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Abstract. A neutron di raction technique is used to study the structural characterization
of water/ice in mesoporous SBA-15 silica with 86
A nanopore diameter. Di erent lling
factors of the silica pores were considered over a wide temperature range. Neutron
di raction data for the almost- lled case, with a lling factor of 0.95, which undergoes
a temperature change of 300-100K, shows a main asymmetric triplet peak 1.74
A 1 . Using
ve symmetric functions, we found an excellent t with the whole range of data sets
for the triplet. Interestingly, each of these functions is directly linked to the position
of the di erent ice components and shows a systematic variation of peak parameters. As a
complementary experiment, data analysis of the partially- lled cases, with lling factors of
0.6 (300-130 K) and 0.4 (300-100 K), show characteristics that are markedly di erent from
those of the lling factor 0.95. The nucleation temperature for all cases is reduced and
di erent ice structures, along with their temporal order, have been detected for con ned
water. Further investigations con rm that for di erent lling factors, there are di erent
amounts of hexagonal, cubic and disordered ice components. Surprisingly, data analysis
proved the reversibility of the whole nucleation process, although the formation/melting of
the ice in the main body of the pore showed the expected hysteresis.
© 2015 Sharif University of Technology. All rights reserved.

1. Introduction

factor [1-6]. Considering over- lled, almost lled, and
partially lled samples clearly shows how the lling
factor (f) plays a key role, as important as temperature.
In this paper, we present the results of an overall
investigation into con ned water/ice behaviour with
di erent lling factors of pores in a wide range of
temperatures.

Neutron di raction;
Con ned geometry;
Phase transitions.

Increasing interest is being shown towards the use of
partially- lled mesoporous samples, as they may be
used to investigate the behaviour of a thin water layer
[<20
A] near an interface. Much of this development
has focused strongly on the properties of water in a
biosciences context. Studies of water/ice in con ned
geometry have emphasized the complex behaviour of
con ned states as a function of temperature and lling*. Corresponding author.
E-mail address: J.C.Dore@kent.ac.uk (J.C. Dore)

2. Experimental measurements
The measurements were made on a D20 di ractometer
at the ILL, with an incident wave length of 2.400 
0.005
A. The sample was prepared by adding a calcu-
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lated quantity of D2 O to the SBA-15 sample for each
of the lling factors, and leaving it to equilibrate for
at least three hours. Measurements were made with a
constant temperature ramp in both cooling and heating
modes. The usual data processing was conducted to
convert the recorded data into an intensity pattern,
as a function of the scattering vector, Q, at various
temperature intervals. Using two component analysis
procedures, we tried to nd di erent ice components
formed inside these nanopores. First, we performed a
parameter tting routine using symmetric sech functions to extract the variation of peak intensities and
shapes with temperature, and relate each peak to an
ice component. Using the second method, neutron
di raction cryoporometry, we con rm these conclusions
and emphasize the role of so called `plastic ice' in the
phase conversion process for 260-200 K.

behaviour of peaks 1 and 5 suggest that the amount
of hexagonal ice is much less than cubic ice, which has
one peak at the center of the triplet. For the case of
f = 0:6, the behaviour of the rst peak indicates that
the initial stage of nucleation involves the formation

3. Results and discussion
Distribution of water in the nanopore volume will
change by reducing the value of the lling-factor, f , and
f is known to have a signi cant e ect on the nucleation
event. In all lling factors, peaks in the region of 1.5 to
2.0
A 1 are of prime interest and the intensity pro les
have been shown in Figures 1-3.
A parameter tting routine using ve symmetric
sech functions has been used for f = 0:95 and f = 0:6
and an excellent t was found in the main region of our
data (Figures 4 and 5).
It was found that the three sharp peaks (peaks
1, 3 and 5) corresponding to the Bragg peaks for ice-I
could be well tted by this method, and showed the
systematic variation of the peak position, Q0 , and the
width and intensity of the peaks. The broader peaks,
2 and 4, which are required to de ne the disordered
components of the pro le for the case of f = 0:95,
exhibited a modi ed behaviour, particularly for peak
2, for f = 0:6. For the case of f = 0:95, the

Figure 2. Neutron di raction pattern of water/ice with

Figure 1. Neutron di raction pattern of water/ice with

Figure 4. The tted pro le using ve symmetric peak

f = 0:95 at 258 K.

f = 0:6 at 271.9 K, 268 K, 264.7 K and 250.4 K.

Figure 3. Neutron di raction pattern of water/ice with
f = 0:4 at 246 K and 101 K.

functions for f = 0:95 at temperature 258 K.
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Figure 5. The tted pro le using ve symmetric peak
functions for f = 0:6 at temperature 214 K.

of a defective form of cubic ice. Also, the hexagonal
ice only starts to grow at a lower temperature and the
amount of hexagonal ice formed inside the nanopores
is much more than the amount formed in the case
of f = 0:95. Surprisingly, this e ect is reversible,
so that the hexagonal ice seems to melt before the
defective cubic ice, as the temperature is increased.
The nucleation process shows the initial development
of a distinct but broad central peak before either of the
two outside peaks of the triplet. However, the shoulder
at low Q-values indicates that there is a precursor to
the [100] peak. These observations suggest that protocrystals grow preferentially in the [002] direction, in
the initial stages of nucleation, but the broad peak
indicates that they are either disordered or of small
size. This behavior again emphasizes the complexity
of the phase relations and transformations occurring in
the water/ice mixture.
For the case of f = 0:4, the ice peaks are less easily
distinguished from the broad pattern of amorphous ice
and there is an almost complete disappearance of the
outer components of the Bragg triplet (Figure 6). The

Figure 6. The di erence function for f = 0:4 at 246 K
and 101 K, using a reference temperature, T0 of 264 K.
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broad disordered peak plays a much more dominant
role in the pro le, making it dicult to distinguish the
crystalline component. In this situation, it becomes
desirable to remove this general scattering in order
to obtain a satisfactory pattern for the growth of
the crystalline component by subtracting this pattern
from the lower temperature measurements to give a
temperature di erence function. This process clearly
indicates the growth of the defective ice-Ic phase and
the complete absence of any ice-Ih characteristics. An
alternative way of presenting the phase changes with
temperature is to use neutron di raction cryoporometry, NDC [1], which emphasizes the phase relationships rather than the parameter variations required
to t the individual pro les. In this procedure, a
template is used for each of the di erent forms of
water/ice present in the di raction pattern, namely
hexagonal ice, cubic ice, and a disordered pattern
that relates to an amorphous solid phase. Each of
the measured di raction pro les is then decomposed
into a fraction of these three components, producing a
representation of the phases as a function of temperature.
The results for the three lling-factors of 0.95, 0.6
and 0.4 are shown in Figure 7. As can be seen, for the
di erent lling factors, there are di ering quantities of
hexagonal ice, cubic ice and the disordered component.
The NMR work [2] suggests that this disordered component is not a liquid as it has a reduced translation,
characteristic of a solid, but retains signi cant rotation.
We have chosen to describe it as `plastic ice' by
analogy with organic plastic crystals that have similar
dynamical features.
For f = 0:95, as shown in Figure 7, the water rst
super-cools to about -20 C and then partially nucleates
with the formation of cubic ice. The di use scattering
component, represented as plastic ice, initially consists
of about 25 - 30% of the ice in the nanopores. If
it is assumed that the plastic ice forms preferentially
at the silica interface [3-6], this would represent a
layer of plastic ice about 6 to 8
Athick at the wall
of these 86
Adiameter nanopores. NMR relaxation
measurements indicate that the interface dynamics can
be up to a factor of ten times faster than in bulk
brittle ice at the same temperature [7]. The fraction of
plastic ice continues to decrease with temperature down
to about 120 K, increasingly converting to crystalline
cubic ice (brittle ice in NMR terms). These changes
are believed to represent a reduction in the disorder
produced in the ice by the presence of the silica
interface, and that this induced disorder extends a
shorter distance into the ice at lower temperatures.
Negligible amounts of hexagonal ice are seen in these
fully- lled nanopores (1%); this may be because there
is little in the way of a liquid to vapor interface within
which hexagonal ice can form. The pattern for f = 0:6,
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Figure 7. Neutron Di raction Cryoporometry (NDC) graph showing the variation of component phases for cooling
water/ice in a SBA-15 silica, from left to right, f = 0:95, 0.6, 0.4.

Figure 8. Comparative plots of Q0 (T) for various studies of bulk and con ned water. Squares, for bulk water, diamonds,
for SBA-15 f = 0:95, plus signs for f = 0:6 and hollow spheres for f = 0:4.

has a similar general behavior for the formation of cubic
ice, except that less cubic ice is formed, as there is now
a very signi cant fraction of hexagonal ice forming at
lower temperatures. The plastic ice represents about
50% of the ice in the nanopores, on initial freezing.
However, because f = 0:6, there is now only 60% as
much ice in the nanopores; this still represents about
a 7
Athick layer of plastic ice at the silica interface. At
lower temperatures, the plastic ice converts to both
cubic ice (about 80%) at 150 K and hexagonal ice
(just under 20%), with one or two percent of plastic
ice remaining. The conversion of the plastic ice to
crystalline ice occurs continuously over an extended
temperature range in the 150-260 K range. These
ratios are consistent with the plastic ice at the silica
interface converting to cubic ice, and the plastic ice at
the vapor interface converting to hexagonal ice. There
is increased hysteresis for the hexagonal ice in the 240 K
to 260 K region. NMR relaxation data indicate that
the dynamics of the plastic ice at the vapor interface
can be up to a factor of ten times faster than at the
silica interface [2]. The pattern for f = 0:4, has more
statistical variation and follows a similar sequence, but,
in this case, the nal pattern at low temperatures is
dominated by cubic ice and shows no evidence for
the presence of any hexagonal ice. The plastic ice

component again shows a continuous change over the
150-260 K range. The f = 0:4 lling corresponds to a
surface layer of less than 10
Athickness in 86
Adiameter
pores. Thus, it would appear that the tendency to
form cubic ice near a silica interface over this distance
dominates any tendency to form hexagonal ice at an
air/vapor interface. Comparative plots of Q0 (T ) for
various studies of bulk and con ned water are shown in
Figure 8. A comparison of measured scattering by bulk
hexagonal ice, with calculated broadened scattering,
for f = 0:6 and f = 0:4, is illustrated in Figure 9,
which shows increased broadening by reducing lling
factor f for three studied cases. It is not a good
idea to put all three measured neutron di raction
data on the same plot for comparison, since the
process of tting is di erent for these cases, although
it is possible to put all the raw data on the same
plot.

4. Conclusions
The study of water/ice con ned in partially lled
nanopores of SBA-15 silica showed that the nucleation
process is totally reversible, with interesting features.
Di erent amounts/structures of ice were found compared to the bulk water, depending on the lling factors
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