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Abstract

A study has been made as a function of temperature of the phase
transformation of water and ice in two samples of mesoporous silica gel
with pore diameters of ∼50 Å. One sample was modified by coating with
a layer of trimethylchlorosilane, giving a predominantly hydrophobic in-
ternal surface, whereas the unmodified sample has a hydrophilic inter-
face. The pore structure was characterised by nitrogen gas adsorption
and NMR cryoporometry and the melting/freezing behaviour of water
and ice in the pores was studied by DSC and neutron diffraction for cool-
ing and heating cycles, covering a range of 200 to 300K. Measurements
were made for several filling-factors in the range 0.2 to 0.9. The results
show a systematic difference in the form of ice created in each of the sam-
ples. The non-modified sample gives similar results to previous studies
with hydrophilic silicas, exhibiting a defective form of cubic ice superim-
posed on a more disordered pattern that changes with temperature and
has been characterised as ‘plastic’ ice [Liu et al, 2006, Webber et al, 2007].
The modified sample has similar general features but displays important
variability in the ice transformation features, particularly for the case of
the low filling-factor (f=0.2). The results exhibit a complex temperature-
dependent variation of the crystalline and disordered components that are
substantially altered for the different filling-factors.
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1 Introduction

The characteristics of liquid water, confined in a mesoporous solid, have be-
come a highly topical area of research. Water can be considered as an essential
molecule for life and has properties that are unlike those of any other liquid.
The confinement of water in small volumes, such as in living cells, changes its
structure and dynamics. At lower temperatures, water can be under-cooled and
nucleates with the formation of ice structures that are different from the nor-
mal form of hexagonal ice-Ih,1,2. These effects become especially apparent for
confinement in mesoscopic [nm-sized] volumes. Most work has been conducted
using solid substrates although there is also interest in water confined in soft
matter. Porous silica exists with various well-defined pore sizes, which allows
the variation of the geometrical parameters in a controlled and straightforward
manner. The solid substrate also enables the water/ice properties to be stud-
ied for complete and fractional-pore-filling, using a range of experimental and
simulation techniques3,4,5,6,7.

The silica surface is essentially hydrophilic in character due to the presence
of silanol groups8 and consequently there is a specific interaction at the interface
that influences the behaviour of the water volume in the pore. The modification
of the characteristics will depend on the proximity and the length scale for the
effects is not yet well defined. As a result, the properties of the confined water
phase are found to be dependent not only on the pore size, pore morphology and
the fractional-filling but also on the surface density of Si-OH (silanol) groups. It
is therefore of interest to modify the surface characteristics and to investigate the
properties for water at a more hydrophobic or non-polar interface. The surface
silanol density can be reduced by a heat treatment at elevated temperatures,
leading to silanol condensation and the formation of Si-O-Si. However, this pro-
cess is reversible upon re-exposure to water and may also lead to an irreversible
and substantial change in porosity8. A more convenient way of changing the
interfacial features without essentially changing the pore size and morphology
is by grafting a layer of co-valently-bonded functional groups onto the bare sil-
ica surface. This procedure involves chemical treatment of the silica sample,
which, in the current experiments, has utilised trimethylchlorosilane to give a
hydrophobic ‘methylated’ surface. This procedure has been found to be suitable
for the samples investigated in this study, giving the least change in pore size9.
In this first paper we describe the structure of both the non-modified and mod-
ified (methylated) silica and the formation of ice upon cooling of confined water
in the two different silica materials by using a combination of several techniques.
Ice formation in the two materials has been studied for various filling factors.
Complementary measurements on the ‘non-modified’ and ‘modified’ materials,
including N2 vapour adsorption (GA), differential scanning calorimetry (DSC),
NMR cryoporometry (NMR-C) and neutron diffraction (ND), have also been
conducted.
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2 Experimental techniques

2.1 Materials preparation

Mesoporous silica gels are available commercially and have an inter-connected
disordered network. Silica gel (35–70 µm grain diameter, >99.5% SiO2, Grace
Davison SI 1404) with a mean pore diameter in the range 50-70 Å, was heated in
air at 773 K for 5 hrs to remove any adsorbed species and to obtain a moderate
degree of hydroxylation. This ‘non-modified’ material was hydrophobised by
dropwise addition of 5.25 ml trimethylchlorosilane ((CH3)3SiCl, TMCS, 99%
pure, Aldrich) to 8.67 g of silica in a mixture of 50 ml water (doubly-distilled)
and 21.6 ml of isopropanol (Aldrich, 99.9% pure), and subsequent refluxed for
30 min during continuous stirring. Prior to the TMCS addition, the material
was left in the liquid mixture for 5 min. After modification, the materials were
dried, washed three times with water/ethanol and dried in air at 393 K9. The
untreated silica provides the hydrophilic sample, classed as ‘non-modified’, and
the treated sample with a predominantly hydrophobic interface provides the
‘modified’ sample material with a methylated surface.

2.2 Materials Characterisation: Gas adsorption measure-

ments

Adsorption/desorption isotherms of N2 (77 K) were determined on a CE-Instruments
Sorptomatic 1990. All materials were pre-treated by evacuation below 10−7 bar
at 473 K. Continuous corrections were made for variations in the atmospheric
pressure p0. The results for both samples are shown in Figure 1a for nitro-
gen. Surface areas and C-values were determined by BET-3 fits from the N2

adsorption isotherms10,11 between p/p0=0 and 0.5, according to:

n/nm =
C(p/p0)

(1 − p/p0)
·
1 − (N + 1)(p/p0)

N + N(p/p0)
N+1

1 + (C − 1)(p/p0) − C(p/p0)N+1
, (1)

where n in the gas adsorbed at relative pressure p/p0, nm is the monolayer ca-
pacity of the surface, [units mol.g−1], C a constant related to heat of adsorption
(and thus dependent on the adsorbate-adsorbent interaction) and N the num-
ber of adsorbed layers. The area occupied by a N2 molecule in the completed
monolayer was taken to be 0.162 nm2 (ISO 9277)12. Mesopore size distributions
and mean mesopore diameters were obtained from BJH fits of the desorption
isotherms13 between p/p0=0.35 and 0.9, assuming cylindrical pores. A zero
contact angle was assumed between the silica surface and nitrogen liquid in the
Kelvin equation used in BJH analysis. Values for the thickness of the t-layer (the
film thickness t, due to multilayer adsorption) were used with a dependency on
the interaction between adsorbate and adsorbent (i.e. on C), as determined by
Lecloux14. The total mean pore diameters, (including micropores and assuming
cylindrical pore shape) were obtained from the relation11:

dp =
4vp

A
, (2)
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Figure 1: a) Nitrogen adsorption/desorption for non-modified and modified
mesoporous silica samples. b) Corresponding pore diameters.
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where dp is the pore diameter, vp is the pore volume determined at p/p0=0.95
and A is the surface area. In order to compare the pore volumes of the different
samples, the isotherms are displayed in terms of volume of adsorbed nitrogen
liquid, assuming a density of 0.8086 g/cm3 for N2. The Kelvin equation is
used to calulate pore diameter distributions (Figure 1b), and as expected the
modified sample shows a smaller remaining free volume.

2.3 Materials Characterisation: Differential Scanning Calorime-

try

Differential scanning calorimetry (DSC) has become a standard method for
investigating the thermal features of confined fluids. There is a depression of
melting point, for the confined fluid, which follows the Gibbs-Thomson relation,
which may be written15 as:

∆Tm =
kGT

x
, (3)

where kGT is a calibration constant that relates to the thermodynamic variables
and x is a length/dimension that depends on the pore size. In the present case,
the samples are fabricated by the sol-gel route and the pore network is therefore
disordered, although a narrow distribution of effective pore sizes is expected as
discussed further in Section 3.3.

DSC measurements were made for the three hydration levels of heavy water,
D2O, corresponding to filling factors of f = 0.95, 0.45 and 0.20 (determined
gravimetrically), over a temperature range of 293-135 K in cooling and heating
mode; the results are shown in Figure 2. In each case the behaviour of the
modified and non-modified samples shows significant variations and there is a
large change for the different hydration levels.

For f = 0.90, an initial measurement with a ramp rate of 10K/min revealed
a broad exothermic peak in the region of 243K and a second measurement
was made with a rate of 2K/min to improve the resolution. The results for
the slower rate (for both cooling and heating) are shown in Figure 2a, with
an inset for the transition region. The onset of the energy flow is seen to
occur at a higher temperature for the modified sample. The unusual shape is
indicative of a two-step process and will later be shown (Section 3) to arise from
a separate nucleation and growth process. The heating curve reveals a broad
endothermic peak that extends over 30K and corresponds to the melting of the
ice in the pores. These results indicate a hysteresis effect due to non-equilibrium
supercooling of the liquid in the pores, but it is notable that the base line is not
flat and that energy flow is occurring over a large temperature range.

The data for the f=0.45 case were taken for a ramp rate of 10K/min and give
a single asymmetric profile that represents a phase transition at 241K with an
indication of precursor changes at higher temperatures. The main peak position
is displaced to slightly lower temperatures relative to that for the f=0.9 case but
this may be a consequence of the faster scan rate. Nevertheless, there seems
to be a much smaller contribution in the pre-transition region. The heating
cycle has a similar shape for the endothermic change but it is notable that the
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difference in magnitude of the peaks for the different samples is increased for
this case.

The f=0.20 case shows two distinct exothermic events. The first peak occurs
at a similar temperature to the main peaks for the other cases but the second
peak is displaced to lower values for the modified silica relative to the unmodified
silica. The origin of this double-transition region is still unclear as it does
not correspond to an obvious transition in the ice structure but can be linked
to the distribution of partially-filled pores. The endothermic peaks also show
considerable variation. They are very broad and the peak for the modified
silica again occurs at a lower temperature, the difference in the endothermic
peak between the two samples is larger (7K) for this case. It is also clear that
the background levels are not flat for any of the samples. The complete set
of transition temperatures for D2O is listed in Table 1a and the results are
compared with the data for H2O from the NMRC measurements in Section 2.4
(Table 1b).

a)

D2O Filling factor f=0.9 f=0.45 f=0.2

DSC Samples non-mod mod non-mod mod non-mod mod

exothermic pk 1 (K) 243 243 241 241 242 242

exothermic pk 2 (K) 244 245 235 233

endothermic pk (K) 267 267 268 266 264 257

b)

H2O Filling factor f=1.98 f=1.69 f=0.63

NMR Samples non-mod mod mod

warming (K) 262.6 262.0 262.8

Table 1: The temperatures of phase-transitions in the DSC and NMR measure-
ments.
a) The temperatures of different peaks in the D2O DSC measurements for cool-
ing and heating cycles. Values are given for the two peaks shown in Figures 2a
and 2c.
b) The melting temperatures for the different H2O NMR cryoporometry mea-
surements.

2.4 Materials characterisation: NMR cryoporometry

Nuclear magnetic resonance cryoporometry15,16 is a convenient way of deter-
mining pore size through an alternative application of the Gibbs-Thomson re-
lation (eqn. 3). A comparison of different techniques for determining porosity
suggests that the kGT calibration constant is, as theoretically expected, depen-
dent on pore geometry, but a full understanding of these factors is still being
developed7,17,18,19,20.
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Figure 2: DSC measurements for D2O water in the non-modified and modified
samples with filling factors, f , of a) 0.90, b) 0.45 and c) 0.20. The upper traces
are for cooling, the lower traces are for warming.
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Measurements were made for the modified and non-modified materials using
over-filled and partially-filled samples. The amplitude of the NMR signal at
time (2τ= 2ms), which defines the quantity of H2O in the liquid state, was
monitored as a function of temperature for cooling and heating cycles in each
case, using temperature scanning rates of 0.1 K.min−1; the results are shown in
Figure 3. These data give the pore volumes as 0.684 ml.g−1 (unmodified) and
0.598 ml.g−1 (modified). However a correction needs to be made for the faster
relaxation time of the liquid in the pore compared with that of the bulk liquid;
the values from both techniques are given in Table 2.
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Figure 3: NMR cryoporometry measurements for H2O water in a non-modified
sample with filling factor f=1.98, showing pore volume (unmodified) Vpu = 68
ml.g−1; a modified sample with f=1.69, showing pore volume (modified) Vpm =
60 ml.g−1; and for a modified partially-filled sample with a filling factor f=0.63;
for both cooling and warming ramps.

Using a kGT value of 582 K.Å appropriate to sol-gel silicas, the data can
be converted to a pore size distribution function21 and the results are shown
in Figure 4 and Table 2. The cryoporometry results appear to be more fully
resolving the pore size distributions, and a narrower size-distribution is obtained
than that from the gas adsorption measurements Figure 1b. A comparison of
the pore size and pore volume characteristics determined from the different
experimental techniques is presented in Section 4.1.
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Silica gel vp A(N2) Mean d BJH d vp dp
sol−gel

cm3/g m2/g nm nm cm3/g nm

N2 adsorption NMRC

non-mod 0.840 472 7.12 6.09 0.694 5.31

Mod 0.755 438 6.90 5.96 0.608 4.99

Table 2: Pore characterisation by N2 gas adsorption and NMR Cryoporometry.
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3 Neutron diffraction measurements for confined

water and ice

3.1 Experimental procedure

The structural characteristics of the water in the pores can be conveniently stud-
ied by neutron diffraction. The measurements were made on the 7C2 diffrac-
tometer at the Orphée reactor, Lab. Leon Brillouin (LLB), Saclay22. Several
different levels of hydration with D2O were used for both the modified and
non-modified silica samples. The scattered intensity was measured for a 0.7 Å
incident beam at several fixed temperatures covering a Q-range of 0.1 - 16 Å−1.
The data were recorded for the normal liquid phase, the under-cooled liquid
phase and the crystalline/disordered ice phases, covering a temperature range
of 215 to 295 K in both cooling and heating cycles. The temperature ranges for
the runs are listed in Table 3, the actual measurements being made at well equi-
librated spot temperatures. The scattering intensities are shown (as a function
of Q) in Figure 5 for the ‘wet’ and ‘dry’ samples at two different temperatures
and also for the cryostat background. The profile for the confined water/ice can
be obtained by subtracting the measurement for the ‘dry’ silica from the mea-
surement for the ‘wet’ silica. This method does not eliminate the water-silica
cross-terms arising from correlations across the interface but still gives valuable
information about the general structure of the water or ice formed in the pores.
The use of a temperature difference technique provides a route to the observa-
tion of structural variations as a function of temperature and is less influenced
by systematic errors.

Filling factor f=0.9 f=0.45 f=0.2
Sample non-mod mod non mod mod non- mod mod

Liquid/cooling 297-273 297-275 297-260 297-255 297-255 297-255
Solid/ cooling 268-210 268-220 245-200 249-220 240-200 240- 220
Solid / heating 238-268 238-268 245-260 255

Table 3: Temperature ranges (K) for the neutron measurements.

3.2 Non-modified silica

The diffraction profiles for the liquid and ice phases in the non-modified sample
are shown for an intermediate Q-range in Figures 6a and 6b and the cooling
and heating cycles for f=0.9 . The pattern for Q>6 Å−1 is identical for all
temperatures and has a shape that corresponds closely to the molecular form-
factor for D2O, although there are some deviations that will be discussed in
Section 4. In the cooling run (Figure 6a) there is a continuous evolution of
the peak intensities after the initial nucleation. The corresponding data for
the heating run are given in Figure 6b and show reversible behaviour with the
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melting of the ice occurring at a higher temperature and therefore confirming
the hysteresis effect seen in the DSC data.
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Figure 6: The superimposed diffraction patterns for water/ice in the non-
modified silica sample as a function of temperature; showing the low-Q region
on an expanded scale: a) cooling sequence, b) heating sequence.

The onset of nucleation appears to be in the region slightly above 268K cor-
responding to a Gibbs-Thomson depression of ∼10 K (for D2O). The diffraction
pattern at this temperature shows the characteristic triplet (1.5-2.0 Å−1) of
hexagonal ice [Ih] superimposed on a diffuse distribution that is similar to the
liquid phase at a higher temperature. As the temperature is further reduced,
the intensity of the central Bragg peak increases continuously down to 215K,
indicating the predominant growth of a cubic ice [Ic] phase. It is also interesting
to note that the next peak above this main peak, at 2.36 Å−1, which can be
assigned solely to ice-Ih, grows initially between 268 and 260K. The intensity
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does not change at lower temperatures, whereas the other peaks at 2.82, 3.40
and 4.29 Å−1 all follow the intensity variation of the central triplet peak. These
results suggest a two-stage process in which the initial nucleation event causes a
fraction of the water to crystallise as hexagonal ice but the subsequent growth is
predominantly in the form of cubic ice. This feature is similar to that observed
in the detailed studies of ice nucleation in SBA-15 silica samples with a pore
size of 86 Å23,24,25 and is discussed more fully in Section 4.

It is also clear from the region between the peaks that there is always a
significant diffuse scattering component. The region 1.9 to 2.9 Å−1 shows a
continuous reduction in intensity over the whole temperature range and repre-
sents the sequential conversion of a disordered phase to a crystalline one as the
temperature is reduced. However, the intensity between the Bragg peaks never
falls to zero and is therefore indicative of a remaining disordered phase, even
at the lowest temperatures. It is impossible to determine from the diffraction
data whether this component is in the form of a deeply-supercooled liquid or
has formed a glassy state in which the molecular diffusion has become severely
restricted. Other studies by NMR on mesoporous silicas suggest that the relax-
ation processes are intermediate between the normal liquid and brittle ice such
that the term ‘plastic ice’ has been used to describe this intermediate state7,26.

The results for the heating cycle are shown in Figure 6b. The changes
in the shape of the diffraction pattern are completely reversible, indicating a
reduction of the cubic ice component up to 268 K and the re-emergence of the
hexagonal ice triplet peak superimposed on the diffuse scattering component.
This feature is surprising as it corresponds to an apparent metastable behaviour
in which the proportion of crystalline and disordered material is inter-convertible
and is dependent on the absolute temperature and not on the thermal history.
The ice eventually melts at a higher temperature to produce liquid water and
displays a hysteresis effect as observed in the NMR cryoporimetry data. Another
characteristic of the diffraction data, shown in Figure 6 is the behaviour at low-
Q values. This region is shown on an expanded scale in Figure 7 and discussed
in Section 3.4.

3.3 Modified silica

Similar measurements have been made for the modified sample. The basic
features of initial nucleation as hexagonal ice at 269 K are reproduced and also
the subsequent growth as cubic ice below 258 K. In this case, the hexagonal ice
component appears to be much smaller than in the case of the non-modified
silica, such that the final profile at 220 K shows a predominant central peak
for ice–Ic. However, the heating cycle again shows the disappearance of the
cubic ice to leave an ice-Ih profile at 268 K. The fact that water is readily
adsorbed into the modified silica with its hydrophobic interface suggests that
complete coverage of the internal surfaces does not occur and that the adsorption
process involves an initial formation of water droplets at specific sites in the
pore volume. As a result, there will be some water that is in proximity to
hydrophilic regions and will behave in a similar way to the non-modified sample.
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Consequently it would seem from the difference in the ice patterns that the
hydrophobic surface promotes the growth of cubic ice rather than hexagonal ice.
However, the temperature-dependent characteristics appear to be very similar
for both modified and non-modified samples. The low-Q behaviour also has a
similar temperature dependence. A more detailed consideration of the structural
changes by temperature-difference analysis is deferred until Section 4.2.

3.4 Scattering patterns at low Q-values

The asymptotic value of the structure factor, S(Q), as Q approaches zero, is re-
lated to the isothermal compressibility, χT . All the datasets show a systematic
change of intensity with temperature in the range 0.5-1.5 Å−1 that is indicative
of a continuous but gradual reduction of the measured intensity as the temper-
ature is reduced. However, the behaviour at lower Q-values cannot be observed
due to the strong SANS signal caused by the small-angle scattering contribution
from the mesopore structure. The liquid phase is more compressible than the
solid and therefore gives a higher value for the intercept. However, there is no
evidence for a sharp change in the level that could be taken as an indication of
an abrupt change of state from the liquid to the solid. Although the meaning
of χT in these circumstances may be open to interpretation and the accessible
region is not close to Q=0, it seems that the transformation of the liquid to a
plastic-ice state exhibits a gradual change as a function of temperature. There
is a difference in shape between the non-modified and modified samples, as re-
vealed in Figure 7, but the higher value could be due to the presence of the
thin hydrophobic layer that alters the contrast profile. Further studies using a
dedicated SANS instrument are clearly needed.

4 Analysis and interpretation

4.1 Comparison of sample characteristics

Three different techniques have been used to characterise the pore size, namely
gas adsorption, DSC and NMRC. The parameters obtained from the experi-
mental measurements are summarised in Tables 1 and 2. The DSC and NMRC
methods both rely on the use of the Gibbs-Thomson relationship and should
therefore be closely linked although one measurement uses D2O and the other
uses H2O. The equivalent thermophysical quantities show a positive isotopic
shift of typically 4-6 K from H2O to D2O, so that the figures given in Table
1 are consistent. There is a fundamental question relating to the value of the
constant, kGT , in the Gibbs-Thomson equation, (eqn 1), with regard to the ge-
ometry of the pore7,19. These considerations are too complex to present here
and the results quoted in table 2 are based on the assumption of sol-gel-like
pore-morphology, for which a value of 582 K.Å for kGT is appropriate21.

An important discrepancy is apparent between the results for the pore di-
ameters for the unmodified and modified silicas, for gas adsorption (Mean 71.2
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and 69.0 Å), (BJH 60.9 and 59.6 Å) and for NMR cryoporometry ( 53.1 and
49.9Å). Even if there is some uncertainty in the kGT value, this discrepancy is
well outside experimental error and requires some further explanation. The two
most likely reasons are that a) the geometries of the liquid/vapour interface is
different from that of the solid/liquid interface, and b) that the nitrogen gas can
enter parts of the pore volume that are not accessible to water molecules. A
similar difference has been noted in studies of SBA-15 silicas7,19,20 and appears
to relate to the incomplete filling of the micropores with water. It is, of course,
impossible to say how the distribution of nitrogen and water in the pores may
differ, as the adsorption is dependent not only on the pore dimensions but also
on the molecular size and the interaction with the surface. The NMRC studies
are made with an over-filled sample and the extracted quantities of intra-pore
and inter-pore water are determined on an absolute scale. However, it is also
notable that an NMRC measurement made at a single echo time will tend to
under-estimate the correct pore volume due to the T2 relaxation in the pores
being faster than that of bulk liquid; a compensation has been made for this
effect but further work is necessary. At this level of accuracy, the comparisons
are considerably more complex than can be indicated here.

The calculation of the correct filling-factors relies on the evaluation of the
absolute pore volume available to the water. The uncertainties described in the
previous paragraph suggest that the true volume is greater than that obtained
from the NMRC data but less than that obtained from the nitrogen gas adsorp-
tion data. At the time of the experiment only the gas adsorption data were
available and an allowance was made for change in volume due to the thickness
of the hydrophobic layer. Under these conditions, the filling factors were chosen
to be i) 0.90 ± 0.01 and ii) 0.45 ± 0.01 for each of the samples and for the lower
filling factors, the values were iii) 0.17 and 0.22 ± 0.02 for the non-modified
and modified samples respectively. Although the absolute values are subject
to uncertainties, the relative values for the fractional-fillings remain fixed. The
f-values listed on the graphs correspond to these values and may be a slight
under-estimate of the true values. The small differences are not expected to
materially affect the conclusions of the overall investigation and the differences
may subsequently be explained in terms of the variation of the kGT value with
pore shape, which is not well-defined for sol-gel silicas. Within the uncertain-
ties detailed above, it is pleasing to note that both gas adsorption and NMRC
methods give a reasonably consistent value for the difference between the two
samples and yield a value of 1.1 ± 0.5 Å for the mean thickness of the deposited
hydrophobic layer.

4.2 Phase transformation and ice formation

The neutron data described in Sections 3.2, 3.3 indicate a two-stage process
in the formation of ice for the f=0.9 hydration level. These features can be
more directly observed by using the temperature-difference function. Figure
8a shows the change in the diffraction pattern for the temperature range 297K
to 260K for both samples. The hexagonal ice component appears to be much
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smaller than in the case of the non-modified silica. The hexagonal ice pattern
is formed by a reduction in the broad diffuse pattern of the liquid phase. In
contrast, the difference function between 220K and 260K shown in Figure 8b
indicates the growth of cubic ice with a single peak at 1.7 Å−1 for the lower
temperature region, but with a much bigger component for the modified silica
than in the case of the non-modified silica. There is also a reduction of the
diffuse component even at the low temperatures
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Figure 8: The growth of ice for f=0.9, shown as a difference function for both
samples a) between 297 and 260K, and b) between 260 and 220K.

For the f=0.45 case, there is no evidence for the formation of hexagonal
ice and the temperature difference function provides evidence for cubic ice for-
mation over the whole temperature range. For the 0.2 hydration level, there
is substantial diffraction broadening so that distinct ice peaks are not observed
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Figure 9: The growth of ice for f=0.2, shown as a difference function for both
samples between 255 and 220K.

but the difference function still shows a conversion from the disordered phase
to a more ordered phase as indicated in Figure 9. The different features arising
from variable hydration allow some additional conclusions to be drawn:-

4.2.1 f=0.90

The hexagonal ice is presumably formed at the centre of the almost fully-filled
pores23. As the temperature is reduced the liquid/glass phase around the central
crystallite converts to cubic ice in both samples, leaving a liquid-like layer at
the interface which does not crystallise. In effect the central core of ice expands
radially as the temperature is reduced and it is not sensitive to the nature of
the interface.

4.2.2 f=0.45

At lower temperatures (∼220K) it is unlikely that the molecules are mobile
so this component is expected to be in the form of an amorphous or brittle ice
phase. Figure 10 shows the data for the non-modified sample at 200K and 220K
with the difference function shown below. It is clear that there is no change in
the structural features and therefore any residual motion of the water molecules
has been suppressed. This is consistent with the NMR relaxation results, where
the relaxation times of the interfacial layer tend towards that of the brittle
crystal7,26.

The diffraction patterns for the f=0.45 case are shown in Figure 11a and
11b for several temperatures. At temperatures of <245K there is evidence of a
single main peak corresponding to cubic ice for both samples. These features

18



0 2 4 6 8 10 12 14 16

-400

-200

0

200

400

4000

8000

12000

16000

20000

f=0.45 non-modified silica

x20

220K

200K

 

in
te
n
s
it
y

 

 

Q(A
-1
)

Figure 10: The diffraction pattern for the non-modified sample with f=0.45,
between 220 and 200K; the difference function is shown below.

are in agreement with the DSC data that show a single transition with a peak
at 241K although there is an indication of some pre-cursor conversion at slightly
higher temperatures that probably reflects the distribution of pore sizes. There
are changes in the height of the peak as the temperature is further reduced to
220K and it seems that the crystalline component forms more readily in the
non-modified sample. This difference is apparent from the comparison of the
heights of the main Bragg peak and the reduction in the levels of the diffuse
scattering component in the 2.0 to 2.5 Å−1 region. Three additional peaks occur
at larger Q-values but they are of much lower intensity and appear to be sitting
on top of a broad distribution that closely corresponds to the molecular form-
factor for the isolated D2O molecule. The neutron results therefore indicate a
single phase transition with the formation of cubic ice from super-cooled water,
although it is spread over a wide temperature range.

4.2.3 f=0.20

The temperature variation data for the f=0.2 case show an unexpected change
in the overall scattering intensity that is systematic across the whole temper-
ature range and seems to correspond to a constant level (i.e. independent of
Q). However, the puzzling feature is that the variation with T is in the opposite
direction for the two samples. The results are shown in Figure 12a and b, and
in more detail for the low-Q region (<6 Å) in Figure 13a and b. The reduction
in temperature gives an increase in the overall level for the non-modified silica
and a decrease in the level for the modified silica. The possibility of loss of
water from the sample volume illuminated by the incident beam can be ruled
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Figure 11: The diffraction patterns for f=0.45 for both samples at several
temperatures.
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out as this would lead to a change in the high-Q diffraction profile that would be
related to the molecular form-factor and easily seen in the difference function.
Therefore, the only possible explanation for this effect rests with the inelas-
ticity effects in the scattering process. As the interference terms do not seem
to be affected, the temperature-dependent behaviour must arise from the spin-
incoherent and coherent self-terms in the cross-section and refers primarily to
the dynamic characteristics of the deuterium nuclei.
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Figure 12: The diffraction patterns for f=0.2 at various temperatures for a)
non-modified and b) modified samples.

The inelastic corrections to structure factor measurements were originally
discussed by Placzek27 for monatomic liquids and subsequently adapted to
molecular liquids by Powles28. The case of D2O has received particular atten-
tion29. A full expression for the scattering cross-section requires the inclusion of
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an effective recoil mass for the scattering centres so that the observed variations
imply that there is a significant change in the effective recoil of the deuterons.
The cross-section is higher for the limiting condition of the ‘bound atom’ case
and lower for the ‘free atom’ case. The results therefore suggest that the reduc-
tion in temperature leads to the deuterons becoming ‘less bound’ in the case
of the non-modified silica and ‘more bound’ in the case of the modified silica.
At first sight it would seem likely that the interfacial water for both samples
would become more ‘bound’ as the temperature is reduced due to the loss of
thermal excitations and a reduction of both rotational and translational motion.
However, there will also be a difference in the hydrogen bond connectivity and a
related change in the density profile close to the interface so that the behaviour
is not predictable on a simple basis. As most of the molecules are close to the
interface, this result indicates that the differences that may relate to changes in
the local hydrogen bonding or a possible variation in the density profile close to
the interface that influences the dynamics. In the case of the non-modified sil-
ica, the first layer of water molecules will be primarily bonded to siloxyl groups,
whereas, in the case of the modified silica, the water molecules will be oriented
to make hydrogen-bonds within the water/ice layer. There is clearly a need to
investigate this effect further by direct spectroscopic measurements, either by
quasi-elastic neutron scattering or nuclear magnetic resonance.

Some studies have been reported for under-cooled water in Vycor30 and
related work at protein interfaces31 suggests that it is the rotational motion
that is responsible for this variation, which is consistent with the formation of
plastic ice26. Figure 13a and b also show some variations in the diffraction
profiles between the two samples. The Bragg peak at 1.7 Å−1 is slightly more
intense for the non-modified silica showing that there may be a larger proportion
of ice for this case at 220K. At 240K, this peak is already developed for the non-
modified silica but still shows a broad asymmetric peak of lower intensity for
the modified-silica sample. Both of these changes occur in a temperature region
that is just below the main peak of the DSC data [Figure 2] and above the
temperatures of the secondary peak where there is also a displacement to lower
values for the modified sample relative to that of the non-modified sample.

A close examination of the shape of the low-temperature curves in the region
beyond the main peak suggests that there is a broad peak at 2.8 Å−1 and a small
dip at 3.2 Å−1. Although the accuracy is limited by the statistics, this effect
seems consistent for several datasets and is clearly different for the behaviour
of the water/ice in the f=0.45 case. This shape is reminiscent of the diffraction
pattern for low-density amorphous [lda] ice, which is shown in the Appendix.
The shape of the main peak also seems to have an asymmetric profile that
is skewed in the opposite sense to that arising from the defective cubic ice
formation. Since the DSC measurements show a double transition, it seems
probable that lda-ice is present at the interfacial layer and is more easily created
for the non-modified sample, as indicated by the different shapes shown in Figure
13. This view is supported by the complete absence of higher order Bragg peaks
that are clearly seen in Figure 11 for the f=0.45 case. Consequently, there
seems to be a clear signature for a direct conversion of under-cooled water to

22



an amorphous ice form. A more recent study with a higher Q-resolution has
confirmed this conjecture.
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Figure 13: A comparison of the diffraction patterns for f=0.2 for the two sam-
ples at a) 240K and b) 220K.

4.3 Composite ice structure

The neutron diffraction data indicate that the ice formed inside the pores is
a complex mixture of crystalline phases with characteristics of hexagonal and
cubic ice, with a diffuse scattering component that could result from a defec-
tive crystalline state but is more likely to be due to the presence of a separate
disordered state that relates to an amorphous network structure. The relative
proportions of these independent phases are strongly temperature-dependent
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and the structural features seem to show reversibility on the cooling and heat-
ing cycles. NMR relaxation studies7,26 on ice in several different forms of silica
have shown that the proton mobility is intermediate between that of bulk wa-
ter and that of brittle ice. Both these NMR relaxation studies and prior NMR
pulsed field gradient (PFG) studies in similar systems32,33 suggest that this mo-
tion is predominantly rotational rather than translational. As the temperature
is reduced, the relaxation process changes gradually without any obvious dis-
continuities once the initial nucleation has occurred. The faster dynamics are
believed to be primarily due to changes in the rotational freedom arising from
the creation of a more hydrogen-bonded local environment. The term, ‘plastic
crystal’ has been used to describe this state, in analogy with other crystals that
have well-defined lattice structures with disorder imposed through the variation
of angular correlations. The diffraction pattern for these rotationally-disordered
structures has a number of strong Bragg peaks at low and intermediate Q-values
but they become rapidly attenuated at higher Q-values due to a large effective
Debye-Waller factor; a typical example is cyclohexane34. These features are
most clearly seen above 6 Å−1, where all the Bragg peaks disappear to leave
an oscillatory pattern that resembles the molecular form-factor of the isolated
water molecule

The properties of the ice also seem to depend on the filling-factor. Hexagonal
ice is only created when the pores are fairly full and during the initial stages
of nucleation. Furthermore, it seems that it originates in the centre of the
pore where the water characteristics are least influenced by the proximity to
the interface. This process presumably arises when a small proto-crystallite
begins to increase in size and there is some uncertainty in the establishment
of definitive lattice directions for growth. Under these circumstances, it would
seem that there will be many stacking faults in the crystal as a regular ‘abcabc’
or ‘ababab’ sequence would not have become established until a larger size had
been achieved. It is noticeable that studies of cubic ice in the bulk phase35 never
seem to give a single central peak as predicted from the ideal structure factor.
They also show that the various models of the defects lead to broadened peaks
that can be well fitted to the experimental measurements. However, the profiles
do not exhibit the diffuse scattering features seen in the data for the confined
ice of the present measurements so that a separate explanation is needed for
the presence of this component. Similar observations have been made in higher-
resolution studies with SBA-15 mesoporous silicas24,25 where a broad peak has
been extracted from the composite profile and identified as an intermediate
density form of amorphous ice.

The diffraction profile for low-density amorphous ice36 is presented in the
Appendix. It is well known from other studies1 that as the temperature is re-
duced for the liquid phase there are significant changes in the diffraction pattern
that become progressively larger as the water is super-cooled down to 240 K.
The main diffraction peak becomes displaced towards 1.7 Å−1, which is also the
position for the central peak of hexagonal ice and the main peaks for both cubic
and lda ice. Consequently, the position of this peak in the present data does
not give any discrimination of the type of ice that has been formed. The infor-
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mation can only be extracted from the rest of the diffraction profile and this is
obviously difficult in the present case because the peak widths are also affected
by diffraction broadening arising from the distributed nature of the water/ice
volume. Within a reduced sample volume, it becomes impossible to differentiate
between a liquid and a glassy state. However, there are some possible indicators
in the present data.

The almost universal presence of a defective cubic-ice form for studies of
ice formation in confined volumes of mesoscopic dimensions implies that there
is some process that inhibits the growth of a full lattice with this structure.
Johari2 and Guillot37 have commented on the energy criteria that may favour
the formation of cubic over hexagonal ice but why the cubic form is apparently
so dominant for ice formation in confined geometry is still not understood.

For the low filling-factor of 0.2, a uniformly distributed water layer would
be expected to have a thickness of only 7Å corresponding to several molecular
layers. Under these circumstances the diffraction pattern would be expected
to show significant diffraction-broadening effects due to the restricted crystal
dimensions. However, the measurements at 220K shown in Figure 13b indicate
that a well-defined state is created with one clear peak. It is possible that
the crystallite size is larger due to extension along the pore axis or even that
larger clusters of water droplets can bridge the pore diameter. In the case of
the hydrophilic sample, it can be assumed that the water wets the surface,
although the distribution of the water volume may be influenced by the surface
density of the surface siloxyl groups. Consequently, the imposition of a regular
periodicity along the interface can only be achieved by negating the influence of
the randomly-distributed H-bond sites. It is interesting that the same features
are also observed for the hydrophobic sample where it would be expected that
the water layer would not necessarily have a connected uniform layer. It is
commonly believed that there is a thin layer of water or disordered water/ice
that is ‘in contact’ with the interface and is ‘unfreezeable’. The present studies
indicate that a three molecule thick layer is actually in a condition of enhanced
rotational motion (“plastic ice”) but can convert to brittle ice if the temperature
is low enough although the temperature for the formation is different in the
hydrophilic and hydrophobic surface cases.

5 Summary and futher work

It is clear from the preceding sections that the behaviour of water and ice in
contact with hydrophilic and hydrophobic interfaces within a mesoporous solid
is quite complex. However, the use of several different experimental techniques
has provided a complementary approach that has enabled some important con-
clusions to be reached. In this work data from similar fillings are compared in
the same silica with both modified and unmodified surfaces, and thus it is be-
lieved it is possible to elucidate the changes due to the alteration in the surface
properties.

There are other ways in which water in contact with a hydrophobic interface
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can be investigated. One of these is to use carbon nanotubes, as the water is
readily adsorbed into the interior of the tubes. However, the pore diameters
are usually much smaller and there is also the possibility of water being present
on the outside of the nanotubes. However, current on-going studies39,39 with
carbon nanotubes of ∼30 Å reveal that the water properties are found to be
quite distinctive and considerably different from the results obtained in this
current study.

Some features are similar to those already seen in other work on templated
mesoporous silicas23,24,25,26. However, some new results have also been ob-
tained, particularly in relation to the use of the modified sample with a hy-
drophobic interface:-

• the partially-filled samples display significantly different phase transformations:-

(a) for the ‘almost full’ samples with f=0.90, there is an initial formation
of hexagonal ice followed by growth of cubic ice at lower tempera-
tures,

(b) for f=0.45, there is a single transition corresponding the formation
of cubic ice - the hexagonal ice phase is not seen,

(c) for f=0.20, there is a double transition and the diffraction peak is
broadened compared with the other cases – the two samples have a
different behaviour with respect to temperature and this is probably
due to a difference in the distribution of the water/ice within the
pore volume and at the interface.

• A molecular layer consisting of only three molecules on the internal surface
of either sample, for f=0.2, appears to form a glassy state when the tem-
perature is reduced to 240K for the non-modified case and 220K for the
modified case. At lower temperatures, this state converts to a defective
crystalline state.

These new results can be explained in terms of different processes that are
critically dependent on the amount of water in the pore volume and the as-
sociated connectivity of the droplets. The systematic change with the pore
filling-factor can be rationalised in the following terms:-

• for high filling-factors (f∼0.9), the nucleation begins at the centre of the
pores and is predominantly hexagonal ice but at lower temperatures the
growth phase is entirely in the form of cubic ice which increases at the
expense of a disordered form of ice; in effect the central core of ice expands
radially as the temperature is reduced

• for intermediate filling factors (0.4<f<0.6), there is no hexagonal ice in the
core region to initiate a phase change and a lower temperature is required
to create nucleation at the air-water interface; this ice does not contain
any hexagonal form and subsequently grows as cubic ice
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• for low coverage conditions (f∼0.2) the water layer thickness is small and
corresponds to only a few molecular layers if distributed uniformly on the
surface: in this case, the strong difference in the behaviour as a function of
temperature for the two samples is probably related to the connectivity of
the water volume, and both systems produce a disordered or glassy phase
at low temperatures.

There are obviously many unanswered questions that remain and further
work is continuing to try to unravel the complexities that have been observed.
A second paper with additional measurements on the same samples is in prepa-
ration40. In addition further studies of these and other porous silicas are contin-
uing, comparing NMR cryoporometric measurements with those by a range of
other techniques including gas absorption and small angle neutron scattering38.

Although the present study has adopted an essentially ‘chemical physics’
approach to these characteristics using synthetic mesoporous materials, there
are many aspects of liquid behaviour and ice nucleation in confined geometry
that relate to other disciplines. These topics include aspects of water structure
at protein interfaces, in bio-membranes and other disciplines such as geolog-
ical rock structures, glaciology and perhaps, even astro-chemistry. There are
also commercial interests relating to cryo-protection, filtration and controlled
delivery of chemicals.
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7 Appendix

There is a wide literature on a range of amorphous ice structures prepared by dif-
ferent routes. Most of these ices eventually convert to the low-density form after
annealing at higher temperatures in the region of 120K. The neutron diffraction
pattern36 for low-density amorphous [lda] D2O ice is shown in Figure 14. It
differs from that of ambient bulk water in several respects – i) the main peak is
displaced from 1.98 Å−1 to 1.70 Å−1 and is sharper, ii) there is a more developed
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oscillatory structure in the region of 2.5-3.5 Å−1. The structural features are
well represented by a model based on a random fourfold-co-ordinated network of
tetrahedral hydrogen bonds41. This form is sometimes regarded as the limiting
case of water at low temperatures where there is complete connectivity and the
diffusional motion has effectively been ‘frozen’42. At a temperature of 140 K,
the lda-ice converts to a defective form of cubic ice that subsequently transforms
to hexagonal ice at a much higher temperature. For many years it was thought
impossible to create amorphous ice directly from the liquid phase but this was
achieved in 1991 by Mayer and colleagues43 using a hyper-quench technique. It
is accepted that the lda-form is a well-defined amorphous state of ice although
there is still considerable controversy over whether a single high-density form ex-
ists or whether there are actually many metastable states produced by different
fabrication routes.

Figure 14: - A1. The structure factor S(Q) for D2O as measured on 7C2 and
SANDALS.36

8 Figure captions:

1. Nitrogen adsorption/desorption for non-modified and modified mesoporous
silica samples.
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2. DSC measurements for D2O water in the non-modified and modified sam-
ples with filling factors, f, of 0.90, 0.45 and 0.20.

3. NMR cryoporometry measurements for H2O water in a non-modified sam-
ple with filling factor f=1.98, a modified sample with f=1.69 and for a
modified partially-filled sample with a filling factor f=0.63, for both cool-
ing and warming ramps.

4. The pore size distribution function for both samples determined from the
NMRC data of Fig 3.

5. The measured intensity profiles for neutron scattering from ‘dry’ and ‘wet’
silica samples with the cryostat background; the pattern for the water is
shown below.

6. The superimposed diffraction patterns for water/ice in the

non-modified silica sample as a function of temperature; showing the low-
Q region on an expanded scale: a) cooling, b) heating.

7. The change in the low-Q intensities as a function of temperature a) non-
modified silica, b) modified silica.

8. The growth of ice for f=0.9, shown as a difference function for both sam-
ples a) between 297 and 260K, and b) between 260 and 220K.

9. The growth of ice for f=0.2, shown as a difference function for both sam-
ples between 255 and 220K.

10. The diffraction pattern for the non-modified sample with f=0.2, between
220 and 200K; the difference function is shown below.

11. The diffraction patterns for f=0.45 for both samples at several tempera-
tures.

12. The diffraction patterns for f=0.2 at various temperatures for a) non-
modified and b) modified samples.

13. A comparison of the diffraction patterns for f=0.2 for the two samples,
a) 240K and b) 220K.

14. A1. S(q) for D2O as measured on 7C2 and Sandals.

9 Tables

1. The temperatures of different peaks in the DSC measurements for cooling
and heating cycle

2. Pore characterisation by N2 gaz adsorption and NMR Cryoporometry

3. Experimental variables for the neutron measurements
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