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ABSTRACT: In this study, the structure of nanoconfined ice and its behavior
during the melting process have been investigated. For this purpose, deionized
water was inserted into the pores of the ordered carbon structures CMK-3 and
CMK-8 having pores of different diameters. The first set of experiments was
performed using differential scanning calorimetry (DSC), from which the
melting transition temperature of the confined ice was determined. In order to
investigate the structure of ice formed inside the mesopores, wide-angle X-ray
scattering was used. The measurements were performed at temperatures from
173 K up to and above the pore melting point for each system. The results of
the XRD experiments showed features characteristic of both hexagonal, Ih, and
cubic, Ic, ice at temperatures below the melting point. The structure of the
confined ice corresponds to disordered stacking ice layers, ice Isd, and our
results agree well with recent simulations of X-ray diffraction of such ice
crystals by Murray and co-workers.

■ INTRODUCTION

Mesoporous materials find various applications in technolog-
ical, pharmaceutical, medical, ecological, and many others areas
due to their unique adsorptive properties. Especially ordered
mesoporous carbon structures fabricated with the nanocasting
method have attracted much attention due to their narrow pore
size distribution, high surface area, thermal stability, and the
possibility of controlling (to some extent) the shape and size of
the pores, in order to fulfill demands in certain applications. In
this work we report a study of ice structure in CMK
mesoporous carbons, which can be prepared having a range
of pore sizes.
Substances which are confined inside narrow cavities, exhibit

different kinds of behavior than in bulk. This phenomenon
occurs due to the size effect, wall forces, and competition
between fluid−fluid and fluid−wall interactions. For example,
the properties of confined water can be very different from
those of bulk water, and this phenomenon is not yet well
understood. One of the most interesting and well-known effect
of nanoconfinement is depression in the freezing temperature
of water.1−8 It was also shown that water confined in very small
pores (of diameter less than 1.6 nm) does not freeze even at
temperatures lower than 130 K.9 A further aspect of
nanoconfinement is the formation of novel ice structures inside
nanopores. Numerous investigations of water confined in
porous matrices (silica and carbon) have been per-
formed,6,7,10−14 using a variety of methods, and have provided
convincing evidence for the formation of ice structures other

than the hexagonal structure found in bulk ice at ambient
conditions. It has been shown that water confined in silica
nanopores crystallizes to the same structure as that found in
droplets.15−19 Other experiments have provided evidence that
this kind of structure can also be obtained during
recrystallization from high-pressure phases, by heating low-
density amorphous ice, by heating glassy aqueous solutions, or
by water vapor deposition on cold substrates.20−23 In the past,
this kind of ice was referred to as cubic, with symmetry Fd3m,
or as cubic with hexagonal faults. However, recent studies
suggest that what has been called cubic ice in the past does not
have a structure consistent with either the cubic crystal system
or with the hexagonal crystal system; the experimental
diffraction spectra differ from those calculated for cubic ice.
Instead, a stacking-disordered ice, Isd, has been introduced
recently.20,24−27 This metastable ice is neither cubic nor
hexagonal, and is not a simple mixture of the two, but a
combination of cubic sequences intertwined with hexagonal
sequences. Moreover, the stacking disorder may vary in
complexity depending on the way the ice is formed and on
the prevailing thermal conditions during this process.
In this work we present results of X-ray diffraction

measurements for ice confined in samples of similar surface
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chemistry: CMK-3 sample having pores of diameter D = 5.6 nm
and two CMK-8 samples having pores of diameters D = 4.8 nm
and D = 7.2 nm. The reason for choosing such samples for our
studies was the regular rod-like morphology of CMK materials
with ordered mesopores and their narrow pore size distribution.
The structures of these carbons are inverse replicas of the
ordered mesoporous silica and consist of two-dimensional (in
the case of CMK-3) or three-dimensional (in the case of CMK-
8) arrays of pure carbon nanorods. The pores of these carbons
are represented by the void space between regularly spaced
nanorods. The pore size of such materials can be tuned (over a
the small range) by changing the wall thickness of the silica
template. Thus, we were able to synthesize materials with
different pore sizes. This allowed us to study how the pore size
influenced the melting temperature and the structure of
confined ice. It must be noted that the melting behavior of
water confined in pores of these types of samples have been
investigated by Morishige et al.7 However, their studies were
focused on determination of the pore size dependencies of the
freezing and melting temperatures of the confined phase for the
pores with several different geometries by means of XRD
technique. It was shown that the melting point of frozen water
depends on the number of molecules (surface area to volume
ratio), not on the pore geometries. In their report, the ice was
called cubic with faults without quantitative analysis.
In contrast, the main aspect of our study was the

investigation of the pore size dependency of CMK-3 and
CMK-8 of the structure of confined ice. Our experiments were
conducted by using DSC and XRD techniques. The DSC
method was used for determination of the melting points as
well as calculation of the melting enthalpies.
In this work, for the first time, we report the formation of

stacking-disordered ice, which was identified as having the
space group P3m124 in pores of these types of carbon materials.

■ EXPERIMENTAL METHODS

Synthesis and Characterization of the Samples. The
ordered mesoporous carbon materials of type CMK-3 and
CMK-8 were obtained by using SBA-15 and KIT-6 (with
different pore diameters), respectively, as templates. The silica
matrices were synthesized by following the procedures reported
earlier.28,29 The calcinated products were impregnated with
furfuryl alcohol30 (with acid as catalyst) or glycerol as the
carbon source. The as-synthesized composites were subjected
to heating at 353 K and then at 433 K in air for 3 h of each
temperature. Then the sample was carbonized and sub-
sequently subjected to etching with water−hydrofluoric acid
solution and drying.28

The materials were characterized by several methods. Small-
angle X-ray scattering (SAXS, 2θ from 0° to 5°; transmission
setup) and wide-angle XRD (Bragg−Brentano geometry) were
carried out on PANalytical’s Empyrian diffractometer using Cu
Kα1 radiation of wavelength 0.154056 nm. Additionally,
transmission electron microscopy (HRTEM; Jeol ARM
200F) and nitrogen sorption analysis (Micromeritics ASAP
2020) techniques were used.
The periodicities of the nanostructured samples have been

analyzed by using a transmission setup for low-angle diffraction
measurement. The generator was operating at 45 kV and 40
mA. The data were collected in a range of 2θ from −0.11° up to
5.0° with a step size of 0.010°. The powder sample was
enclosed in circular transmission holders between thin X-ray

transparent foils. The background was measured by using an
empty sample holder (foil only).
The melting behavior of water confined in the carbon

mesopores was studied using DSC and temperature-controlled
XRD methods. The melting point in pores was determined by
DSC, and the structure of confined ice was analyzed using
XRD.
A PerkinElmer DSC 8000 advanced double-furnace differ-

ential scanning calorimeter was used to determine the melting
temperatures of confined ice by measuring the heat released
during the melting process. The range of temperatures was
from 173 to 313 K, and the heating rate was 10 K/min. As a
result of the DSC experiment, we have obtained a thermogram
showing endothermic peaks. These peaks can be characterized
by a peak temperature, an onset temperature, and an offset of
the thermal event. Because the peak temperature may be shifted
due to the heating rate or the sample preparation, we
determined the melting temperature from the onset.31 It is
defined as the intersection of the tangent of the peak with the
extrapolated baseline. Instead of determining the onset
graphically, for better precision, we calculated the derivative
of the thermogram. The minimum of the derivative curve
corresponds to the onset, because it indicates the place where
the argument changes in the fastest way, thus indicating the
tangent to the peak. The minimum of the derivative indicates
the melting temperature of ice.
The DSC technique was also used for evaluation of the

enthalpy change of this transformation. This was done by
integrating the area under the DSC peak and dividing the value
obtained by the mass of water contained in the pores of the
carbon sample. The calculations were performed by incorpo-
ration of PerkinElmer’s Pyris software.
The structure of the confined ice was investigated using an

Empyrean diffractometer equipped with a TTK 450 low-
temperature chamber for powder X-ray diffraction studies in
reflection geometry. The X-ray diffraction data were acquired in
a range of 2θ from 5° to 90° continuously with a step of
0.0066°. Each sample was placed in a capillary tube of 1 mm
diameter which was tightly sealed and which was rotated during
the experiment. The first X- ray diffraction spectrum was
recorded at room temperature (RT). Then the sample was
cooled to 173 K and stabilized for 30 min, so that the
measurement could be performed. Further measurements on
the samples were performed on the heating cycle, at different
temperatures below and above the melting temperatures of
confined ice inside the pores (as determined by the DSC
method). Additionally, the XRD experiment has been
performed for bulk H2O (capillary filled only with water) at
temperatures of 173 and 300 K (RT). Also, an empty capillary
tube and a capillary filled with a dry carbon sample have been
measured in order to exclude their contribution to the final
results.
Before the experiment, each of the carbon samples was

degassed (heated at 473 K) for several hours in order to
remove air and any contamination. In the next step, the sample
was placed inside a desiccator, above a container filled with
deionized water. The desiccator was sealed after using a
prevacuum pump for several minutes. Then, the sample was
subjected to a vapor deposition process for several days (3−4).
During this process, the mass increment of the sample was
monitored. After 3 days, the mass of the sample stopped
changing (the pores were fully filled).
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■ RESULTS

Characterization of the Pores. Nitrogen adsorption and
desorption isotherms were measured at 77 K. The isotherms,
which were obtained for both types of samples (Figure 1a), can
be classified as being of type IV (according to the IUPAC
classification) while the sharp capillary condensation step at
high relative pressures is characteristic of a narrow pore size
distribution.43 Also, these isotherms reveal a type H2
adsorption hysteresis loop, which indicates the presence of
uniform, interconnected mesopores.32 According to the
literature recommendations33−36 the specific surface area was
calculated by the BET (Brunauer−Emmett−Teller) method,
while pore volume and pore size distribution (PSD) were
derived by Barrett, Joyner, and Halenda (BJH) method. The
results are summarized in Table 1.

The results of the small-angle X-ray scattering pattern
confirm that the structure of the carbon sample is regular. For
CMK-3 (Figure 2a), three well-resolved peaks are observed,
indexed as (100), (110), and (200), which are associated with
hexagonally arranged carbon nanorods belonging to space
group P6mm. In the case of CMK-8 (Figure 2b), the XRD
peaks (211) and (220) can be assigned to the structure with
cubic Ia3d symmetry.32 The regular structures of CMK-3 and
CMK-8 are also confirmed in TEM micrographs (Figure 2c,e,
respectively).
In addition, the experimental curve obtained from the wide-

angle XRD experiment exhibits (Figure 2d) two broad peaks:
the first one, (002), results from stacks of parallel layer planes at
2θ = 23°, and the second one, (101), results from the regular
structure within the individual layer plane segments at 2θ =
43.4°. These types of reflections are characteristic for the
carbon clusters, which consist of small fragments of graphene
planes and also of some disordered carbon.37

DSC Results. DSC measurements were performed in order
to determine the melting temperature of confined ice in each
sample: CMK-8 (D = 4.8 nm), CMK-3 (D = 5.6 nm), and
CMK-8 (D = 7.2 nm). In Figure 3, we show the DSC
thermogram representing the melting process of ice located
inside the pores of the sample CMK-3 of 5.6 nm diameter. The
endothermic peak occurs at a temperature of ∼256.8 K which
corresponds to the melting temperature of the confined ice.
The ice−water phase transition shift, with respect to the phase
transition of bulk ice, is thus ΔT = Tmb − Tmp = −16.5 K
(where Tmb and Tmp stand for melting temperature of bulk ice
and melting temperature of confined ice, respectively). The
absence of an endothermic peak at a temperature of 273 K
proves that there is no bulk H2O in the sample. Gray circles on
the DSC curve indicate the temperature points at which the
XRD measurements were performed.
The DSC results obtained for all three samples are presented

in Figure 4. On each DSC curve only one endothermic peak
appears, and because it happens at temperatures below 273 K, it
is associated with the solid−liquid transition of confined ice.
The melting points have been determined from the derivatives
(as shown in Figure 3), and they are summarized in Table 2.
The DSC results indicate that the smaller the pore size is of the
constricting sample, the lower the melting temperature of
confined ice. This dependency is presented in Figure 5 where
the phase transition shift is plotted as a function of the
reciprocal of the pore diameter 1/D.
For sufficiently large pores, the melting behavior of confined

substances can be described by the Gibbs−Thomson equation
of classical thermodynamics,39,40 which predicts that the shift of
the melting point is given by

γ γ ν
λ

−
=

−T T

T D

1( )mp mb

mb

WS WL L

b (1)

where ϒ is interfacial tension, vLis the molar volume of the bulk
liquid (water here), and λb is the latent heat of melting of the
bulk liquid water; W, S, and L refer to the pore wall, solid ice on
the pore wall, and liquid water on the pore wall, respectively.
Equation 1 does not account for the effect of the wall forces at
the nanoscale but is expected to be valid for very large pores.
Equation 1 predicts that a plot of (Tmp − Tmb) versus inverse
pore diameter should be linear. However, as seen in Figure 5
the Gibbs−Thomson equation breaks down for smaller pores

Figure 1. (a) N2 adsorption−desorption isotherms measured at 77 K, shifted by the values of 1000 cm3/g for CMK-3 (D = 5.6 nm) and 2000 cm3/g
for CMK-8 (D = 4.8 nm); (b) pore size distribution calculated for the samples.

Table 1. Summary of N2 Sorption Analysis Obtained for
Mesoporous Carbon Samples

sample D (nm)a V (cm3 g−1)b SBET (m2 g−1)c

CMK-3 5.6 1.83 1211
CMK-8 4.8 2.00 1327
CMK-8 7.2 2.96 1361

aD = pore diameter. bV = pore volume. cSBET = specific surface area.
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and is in serious error for pore diameter below 10 nm (about 32
molecular diameters). Similar results showing the breakdown of
the Gibbs−Thomson equation have been reported38 for other
adsorbate−adsorbant systems.
The values of enthalpy changes, ΔH, for the melting

transition of ice located in pores of carbon samples were
determined. The values of ΔH calculated for ice located inside
carbon mesopores for CMK-8 (D = 4.8 nm), CMK-3 (D = 5.6
nm), and CMK-8 (D = 7.2 nm) are 1.2; 1.2, and 1.4 kJ mol−1,

respectively (see also Table 2). These values differ from the
values of the enthalpy change for the hexagonal ice−liquid
transition (ΔHh = 6.01 kJ mol−1) and the enthalpy change for
the cubic−hexagonal transition (ΔHc), which vary from 23 to
160 J mol−1,21,22,41 and suggest the existence of the ice−liquid
transitions between a novel, well-defined ice structure and
liquid.

Figure 2. Results of the characterization of ordered mesoporous carbon samples: (a) small-angle XRD patterns obtained for CMK-3; (b) small-angle
XRD patterns obtained for CMK-8; (c) transmission electron microscopy image of CMK-3; (d) wide-angle XRD diffraction for CMK-8; (e)
transmission electron microscopy image of CMK-8.

Figure 3. DSC scan for H2O in CMK-3 and its derivative. Gray circles
indicate the temperatures at which the XRD measurements were
performed. Figure 4. DSC scans obtained for H2O confined in pores of different

carbon samples.
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■ RESULTS AND ANALYSIS OF XRD
MEASUREMENTS

For analysis of the structure of ice confined in CMK-3 (D = 5.6
nm) and two samples of CMK-8 (D = 4.8 nm and D = 7.2 nm,
respectively), the temperature-controlled wide-angle XRD
method was used. The wide-angle XRD results for the empty
capillary and the dry carbon sample, obtained at temperatures
173 K and RT, are presented in Figure 6. As follows from

Figure 6, the experimental curves do not change significantly
over the whole range of temperature. In each case, there is a
maximum visible in the range 2θ = 20−40°, which originates
from the amorphous structure of the borosilicate walls of the
capillary, which dominates for the carbon samples.
The XRD results for bulk H2O (capillary filled with water)

are presented in Figure 7. The diffraction pattern obtained at
173 K (purple color) has been compared with the database
ICDD (PDF No. 00-42-1141; green color). The positions and
the relative intensities of the peaks obtained are consistent with
the reference pattern; bulk ice possesses hexagonal symmetry
(P63/mm). The same sample was also measured at RT. In this
case the crystalline peaks were not observed. Only a large bump
was visible in the range from 15° to 50°, which is typical for the
liquid state.

The results of the XRD experiment obtained for ice confined
in CMK-3 (5.6 nm), are shown in Figure 8. The measurements
were performed at temperatures 173, 213, and 268 K and at
RT. Different colors are given to the experimental curves
corresponding to the temperatures at which measurements
were taken. The dashed pink line indicates the melting
temperature of the confined ice, determined by the DSC
method.
As seen from Figure 8, clear crystalline patterns are observed

in the case of data which were recorded at temperatures of 173
and 213 K, that is, at temperatures which correspond to the
solid phase of H2O contained inside the pores of CMK-3 (D =
5.6 nm). Both of these XRD patterns are the same, which
indicates that the structure of ice is stable in this range of
temperatures. On the other hand, none of these diffraction
peaks are observed at temperatures above Tmp = 256.8 K, which
indicates that the ice melted, in agreement with the DSC
measurements. It can be concluded that the XRD patterns
obtained at temperatures 173 and 213 K refer only to the
confined ice inside the pores of the sample. For further
structural analysis, the diffraction pattern obtained at the
temperature of 173 K was chosen.
Analysis of the XRD data was performed by incorporation of

PANalytical’s High Score Plus software. The intensities and the
peak positions of the resulting XRD patterns are presented in
Figure 9a. As can be seen, there are three main peaks at
positions of 22.79°, 24.21°, and 25.80° (marked with the
orange lines). According to the database ICDD (PDF No. 00-
42-1141) these peaks can be assigned to the (100), (002), and
(101) planes in a hexagonal crystalline structure (green color).
The reference peaks for this hexagonal structure (P6/mm)
according to this database should have relative intensities
following the order 100%, 54%, and 58%, respectively. In our
experimental data, however, the relative intensities are 52.63%,
100%, and 15.76% for the corresponding aforementioned
crystalline peaks.
The shift in relative intensity suggests the existence of a

secondary phase of ice in the sample. The peak position of the
cubic form coincides with lines of the hexagonal structure.
Therefore, in a mixture of these two phases, the cubic form can
be found only by analysis of the ratio of the peak intensities.

Figure 5. Melting temperature shift of ice with respect to the melting
point for bulk ice as a function of 1/D.

Figure 6. X-ray diffraction results for the empty capillary tube and for
the capillary filled with dry CMK-3, measured at temperatures 173 and
300 K (RT).

Figure 7. XRD spectra for H2O obtained at temperatures RT (dark
blue) and 173 K (purple) compared to the reference pattern for
hexagonal ice (green).

Journal of Chemical & Engineering Data Article

DOI: 10.1021/acs.jced.6b00607
J. Chem. Eng. Data 2016, 61, 4252−4260

4256

http://dx.doi.org/10.1021/acs.jced.6b00607


The analysis was performed with accordance to the literature
recommendation.15,24,42 As follows from the database ICDD
(PDF No. 04-007-0610), a peak which appears at 24.22° is the
most intense in the spectrum (Figure 9a, red color) and can be
assigned to the (111) plane of the cubic structure with the
space group Fd3m.42 The software HighScore Plus was used to
carefully fit both intensities and peak positions and to assess the
contribution of hexagonal ice and cubic ice in the investigated
sample. As a result, it was concluded that the ice confined in
pores of CMK-3 (D = 5.6 nm) contains a mixture of 59%
hexagonal ice and 41% cubic ice, with no other crystalline
phases present.
The structure of the ice formed inside pores of the other

carbon samples were analyzed in the same way. The results

obtained for ice in CMK-8 (D = 4.8 nm) and CMK-8 (D = 7.2
nm) are presented in Figure 10 and Figure 11, respectively.
All of the experimental curves present well-resolved

diffraction patterns, which vary between each other, suggesting
the coexistence of a different combination of Ic and Ih. In
general, the higher the intensity of the peak is at position 24.22°
with respect to those at 22.7° and 25.83° positions, the greater
the content of Ic in the ice crystal.
The calculated content of Ic and Ih for each of the samples,

and the corresponding values of the melting points (which have
been determined from the derivatives), are summarized in
Table 2.
It seems that in the case of ice formed inside pores of CMK-3

and CMK-8 samples, the quantity of cubic ice Ic increases when
the pore diameter gets smaller. In order to visualize this

Figure 8. XRD spectrum for H2O confined inside the pores of CMK-3 (D = 5.6 nm) measured at different temperatures. The dashed line indicates
the melting temperature of confined ice (determined by DSC method).

Figure 9. (a) Intensity and peak positions of the experimental XRD patterns obtained for H2O in CMK-3 (D = 5.6 nm) at 173 K (orange), and the
positions of the peaks for hexagonal (green) and cubic (red) ice structures, respectively; (b). quantification of the hexagonal and cubic ice fractions
calculated by using PANalytical’s Highscore Plus software.
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dependency, the calculated values of Ic content in each sample
have been plotted against their pore width, D (Figure 12). Also,
the Ic content as a function of ΔT is presented in Figure 13.
Similar dependences were obtained by Morishige et al., who
studied the structure of ice confined in cylindrical silica
nanopores of various pore sizes.44

Based on our experimental results, we can confirm that the
solid phase of ice formed inside the nanopores possesses a
complicated structure, different from that of bulk ice. However,

we can only approximately assess the quantity of these two
fractions.

Figure 10. (a) Intensity and peak positions of the experimental XRD patterns obtained for H2O in CMK-8 (D = 4.8 nm) at 173 K (orange), and
positions of the peaks for hexagonal (green) and cubic (red) ice structures, respectively; (b) quantification of the hexagonal and cubic ice fractions
calculated by using PANalytical’s Highscore Plus software.

Figure 11. (a) Intensity and peak positions of the experimental XRD patterns obtained for H2O in CMK-8 (D = 7.2 nm) at 173 K (orange), and
positions of the peaks for hexagonal (green) and cubic (red) ice structures, respectively; (b) quantification of the hexagonal and cubic ice fractions
calculated by using PANalytical’s Highscore Plus software.

Table 2. Melting Temperature Shift of Confined Ice and the
Percentage Composition of Phases (Cubic and Hexagonal
Ice) Depending on the Pore Size of the Sample

composi-
tion (%)

carbon sample D (nm) ΔTmp (K) Ic Ih ΔH (kJ mol−1)]

CMK-8 4.84 −20.5 43 57 1.2
CMK-3 5.6 −16.5 41 59 1.2
CMK-8 7.21 −11 37 63 1.4

Figure 12. Content of cubic ice Ic in the confined ice versus D.
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In the bulk phase at ambient pressure ice has been observed
to exist in two crystalline forms: stable hexagonal ice Ih and
metastable cubic ice Ic. While the stable hexagonal ice is the
most common crystal form occurring in the bulk phase below
273 K, the structure of the metastable form of bulk ice seems to
be still ambiguous. Morishige et al. suggested that this form of
ice may be composed of very small crystallites of hexagonal ice
that contains a large amount of growth faults, depending on the
crystallite size; that is, ice with disordered stacking sequence.44

Recently, Malkin et al.24 argued that what has been called cubic
ice in the past does not have a structure consistent with the
cubic crystal system. Instead, their new theory predicts that
when a water droplet freezes, a two-dimensional nucleation
process occurs. As a result, the layers of hexagonal and cubic ice
structures grow alternately in the crystal (in various
combinations), so the resulting ice is made up of a combination
of intertwined cubic and hexagonal stacking sequences. Such a
solid is not just a simple binary mixture consisting of Ih and Ic
fractions and does not possess either cubic or hexagonal
symmetry.20,24,26,27,44 Recently the existence of disordered ice
was reported for water in nanoporous and alumina.45 The name
proposed for this complex structure was proposed disordered
stacking ice, Isd. It was also found24 that when water droplets
freeze at a lower temperature, the resultant ice possesses a
higher fraction of the cubic sequences. This is a consequence of
in-layer competition between hexagonal and cubic stacks during
cross-nucleation. It was hypothesized that ice which initially
forms at higher temperatures is also stacking-disordered, but
freezing at these conditions can provide an opportunity for the
ice to anneal, leading to ice which is structurally closer to ice Ih.
In our results reported here we find a depression of the

freezing/melting temperature of water due to confinement,
with this effect becoming more pronounced as the pore
diameter is reduced. At the same time, this decrease in the
transition temperature with decreasing pore size is accom-
panied by an increase in the proportion of cubic ice, Ic (Table 2
and Figures 12 and 13). This finding appears to be in accord
with the proposal of Malkin et al.,24 that when freezing occurs
at a higher temperature (larger pores in our case), an annealing
process can occur, leading to ice possessing more Ihsequences.

■ CONCLUSIONS
Our DSC studies indicate a reduction in the melting
temperature of water due to confinement in the pores of the

ordered carbons CMK-3 and CMK-8, the effect becoming
more pronounced as the pore diameter decreases. The results
show that the Gibbs−Thomson equation breaks down for
smaller pores and is in serious error for pore diameters below
about 10 nm. Similar results showing the breakdown of the
Gibbs−Thomson equation have been reported38 for other
adsorbate−adsorbent systems.
Wide-angle X-ray scattering measurements for these systems

were made for temperatures below the bulk melting point. For
temperatures below the pore melting temperature the
diffraction spectra showed features of both hexagonal ice, Ih,
and cubic ice, Ic. We were able to assess quantitatively the
relative contributions of Ic and Ih by analysis of the
experimental data with the patterns listed in the database
HighScore. Our results indicate the existence of disordered
stacking ice, Isd, in the pores and show that the proportion of Ic
increases as the pore diameter is reduced. This observation
appears to be consistent with that by Malkin et al.,24 who found
a similar increase in ice Ic in liquid water drops as the freezing
temperature was reduced.
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