. Although both processes are
stochastic in nature, the temperature interval within which
metastability is diﬀerent for heterogeneous and homogeneous
nucleation. Furthermore, before the onset of crystallization,
water molecules undergo a structural relaxation. This relaxation
is suggested to be associated with the formation of additional
hydrogen bonds.

I. INTRODUCTION
Eﬀorts to study highly supercooled water are based on
decreasing the available sample volume.1−14 For example,
water can be supercooled down to −38 °C or even down to
−70 °C2 by conﬁnement, respectively, to micrometer or
nanometer sizes. Under these conditions, it will crystallize via
homogeneous nucleation. In most cases, however, water will
freeze at higher temperatures by impurities via heterogeneous
nucleation. In a recent study,15 we demonstrated that the
nucleation mechanism of water can be regulated by conﬁnement within self-ordered nanoporous aluminum oxide (AAO).
AAOs contain arrays of cylindrical nanopores with pore
diameters ranging from 25 to 400 nm that are uniform in
length and diameter. They can be considered as a model
system16 in investigating conﬁnement eﬀects not only on water
crystallization but also on polymer crystallization17−20 and
liquid crystal phase manipulation.21,22 Within AAOs there is a
change of freezing mechanism from heterogeneous nucleation
to homogeneous nucleation with decreasing pore diameter
from 400 to 25 nm. In addition, we proposed15 a correlation
between the ice nucleation mechanism and the type of crystal
structure: heterogeneous nucleation in larger pores gives the
well-known hexagonal ice (I h), whereas homogeneous
nucleation in smaller pores results in a predominant cubic ice
(Ic) instead. These results lead to a phase diagram of water
under conﬁnement. It contains a (stable) predominant Ic form
in pores having diameters below about 35 nm. The proposed
phase diagram for conﬁned water can have possible technical
application in various research areas where water exists in
conﬁned spaces including construction materials like cement.
The diﬀerential scanning calorimetry (DSC) curves of
hardened Portland cement pastes,23 for example, contain two
© 2015 American Chemical Society
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detector. Scans in the 2Θ-range from 20 to 50ο (Figure 1d) and
22 to 28ο (Figure 6b) in steps of 0.02° were made. The AAO

II. EXPERIMENTAL SECTION
i. Water Inﬁltration. Water inﬁltrates AAOs fast as
evidenced from dielectric spectroscopy, scanning electron
microscopy, and wide-angle X-ray scattering. Capillary
imbibition at the microscale is described by the Lucas−
Washburn relation (LW):24
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h(t ) =

γR cos θ
t
2η

(1)

where h is the imbibition length (the pore length in this case), γ
is the surface tension, θ is the equilibrium contact angle, R is
the pore radius, and η is the viscosity. Employing h = 100 μm, R
= 100 nm, η(20 °C) = 0.001 Pa·s, and γ = 0.071 N/m results in
millisecond ﬁlling times that broadly agrees with our experience
of fast inﬁltration. Even the pressure built up due to the fact
that the pores are closed to the end will not prolong ﬁlling to
signiﬁcant time scales.25 We mention here that modiﬁcations of
the LW relation have been proposed that account for the
dynamic contact angle eﬀect;26 however, testing the LW
equation is beyond the scope of the present investigation.
ii. Scanning Electron Microscopy (SEM) and CryoSEM. Empty AAO was imaged with a LEO Gemini 1530
scanning electron microscope. Operation acceleration voltages
were from 0.75 to 6 kV. Water was inﬁltrated into the AAO
membranes and immediately frozen with liquid nitrogen.
Subsequently, the AAO was mechanically broken inside the
cryo-preparation chamber under a vacuum of 2 × 10−5 mbar at
−180 °C to expose cross sections. Then image was taken with a
Nova600 NanoLab − Dualbeam scanning electron microscope/focused ion beam (FIB) system equipped with a
cryogenic preparation chamber (Quorum Technologies)
under cryoscopic conditions at an acceleration voltage of 2
kV. The detector used was a “through the lens” secondary
electron detector.
iii. Dielectric Spectroscopy (DS). Dielectric measurements were performed at temperatures in the range of −90 to
30 °C, at atmospheric pressure, under isochronal conditions ( f
= 1 MHz) using a Novocontrol Alpha frequency analyzer
(frequency range from 10−2 to 106 Hz) as a function of
temperature. For the 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. The measured dielectric spectra were
corrected for the geometry by using two capacitors in parallel
(composed of ε*W and ε*A, being the complex dielectric
function of water and alumina, respectively, and the measured
total impedance was related to the individual values through 1/
Z* = 1/Z*W + 1/Z*A). In all cases, the complex dielectric
permittivity ε* = ε′ − iε″, where ε′ is the real and ε″ is the
imaginary part, was obtained at 1 MHz. This allows calculating
the real and imaginary parts of the dielectric permittivity as a
function of the respective volume fractions by using ε*M =
ε*WφW + ε*AφA.
iv. Wide-Angle X-ray Scattering (WAXS). The Θ/2Θ
scans were taken with a D8 Advance X-ray diﬀractometer
(Bruker). The X-ray tube (KRISTALLOFLEX 780) generator
with a Cu anode was operating at a voltage of 40 kV and a
current of 30 mA. An aperture (divergence) slit of 0.3 mm, a
scattered-radiation (antiscatter) variable slit (V12) together
with a monochromator slit of 0.1 mm and a detector slit of 1
mm were employed. A scintillation counter with a 95%
quantum yield for the Cu radiation was employed as the

Figure 1. SEM images of (a) empty AAO pores of 400 nm pore
diameter and (b) water frozen within the same pores at −100 °C. The
white scale bars correspond to (a) 1 and (b) 2 mm. (c) Temperature
dependence of the as measured dielectric permittivity for water inside
AAO with pore diameter of 400 nm (top) and 25 nm (bottom)
measured at a frequency of 1 MHz. The vertical line indicates the
homogeneous nucleation temperature. (d) Diﬀraction patterns of
water frozen at −50 °C within AAO with pore diameters of 400 nm
(top) and 25 nm (bottom). The main reﬂections corresponding to
hexagonal ice (Ih) and to cubic ice (Ic) are shown in blue and red,
respectively.

pore axes were oriented parallel and the AAO surface was
oriented perpendicularly to the plane of the incident and
scattered X-ray beams.

III. RESULTS AND DISCUSSION
Figure 1 summarizes the “static” properties of ice nucleation
conﬁned within AAO templates.15 It depicts SEM images of
empty AAO with 400 nm pore diameter (Figure 1a) and of
water inﬁltrated into the same AAO membranes (Figure 1b).
Subsequently, the high dielectric permittivity of water and its
temperature-dependence was employed as a ﬁngerprint of ice
nucleation. It is well-known that the temperature dependent
dielectric permittivity, ε′S(T), is a sensitive probe of phase
transformations.21,27 Figure 1c compares the dielectric
permittivity curves of water inside AAO with pore diameters
of 400 and 25 nm under isochronal conditions. The dielectric
permittivity of water inside AAO with a pore diameter of 400
nm gradually decreases upon cooling. This decrease is due to
some water evaporation, except in the range from 7.5 to 1.2 °C.
The steep increase in the vicinity of the density anomaly is
attributed to changes of the eﬀective dipole moment due to
dipole−dipole interactions. According to the Kirkwood−
Fröhlich theory, the static dielectric permittivity of polar liquids
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Figure 2. Temperature proﬁles (top) and dielectric permittivity curves (as measured) (bottom) for water inside AAO with a pore diameter of 400
nm. All measurements refer to water crystallization at −9 °C measured at a frequency of 1 MHz. Isochronal measurements refer to −9 °C for
diﬀerent time intervals: 40 min (a) or for 3 h (b). The black arrow in (a) indicates the density anomaly of water. Diﬀerent processes are indicated in
(b): “fast” crystallization, “slow” crystallization and relaxation.

with short-range interactions between molecules, ε′S, can be
expressed as28,29
Δε = ε′S − ε∞ =

μ2 N0
1
Fg
3ε0 kBT V

respectively. The method of choice was again DS, taking
advantage of the sensitivity of the dielectric permittivity to ice
formation (Figure 1c). Figure 2 gives the dielectric permittivity
traces during consecutive cooling/heating runs for water
located inside AAO with a pore diameter of 400 nm. Results
are shown for the crystallization kinetics from an initial
temperature of 20 °C to the same ﬁnal temperature of −9 °C
and for diﬀerent waiting times at the ﬁnal temperature. The
temperature proﬁle during these runs is also shown for
comparison. Three features in the permittivity traces deserve
special attention. First, ε′(T) displays a peak during cooling
(arrow in Figure 2a) at a temperature corresponding to the
density anomaly of water. Second, the traces clearly
demonstrate that heterogeneous ice nucleation is a probabilistic
eﬀect.39,40 Under some circumstances, ice nucleates immediately after reaching the ﬁnal temperature (called “fast”
crystallization in Figure 2b); otherwise, it can take much
longer times (that is, “slow” crystallization; see, for example, the
last crystallization event in Figure 2b). Third, when water
crystallizes, it does so in all pores at once, leading, surprisingly,
to the same limiting permittivity value (ε′∞ ∼ 5−6). By
studying diﬀerent crystallization temperatures, we conclude that
these ﬁndings agree with the notion that heterogeneous ice
nucleation is a stochastic process. As such, it depends on the
pore size, the degree of supercooling, and the time interval.
The third observation on the identical ε′∞ values upon
crystallization deserves more attention. It suggests that pores
somehow “communicate”, that is, the news on the crystallization in one pore is spread not only to the neighboring pores
but to all pores in the template. The obvious communication
through some liquid layer at the top of the template is excluded
since this would enforce a heterogeneous nucleation
independent from the pore size contrary to the experimental
ﬁndings. Here we consider two possibilities: a heat wave and a
sound (pressure) wave.

(2)

Here, F = ε′S(ε∞ + 2)2/[3(2ε′S + ε∞)] is the local ﬁeld, N0/V is
the number density of dipoles expressed as (ρ/M)NA, where ρ
is the mass density and M is the molar mass, and μ is the dipole
moment. g is the Kirkwood−Fröhlich dipole orientation
correlation function, g = μ2/μgas2, deﬁned as the ratio of the
mean-squared dipole moment measured in a dense system
divided by the same quantity obtained in a noninteracting case.
Thus, changes in g can account for the peculiar ε′S(T)
dependence in the vicinity of the density anomaly of water.
Upon further cooling, water inside AAO with a pore diameter
of 400 nm froze at −13.6 °C to a permittivity of ∼4. Based on
these ﬁndings we concluded that the majority of 400 nm pores
contain impurities that initiate crystallization by heterogeneous
nucleation. 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. Therefore, in AAO
with a pore diameter of 25 nm (Figure 1c), water crystallized
exclusively by homogeneous nucleation at low temperatures.
Conﬁnement within AAO not only alters the ice nucleation
mechanism but also aﬀects the crystal structure.15,30−38 Figure
1d shows diﬀraction patterns of ice within AAO with pore
diameters of 400 and 25 nm taken at −50 °C. The diﬀraction
patterns are distinctly diﬀerent. In the case of ice within 400 nm
pores they correspond to the common hexagonal ice Ih.
However, in the smaller pore, the dominant peaks correspond
to the (111) and (220) reﬂections of cubic ice (Ic), revealing a
predominantly cubic ice. This form is stable under annealing
and persists up to the melting point.15
We further explored the kinetics of heterogeneous and
homogeneous ice nucleation at low and high supercooling,
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Figure 3. Number of nucleation events as a function of crystallization temperature following temperature jumps from 20 °C to diﬀerent ﬁnal
temperatures for water inside AAO with pore diameter of 400 nm (a) and 25 nm (b). Red arrows indicate the range of metastability. Notice the
much smaller temperature range in (b) corresponding to homogeneous nucleation.

We ﬁrst discuss the heat wave produced by freezing water
within a single pore. We assume an array of parallel cylindrical
pores with radius r (=200 nm) and length l (=100 μm). With a
density of ice of 917 kg/m3, the mass of ice within a single pore
is mi = 1.15 × 10−14 kg. Employing the latent heat, L = 333 kJ/
kg, the heat released by ice formation in a single pore is Qi = 3.8
× 10−9 J. Such a heat will raise the temperature by ΔT = 157 K
(ΔT = Qi/cimi, where ci is the heat capacity of ice = 2.093 kJ/kg
K41). With such a temperature gradient, ice would melt
instantly. However, the heat is dissipated fast. The time scale of
temperature equilibration corresponds to 3 ns in the radial
direction (t = r2/4κ, where κ = 1.2 × 10−5 m2/s is the thermal
diﬀusivity of alumina) and 0.4 ms along the whole AAO
thickness, l (t = l2/2κ). In addition, phonon scattering in low
dimensional systems with large surface-to-volume ratios (like
AAOs) can lead to a drastic reduction in thermal
conductivity.42,43 In any case, a heat wave is unlikely to couple
all pores.
An alternative hypothesis is that sound (pressure waves)
couples the pores. A sound wave with velocity u = (C11/ρ)1/2
(with an elastic constant for alumina of C11 ∼ 500 GPa and a
density ρ ∼ 3.8 g/cm3)43 of ∼1.1 × 104 m/s takes a fraction of
a picosecond to traverse a distance of 400 nm. As to the origin of
a sound wave, upon water crystallization, the modulus increases
by many orders of magnitude (practically from zero to about 10
GPa45). This together with the expansion of ice in the pores
upon freezing exerts a stress on the pore walls (the shear
modulus of alumina is ∼170 GPa44) and to a friction across the
interface. Above a certain stress, energy is released in the form
of sound waves in pretty much the way that seismic waves are
traveling during an earthquake.45 A sound wave with a velocity
of 1.1 × 104 m/s can travel across the whole template in less
than a microsecond and communicate the “news” to the
remaining pores. This eﬀect, observed for both heterogeneous
and homogeneous nucleation, deserves a separate study as a
function of pore size and pore fraction (porosity).
The number of nucleation events within AAO with pore
diameters of 400 and 25 nm at diﬀerent ﬁnal temperatures
corresponding to heterogeneous and homogeneous nucleation,
respectively, are depicted in Figure 3. The term “nucleation
event” refers to the sharp decrease in ε′ due to ice nucleation; a
value of 0 (10) means that in a series of ten successive
experiments no (always) nucleation took place; a value of 2
means that in a series of ten successive experiments ice
nucleation took place only twice. The results for the

heterogeneous ice nucleation in 400 nm pores reveal that
metastability is observed for ﬁnal temperatures within the range
from −8 to −11 °C. At temperatures above −8 °C, water was
unable to crystallize, whereas at temperatures below about −12
°C ice was always formed. The range of metastability extends
over ∼4 °C for heterogeneous ice nucleation under conditions
of low undercooling. The same procedure was repeated for ice
nucleation within 25 nm pores by following the ε′(T) traces to
lower temperatures (Figure 3b). It shows a much smaller range
of metastability of at most ∼0.4 °C. The small range of
metastability for homogeneous nucleation is consistent with
some of the reported homogeneous ice nucleation rates.5
Assuming a single nucleation event per pore and a pore volume
of v ∼ 5 × 10−14 cm3 (for 25 nm pores), a nucleation rate of J ∼
1014 cm−3s−1 at 235 K gives a freezing rate of Jv ∼ 5 s−1. On the
other hand, nucleation rates close to some reported values2,3 of
∼1010 cm−3 s−1 would give too low freezing rates to be
observed experimentally. This point can be further explored, for
example, by performing nucleation rate measurements by fast
calorimetry with the same AAO templates.
The DS traces contain information on the relaxation of
undercooled water as well as on the time scales involved in ice
formation. This is depicted, for example, in Figure 4 where the
evolution of dielectric permittivity is shown for a ﬁnal
crystallization temperature of −9 °C. This is well within the
metastability window for heterogeneous ice nucleation in 400
nm-AAO (Figure 3a). The curve depicted in Figure 4
corresponds to the “slow” crystallization event of Figure 2b.
As mentioned with respect to Figure 2b, crystallization is
occurring either within 200 s after reaching the ﬁnal
temperature (that is, “fast” crystallization, triggered by temperature variations occurring during temperature stabilization) or
much later (that is, “slow” crystallization) as shown in Figure 4.
After reaching the ﬁnal temperature, the permittivity relaxes
from a value of about 31 to a value of 25 with a characteristic
time that is extracted by ﬁtting with an exponential function.
The characteristic relaxation times have a temperature dependence that will be discussed subsequently with respect to Figure
5. At longer times, slow crystallization sets in.
The characteristic “relaxation” and “crystallization” times for
the heterogeneous nucleation kinetic experiments for water
within 400 nm AAO are shown in Figure 5. The ﬁgure shows
characteristic times for ﬁnal temperatures in the range from −5
to −13 °C. Invariably, fast crystallization occurs within 200 s
after reaching the ﬁnal temperature (blue region in Figure 5). A
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with τ0 = 5.6 × 10 s being the time in the limit of very high
temperatures, and an activation energy, E, of ∼50 kJ/mol. Such
activation energy corresponds to the formation of few hydrogen
bonds and suggests some reorganization (that is, relaxation) of
the undercooled water molecules in conﬁnement. As we will
discuss below with the help of X-rays, this reorganization does
not lead to crystallization but may act as precursors to
nucleation.
The kinetics of homogeneous ice nucleation was studied next
by employing both dynamics/kinetic and structural probes. The
dielectric permittivity (f = 1 MHz) is followed for water inside
AAO with pore diameter of 25 nm by making consecutive
cooling/heating runs but to diﬀerent ﬁnal temperatures (Figure
6a). The ﬁnal temperatures were −10, −20, −30, and −40 °C.
Figure 4. Temperature proﬁle (top) and evolution of dielectric
permittivity (bottom) for water inside AAO with 400 nm pore
diameter. The vertical dashed line gives the maximum value of
permittivity that corresponds to the density anomaly of water. Red
lines give the result of a ﬁt to the relaxation process using a single
exponential and to the crystallization process using a sum of two
exponentials. The characteristic times corresponding to the
“relaxation” and “crystallization” events are reported in Figure 5.

careful examination of the temperature proﬁle during this
process revealed that it occurs within the temperature variations
(±0.2 K) occurring during temperature stabilization. However,
heterogeneous nucleation is a stochastic process, and when
nucleation is not triggered by these temperature ﬂuctuations,
then ice nucleation can take much longer (see, for example, the
solid triangle in Figure 5a corresponding to the “slow”
crystallization event in Figure 4 or 2b). In the absence of
“fast” crystallization and before the onset of “slow” crystallization, a relaxation of undercooled water takes place. From
these results, the temperature dependence of the relaxation
times can be extracted, and the result is plotted in Figure 5b.
The characteristic relaxation times within the narrow temperature interval of metastability show an Arrhenius temperature
dependence

Figure 6. (a) Dielectric permittivity during consecutive cooling (blue
curves)/heating (red curves) of water inside AAO with a pore
diameter of 25 nm. The template was cooled from 20 °C to diﬀerent
ﬁnal temperatures (−10, −20, −30, and −40 °C) where stayed for 2 h.
(b) Diﬀraction patterns obtained ex situ for (top) a template that was
cooled to −50 °C (cooling speed of 5 °C/min), (middle) the same
template cooled at −30 °C (cooling speed of 5 °C/min), and
(bottom) cooled to −20 °C (cooling speed of 5 °C/min). The
diﬀraction patterns taken at −30 and −20 °C are multiplied by a factor
of 5. Arrows give the corresponding annealing temperatures in (a).

Figure 5. (a) Characteristic time corresponding to fast (empty symbols) and slow time constant of crystallization (half-ﬁlled symbol) and relaxation
before crystallization (ﬁlled symbols) obtained for water inside AAO templates with a pore diameter of 400 nm plotted as a function of run number
(from Figure 2). The characteristic times from diﬀerent ﬁnal crystallization temperatures are shown. Lines are guides for the eye at two “relaxation”
experiments. (b) Mean relaxation time plotted as a function of inverse temperature. The line is the result of a linear ﬁt.
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At these temperatures, the sample stayed for 2 h and the
dielectric permittivity was continuously monitored. Subsequently, the structural aspects were studied by ex situ WAXS at
the same temperatures, and the results are depicted in Figure
6b. For the cooling/heating run to a limiting temperature of
−10 °C, it can be observed that the ε′(T) curve is not
completely reversible due to some unavoidable evaporation at
−10 °C. The subsequent cooling/heating run to a limiting
temperature of −20 °C (point 3 in Figure 6a) is nearly
completely reversible (due to the lower evaporation at this
temperature). The structure at this temperature corresponds to
amorphous supercooled water as indicated by the absence of
any sharp diﬀraction peaks (the shallow peaks are due to some
water condensation). The next cooling/heating run to a
limiting temperature of −30 °C does not initiate any
crystallization as expected by the results shown in Figure 3
and conﬁrmed by WAXS. However, cooling to below −38 °C
results to ice nucleation and to a nonreversible dielectric
permittivity curve. On heating, the ε′(T) values remain
constant up to the melting point at ∼ −5 °C. Moreover, the
ice structure formed under these conditions corresponds to a
predominantly cubic ice as discussed earlier (Figure 6b).

IV. CONCLUSIONS
The combined analyses using dielectric spectroscopy and X-ray
scattering techniques could capture the details of the kinetics of
ice nucleation under conﬁnement. We found that both
heterogeneous and homogeneous nucleation, obtained at low
and high undercooling, respectively, are stochastic in nature,
involving variable degrees of metastability. The temperature
interval of metastability extends over ∼4 and 0.4 °C for
heterogeneous and homogeneous nucleation, respectively.
Nucleation within a single pore is spread to all pores in the
template. Two possible mechanisms of coupling between pores
through a heat wave and a sound wave are discussed with the
latter being a more realistic scenario. Finally, prior to
crystallization, undercooled water molecules relax with an
activation energy of ∼50 kJ/mol, corresponding to the
formation of few hydrogen bonds. This process is seen as a
precursor to ice nucleation.
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