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ABSTRACT: Dielectric (DS), IR spectroscopy, and 1H MAS NMR are
employed in the study of ice/water conﬁned in nanoporous alumina with pore
diameters ranging from 400 nm down to 25 nm. Within nanoporous alumina
there is a transformation from heterogeneous nucleation of hexagonal ice in the
larger pores to homogeneous nucleation of cubic ice in the smaller pores. DS and
IR show excellent agreement in the temperature interval and pore size
dependence of the transformation. DS further revealed two dynamic processes
under conﬁnement. The “fast” and “slow” processes with an Arrhenius
temperature dependence are attributed to ice and supercooled water relaxation,
respectively. The main relaxation process of ice under conﬁnement (“slow”
process) has an activation energy of 44 ± 2 kJ/mol. The latter is in agreement
with the reported relaxation times and activation energy of cubic ice prepared following a completely diﬀerent route (by
pressure). 1H MAS NMR provided new insight in the state of ice structures as well as of supercooled water. Under conﬁnement,
a layer of liquid-like water coexists with ice structures. In addition, both ice structures under conﬁnement appear to be more
ordered than bulk hexagonal ice. Supercooled water in the smaller pores is diﬀerent from bulk water. It shows a shift of the signal
toward higher chemical shift values which may suggest stronger hydrogen bonding between the water molecules or increasing
interactions with the AAO walls.

I. INTRODUCTION
Waterthe most important liquid by any standard of
judgmentbehaves diﬀerently under conﬁnement. Although
the subject is fundamental and of considerable intrinsic
importance in science and technology, it remains underrepresented in research because of the lack of well-deﬁned
conﬁning media. Recently,1 we employed self-ordered nanoporous aluminum oxide (AAO) as conﬁning medium. AAO
contains arrays of discrete, parallel, and cylindrical nanopores
with uniform pore length and diameter as a model system to
study the eﬀect of conﬁnement on water crystallization. We
found indications for a transformation from heterogeneous
nucleation of hexagonal ice (Ih) to homogeneous nucleation of
predominantly cubic ice (Ic) with decreasing AAO pore
diameter. Furthermore, inside AAO with pores having
diameters ≤35 nm no sign was found for the monotropic Ic
→ Ih transition commonly observed upon heating. Our results
lead to the phase diagram of water under conﬁnement at
atmospheric conditions. It contains a predominant Ic form, a
form known to exist as such only in the upper atmosphere.1
Subsequently, the kinetics of ice nucleation conﬁned inside
AAO was investigated.2 This study explored the stochastic
nature of both heterogeneous and homogeneous nucleation
and further provided the respective temperature intervals of
metastability.
Despite good knowledge of the eﬀect of conﬁnement on the
nucleation mechanism/kinetics of ice nucleation, the dynamics
of supercooled water have not been investigated within the
same AAO nanopores. Earlier studies on the dynamics of
© XXXX American Chemical Society

supercooled water investigated the fragile-to-strong liquid
transformation,3 as well as the dynamics under conﬁnement
in clays,4 in silica matrices,15 in polymeric matrices,16 and in
nanoporous membranes, both by experiment4−16 and by
computer simulations,17−20 the latter under severe conﬁnement
conditions. Other studies explored the coupling of water and
protein dynamics in hydrated proteins.21−23 On the other hand,
the dynamics of ice, and in particular, the temperature
dependence of relaxation times τ(T)explored mainly with
dielectric spectroscopyare not well understood.23−31 There is
consensus, however, that the rich dynamics of ice reﬂects
certain properties of the hydrogen bonding network. The
arrangement of water molecules in ice follows the BernalFowler-Pauling rules32,33 that give rise to an open ice lattice.
These rules impose constraints on the reorientational motion of
water molecules in the most well-known ice structure, that of Ih.
Bulk ice Ih relaxation investigated as a function of temperature
exhibits three characteristic temperature regimes with two
corresponding crossovers.23,25,26 The high temperature crossover is distinct in the τ(T) dependence (T ∼ 230 K), but this is
not true for the crossover at lower temperatures (T ∼ 170 K).
Therefore, attempts have been made to explain the origin of the
high temperature dynamic crossover. Bjerrum proposed34 an
orientation mechanism for the dielectric relaxation and
conductivity of Ih crystals that violates the Bernal-FowlerReceived: September 8, 2015
Revised: October 27, 2015
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Pauling rules and produce two kinds of orientational defects:
one with a pair of neighboring O···O atoms missing a hydrogen
(L-defect) and one with a pair of neighbors O−H H−O, i.e.,
with two hydrogen atoms (D-defect). Water molecules can
reorient by the diﬀusion of L and D defects. Diﬀerent ideas
have been proposed to explain the dynamic crossover. In one, it
was suggested that the crossover reﬂects the reorientation of a
single molecule at higher temperatures and a concerted
reorientation of several molecules at lower temperatures.25 A
second approach attributed the crossover to a decrease in
concentration of intrinsically generated defects by decreasing
temperature.26 Lastly, a more recent approach29 discussed the
competition of L/D orientational defects with the generation
and migration of ionic defects (generated through the
Grotthuss mechanism) that dominate at higher and intermediate temperatures, respectively.
Herein we investigate the dynamics of ice formed within
AAO templates as a function of pore diameter and temperature.
DS, IR, and 1H MAS NMR techniques are employed to explore
the temperature interval and pore size dependence of the
transformation from the supercooled liquid to ice. Subsequently, DS is employed in studying the eﬀect of conﬁnement
on ice dynamics. Since in the smaller pores, the only stable ice
structure is Ic, the current system allows an investigation of Ic
dynamics in the absence of high pressure conditions. The eﬀect
of conﬁnement is discussed with respect to the temperature
dependence of relaxation times, τ(T), and the broadening of
relaxation spectra. Results on the dynamics are compared with
recent relaxation experiments on Ic prepared under pressure.
Furthermore, 1H MAS NMR explores the possibility of a liquid
layer of water as well as the similarity of supercooled water in
the smaller pores with bulk water.

respectively, the symmetrical and unsymmetrical broadening of
the distribution of relaxation times, σ0 is the dc-conductivity
and εf is the permittivity of the free space. In the ﬁtting
procedure, we have used the ε″ values at every temperature,
and in some cases the ε′ data were also used as a consistency
check. From τHN the relaxation time at maximum loss, τmax, is
obtained analytically following:
⎛ πm ⎞ 1/ m⎛ πmn ⎞
τmax = τHN·sin−1/ m⎜
⎟ ·sin ⎜
⎟
⎝ 2(1 + n) ⎠
⎝ 2(1 + n) ⎠

Note that for n = 1, the process is symmetric in a logarithmic
representation and known as the Cole−Cole function.35,36 In
the latter case, the characteristic relaxation time coincides with
the dielectric loss maximum. In the temperature range where
two relaxation processes contribute to ε* there are two ways of
representing the data. The ﬁrst one, followed here, is based on a
summation of two HN functions and assumes statistical
independence in the frequency domain. The second one,
proposed by Williams and Watts is a molecular theory for the
dipole moment time-correlation function Cμ(t) (also known as
“Williams ansatz”).37 An alternative representation of the
dielectric data is through the inverse of the dielectric
permittivity ε*(ω), i.e., the electric modulus, which is related
to the dielectric permittivity through
M *(ω) =

130
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132

1
= M′ + iM″
ε*(ω)

(3)

In eq 3, M′ and M″ are the real and imaginary parts of the
electric modulus, respectively.
IR Measurements. Infrared spectra were measured using a
Fourier transform infrared spectrometer (Nicolet Magna IR
850). The AAO templates were ﬁlled with a mixture of 10%
D2O in H2O. Due to fast proton exchange HOD is the
predominant deuterated water species in the samples (18%
HOD and 1% D2O). The AAO templates were placed in a
cryostat (Oxford Instruments GF 1204) with a nitrogen
atmosphere allowing for thermal equilibration. Temperature
was reduced by cooling the cryostat jacket and thus the
nitrogen gas in the cryostat. To ensure thermal equilibration,
temperature was measured at the sample holder. Following a
minimum of 30 min equilibration, the transmission IR spectra
were recorded.
1
H MAS NMR Spectroscopy. 1H MAS NMR spectroscopy
measurements have been performed with a Bruker Avance III
console operating at 850 MHz 1H Larmor frequency in the
temperature range between 230 and 290 K at 20 kHz MAS
spinning frequency. The measurements have been performed
using a commercial MAS double resonance probe supporting
2.5 mm MAS rotors. The temperature has been calibrated using
the temperature dependent 79Pb chemical shift of lead nitrate as
described in the literature. A Bruker BCU II cooling unit has
been used with a VT gas ﬂow of 1500 L/h. The 1H MAS NMR
signals have been recorded using the EASY scheme, in order to
suppress the 1H probe back and the ringing artifacts of the rf
coil.

II. EXPERIMENTAL SECTION
Dielectric Spectroscopy (DS). Dielectric measurements
were performed either under isochronal conditions (at a
frequency of 1 MHz) as a function of temperature in the range
from 183 to 303 K, or under “isothermal” conditions using a
Novocontrol Alpha frequency analyzer (frequency range from
10−2 to 106 Hz). 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). The measured
total impedance was related to the individual values through 1/
Z* = 1/Z*W + 1/Z*A. This equation allows calculation of 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. The complex dielectric permittivity ε* = ε′ −
iε″, where ε′ is the real and ε″ is the imaginary part, is a
function of frequency ω, temperature T, and in general pressure
P, ε* = ε*(ω, T, P). In the analysis of the DS spectra we have
used the empirical equation of Havriliak and Negami (HN)35,36
σ (T )
Δε(T )
* (ω , T ) = ε∞(T ) +
+ 0
εHN
[1 + (iω·τHN(T ))m ]n
iεf ω

129

(2)

III. RESULTS AND DISCUSSION
The dielectric permittivity and IR absorbance of water and its
temperature dependence were employed as a ﬁngerprint of the
mechanism of ice nucleation. Figure 1a compares the dielectric
permittivity curves (ε′M values are shown in Figure 1a) of bulk
water with water inside AAO with pore diameters of 400, 35,

(1)

where τHN(T, P) is the characteristic relaxation time, Δε(T, P)
= ε0(T, P) − ε∞(T, P) is the relaxation strength of the process
under investigation, m, n (with limits 0 < m, mn ≤ 1) describe,
B
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400 nm pores contain impurities that initiate crystallization by
heterogeneous nucleation. In addition, wall-induced nucleationbeing proportional to the pore surfaceis more
signiﬁcant in the larger pores. Crystallization in the smaller
pores is fundamentally diﬀerent.1 Only a single step in dielectric
permittivity is observed in the range from 237 to 235 K.
Therefore, in AAO with pore diameters of 35 or 25 nm, water
crystallizes practically exclusively by homogeneous nucleation.
Conﬁnement within AAO alters the ice nucleation mechanism
and aﬀects the crystal structure. Ice nucleated within AAO
templates with the larger pores is the common hexagonal ice Ih.
However, in the smaller pores X-ray diﬀraction indicated that
predominantly cubic ice (Ic) is formed. This form is stable
under annealing and persists up to the melting point.1 The
stabilization of ice Ic within the smaller pores facilitates a study
of the dynamics under ambient pressure conditions (see
below).
Figure 1c displays the infrared absorption spectra at
frequencies characteristic of the OD stretching vibration of
HOD molecules. At ambient conditions the OD stretching
band is centered at ∼2500 cm−1 and has a Gaussian line shape,
indicative of inhomogeneous broadening. Upon cooling the
intensity of the band is signiﬁcantly reduced down to a
temperature of 233 K. This reduction likely reﬂects some
unavoidable evaporation during the experiment. While cooling,
the broad nature of the absorption band is maintained down to
233 K, indicative of supercooled liquid water. At the same time,
the band shifts to lower frequencies in line with expectation
from bulk water (Figure 1d).38,39 At temperatures below 233 K
the OD stretching band becomes much narrower and red-shifts
to ∼2430 cm−1. The Lorentzian band shape at these
temperatures is indicative of a phase transformation to
crystalline ice.39,40 The band position, extracted from ﬁtting
with a Lorentzian function, is shown in Figure 1d. The peak
shifts to lower wavenumbers with decreasing temperature and
closely resembles the peak positions that have been reported
for hexagonal ice.39 The red-shift of the OD absorption band of
supercooled water and ice with decreasing temperature is
indicative of enhanced intermolecular interaction (hydrogen
bond strength). The increase in intensity upon decreasing
temperaturea feature also present in bulk hexagonal icecan
be explained from an increased absorption cross-section due to
enhanced intermolecular interaction.40 The stronger the Hbond, the larger the transition dipole moment of the OD
stretching vibration and the larger the absorption cross section.
We note that the studied OD stretching vibration is not

Figure 1. Summary of ice nucleation inside AAO templates from
dielectric spectroscopy (top) and IR (bottom). (a) Dielectric
permittivity of bulk water and of water inside AAOs with diﬀerent
pore diameters obtained on cooling (rate 5 K/min) at a frequency of 1
MHz. Steps at low and high supercooling signify ice formation via
heterogeneous and homogeneous nucleation, respectively. (b)
Derivative of dielectric permittivity as a function of temperature.
The vertical dotted line indicates the temperature of homogeneous
nucleation. (c) Infrared absorption spectra of a mixture containing
10% D2O in H2O inside AAO with a pore diameter of 35 nm at
frequencies characteristic of the OD stretching vibration. At
temperatures higher than 233 K the OD stretching vibration is
broad and has nearly a Gaussian line shape. At temperatures lower
than 228 K a narrow absorption band is observed at 2430 cm−1
characteristic of ice. (d) Peak maximum of the OD absorption band
obtained using a Gaussian function (at temperatures above 233 K) or a
Lorentzian function (at temperatures below 233 K) on top of a
constant background. The gray symbols are literature values39 for neat
water/hexagonal ice.
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193
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and 25 nm under isochronal conditions (f = 1 MHz). Figure 1b
shows the derivative of dielectric permittivity with respect to
temperature as a function of temperature. The latter quantity is
sensitive to phase transformations. These curves show a
discontinuous decrease of ε′(T) at 260 K attributed to the
heterogeneous nucleation of water inside AAO with a pore
diameter of 400 nm. These ﬁndings suggest that the majority of

Figure 2. Dielectric loss curves in a 3D representation for water located inside AAOs with diﬀerent pore sizes. Gray dots indicate the frequency
position of the main process of ice relaxation under conﬁnement. Arrows indicate the respective crystallization temperatures at ∼260 K and ∼235 K
for water within 400 nm, and within 65 nm and 25 nm pores, respectively.
C
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sensitive to the symmetry of the crystal structure (the IR
spectra of hexagonal and cubic ice are very similar).41 Thus,
while the IR spectra clearly show ice nucleation inside AAOs,
the band-shape does not allow for determination of the exact
crystalline phase of ice. Nevertheless, there is full quantitative
agreement between IR and DS with respect to the temperature
of transformation from a heterogeneous nucleation mechanism
in the larger pores to a homogeneous nucleation mechanism in
the smaller pores.
The dielectric loss spectra for water located inside AAO
templates as a function of frequency for a range of temperatures
are discussed with respect to Figure 2. They all show a
discontinuous decrease of the dielectric loss curves whose
magnitude and exact temperature are a function of AAO pore
diameter. This was anticipated from the “isochronal” dielectric
permittivity data of Figure 1a. For example, for water located
inside AAO with pores of 400 nm in diameter the
discontinuous change occurs at ∼260 K, whereas inside pores
with diameters of 65 and 25 nm it occurs at ∼235 K. As we
discussed with respect to Figure 1 this reﬂects a diﬀerent
mechanism of ice nucleation: from heterogeneous nucleation of
hexagonal ice within the 400 nm pores to homogeneous
nucleation of predominantly cubic ice within the smaller pores.
Furthermore, the curves depict at least two processes on the
high frequency side and a more intense process at lower
frequencies.
For the analyses of the dynamics under conﬁnement a
summation of two Cole−Cole processes was necessary. Some
representative ﬁts for the dielectric loss spectra at T = 183 K are
shown in Figure 3. The data for bulk ice are from ref 24. It

The low frequency shape parameter for the main ice process
is plotted in Figure 4 as a function of temperature for some
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Figure 4. Temperature dependence of the Cole−Cole shape
parameter of the main process corresponding to bulk ice (solid line
from ref 23) and to ice located inside AAO. There is a signiﬁcant
broadening of the dynamics of ice on conﬁnement.

AAO pore diameters. In the bulk, measurements on ice single
crystals revealed a single relaxation process of the Cole−Cole
type (n = 1) or Debye type (m = n = 1), respectively, at
temperatures below and above 250 K.29,23 For ice located inside
AAO, the distribution of relaxation times for the main process
is broad and furthermore depends on the pore size.
Conﬁnement results in a variety of environments that leads
to the broadening of the relaxation spectra.
In the bulk, the relaxation spectrum found within Ih was
attributed to the presence of impurities that generate
orientational defects.26 These defects were thought to be
spatially heterogeneous, i.e., diﬀerent regions relax with
diﬀerent rates. Apart from the distribution of relaxation times,
the characteristic frequency at maximum loss, and in particular,
its temperature dependence has been a point of debate. Figure
5 shows literature data26 (solid line in Figure) of bulk ice Ih
relaxation as a function of temperature. It depicts three
characteristic temperature regimes. At high temperatures ice
relaxes via an Arrhenius temperature dependence with an
activation energy of ∼53 kJ/mol. At intermediate temperatures
it follows another Arrhenius dependence with an activation
energy of ∼19 kJ/mol. At lower temperatures the activation
energy increases again to ∼46 kJ/mol. The ideas proposed to
explain the dynamic crossover were based on either L/D
orientational defects25,26 and/or to the migration of ionic
defects.29
The dynamics of ice located inside AAOs is depicted in
Figure 5 together with the ice data in the bulk. Interestingly, the
main process under conﬁnement has an Arrhenius temperature
dependence with an activation energy E ∼ 44 ± 2 kJ/mol, i.e.,
similar to bulk ice but corresponding to the high temperature
region. This could suggest the dominance of orientational L/D
defects under conﬁnement. Moreover, a faster process exists
under conﬁnement with a lower activation energy (E ∼ 28 ± 2
kJ/mol for the 65 nm case).
Additional information on the origin of dynamic processes
can be obtained by comparing the dynamics under conﬁnement
within AAOs with recent studies of I c produced via
pressure.30,31 The results, shown with a blue line in Figure 5,
include an Arrhenius process corresponding to the relaxation of
Ic. Interestingly, the relaxation times of Ic produced via

Figure 3. Dielectric loss curves of ice in the bulk (from ref 24) and
inside AAO with diﬀerent pore diameters. All data refer to 183 K.
Black lines are ﬁts to a single HN (bulk) or to a summation of two HN
processes. Dashed lines give the slower process for ice within AAO.
272

284

depicts a single albeit non-Debye process. The eﬀect of
conﬁnement is threefold: ﬁrst, the main process shifts to lower
frequencies (i.e., becomes slower on conﬁnement). Second, the
process is broadened, and third, another faster process appears
at higher frequencies. In addition, the main process for ice
within 400 nm AAO is coupled to the process of ionic
conductivity (extracted from the crossing frequency of the real
and imaginary parts in the ε*, M*, or σ* representations).36 In
the smaller pores the process due to ionic conductivity is slower
than the process corresponding to the maximum of the
dielectric loss. This possibly suggests a diﬀerent mechanism of
ice relaxation in the smaller pores.
D
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3.2, or the optical frequency limiting value of ε∞ = n2, where n
= 1.33 is the refractive index for Ih). Employing the optical
frequency limiting value and ρ = 917 kg/m3 results in g ∼ 3.3
for bulk Ih. Upon conﬁnement, a similar value is obtained (i.e., g
∼ 2.7) for ice nucleated within the 400 nm pores with the Ih
structure. However, within the smaller pores the dielectric
permittivity is a decreasing function of temperature (whereas
the opposite trend is observed for bulk undercooled water43).
By following the kinetics of crystallization as a function of
temperature we attributed the distinct εs′(T) dependence to
water reorganization acting as a precursor to crystallization.2
The strong reduction in dielectric permittivity for water located
inside the smaller pores precludes extracting a deﬁnitive value
for the dipole orientation correlation function. We mention
here that Monte Carlo simulations suggested a similar value of
g for Ic and Ih.44
In addition to this process, the faster process under
conﬁnement has rates and activation energies intermediate to
the ultraviscous low- and high-density liquid processes obtained
under pressure.30,31 Moreover, the process is in the vicinity of
interfacial supercooled water under hard conﬁnement.45 Based
on these ﬁndings we assign the faster process to some
undercooled interfacial water, whereas the slower and more
intense process to the relaxation of predominantly Ic. The fact
that there exists some undercooled water is already evident
from the dielectric permittivity values of Figure 1a.
More insight into the presence of a liquid layer of water can
be obtained from 1H NMR. This is shown in Figure 6 where

Figure 5. Relaxation times at maximum loss for bulk ice (solid line is
from ref 26) and for ice/water conﬁned in AAO based on ﬁtting with a
summation of two Cole−Cole functions: (squares), 400 nm; (up
triangles), 65 nm; (hexagons), 35 nm; and (circles), 25 nm pores.
Filled symbols correspond to the main relaxation process on
conﬁnement, half-ﬁlled symbols to a faster relaxation, and empty
symbols to the relaxation of undercooled water inside 25 nm AAO
pores. The vertical dash-dotted line at 235 K is the temperature of
homogeneous nucleation in the smaller pores. The blue line
corresponds to the dynamics of cubic ice from ref 30.
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homogeneous nucleation within AAO templates at ambient
pressure are located in the vicinity of the Ic produced under
pressure following a totally diﬀerent path (it includes certain
ultraviscous liquids; one of low density and one of high
density).30,31 In this latter case, Ic was metastable to Ih and fully
transformed to it on heating. On the contrary, the Ic structure
obtained in conﬁnement is the thermodynamically stable phase.
Nevertheless, the dynamics within Ic are only dependent on the
ice structure and not on the particular path that it is employed.
The dielectric strength of the main relaxation process under
conﬁnement is also of interest as it relates to the local ordering
around a given dipole. Based on the Kirkwood-Fröhlich
equation35,36
μ02 No
(εS′ − ε∞) ·3·(2εS′ + ε∞)
1
g
=
·
·
·
3εo kBT V
εS′(ε∞ + 2)2
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(4)

where εs′ is the measured dielectric permittivity, ε∞ is to the
permittivity value in the limit of high frequencies where any
intrinsic dipolar relaxation is inactive, εo (=8.85 × 10−12 F/m) is
the permittivity of vacuum; No/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 μo is the gas-phase dipole moment. In
the present case the dielectric strength, Δε = εs′ − ε∞, has been
normalized by the porosity. In the equation, g is the KirkwoodFröhlich dipole orientation correlation function, g = μ2/μgas2,
deﬁned as the ratio of the mean-squared dipole moment
measured in a dense system and within a spherical region
surrounding a test dipole divided by the same quantity for the
test dipole obtained in a noninteracting case. As such, g, is a
measure of local ordering in the absence of any external ﬁeld; a
value of 1 signiﬁes that ﬁxing the position of a single dipole
does not inﬂuence the remaining dipoles surrounding the test
dipole. On the other hand, a value of g > 1 (g < 1) signiﬁes that
ﬁxing the test dipole tends to align its neighbors in
predominantly parallel (antiparallel) orientation. The calculation of the Kirkwood-Fröhlich factor is very sensitive42 to the
actual value for ε∞ (a limiting value at high frequencies of ε∞ ∼

Figure 6. MAS spectra at a Larmor frequency of 20 kHz for bulk
hexagonal ice at 240 K (black line), and for water located inside AAOs
with pore diameter of 400 nm (red line) and 35 nm (blue line) at 230
K.

the 1H MAS NMR spectra of bulk hexagonal ice and of water
within AAOs with pore diameters of 400 and 35 nm are
compared at 240 and 230 K, respectively. Under conﬁnement, a
narrow signal around 5 ppm is observed which results from a
layer of liquid-like water coexisting with ice structures. In 400
nm pores the signal of the liquid-like water is signiﬁcantly
broader compared to the signal of the sample with 35 nm
pores. The line width of the liquid-like water is determined by
width of the chemical shift distribution of possible environments as well as by the exchange rates of the individual
molecules between those diﬀerent environments. Thus, the
local environments of the liquid-like water within 35 nm pores
is much more homogeneous, compared to that in the 400 nm
E
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pores. Moreover the NMR signal of the Ih ice structure in the
400 nm pore sample is observed as a broad peak at an average
chemical shift δ ≥ 5 ppm. In AAO with 35 nm pore size the
NMR signal of the Ic structure is signiﬁcantly more narrow and
is observed in the spectrum at an average chemical shift δ ≤ 5
ppm. Both ice structures under conﬁnement appear to be more
ordered than bulk hexagonal ice, as indicated by the
substantially narrower chemical shift distribution of the former.
In addition, 1H MAS NMR measurements provide valuable
information on the state of supercooled water in the smaller
pores. The question here is how similar (or diﬀerent)
supercooled water within pores is when compared to bulk
water. Despite the fact that bulk water is measured at 275 K,
whereas undercooled water is measured at 250 K, it can be seen
(Figure 7) that the line width of supercooled water within the

dipolar orientational correlations. The main relaxation process
under conﬁnement has an activation energy of 44 ± 2 kJ/mol.
The relaxation times and activation energy of this process agree
with the relaxation times and activation energy within Ic, the
latter prepared through a completely diﬀerent route. This
agreement of dynamics suggests some unique features of cubic
ice irrespective of “preparation” method (conﬁnement vs
pressure).
1
H MAS NMR measurements provided new insight in the
state of ice structures as well as of supercooled water. Under
conﬁnement, a narrow signal around 5 ppm is observed which
results from a layer of liquid-like water coexisting with ice
structures. In addition, both ice structures under conﬁnement
appear to be more ordered than bulk hexagonal ice.
Supercooled water in the smaller pores is diﬀerent from bulk
water. It shows a shift of the signal toward higher chemical shift
values which may suggest stronger hydrogen bonding between
the water molecules or increasing interactions with the AAO
walls.
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IV. CONCLUSION
Conﬁning water within AAO pores results in a transformation
from heterogeneous nucleation of hexagonal ice in the larger
pores to homogeneous nucleation of predominantly cubic ice in
the smaller pores. The cubic ice thus formed is the equilibrium
crystal structure. Dielectric and IR spectroscopy agree in
identifying the temperature interval and pore size dependence
of the transformation. In addition, dielectric spectroscopy
revealed that conﬁnement signiﬁcantly alters the dynamics.
This is manifested in the bimodal relaxation, the broadening of
relaxation spectra, the slower dipolar dynamics, and the weaker
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35 nm pores is signiﬁcantly broader as compared to that of bulk
water. The line width of liquid water is determined by the
chemical shift distribution of all populated states of water
molecules in the liquid state, as well as from the exchange rate
of the molecules between those diﬀerent states. Moreover,
diﬀerences in the dipolar dephasing eﬃciency of water, typically
expressed as T2 relaxation time, will contribute to the line
width of liquid water. At T = 222 K, predominantly cubic ice
as determined by X-ray diﬀraction studiescoexists with
liquid-like water of reduced mobility. Going from bulk water
at 275 K to conﬁned water at 250 K and to 222 K, the NMR
signal of the liquid-like water shifts toward higher ppm values
with decreasing temperature. The shift of the signal toward
higher chemical shift values indicates an electronic deshielding
of the time and ensemble averaged 1H sites, which may result
from a stronger hydrogen bonding between the water
molecules or from increasing interactions with the AAO walls.
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Figure 7. MAS spectra at a Larmor frequency of 20 kHz for bulk water
at 275 K and for supercooled water located inside AAO with a pore
diameter of 35 nm recorded at 250 K (red line) and of water/ice
mixture at 222 K (blue line).
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Matyjaszewski, K., Möller, M., Eds.; Elsevier BV, 2012; Vol. 2.32.
(37) Williams, G.; Watts, D. C. NMR Basic Principles and Progress,
1971; Vol. 4.
(38) Perakis, F.; Hamm, P. Two-dimensional Infrared Spectroscopy
of Supercooled Water. J. Phys. Chem. B 2011, 115, 5289−5293.
(39) Ford, T. A.; Falk, M. Hydrogen-bonding in Water and Ice. Can.
J. Chem. 1968, 46, 3579−3586.
(40) Li, F.; Skinner, J. L. Infrared and Raman Line Shapes for Ice Ih. I.
Dilute HOD in H2O and D2O. J. Chem. Phys. 2010, 132, 204505−11.
(41) Ockman, N. The Infra-red and Raman Spectra of Ice. Adv. Phys.
1958, 7, 199−220.
(42) Andersson, O.; Inaba, A. Dielectric Properties of Hhigh-density
Amorphous ice under pressure. Phys. Rev. B: Condens. Matter Mater.
Phys. 2006, 74, 184201−10.
(43) Bertolini, D.; Cassettari, M.; Salvetti, G. The Dielectric
Relaxation Time of Supercooled Water. J. Chem. Phys. 1982, 76,
3285−3290.
(44) Adams, D. J. Theory of the Dielectric Constant of Ice. Nature
1981, 293, 447−449.
(45) Swenson, J.; Cerveny, S. Dynamics of Deeply Supercooled
Interfacial Water. J. Phys.: Condens. Matter 2015, 27, 033102.

(10) Faraone, A.; Liu, L.; Mou, C. Y.; Yen, C. W.; Chen, S. H.
Fragile-to-Strong Liquid Transition in Deeply Supercooled Confined
Water. J. Chem. Phys. 2004, 121, 10843−10846.
(11) Liu, L.; Chen, S. H.; Faraone, A.; Yen, C. W.; Mou, C. Y.
Pressure Dependence of Fragile-to-Strong Transition and a Possible
Second Critical Point in Supercooled Confined Water. Phys. Rev. Lett.
2005, 95, 117802.
(12) Tombari, E.; Johari, G. P. On the State of Water in 2.4 nm
Cylindrical Pores of MCM from Dynamic and Normal Specific Heat
Studies. J. Chem. Phys. 2013, 139, 064507.
(13) Johari, G. P. Origin of the Enthalpy Features of Water in 1.8 nm
Pores of MCM-41 and the Large Cp Increase at 210 K. J. Chem. Phys.
2009, 130, 124518.
(14) Sattig, M.; Vogel, M. Dynamic Crossovers and Stepwise
Solidification of Confined Water: A 2H NMR Study. J. Phys. Chem.
Lett. 2014, 5, 174−178.
(15) Sattig, M.; Reutter, S.; Fujara, F.; Werner, M.; Buntkowsky, G.;
Vogel, M. NMR Studies on the Temperature-dependent Dynamics of
Confined Water. Phys. Chem. Chem. Phys. 2014, 16, 19229−19240.
(16) Colosi, C.; Costantini, M.; Barbetta, A.; Cametti, C.; Dentini, M.
Anomalous Debye-like Dielectric Relaxation of Water in Micro-Sized
Confined Polymeric Systems. Phys. Chem. Chem. Phys. 2013, 15,
20153−20160.
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