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We report a study of the effects of confinement in multi-walled carbon nanotubes and

mesoporous silica glasses (SBA-15) on the solid structure and melting of both H2O and D2O ice,

using differential scanning calorimetry, dielectric relaxation spectroscopy, and neutron diffraction.

Multi-walled nanotubes of 2.4, 3.9 and 10 nm are studied, and the SBA-15 studied has pores of

mean diameter 3.9 nm; temperatures ranging from approximately 110 to 290 K were studied. We

find that the melting point is depressed relative to the bulk water for all systems studied, with the

depression being greater in the case of the silica mesopores. These results are shown to be

consistent with molecular simulation studies of freezing in silica and carbon materials. The

neutron diffraction data show that the cubic phase of ice is stabilized by the confinement in

carbon nanotubes, as well as in silica mesopores, and persists up to temperatures of about 240 K,

above which there is a transition to the hexagonal ice structure.

Introduction

Water confined in a nanoscale environment exhibits unique

properties, and has been the subject of much attention. Of

particular interest have been the effects of phase transitions on

water in confined systems,1–5 structure of water and ice in

nanopores6–9 and dynamical properties of water in one-dimen-

sional pores.9–12

The structure of water in nanopores has not been as fully

explored as that of bulk water. There are at least 13 ice

polymorphs of bulk water. The phase diagram of ice exhibits

many different crystal forms depending on local molecular

correlations that influence the ordered arrangement of hydro-

gen-bonded configurations. In addition to these stable struc-

tures there are also a number of metastable states, which

depend on less ordered hydrogen-bond arrangements. The

inter-relation of these various structures has been a source of

difficulties in establishing the complex behavior of the solid

state of confined water.

I. Methods

In this paper we report experimental studies of the melting

transition for D2O and H2O water confined in opened multi-

wall carbon nanotubes (MWNT) having average inner dia-

meters of 2.4, 3.9 and 10 nm, produced and characterized by

NANOCYL Co., Belgium. Differential scanning calorimetry

(DSC) and dielectric relaxation spectroscopy (DRS) were used

to determine the melting temperature of confined H2O and

D2O water. The structure of the confined ice was determined

by neutron diffraction (ND). In the neutron scattering experi-

ments we used D2O water to avoid the complications of

incoherent scattering and inelasticity corrections that arise in

the case of H2O. The MWNT samples were heated to about

400 K and kept under vacuum (10�3 Tr) for a few days to

remove the air prior to and during the introduction of the

water. In our experiments we have used D2O (100% deuter-

ium) from Sigma. The H2O water samples were distilled and

demineralised using a Millipore apparatus. The conductivity

of the purified water was on the order of 10�6 O�1 m�1.

Differential scanning calorimetry

A Netzsch DSC204 Phoenix differential scanning calorimeter

(DSC) was used to determine the melting temperatures of the

bulk and confined water by measuring the heat released in the

melting of D2O water. Temperature scanning rates of 2–5 K

min�1 were used in the experiments. The melting temperatures

were determined from the position of the peaks of the heat

flow signals during the warming process and were reproducible

to within 0.5 K.

Dielectric relaxation spectroscopy

The melting of D2O confined in MWNTs has also been

investigated by dielectric relaxation spectroscopy (DRS), as

described elsewhere.13–17 The dielectric constant is a natural

choice of order parameter to study melting of dipolar liquids,

because of the large change in the orientational polarizability

between the solid and the liquid phases.17,18 The complex

electric permittivity, k ¼ k0 þ ik00 where k0 ¼ C/C0 is the real,

and k00 ¼ tan(d)/k0 is the complex, part of the permittivity, was

measured in the frequency interval 106–10 MHz at different

temperatures using a Solartron 1260 impedance gain analyzer,

with a parallel plate capacitor made of stainless steel. Here C is

the electric capacitance, C0 is the capacitance in the absence of

the dielectric medium, and d is the angle by which the current

leads the voltage due to dielectric loss. In order to reduce the

a Institute of Physics, Adam Mickiewicz University, Umultowska 85,
61-614 Poznan, Poland. E-mail: msb@amu.edu.pl

bDepartment of Chemical and Biomolecular Engineering, North
Carolina State University, 911 Partners’ Way, Raleigh, NC 27695-
7905, USA. E-mail: keg@ncsu.edu

This journal is �c the Owner Societies 2008 Phys. Chem. Chem. Phys., 2008, 10, 4909–4919 | 4909

PAPER www.rsc.org/pccp | Physical Chemistry Chemical Physics



high conductivity of the sample, which was placed between the

capacitor plates as a suspension of water-filled MWNTs in

pure liquids, the electrodes were covered with a thin layer of

Teflon. From the directly measured capacitance, C, and the

tangent loss tan(d), the values of k0 and k00 were calculated for

the known sample geometry. The temperature was controlled

to an accuracy of 0.1 K using a platinum resistor Pt (100) as a

sensor and a K30 Modinegen external cryostat coupled with a

N-180 ultra-cryostat.

For an isolated dipole rotating under an oscillating field in a

viscous medium, the Debye dispersion relation is derived in

terms of classical mechanics

k* ¼ kN0 þ (ks0 þ k0)/(1 þ iot) (1)

Where o is the frequency of the potential applied, and t is the
orientational relaxation time of a dipolar molecule. The sub-

script s refers to the static permittivity, i.e. the permittivity in

the low frequency limit, when the dipoles have enough time to

be in phase with the applied field. The subscript N refers to

the high frequency limit of the permittivity, and is a measure of

the induced component of the permittivity. The dielectric

relaxation time was calculated by fitting the dispersion spec-

trum of the complex permittivity near resonance to the Debye

model of orientational relaxation.

Neutron diffraction

Neutron diffraction experiments have been performed using

the DN-2 diffractometer at the IBR-2 pulsed reactor in the

Frank Laboratory of Neutron Physics in Dubna, Russia,

using an incident wavelength of 2 Å. The DN-2 is a multi-

purpose time-of-flight diffractometer with an dhkl interplanar

spacing range from 0.6 to 20 Å (average resolution Dd/d B
2%), and neutron flux at the sample of B107 n cm�2 s�1). The

scattering angle, 2y B 1621, was fixed. The sample in a

vanadium container (with diameter 5 mm, height 15 mm)

was cooled to about 100 K and then warmed to 300 K.

Structure refinement was carried out using the FullProf pro-

gram based on the multi-phase Rietveld analysis method.19–21

The Rietveld refinement is a structure refinement method

which does not use integrated neutron powder intensities,

single or overlapping, but employs directly the profile inten-

sities obtained from step-scanning measurements of the pow-

der diagram. Nuclear, as well as magnetic structure can be

refined, with the assumption of the Gaussian peak shape for

each Bragg peak.

II. Experimental results

Water in carbon nanotubes

The melting temperatures of water confined in MWNTs with

inner diameters of 2.4, 3.9 and 10 nm were determined using

both DSC and DRS. The measurements were performed for

both H2O and D2O water, as D2O is used in the neutron

scattering experiments. Results of the measurements of C for

bulk H2O and D2O water during the heating process as a

function of T and at a frequency of 0.6 MHz are shown in

Fig. 1. There is a sharp increase in C at T ¼ 273.1 K for H2O

and at 276.9 K for D2O water, the melting points of the pure

substances, due to the contribution to the orientational polar-

ization14,15 in the liquid state from the permanent dipoles. In

the frequency interval studied we could only detect the low

frequency relaxation of water.

Analysis of the Cole–Cole representation of the complex

capacity for solid H2O and D2O water has shown that the

relaxation observed can be approximated by a symmetric

distribution of relaxation times described formally by the

Cole–Cole eqn (1). Examples of the experimental results and

the fitted curves are given in Fig. 2 and 3 for the D2O bulk

solid phase at 238 and 128 K, respectively. From the plot of k0

and k00 vs. log o (Fig. 2 and 3), the relaxation time can be

calculated as the inverse of the frequency o corresponding to a

saddle point of the k0 plot or a maximum of the k00 plot. An

alternative graphical representation of the Debye dispersion

equation is the Cole–Cole diagram in the complex k* plane

Fig. 1 Capacitance C vs. temperature for H2O and D2O water.

Fig. 2 (a) Spectrum plot for D2O at 238 K (the solid and the dashed

curves are fits to the real and imaginary parts of k); (b) representation
of the spectrum plots in the form of a Cole–Cole diagram for D2O at

238 K.
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(Fig. 2b and 3b ). Each relaxation mechanism is reflected as a

semicircle in the Cole–Cole diagram. From the plot of k00 vs.
k0, the value of t is given as the inverse of the frequency at

which k00 goes through a maximum. Fig. 4 presents the

variation of the relaxation time with temperature for bulk

H2O and D2O water obtained from fitting eqn (1) to the

dispersion spectrum. In the solid phase of H2O and D2O

(below 273.1 and 276.9 K, respectively), our measurements

showed the ordinary ice to have a single relaxation time of the

order of 10�5–10�3 s in the temperature range from 273 to

about 180 K for H2O, and 193 K for D2O. This result is

consistent with other results,15,22 and typical of the hexagonal

form of ice.22 At temperatures of about 190 K for D2O, and

170 K for H2O, a drastic change in the value of the relaxation

time is observed, suggesting a transition to a form of ice that is

different from hexagonal. It is known from the ice phase

diagram that a transition from the metastable cubic Ic form

of ice to hexagonal Ih ice is observed in the temperature range

170–200 K at ambient pressure. Cubic ice crystals convert

irreversibly, but very slowly, to hexagonal ice, with up to 50 J

mol�1 heat evolutions. In contrast to Ih ice, water molecules in

Ic ice have a staggered arrangements of hydrogen bonding

with respect to all of their neighbors, rather than with 3/4 of

them as for Ih ice. The result is that the density for Ic ice is

almost the same as for Ih ice. The packing efficiency of the

cubic ice is about 1/2, while the Ih ice possesses a fairly open

low-density structure with a packing efficiency of about 1/3.

We can conclude that the much faster relaxation process

observed for H2O and D2O ice at temperatures below

170–190 K (Fig. 4) describes the relaxation of the cubic form

of H2O and D2O.

In Fig. 5 the capacity C is presented as a function of

temperature for D2O water confined in MWNTs, for dia-

meters of 2.4 and 3.9 nm. For comparison, we also show the

results for the pore melting temperature for H2O water in

MWNTs of diameter 3.9 nm. Since the samples studied are a

suspension of water-filled carbon nanotubes in pure water, the

signals contain contributions of both bulk and confined water.

In Fig. 5a the feature observed at T ¼ 276.9 K in the capacity

C vs. temperature plot was found at the same temperature for

D2O water adsorbed on pristine MWNTs. Since the latter are

essentially closed, this discontinuity is associated with the

melting point of bulk D2O water. By contrast, the sharp

increase at T ¼ 271.6 K in Fig. 5a is attributed to melting in

the pores. The shift of the melting temperature of D2O water

in the MWNTs relative to the bulk is: DT ¼ Tbulk � TMWNT ¼
5.3 K. In Fig. 5c the function C(T) for H2O water in MWNTs

of diameter 3.9 nm is presented. The pore melting point is

attributed to a sharp increase of the C(T) function at 269 K.

The depression of the pore melting point relative to the bulk is

DT ¼ 4.1 K. For D2O water in MWNTs of diameter 3.9 nm

(Fig. 5b) DT ¼ 4.4 K, so the depression of the melting point

for pores of the same diameter is similar for H2O and D2O.

The C(T) function for H2O in MWNTs of diameter 10 nm

presented in Fig. 5d shows only one transition point, observed

as a discontinuity of C(T) at 273 K, related with the bulk

melting point. It suggests that the melting temperature in the

pores is almost the same as the bulk melting point, and that the

water in carbon nanotubes of 10 nm diameter has a similar

molecular arrangement to that of the bulk liquid. Fig. 5e

presents the function C(T) for empty carbon nanotubes. The

linear temperature dependence of C over the whole tempera-

ture range confirms that the effects observed in Fig. 5a–d result

from the liquid in the pores.

Similar results were obtained using the DSC method. The

melting temperatures were determined from the position of the

peaks of the heat flow signals on heating and were reprodu-

cible to within 0.5 K. An example of such a DSC scan,

corresponding to the melting of D2O water in MWNTs of

diameter 2.4 nm is presented in Fig. 6a. The large endothermic

peak at 276.9 K corresponds to the melting of the bulk D2O

water, so the pores are fully filled. In addition, a second peak

at 271.4 K is observed, which can correspond to the melting of

D2O water in MWNTs; the melting temperature of D2O

adsorbed in MWNTs is shifted towards lower temperatures

Fig. 3 (a) Spectrum plot for D2O at 128 K (the solid and the dashed

curves are fits to the real and imaginary parts of k); (b) representation
of the spectrum plots in the form of a Cole–Cole diagram for D2O

at 128 K.

Fig. 4 Dielectric relaxation time t vs. for bulk D2O and H2O water.
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by about 5.4 K relative to that of the bulk D2O water. In

Fig. 6b DSC scans for H2O and D2O water in MWNTs of 3.9

nm diameter are presented. The large peaks correspond to the

melting of the bulk H2O and D2O, and second peaks at

temperatures of 269.1 and 272.1 K indicate the melting points

in pores of H2O and D2O water, respectively. The shift of the

melting temperature, DT, for H2O is DT ¼ 4 K, and for D2O is

DT ¼ 4.4 K, and is about 1.4 K lower than for water in

MWNTs of 2.4 nm diameter. For water in MWNTs of 10 nm

diameter we do not observe a separate and distinct pore

melting point (Fig. 6c).

Analysis of the Cole–Cole representation of the complex

capacity for H2O and D2O water in MWNTs of 3.9 nm

diameter at various temperatures is shown in Fig. 7. On the

base of the results given above, it can be assumed that ice

confined in MWNTs of 3.9 nm diameter melts at 268.4 and

272.1 K for H2O and D2O water, respectively; in the tempera-

ture range 269.1–273 K (for H2O), and 272.1–276.9 K (for

D2O), water should be present in the bulk crystal phase and

also as liquid in the pores. Fig. 7–9 present the spectrum plot

(k0, k00 vs. o) for D2O water confined in MWNTs of 3.9 nm of

diameter at three different temperatures. The spectrum in

Fig. 7a for 274 K represents two relaxation mechanisms, as

indicated by the two inflection points in k00, characterized by

relaxation times of the order of 10�2 s and 10�5 s. The

corresponding Cole–Cole diagram is shown in Fig. 7b. In

the presence of dipolar constituents, one or more absorption

regions are present, not all of them necessarily associated with

the dipolar dispersion. At the lowest frequencies (especially

about 1 KHz), a large k00 value arises from the conductivity of

the medium, and interfacial (Maxwell–Wagner) polarization is

found if the system is not in a single homogeneous phase. For

Fig. 5 Capacitance C vs. temperature for: (a) D2O water placed in a MWCN of diameter 2.4 nm, (b) D2O water in a MWCN of diameter 3.9 nm,

(c) H2O water placed in a MWCN of 3.9 nm, (d) H2O water in a MWCN of 10 nm diameter, (e) empty MWCNs of diameters 2.4 and 3.9 nm.
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water, a homogeneous medium whose conductivity is of the

order of 10�6 O�1 m�1, the absorption region observed for the

frequency 1 KHz is related to the conductivity of the medium.

The Joule heat arising from the conductivity contributes to a

loss factor kconductance00, so that the value at low frequency is:

ktotal00 ¼ kdielectric00 þ kconductance00, and the system reveals the

energy loss in processes other than dielectric relaxation.15 In

Fig. 7b the component of the relaxation time of the order of

10�2 s. characterizes the process of absorption related to the

conductivity of the medium. This branch is characteristic of

the liquid phase and is a good indicator of the appearance of

that phase. The second relaxation mechanism corresponds to a

semi-circle in the Cole–Cole diagram in Fig. 7b, characterized

by a relaxation time of the order of 10�4 s, and is typical of

hexagonal ice at this temperature. The spectrum in Fig. 8b for

258 K shows one relaxation mechanism with a relaxation time

Fig. 6 DSC scans for (a) D2O water in MWCNs of 2.4 nm of

diameter, (b) D2O and H2O water in MWCNs of 3.9 nm diameter,

(c) D2O water in MWCNs of 10 nm diameter.

Fig. 7 (a) Spectrum plot for D2O in MWCNs of diameter 3.9 nm at

274 K (the solid and the dashed curves are fits to the real and

imaginary parts of k); (b) representation of the spectrum plots in the

form of a Cole–Cole diagram.

Fig. 8 (a) Spectrum plot for D2O in MWCNs of diameter 3.9 nm at

258 K (the solid and the dashed curves are fits to the real and

imaginary parts of k); (b) representation of the spectrum plots in the

form of a Cole–Cole diagram.
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of the order of 10�4 s, typical of Ih ice. The spectrum for

200 K, presented at Fig. 9, shows two relaxation mechanisms,

corresponding to the two semi-circles in the Cole–Cole

diagram, and characterized by relaxation times of the order

of 10�5 s, typical of Ih at this temperature, and 10�6 s,

characteristic of the Ic.

The behavior of the relaxation times as a function of

temperature for D2O in MWCN is depicted in Fig. 10. For

temperatures higher than 272.1 K (melting point inside the

pores) there are two different kinds of relaxation. The larger

component of the relaxation time of order 10�2 s is strongly

dependent on temperature. It is related to the conductivity of

water in the pores, and testifies to the presence of the liquid

phase in the system. The shorter component of the relaxation

time is of the order of 10�5 s, and is characteristic of the solid

state of bulk water (Ih) for this temperature range. Below the

pore melting point, in the range 272.1–245 K, only a branch of

shorter relaxation times is observed, characteristic of Debye-

type dispersion in Ih; the crystal phase of water occurs in both

the pores and in the bulk D2O water. The results obtained

show that the ice melting point in the MWNT pores is 272 K,

which is 4.2 K lower than in the bulk. The relaxation times

determined indicate the presence of only solid (Ih or Ic crystal

form; in this temperature region the relaxation times of Ih and

Ic ice are comparable, and are of the order of 10�6 s) or liquid

micro-phases in the pores. In the temperature range below

240 K an additional branch of the relaxation time, of the order

of 10�6 s (Fig. 10), is observed; this is a typical relaxation time

of the cubic form of ice. Because at higher temperatures the

relaxation times of Ih and Ic are similar, it is difficult to

distinguish the existence of the two forms of ice at tempera-

tures close to pore melting point. The results in Fig. 10 suggest

that for D2O water confined in MWNT pores a transition

from Ic to Ih ice can be observed at a temperature somewhat

above 240 K, whereas for bulk phase D2O water this transition

occurs at about 195 K. Thus, the melting transition of D2O in

MWNTs is from Ih ice to liquid, rather than from cubic ice to

liquid. Similar conclusions are drawn from an analysis of the

behavior of the relaxation times as a function of temperature

for H2O in MWNTs of 3.9 nm diameter, where a similar

distribution of relaxation times is observed (Fig. 11). For D2O

water confined in MWNTs of diameter 2.4 nm, the behavior of

the relaxation times as a function of temperature is presented

at Fig. 12. The distribution of relaxation times has a similar

character to that shown in Fig. 10 and 11, but the

pore transition temperatures are shifted towards lower

temperatures: from cubic to hexagonal ice at a temperature

below 240 K, and from hexagonal ice to liquid at 271.6 K.

Neutron diffraction results: water in MWNTs

In order to characterize the structure of water confined in

MWNTs we performed neutron diffraction studies for D2O

Fig. 9 (a) Spectrum plot for D2O in MWCNs of diameter 3.9 nm at

200 K (the solid and the dashed curves are fits to the real and

imaginary parts of k); (b) representation of the spectrum plots in the

form of a Cole–Cole diagram.

Fig. 10 Dielectric relaxation time t vs. T for D2O in MWCNs of

diameter 3.9 nm.

Fig. 11 Dielectric relaxation time t vs. T for H2O in MWCNs of

diameter 3.9 nm.
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water in nanotubes of diameters 2.4 and 3.9 nm. The neutron

diffraction pattern and the Rietveld refinement for the MWNT

powder samples are shown in Fig. 13 for a pore diameter of 2.4

nm at 20 and 290 K. The graphite 3D crystal has a hexagonal

structure (space group P63/mmc). Neutron diffraction re-

vealed the (110), (101) and (102) reflections of the hexagonal

lattice of the dry MWNT. In common with most purified

carbon nanotube materials, our MWNT samples contain

impurities such as Co and Ni nanoparticles up to about 3

wt% in total, and the nanotubes exhibit local defects (holes,

cross-links). The local defects and varying microstructure do

not affect the interpretation of the neutron data regarding the

encapsulated D2O water, because the low impurity concentra-

tion and much larger length scale of the microstructure defects

compared to the D2O water molecules only lead to a negligible

and featureless background in the neutron intensity. As fol-

lows from Fig. 13, this background is stable over the whole

temperature range considered, as the neutron diffraction

pattern for dry MWNT is similar at the different temperatures

studied. Fig. 14 presents the neutron diffraction spectra at

temperatures 280, 276 and 220 K, recorded on a heating cycle

for D2O water encapsulated in MWNTs of diameter 2.4 nm

after Rietveld refinements. At 276 K, slightly lower than the

bulk D2O water melting point but higher than the pore melting

temperature, the neutron diffraction spectrum is typical of

hexagonal ice (Ih) with the space group P63/mmc. The char-

acteristic triplet of hexagonal ice is clearly visible at 3.44, 3.66,

3.89 Å, with additional single peaks at the positions: 1.47,

1.72, 2.25, 2.67 Å. At lower temperature (220 K), below the

pore melting point, there is a broader peak structure char-

acteristic of cubic ice, with the space group Fd3m, where

additional peaks at the positions: 1.04, 1.46, 1.83, 1.91, 3.67

Å are observed. At 280 K, D2O bulk and D2O inside the pores

are in the liquid phase and in the neutron diffraction spectrum

only the peaks from dry MWCN are visible (Fig. 14a). The

changes in the diffraction pattern as a function of temperature

in the region of the main peaks are shown in Fig. 15. The

sequence illustrates the difference between the composite

phase, where the hexagonal ice has formed outside the pores

but the liquid phase is still in the pores (Fig. 15c and e), and the

phase showing the characteristic triplet shape of cubic ice at

3.65–3.69 Å (Fig. 15b and d). The hexagonal ice peaks are

sharp, indicating a large crystallite size, and the peak positions

show a systematic displacement with temperature. The results

of Rietveld refinement for the diffraction pattern of Ih and Ic

ice presented in Fig. 15a show that the spectrum obtained at

220 K is a superposition of the Ih and Ic spectra. In Fig. 15c

the neutron spectrum for D2O confined at MWNTs of 3.9 nm

diameter is presented. It also shows the existence of cubic ice at

temperatures below the pore melting point.

The formation of cubic ice in confined water has been

observed previously for water confined in silica meso-

pores,23–28 but not for water in carbon nanotubes. Suppression

of the crystal growth of ice in cylindrical mesopores can be an

important factor for the formation and stability of cubic ice.

Fig. 12 Dielectric relaxation time t vs. T for D2O in MWCNs of

diameter 2.4 nm.

Fig. 13 Neutron diffraction pattern and the results of Rietveld

refinement of empty MWCNs of 2.4 and 3.9 nm diameters at

temperatures of 20 and 290 K.

Fig. 14 Neutron diffraction spectra for D2O in MWCNs of 2.4 nm

diameter at temperatures of: (a) 280 K, (b) 276 K and (c) 220 K.
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The results presented in this paper serve to further define the

temperature range over which cubic ice appears in silica

mesopores, and show for the first time that cubic ice is also

observed for water confined in carbon nanotubes with dia-

meters of 2.4 and 3.9 nm, at temperatures below the pore

melting points. Furthermore, we evidenced by comparison of

cylindrical carbon and silica pores the essential influence of the

pore geometry for the structure of solid state of water.

Water in silica glass

The melting temperature of H2O water confined in cylindrical,

ordered silica glass SBA-15 having pores of diameter 3.9 nm

was determined using DSC and dielectric methods. In Fig. 16

the DSC scan for this sample is presented; the large peak at

273 K corresponds to the melting of the bulk H2O, and a

second peak observed at 257 K corresponds to the melting of

H2O water in the pores of SBA-15. The melting temperature of

H2O adsorbed in the pore of SBA-15 is shifted towards lower

temperatures by 16 K relative to that of the bulk H2O.

The capacitance C and tangent loss tan(d) as a function of

frequency and temperature were also measured for water

confined in SBA-15. In Fig. 17 the behaviour of C vs. T for

water in SBA-15 is presented at the frequency of 0.6 MHz The

sharp increase at 259 K is attributed to melting in the pores,

while that at 273 K corresponds to the bulk melting. The

frequency spectrum at a particular temperature is used to

obtain the orientational relaxation times in the different phases

of the system, as described above. In Fig. 18a and 19a the

spectrum plot (k0 and k00 vs. o) is shown for water in SBA-15 at

two different temperatures. The spectrum at 208 K shows two

relaxation mechanisms (as seen by two inflection points in k00)
with relaxation times of the order of 10�4 s and 10�6 s. A

similar spectrum at 250 K shows just one relaxation mechan-

ism with a time scale of 10�5 s. The corresponding Cole–Cole

diagrams are shown in Fig. 18b and 19b. In Fig. 20 the

spectrum at 270 K again shows two relaxation mechanisms

with relaxation times of the order of 10�6 s and 10�4 s. The

behaviour of the relaxation times as a function of temperature

for water in SBA-15 is depicted in Fig. 21. In the temperature

range between the bulk and pore melting points (273–267 K)

two branches of the relaxation time are observed: the longer

component, 10�3 s, corresponds to the response of the liquid

phase in the pore, and the shorter component corresponds to

hexagonal ice in the bulk phase. In the temperature range

220–267 K there is one relaxation time, typical of Ih ice, but

Fig. 15 The variation of the profile of the main diffraction peaks and

the Rietveld refinement (a) for D2O water in: (b) water in MWCNs of

3.9 nm diameter at 220 K, (c) water in MWCNs of 3.9 nm diameter at

275 K, (d) water in MWCNs of 2.4 nm diameter at 220 K, (d) water in

MWCNs of 2.4 nm diameter at 220 K.

Fig. 16 DSC scans for water in SBA-15 silica pores of diameter 3.8

nm.

Fig. 17 Capacitance C vs. temperature for water in SBA-15 silica

pores of diameter 3.8 nm.
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close to the pore melting point of 267 K it has a value 10�6 s,

which is also typical of cubic ice. In the temperature range

100–220 K two stable components of the relaxation times,

characteristic of Ih and Ic ice, are observed. This result

suggests that for water confined in cylindrical SBA-15 pores,

stable cubic ice exists in the pores at lower temperatures. The

existence of cubic ice in SBA-15 was reported from neutron

and X-ray diffraction experiments performed for water in

MCM and SBA silica mesopores.23–28 It was shown that the

cubic form of ice is stable in SBA-15 pores at temperatures

below 220 K, and that the melting point of the defective cubic

ice in pores is depressed below the bulk melting point. We

obtained similar results also for water confined in Vycor Glass

by analysis of dielectric behaviour of this system.28

Discussion and results

We have observed depression of the freezing point for water

confined in the cylindrical pores of both carbon nanotubes and

mesoporous silica, with the depression being much greater for

SBA-15 than for the MWNT’s of similar pore diameter. We

also observe the formation of cubic ice in both materials at

temperatures below the pore freezing temperature. The similar

Fig. 18 (a) Spectrum plot for H2O in SBA-15 having a pore diameter

of 3.8 nm at 208 K (the solid and the dashed curves are fits to the real

and imaginary part of k); (b) representation of the spectrum plots in

the form of a Cole–Cole diagram.

Fig. 19 (a) Spectrum plot for H2O in SBA-15 having a pore diameter

of 3.9 nm at 250 K (the solid and the dashed curves are fits to the real

and imaginary parts of k); (b) representation of the spectrum plots in

the form of a Cole–Cole diagram.

Fig. 20 (a) Spectrum plot for H2O in SBA-15 having a pore diameter

of 3.9 nm at 270 K (the solid and the dashed curves are fits to the real

and imaginary parts of k); (b) representation of the spectrum plots in

the form of a Cole–Cole diagram.

Fig. 21 Dielectric relaxation time t vs. temperature for water in

SBA-15.
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behaviour of the two materials in the formation of cubic ice,

despite significant differences in the fluid-wall interaction

energies for silica SBA-15 and carbon MWNTs (see below),

suggests that cubic ice formation is a result of entropic effects

due to strong confinement by the cylindrical pore walls,

regardless of the porous material. We note that cubic ice has

a more packed structure (coordination number 12) than

hexagonal ice (coordination number 8). Our results seem to

be consistent with recent H1 and H2 NMR studies by Matsuda

et al.12 on water in SWNT’s with an average diameter of

1.3 nm, which showed tube-like ice structures with a long-

range order for temperatures below 220 K.

The differences in melting point depression for silica and

carbon mesopores are consistent with the results of molecular

simulations,2,16 as we now discuss. The influence of energetics

(fluid–fluid and fluid-wall interactions) on the freezing/melting

behavior of the fluids of small molecules confined in porous

materials can be understood in terms of two main parameters,

as proposed in our previous work.16 One is the pore width H*

which is expressed as a multiple of the diameter of the fluid

molecule. The other is the parameter a, which is the ratio of

the fluid–wall to the fluid–fluid attractive interaction,

a ¼ rwefws
2
fw
D

eff
, where D is the inter-layer spacing in the solid

and rw is the number of wall atoms per unit area. Thus the

value of a depends not only on the ratio of the two well depths,

but also depends strongly on the density of wall atoms, the

interlayer spacing, and the fluid–wall diameter parameter, sfw.
This density is 114 nm�2 for carbon, but only half as much, 57

nm�2 for silica. In addition, both sfw and D are considerably

smaller for silica than for carbon (see Table 1). While it is true

that the fluid–wall energy well depth is larger for silica than for

carbon, this effect is more than compensated for by these

differences in surface density, sfw and D, so that the values of a
are 1.08 for water–carbon, and only 0.83 for water–silica. Our

previous results,16 supported by other literature [e.g. ref. 29],

indicate that the threshold a value for Lennard-Jones fluids in

smooth walled pores is 1.15; thus for a 4 1.15 we expect

(based on numerous simulation results for slit-shaped pores)

an elevation in freezing temperature, and a depression in

freezing temperature is expected for a o 1.15. Thus, based

on energetic considerations alone, we expect a decrease in the

freezing temperature for both carbon and silica pores, with a

more pronounced decrease in the case of the silica pores. This

is what is observed in our experimental results. We note that

the magnitude of the shift in freezing temperature appears to

be strongly dependent on the pore geometry.

While the direction of the shift in the freezing temperature

depends on the value of a, its magnitude seems to depend

strongly on pore geometry and pore disorder (surface rough-

ness, tortuosity, connectivity—see ref. 31), and in general

seems to be considerably larger for disordered slit shaped

pores (as in activated carbon fibers) than for cylinders. Thus

for carbon tetrachloride in carbons, with a B 1.92,16 for ACF

an upwards shift in freezing temperature of about 60 and 90 K

was observed in experiment (DSC) and molecular simulation,

respectively,32 whereas carbon tetrachloride in multi-walled

carbon nanotubes shows an upward shift in freezing tempera-

ture of only 6 or 7 K.30 The same appears to be the case here

for water, in that the magnitude of the shift (now a lowering of

freezing temperature) is much smaller for the nanotubes than

for ACF. It is not yet clear to what extent this large effect is

due to differences in the pore geometry or to the pore disorder;

it is presumably an entropic effect, and warrants further

investigation.

Some previous experimental studies have found evidence of

a contact layer phase in silica mesopores, in which the crystal-

line phase within the pore is separated from the pore walls by a

thin layer of liquid water, 1 to 3 molecules thick. Our experi-

mental results do not confirm or deny this; it may well be

present but the signal due to the very thin liquid layer may be

too weak to detect. Molecular simulations16 predict such a

contact layer phase for water in silica mesopores, with a ¼
0.83, for this size range, but probably not for water in carbon

nanotubes, with a ¼ 1.08.
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