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a b s t r a c t

The specific heat of water in partially and completely filled 4 nm pores of Vycor has been studied by
static and dynamic calorimetry. Water was transferred to the pores in controlled amounts of 4.4–22 wt%
(i.e., 20–100% filling of pores) isothermally via the vapour phase in a closed system, and measurements
were made on cooling from 280 to 110 K at 12 K/h and thereafter on heating from 110 K at the same rate.
On cooling, a marginally small exothermic peak appeared at ∼233 K for 20% filling, and the peak grew
in intensity with more water in the pores. But it vanished for 100% filling. For 46 and 100% filling of
the pores, a sharp crystallization peak appeared at ∼250 K. On heating from 110 K, a broad endothermic
peak appeared for all samples, the peak became narrower with increase in the pore-filling and its onset
temperature increased. The effect also appeared in the dynamic specific heat but was less pronounced.
We envisage that in partially filled pores, H2O molecules form bulkier clusters attached to the silica wall.
The crystallization peak is at ∼233 K and the melting peak at 255 K. The H2O clusters grow with increase in

filling, but vanish for 100% filling. For 46% filling some regions of the pores also contain closely packed H2O
that crystallize at 248 K and melt at ∼260 K (all references to peak). Water in 100% filled pores crystallizes
at 250 K and the solid melts at 260 K. Crystallization of 46% filled sample over different T ranges showed
broadened endotherm on heating, which was due to merging of two peaks from two-step melting. The
rise in the onset temperature and the narrowing of the endotherm with increase in the pore water, are
remarkably similar to those observed on increasing the size of 100% filled pores. It is necessary to use

to rev
both cooling and heating

. Introduction

Water in nanopores differs structurally from bulk water. Never-
heless, studies of nanoconfined supercooled water are performed
ith an expectation that it would help in revealing the behaviour of

ulk supercooled water in its unaccessible temperature range. An
rticle [1] by one of us in this journal-issue has already described
ome of these features and limitations of the concept. Briefly, in
morphous silica pores, water molecules form hydrogen bonds with
he siloxane group on the pore-wall forming a layer or nanoshell
ttached to the pore-wall. On cooling, this layer does not crystallize
hile most of the remaining water crystallizes. Diffractions stud-

es have shown that crystallization of pore water occurs to different

ypes of ices on cooling, and in some cases the state of water reorga-
izes to a lower entropy, undefined structure. On heating, the ices
elt and the structure reverts to the high entropy state gradually
ith changing T. In pores of diameter larger than ∼2 nm, water has

∗ Corresponding author. Tel.: +1 905 525 9140x24941; fax: +1 905 528 9295.
E-mail address: joharig@mcmaster.ca (G.P. Johari).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.05.001
eal the structural transformations in nanopores.
© 2009 Elsevier B.V. All rights reserved.

been found to crystallize to cubic ice, hexagonal ice or their mixture,
and in pores of diameter smaller than 2 nm, water does not appar-
ently crystallize. In most studies of confined water at temperatures
below 200 K, the crystalline solid is found to coexist with the melt
or with an otherwise disordered structure. Diffraction studies have
shown that in some silica nanopores distorted or defective lattice
structure of the ices are formed [2–5].

More recently, it has been found that (i) freezing and melting
in pores larger than 3 nm occurs over a wide temperature range,
with a considerable hysteresis on cooling and heating [6–11], (ii)
an ice–water equilibrium [8,12] persists over a certain temperature
range, (iii) the energy of an H2O molecule varies with both its posi-
tion in a nanopore [13] and the amount of water [7,13,14] in the
pore, and (iv) Cp of nanoconfined water is higher than that of the
bulk water and decreases to the bulk water value when pores are
completely filled [14]. In the last two studies the amount of water

that entered the 4 nm diameter (size) pores of Vycor via the vapour
phase was controlled between 8.3 and 100% filling by providing a
water droplet of known mass separated from the Vycor by an air
gap inside a sealed container. The container was inserted in the
calorimeter and the heat released as well as Cp during the spon-

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:joharig@mcmaster.ca
dx.doi.org/10.1016/j.tca.2009.05.001
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aneous transfer of water from bulk to nanopores was measured
n real time. Thermodynamics and crystallization of water in the
00% filled 4 nm pores of Vycor has also been studied during cooling
o 240 K and thereafter on heating [7]. Those studies showed that
ydrogen bonding in nanoconfined water not only differs from that

n bulk water but also it varies with the pore size and the extent of
ore-filling.

It is also known that both the crystallization of confined water
n cooling and melting of the crystals formed on heating vary with
he size of the completely filled pores. Since the extent of hydro-
en bonding is expected to vary with the amount of water in the
ores of a given size, and this has relevance to a host of biological
nd physical processes in nature, we performed a detailed study
f transformation of water in partially filled 4 nm diameter pores
n Vycor. Here, we report a study of Cp as the water in partially
lled pores froze or vitrifed during cooling from 280 to 110 K, and
hereafter as the frozen state transformed during heating to 280 K.

e used both the usual calorimetry and dynamic calorimetry for
he study, with extremely slow cooling and heating rates of 12 K/h.
hus, thermodynamic equilibrium was achieved at much lower
emperatures than in the 10 K/min heating rate in the usual DSC

easurements. We investigate the change in the thermal effects
hen the pore-filling is gradually increased from 20 to 100%, and

ompare the results against those observed for 100% filled pores of
ncreasing size in other nanoporous solids.

. Experimental methods

The equipment and measurement technique are similar to those
escribed in studies performed at temperatures above 235 K [15].
new cold bath was constructed such that the calorimetric head

ould be immersed in its liquid nitrogen reservoir and dry nitrogen
as was used for circulation in the system to prevent moisture con-
ensation. The details of the design will be published elsewhere.
alibration for the temperature scale was performed by using the
two) phase transition temperatures of cyclopentane and the melt-
ng point of water. Calibration for heat flow was performed by
sing benzoic acid as standard for specific heat. Although, only
pparent heat capacity, Cp,app, data were needed for our investi-
ations, we also measured the real and imaginary components of
he complex specific heat, C ′

p and C ′′
p , by temperature modulation

t 3.3 mHz frequency with peak to peak amplitude of 1 K for tem-
erature modulation. Here, Cp,app refers to the usual specific heat
easured in a DSC experiment in which it is time dependent in the

lass transition region and in the glassy state, and C ′
p and C ′′

p refer,
espectively, to the real and imaginary components of the complex
pecific heat, C∗

p = C ′
p + iC ′′

p , where i = √−1 in both standard and
uasi-isothermal measurements. The quantity C ′

p is also referred
o as reversible part of the specific heat. For more information
nd relations between Cp,app, C ′

p and C ′′
p see Ref. [16]. The dynamic

alorimetry was performed by superposing a temperature modu-
ation to the normal temperature scanning calorimetry. This has a
pecial advantage because the data obtained have higher signal to
oise ratio than the data obtained in normal scanning calorimetry. It
as also necessary in those cases in which the samples contained

ow amount of water and, consequently, the difference between
p,app of the sample and of that of the dry Vycor was relatively small.
he baseline in dynamic calorimetry was found to be more stable
nd for a longer period than in normal calorimetry. For both Cp,app

nd C ′
p, the data obtained during repeated heating and cooling were

ithin the experimental reproducibility of 2%.

Water of reagent grade purchased from Angelini SpA was used.

ylindrical rods of Vycor 7930 in 6 mm length, 2 mm diameter and
29 mg in weight were purchased from Corning, USA. Its compo-

ition is 96% SiO2, 3% B2O3, 0.04% Na2O and <1% (Al2O3 + ZrO2),
nd in the dry state, its density = 1.5 g/cm3, void space = 28% by
a Acta 492 (2009) 37–44

volume, internal surface area = 250 m2/g, average pore diameter
(size) = 4 nm, and OH surface density of about 7 OH/nm2. The rods
were cleaned with distilled water and heated to 413 K for 12 h,
dehydrated by keeping on silica gel for 24 h and kept stored in a
desiccator prior to use. Thermogravimetric analysis performed after
heating the rods showed no change in the mass [7]. The intercon-
nected channels of 4 nm average diameter have a distribution of
shapes and sizes, and nitrogen desorption studies of porous sil-
ica gel glass with nominally 15–30 nm diameter (size) pores have
shown a distribution of pore size [11] but for Vycor 7930 this dis-
tribution is relatively narrow. The channels (pores) and some of
multi-channel junctions terminate on the surface.

We used the manufacturer’s data on the pore volume, surface
area and density to calculate the amount of water per g of dry
Vycor needed to fill its 4 nm pores. It was 19–22 wt%. As in our
previous studies [13,14] we used samples of Vycor containing 4.4,
5.9, 7.7, 10 and 22 wt% water (= mass of water × 100/mass of dry
Vycor). These amounts correspond, respectively, to 20, 27, 35, 46
and 100% filling of the 4 nm pores. The procedure for incorporating
the desired amount of water in dry Vycor has been described ear-
lier [13,14]. Briefly, a cleaned and dried 90 mm long pyrex tube of
2.2 mm internal diameter, and 0.3 mm wall thickness was used as
the sample holder, which acted as an assembly that was inserted in
the calorimeter. The required amount of water for transfer to Vycor
via the vapour route was syringed into the tube’s closed end. It was
frozen to ice by vertically keeping the tube immersed in a bath at
250 K. The tube was then kept horizontally and eight pre-cleaned
and weighed (nominally 235 mg) dry Vycor rods were inserted and
kept close to the open end of the tube, thus providing an air space
between the water and the Vycor rods. The tube was hermetically
sealed by fusing with a miniature flame, brought to room tem-
perature, which melted the ice and the water remained confined
to one end of the tube by surface tension forces. The assembly of
this closed system was inserted horizontally in the calorimeter cell
maintained at 358 K, a temperature at which the air space separat-
ing water from Vycor was at a water saturation pressure. The H2O
molecules thus entered the nanopores via the vapour phase at sat-
uration pressure. The transfer of bulk water to nanopores in this
closed system occurred in two stages. First, nanopores on Vycor’s
surface were nearly filled at a certain rate as long as bulk water in
the sample holder was available to maintain saturation pressure.
Thereafter, a redistribution of water in the pores occurred by diffu-
sion of H2O in the pores. The samples in the sealed state were kept
for long enough time to allow all the water to transfer uniformly in
the 4 nm pores of Vycor, as described elsewhere [13,14]. In a typical
procedure, the sample was kept at 280 K for 1 h, cooled to 110 K at
12 K/h rate, kept at 110 K for 1 h and then finally heated to 280 K at
12 K/h rate, and Cp,app, C ′

p and C ′′
p were measured throughout this

period.
Over most of the temperature range of the study, molecular

relaxation time of water and ice is much shorter than the 300 s
time scale of 3.3 mHz frequency used here. Therefore, C ′′

p is expected
to remain zero and only C ′

p is expected to vary with T. Neverthe-
less, both C ′

p and C ′′
p were measured. As found in most experiments

in which a first order transition occurs, C ′
p and C ′′

p were greatly
effected by the rapidity of the heat released or absorbed during
the transition. The C ′′

p data are ignored here and only the C ′
p data

are reported. This C ′
p therefore contains the effect of change in

the equilibrium and vibrational Cp with T, the contributions of the
thermally reversible transformation processes [16] and any artefact
from loss of stationery state when the heat released or absorbed

with changing T is too rapid [17]. In the temperature range where
this transformation was absent or negligible, C ′′

p was negligibly
small. Since the opposite signs of the rates of cooling and heat-
ing have been ignored, the exothermic and endothermic peaks in
Cp,app appear in the same positive direction.
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. Results

Fig. 1 shows the plots of Cp,app and C ′
p for water in 4 nm pores of

ycor containing 4.4, 5.9, 7.7, 10, and 22 wt% water (20, 27, 35, 46
nd 100% filling of the pores). The samples were cooled at 12 K/h
rom 280 to 110 K. For clarity, the plots have been shifted upwards
nd the scale-shift and the amount of water in wt% and percentage
lling are noted. On cooling, the 4.4 wt% pore water shows a very
mall peak at ∼233 K. This peak grows until 10 wt% and vanishes for
2 wt% pore water. A new small peak at 243 K and a large sharp peak
t 247 K appear for the 10 wt% pore water and both become larger
or the 22 wt% pore water. Corresponding features appear in the C ′

p
lot, but with greatly reduced intensity. Large exothermic effects at
near 250 K are due to crystallization of supercooled water. Since

he transformation is fast, the heat effect changes rapidly with T,
nd stationary conditions needed for determining C ′

p cease to exist.
hus, the measured C ′

p shows a large scatter.
Fig. 2 shows the corresponding plots obtained on heating the

ve samples from 110 to 280 K. Because of the large magnitude
f errors in the baseline stability relative to the signal amplitude
rom the transformation of the sample, the Cp,app data for 4.4 wt%
ore water are excluded here. A broad peak appears at ∼250 K for
.9 wt% pore water, which becomes larger as the amount of water

s increased and the peak shifts ultimately to 260 K for 22 wt% pore

ater. The peak appears as an overlap of two peaks, one of which, of

mall intensity, appears as low temperature shoulder that is clearly
otable for the 10 wt% pore water. Corresponding features appear

n the C ′
p plot, but with greatly reduced intensity.

ig. 1. The plots of Cp,app and C ′
p for water in 4 nm pores of Vycor containing 4.4, 5.9,

.7, 10 and 22 wt% water (20, 27, 35, 46 and 100% pore-filling). Measurements made
uring cooling the samples at 12 K/h from 280 to 110 K. The plots have been shifted
pwards and the scale-shift is noted.

Fig. 2. The plots of Cp,app and C ′
p for water in 4 nm pores of Vycor containing 4.4,

5.9, 7.7, 10 and 22 wt% water (20, 27, 35, 46 and 100% pore-filling). Measurements

made during heating at 12 K/h from 110 to 280 K after the precooled samples had
been kept at 110 K for 1 h. The plots have been shifted upwards and the scale-shift
is noted.

For comparison between Cp,app measured during cooling and
during heating, we have cross-plotted the data from Figs. 1 and 2 in
Fig. 3. The plots show that the features observed on cooling do not
appear on heating. There is a considerable hysteresis in the tem-
perature of the peaks as well as of Cp,app at a given T. For showing
the difference between C ′

p measured during cooling and heating,
we have cross-plotted also the C ′

p data in Fig. 4. Here, the data for
4.4 wt% pore water are the same for cooling and heating except near
245 K, as is evident in the insert of Fig. 4. The difference is more evi-
dent in the data for 5.9 wt% pore water and it increases with increase
in the amount of pore water, reaching a maximum for 22 wt% pore
water.

Calorimetric behaviour of water has been studied as a function
of pore-filling in several earlier studies. Bellissent-Funel et al [18]
studied water in two sets of partially filled pores of Vycor 7930
also, but the average pore size given by them is 5 nm. In one study,
Vycor was fully hydrated (24.5% water) and in the other it was
56% hydrated (13.6% water). They found that while two exothermic
peaks appear on cooling the 100% filled pores at 2 K/min rate and
two endothermic peaks on heating, for partially filled pores only
one exothermic peak appeared for freezing and only one endother-
mic peak on melting. The exothermic peak was shifted by ∼2 K to
a lower T. For water in the 100% filled pores, the first exotherm in

the 263–255 K was attributed to “extra pore water” and the two
melting endotherms to two phase melting.

Zanotti et al. [19] also studied 25% hydrated Vycor 7930, they
found an apparent first order transition with two overlapping sharp
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Fig. 3. The plots of Cp,app for water in 4 nm pores of Vycor containing 4.4, 5.9, 7.7, 10
and 22 wt% water (20, 27, 35, 46 and 100% pore-filling). Measurements made during
cooling the samples at 12 K/h from 280 to 110 K and then heating at the same rate
a
u

p
i
t
i
d
p
w
a
fi
n
a
[
t
a
f
a
t

p
a
T
t
a
t
p
w
t

Fig. 4. The plots of C ′
p for water in 4 nm pores of Vycor containing 4.4, 5.9, 7.7, 10

and 22 wt% water (20, 27, 35, 46 and 100% pore-filling). Insert shows a vertical scale
fter the precooled sample had been kept at 110 K for 1 h. The plots have been shifted
pwards and the scale-shift is noted.

eaks near 240 K on cooling at 5 K/min and one broad endotherm
n the 260–270 K on heating. They also found an apparent Tg fea-
ure at T near 165 K. Finally they concluded that “The H-bond
nteraction of the interfacial water molecules with the numerous
angling OH groups (16 silanols/nm2) at the Vycor surface sup-
orts the similarity (the value of Tg = 165 K in particular) between a
ater monolayer absorbed on Vycor and bulk water.” The various

rguments against the suggestions of Tg of 165 K for nanocon-
ned water and the observed calorimetric features of water in
anoconfinements have been discussed [1,20,21]. Arguments have
lso been given against the suggestion for Tg of 165 K for bulk water
22,23], which may be consulted for details. DSC studies of par-
ially filled pores of silica have been reported also by Takamuku et
l. [24]. They interpreted the data on the basis of results obtained
rom studies of the structural and dynamics properties. Zanotti et
l. [19] have discussed already the limitations of that interpreta-
ion.

In these earlier studies, Cp and its change with T as well as with
ore-filling was also separated from the thermal effects of freezing
nd melting. However, some of the earlier results differ from ours.
he difference is partly attributable to the difference in concentra-
ion of water in Vycor or in silica samples in the respective studies,

nd partly to the procedure used for filling the pores and to the
echnique used for the measurements. A recent review [1] and two
apers [20,21] have also shown that thermodynamic properties of
ater in nanoconfinement vary with the pore size in the matrix and

he pore-size distribution.
enlargement of the 4.4 wt% pore-filling curves. Measurements made during cooling
the samples at 12 K/h from 280 to 110 K and then heating at the same rate after the
precooled sample had been kept at 110 K for 1 h. The plots have been shifted upwards
and the scale-shift is noted.

4. Discussion

4.1. State of water in partially filled pores

In experiments intended to determine the energy of a water
molecule [13], C ′

p measured in real time during the course of trans-
fer of water to 4 nm pores via the vapour phase [14] had shown
that, after the bulk water available for transfer was exhausted, the
pore water redistributed asymptotically with time. This minimized
the net energy. Since our present experiments were performed on
the samples of those experiments, water in the pores had already
redistributed. To consider how water may be ultimately distributed
in the partially filled pores, we first recall that some of the H2O
molecules form an uncrystallizable layer on the silica surface that
is strongly bonded to the pore-wall. After that, there are two ways in
which the remainder of the molecules may be present in the pores:
(i) they may form concentric layers of hydrogen bonded structure,
growing inwards radially as the pore-filling is increased, (ii) they
may form clusters attached to the silica wall separated from each
other, leaving parts of the volume unoccupied. Each of these would
have a characteristic consequence for transformation of the state of
water in the pores on cooling and on heating.
To consider the distribution of the 22 wt% water in Vycor, we
recall that according to the manufacturer’s data, the void space in
Vycor 7930 is ∼28% by volume, and dry Vycor’s approximate density
is 1.5 g/cm3 (specific volume = 0.67 cm3/g). This yields a maximum
pore volume of ∼0.19 cm3/g of Vycor. By using the density of water
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of the pore. The sharpness of the exothermic peak on cooling for
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s 1 g/cm3, we estimate that slightly more than 19 wt% water in
ycor would completely fill its pores. Any excess water would be
utside the pores and would freeze on cooling, which would then
elt on heating like bulk water at T near 273 K. In this study, we

ound no such melting endotherm for 22 wt% water content. This
hows that for this amount, all water is contained in the pores. Two
ore effects need to be mentioned: Firstly, since there is distribu-

ion of pore size in the Vycor, our calculations of the total amount of
ater needed to cover the entire pore-wall and the amount needed

o completely fill the channels may be approximate. As discussed
arlier [7], this has little effect on our conclusions. Secondly, the
ossible solubility of silica in water, which was not considered by
thers, has been shown to be inconsequential [7].

Interactions at the silica–water interface also has an effect on
ydrogen bond structure. Since the covalent bonds between the Si
nd O atoms near the surface are strained, the O atoms on the pore-
all are in a high-energy state. These may form hydrogen bonds
ith water by accepting a proton and thus form a hydrated layer on
pore’s internal surface. Such hydrophilic effects have been referred

o as the hydrated silica or –SiOH interactions. It has been accepted
hat their role is limited only to the first layer of H2O molecules
t the silica pore-wall. Thus, when an H2O molecule is transferred
o the nanopore via the vapour phase, it would initially go to the
mallest pores in which the surface Si–O–Si bonds are highly dis-
orted, because of relatively large surface–molecule interaction.
hereafter, further molecules would selectively go to successively
arger pores if there were a distribution of pore size in Vycor. In this
ase, some of the wider pores may remain empty, if H2O molecules
ere to reach those pores only via a (narrow and plugged) passage

f the narrower pores. Consequently, complete pore-filling would
ither not be achieved or would be achieved only after slow diffu-
ion of molecules out of the constricted passage into larger pores.
ince transfer from a smaller pore’s surface to a larger pore’s sur-
ace would be endothermic (transfer of bulk water to pore water is
xothermic), this latter process is energetically improbable, unless
he entropy change is high enough to compensate for the enthalpy
hange and decreases the free energy.

NMR studies [25] in two silica matrices of MCMs (with cylindri-
al pores of uniform diameter or narrow distribution) have shown
hat the filling mechanism depends also upon the silica material. In
he computer simulated distribution of H2O molecules in nanopore
hannels [26,27], a radial heterogeneity of molecular distribution
as been found, and it has been envisaged that ice-like structures

orm even in carbon nanotubes [28]. Gallo et al. [29] have performed
olecular dynamics simulation of water confined in Vycor glass

ores. A layer analysis of the site–site radial distribution functions
ave evidence for the presence of two subsets of water molecules
ith different microscopic structure. Molecules in the inner layer
ext to the core were found to have the same structure as bulk
ater, and molecules close to the silica wall were found to be

trongly influenced by the hydrophilic interactions with the wall
nd the structure contained distorted hydrogen bonds. They found
hat lowering of hydration has little effect on the structure of water
n the outer layer. Although relevant, they do not have a significant
onsequence for our studies. It is also known that computer sim-
lated results vary with the type of potential function used, and
uibasset and Pellenq [30] have stated that, “In the case of Vycor
ully saturated with water, the oxygen–oxygen distribution function
hows a higher structure than for bulk water, the contribution being
robably mainly due to the contribution of water molecules close
o the surface” [30]. (Higher structure means higher peak heights
n the plot of the distribution function in their Fig. 3.) Some of these

onclusions create an ambiguity in the usual discussion in which
he nanopores are assumed to be filled from the pore-wall inwards.
he filling may be radially uniform or else radially nonuniform as
ould occur when H2O molecules form clusters attached to the
a Acta 492 (2009) 37–44 41

pore-wall. On the basis of our finding, we regard the latter as a
more probable occurrence.

4.2. Structural transformation on cooling and heating

To interpret our results in terms of structural transformation of
water in 4 nm pores, we adapt some of the arguments given by
Mallamace et al. [31] and by one of us in a paper in this issue of the
journal [1]. An H2O molecule has an average volume of ∼30 Å3 (=
18/6.03 × 1023). The effective diameter of its circumscribed sphere
is therefore 0.38 nm. If the uncrystallizable H2O nanoshell bonded
to the silica surface were one-molecule thick, there will be eight
H2O molecules (= (4.0/0.38) − 2) left to form a nanocore of ∼3.2 nm
diameter in a 4 nm pore. If it were two-molecule thick, there will
be six H2O molecules (= (4/0.38 )− 4) left to form the nanocore
of ∼2.5 nm diameter. The unit cell dimensions of hexagonal ice
(space group P63/mmc, containing four H2O) are, a = b = 0.448 nm
and c = 0.731 nm, and of cubic ice (space group 4̄3m, containing
eight H2O) are a = 0.638 nm. Therefore, for forming one unit cell
of the structure of these ices, a nanocore of at least ∼0.76 nm
(two molecule) diameter is required. For nucleation of the ices a
volume containing a much larger number of molecules would be
needed.

We begin by considering the transformation in 4.4 wt% pore
water (20% filling). According to the manufacturer, the surface area
of the pores is 250 m2/g. Since the diameter of a water molecule is
0.386 nm, a dense-packed one-molecule thick layer of H2O next to
the pore-wall would consist of 16.8 × 1020 H2O molecules, which
amounts to 50.4 mg (2.79 mM) of water per g of Vycor or to ∼5 wt%
of water. If a two-molecule thick layer were to form, this amount
would be ∼10 wt% water. Any amount less than 5 wt% will not com-
pletely cover the pore-wall, and any amount more than that will
either form a second layer of H2O molecules or else form molecular
clusters within the pores. Therefore, according to the above-given
distribution, the 4.4 wt% pore water in Vycor would not be enough
to form one-molecule thick layer which does not crystallize on cool-
ing, as discussed above. However, the Cp,app against T plot for 4.4 wt%
pore water in Fig. 3 shows a tiny exothermic peak at ∼233 K on cool-
ing. The C ′

p against T plot for this sample in Fig. 4 shows only a change
of slope at T near 245 K. Moreover, the C ′

p data obtained for cooling
slightly differ from the C ′

p data obtained on heating, as seen in Fig. 4
insert. This is an indication, though marginal, that in the sample
containing 4.4 wt% pore water, not all the H2O forms an uncrys-
tallizable nanoshell bonded to silica. It is conceivable that a small
amount of H2O forms clusters on the silica wall that transform to a
low entropy structure (partially ordered H-bond network) of water
molecules on cooling. If this has occured then the endotherm due
to the reverse transformation on heating has so broadened that it
is undetectable within the sensitivity of our measurements.

The Cp,app against T plots of the 5.9 and 7.7 wt% pore water in
Fig. 3 show a sharp peak on cooling and a broad peak on heating,
with a hysteresis of 16 and 25 K, respectively. The corresponding
plots of C ′

p in Fig. 4 show similar features on cooling and heating. In
these pores, the amount of water is more than the amount needed
to form a one-molecule thick layer. The extra amount may form a
part of the second layer of H2O hydrogen bonded to the molecules
in the first layer. If that occurred, at most two H2O molecules would
be available to transform to ice or to another low entropy structure.
Since one ice unit cell contains at least six H2O molecules, ice would
form only if H2O molecules formed clusters attached to the uncrys-
tallizable monolayer bonded to the siloxane on the silica surface
5.9 and 7.7 wt% pore water does indicate the rapidity of crystalliza-
tion similar to that observed on crystallization of supercooled bulk
water to ice, and the broadness of the endothermic peak on heating
indicates a gradual transformation without a distinct melting point.
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Fig. 5. The plots of Cp,app for water in 4 nm pores of Vycor containing 10 wt% water
(46% filling). (A) Measurements made during cooling the samples at 12 K/h from 280
to 240 K (top plot), and from 280 to 110 K (bottom plot). (B) Measurements made on
heating to 280 K the sample that had been precooled to 240 K and kept at 240 K
for 15 min. Also shown is the corresponding plot for the sample precooled to 110 K.
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The higher amount of 10 wt% pore water (46% pore-filling) is
lso enough to form one-molecule thick, uncrystallizable nonoshell
ith an additional large number of H2O hydrogen bonded to this

hell. The thickness of the extra layers for the 46% filling is large
nough to form hexagonal and/or cubic ice unit cells, but not
nough to show a diffraction pattern. Alternatively, some H2O for
his filling may exist as clusters and some may fill the pores. Fol-
owing the arguments for the exotherm at 233 K and the endotherm
n the 245–265 K range found for lower amounts of pore water, we
onsider that the 233 K exothermic peak is due to the transforma-
ion of H2O clusters, and the 247–250 K peak due to crystallization
f the water in the filled pores forming regions in which several
nit cells of the ices can form. Thus, we attribute the high tempera-
ure peak to crystallization in the filled regions in the pores and the
33 K peak to crystallization of clusters separated from the filled
egions.

As described above, for the 22 wt% pore water (100% filling) there
ill be eight (linearly arranged) H2O molecules (= (4.0/0.38) − 2)

eft to form a nanocore of ∼3.2 nm diameter in the 4 nm diameter
ore of Vycor. Thus, all water may crystallize in a narrow range
howing only one prominent exothermic peak, as is observed in
igs. 1 and 3. The solid formed on cooling may on heating melt with
n equally prominent endothermic peak at T < 273 K, according to
he Gibbs–Thomson equation. Unlike the unfilled pores, there are
o clusters of H2O molecules that would freeze to ice or to a low
nergy structure at 233 K.

We also consider another aspect of this interpretation. It is
elieved that the density of bulk water approaches the density of

ce at T < 225 K, which may not be the case for nanopore water. How-
ver, if the volume increase on crystallization in 100% filled pores
ere the same as for bulk water, it would produce a maximum

f ∼2 kbar pressure in a hermetically sealed pore on crystalliza-
ion at ∼251 K. This may expel some of the water from the open
nd/or loosely plugged pores. In the latter case, the expulsion rate
f water would determine the growth rate of ice in the sample. In
ny case, the ice-like structure formed along the pore axis would
emain exceptionally small even if pressure persisted in the pore.

Finally we interpret the broadness of the endothermic peak on
elting in relation to the exothermic peak on crystallization. As dis-

ussed earlier [1,7], the broadness of the peak indicates a gradual
ransformation of ice-like structures to the “melt state” in a tem-
erature range in which ice and the “melt” coexist. The coexistence
quilibrium arises when change in the Gibbs energy per unit vol-
me [32] becomes equal to the opposite change in the interfacial
nergy associated with the grain junctions and grain boundaries.
remelting of ice associated with this effect has been found in a
tudy of micrograin size ice samples [33].

As found in an earlier study, in which cooling was limited to
33 K [7], nanoconfined water in this study shows a thermal hys-
eresis of the transformation. A thermal hysteresis has also been
bserved by NMR cryoporometry studies which have shown the
ysteresis to vary also with the surface to volume ratio of the pores
nd with the curvature of the pore surface [34]. Moreover, X-ray
iffraction studies of water in 3.5 nm size pores have shown a con-
inuous transition between the liquid and crystalline state that
recedes the first order freezing transition of pore water [35].

To investigate the nature of crystallization as evident from
xothermic peaks, we performed additional experiments. The sam-
le containing 10 wt% pore water was cooled from 280 to 240 K at
2 K/h rate, a region in which crystallization occurs only in the 250 K
ange. By using this temperature range, crystallization that occurs

t 233 K could be prevented. The data are plotted in Fig. 5A, which
hows that one large and one very small exothermic peak at 248
nd 242 K, respectively. Thereafter, the sample was kept at 240 K
or 15 min and then heated to 280 K at 12 K/h rate. The data plot-
ed in Fig. 5B show one endothermic peak at ∼262 K. The data for
The difference between the Cp,app of the two plots is provided together with the
difference between heating and cooling Cp,app data observed for the 7.7 wt% pore
water sample shown in Fig. 3, for which only one exothermic peak at ∼233 K was
observed on cooling.

10 wt% pore water taken from Figs. 1 and 2 are replotted in Fig. 5A
and B. It is evident in the plots that when the sample has been pre-
cooled to 110 K it still shows an endothermic peak at ∼262 K, but the
peak is broadened at the low-temperature side, indicating a possi-
ble overlap of two endothermic peaks. This means that the state
that had formed at T near ∼233 K on cooling to 110 K melts on heat-
ing at a lower T than the state that had formed on cooling only to
240 K. To further elaborate, we determined the difference between
the Cp,app measured on heating the sample that had been precooled
to 110 K (curve 1, Fig. 5B) and the Cp,app measured on heating the
sample that had been precooled to 240 K (curve 2, Fig. 5B). This dif-
ference is plotted (circles) also in Fig. 5B. It shows a broad peak at
255 K, which agrees with the difference (filled diamonds) between
the Cp,app data observed for heating and cooling of the 7.7 wt% pore
water sample shown in Fig. 3, for which only one exothermic peak at
∼233 K was observed on cooling. We conclude that there are not just
two crystallization regions; there are also two melting regions, and
the melting range is much broader than the crystallization range.

At first sight it seems that our data could provide a quantita-
tive analysis of the change in the vibrational contribution to the

specific heat of supercooled water and ice from bulk states to the
nanoconfined states. Unfortunately, this contribution has not been
experimentally determined for supercooled water. For ice, the mea-
sured Cp is entirely vibrational. A comparison of its Cp with the
value determined here may indicate the crystalline state of water
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n Vycor. But the differences between the respective Cp values of
ubic, hexagonal and amorphous ices are too small to be distin-
uishable within the sensitivity of our measurements. Briefly, it has
een found that there is less than 1% difference between the Cp of
exagonal ice [36] and cubic ice [37,38]. Also, Cp of amorphous ice
37] and the two crystalline ices are within 1%. When hexagonal ice
ecomes proton-ordered to ice XI [39,40] and its entropy decreases,
he small change in Cp is also well within 1%. The specific heat of
ore ice in Vycor here has been determined by (a) subtracting the
ass of dry Vycor from the sample’s mass to estimate the total

mount of water in the sample, (b) subtracting the measured Cp in
/(g K) of the dry Vycor from the measured Cp of the sample per g
f pore water. These steps add error to the Cp estimate of pore ice
y at least 2%. Therefore, whatever state of ice was formed in the
anopores, it could not be distinguished on the basis of our Cp data.

.3. Pore-filling effects and pore-size effects

Oguni et al. [11] have studied Cp,app of water in pore sizes
.1–52 nm of various silica gels by adiabatic calorimetry. The sam-
le pores were 100% filled with water and the data were obtained
nly on heating. The results were reported as plots of Cp,app against

. In their Figs. 4 and 5, they showed that for 100% filling by both
2O and D2O, the onset temperature of Cp,app rise for small size
ores was low, and the plots had a broad shape. As the pore size
as increased, still with 100% pre-filling, the onset temperature

ig. 6. The plots of Cp,app for water in 4 nm pores of Vycor containing 5.9, 7.7, 10 and
2 wt% water (27, 35, 46 and 100% pore-filling) as measured during the heating from
10 to 280 K at 12 K/h. The dashed line is for ice. The samples were precooled to 110 K
t 12 K/h and kept for 1 h before heating. The errors caused for the 4.4 wt% were too
arge for inclusion here. The plots resemble those in Figs. 4 and 5 of Ref. [11], a study
n which the pore size was increased from 1.1 to 52 nm and the filling was 100%.
a Acta 492 (2009) 37–44 43

of Cp,app rise increased, the plots became narrower and for 52 nm
pores, Cp,app rose sharply as the ice melted at T close to 260 K.
To compare these effects against our findings for experiments in
which pore-filling has been varied, we have replotted the Cp,app

data measured during heating for the various pore-fillings in Fig. 6.
The onset temperature for the melting endotherm for the lowest
pore-filling (4.4 wt%) cannot be estimated, as the endotherm is too
broad and therefore, we disregard it here. For higher pore-filling,
the onset temperature increases with increase in the pore-filling.
The plots are broader for 20% pore-filling and become narrower as
the pores are filled to 100%. (The apparent oscillations in Cp,app seen
for 5.9 wt% are partly due to fluctuation of the baseline instability
amplified by the large subtraction of Cp,app of dry Vycor needed to
obtain these values. Note that such fluctuations do not appear in
the C ′

p plots shown in Fig. 2.)
The similarity between the plots in Fig. 6 and the plots in Figs.

3 and 4 in Oguni et al.’s study [11] is remarkable. This indicates
that the change in the onset temperature and shape of the “melt-
ing” transformation endotherm obtained by varying the pore size
with 100% filling can be achieved also by partially filling the pores
of a given size. This means that on cooling, the manner in which
crystallization of water changes depends upon the distribution of
water in the pores. There is also a difference between these studies
and Oguni et al.’s [11]. Our studies were performed during both the
cooling and heating and theirs were necessarily limited to measure-
ments on heating as they used adiabatic calorimetry and therefore
it is not clear whether Oguni et al. [11] could have also observed
several exothermic peaks due to crystallization on cooling of the
pore water. Nevertheless, the observations here suggest that it is
necessary to perform Cp,app measurements during both cooling and
heating for the purpose of revealing the nature of transformations
in the pore water.

5. Conclusions

The exothermic and endothermic features of water in 4 nm pores
show a transformation that varies with the amount of pore water,
i.e., the extent of filling of the pores. For a given amount of pore
water, the distribution of water is envisaged (i) as uncrystallizable
layer of H2O bonded to the silica surface, (ii) as H2O clusters only
partially filling the pores, and (iii) as regions of hydrogen bonded
and packed H2O molecules in the pores. When the total amount of
water is comparable to the amount needed to form an uncrystal-
lizable monolayer attached to the silica wall, some H2O still form a
cluster that may crystallize to an ice or else to a low entropy struc-
ture on cooling, with an exothermic peak at ∼233 K. As the filling is
increased, a larger population of H2O molecules aggregate to form
clusters at random sites inside the pore and the crystallization peak
at ∼233 K grows. On heating, an endothermic peak due to melting
appears at ∼255 K. For 46% filling some of the water forms H2O
clusters and some fills certain regions of the pores. A preliminary
study of 100% water-filled pores of MCM has shown two melting
endotherms which may indicate lack of radially symmetrical layer
of water in these pores. However, the pore size is less than 3 nm.
Studies in larger pore-size MCMs would be needed to examine this.

Freezing of water in the completely filled pores produces a
prominent exothermic peak at 250 K and indicates crystallization
of the packed regions in the pores. Heating melts the state of
solid formed in both stages of crystallization and broadens the
endotherm. For 100% pore-filling, there are no H2O clusters and

therefore only the prominent exothermic peak due to crystalliza-
tion in the packed pores is observed. The assumption of a radially
symmetrical layer of free H2O molecules seems to be inconsistent
with the observed crystallization of water in partially filled pores.
Rather, H2O molecules would likely be clustered in the pores in
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ddition to the partial covering by an uncrystallizable layer on the
ore-wall.

A separate study of cooling to different temperatures and there-
fter heating confirms the occurrence of a two-stage crystallization
nd two-stage melting in the partially filled pores, but the two melt-
ng endotherms overlap, thereby broadening the endothermic peak
n its low-temperature side.

The change in the shape of the endotherms, i.e., of Cp,app

nd C ′
p plots against T, and the increase in the onset tempera-

ure of the melting endotherms on increase in the pore-filling
o 100% are remarkably similar to the corresponding change
nd related effect observed on increasing the 100% filled
ore size. Studies of structural transformation of water in
he pores is more appropriately followed by both cooling
nd heating and measuring in each case both the Cp,app and
′
p.
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