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a b s t r a c t

The available data on the enthalpy relaxation rate, dHm/dt, and specific heat, Cp,m, of water in 1.8 nm
pores of MCM-41 are interpreted by considering surface interactions and the number of H2O molecules
available to crystallize or vitrify. Out of a maximum of five H2O molecules in a close-packing along the
1.8 nm diameter pore, at least two would form an uncrystallizable shell bonded to the silica wall and three
would remain as a 1.1 nm diameter nanocore, which is too small for nucleation of the usual ice crystals. The
dHm/dt features observed in the temperature range of 90–130 K and 125–175 K show kinetic unfreezing
or glass-softening characteristics. The first is attributed to the reorientation of H2O in the nanoshell with
little change in their center of mass position and the second to the change in the population of bonds
between water and silica surface. The third dH /dt feature observed in the 180–230 K range is inconsistent
ucleation and growth

ce
m

with kinetic unfreezing or glass-softening and is attributed to the formation and melting of distorted ice-
like unit cells with or without the growth- and stacking-faults that remain at equilibrium with the melt.
The large increase in Cp,m at T near 210 K is attributed to the latent heat of their “melting”, as occurs on
premelting of fine-grain ice and other solids. Data on the pore size dependence qualitatively support this
interpretation. Structure of the water in nanopores depends on the pore size, and its properties differ

from those of bulk water.

. Introduction

A liquid in confinement is believed to supercool more easily than
n the bulk state. The smaller is the confinement size the greater is
he extent of supercooling. Part of this extent is real, and part of it is
pparent because the freezing point itself is decreased in nanocon-
nement. Nevertheless, the finding is seen as particularly useful in
he current attempts to understand supercooled water’s behavior
n the bulk state [1–5] by assuming that configurational and vibra-
ional properties of nanoconfined water are the same as those of the
ulk. Two review articles [5,6] on the effects of nanoconfinement
n melting and freezing have provided a list of various studies of
ater in large pores. Some of the calorimetric studies have been

ummarized by Schreiber et al. [7], Morishige and Kawano [8] and
ombari et al. [9]. Briefly, nanoconfined water has been studied
y differential scanning calorimetry (DSC) [7,10–16], by modulated

alorimetry [9,17], by isothermal [18] and by adiabatic calorimetry
2,19,20], mainly for the purpose of determining its configurational
hermodynamics and freezing/melting behavior. Its dielectric spec-
ra [21,22] have been studied for determining the relaxation times,

∗ Tel.: +1 905 525 9140; fax: +1 905 528 9295.
E-mail address: joharig@mcmaster.ca.

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.02.021
© 2009 Elsevier B.V. All rights reserved.

and its Fourier transform spectra for understanding the vibrational
features [1,15]. The majority of studies have been performed by
using X-ray and neutron scattering for the purpose of identify-
ing crystalline forms, the growth- and stacking-faults or other low
entropy phases that may form on cooling and in some cases for
determining the self-diffusion time of H2O [5,13,14,23–39]. Orien-
tational and other correlation times and freezing/melting features
have also been studied extensively by NMR [4,13,16,40–47]. Such
studies have been performed on water confined to pores of differ-
ent size and distribution in silica gels, porous glass and Vycor, and
in various size cylindrical pores of MCM-41 [48].

It is known that on cooling from 273 K, only part of the con-
fined water crystallizes in pores larger than ∼2.1–2.8 nm diameter
[14–16]; in pores of smaller diameter, it does not apparently crystal-
lize. When the pore size is typically ∼3 nm diameter, water freezes
to cubic ice, not to the lower energy hexagonal ice, or freezes to
a mixture of the two ices with a persistent disordered structure
[23–29,32,34,37–39], thus indicating that crystals and melt coexist.
In several cases, freezing has produced distorted or defective lat-
tice structure of the ices [28,32,34,35]. More recently, it has been

found that, (i) freezing and melting in large nanopores occur over a
wide temperature range with much less in MCM-41 than in Vycor
[8,9,15,16,19,20], (ii) an ice–water equilibrium [15,29] persists over
a certain temperature range, and (iii) Cp of water [17] and the

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
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nergy of an H2O molecule [18] vary with both its position in a
anopore and the amount of water [9,17,18] in the pore. It has also
een recently shown [3] that the apparent peak in the molar spe-
ific heat, Cp,m, against the temperature plot for water confined
o 1.1 nm pore of silica gel does not indicate the conjectured �-
ype structural transition in nanoconfined or bulk water that may
resumably change the activation energy for self-diffusion. It has
een argued that relaxation studies of liquids in nanoconfinement
ould be useful for testing the configurational entropy’s role in

lass formation, because the activation energy for relaxation would
ecome constant, as for an Arrhenius dynamics, after the cooper-
tively rearranging region of a supercooled liquid on cooling has
rown to become equal to the pore size [49]. This would appear as
change from the Vogel–Fulcher–Tamman to Arrhenius behavior
ith change in the activation energy. In a review on supercooled
ater, Soper [26] has also discussed limitations of certain studies
n nanoconfined water.

We focus on the features observed for water in 1.8 nm diameter
ylindrical pores of MCM-41, and use Oguni et al.’s [2] data obtained
rom adiabatic calorimetry. They found that when a rapidly pre-
ooled sample of water confined to 1.8 nm pores was heated from
0 K, three exothermic peaks appeared in a plot of the molar heat
elease rate, (−dHm/dt), against the temperature T, and when the
lowly precooled sample was similarly heated, three endothermic
inima appeared in the (−dHm/dt) against T plots. These indicated

hree time scales at which kinetic unfreezing of the structure of
anopore water may have occurred. Also, when a precooled sam-
le was heated, a remarkably large rise of Cp,m to a sharp peak
ppeared in its plot against T. These findings led to reassigning of
he glass-softening temperature Tg of nanoconfined and bulk water
s ∼210 K [2], 74 K higher than 136 K, the Tg of bulk water measured
or 30 K/min heating rate [50].

In particular, we consider the number of H2O molecules that
an fit across the diameter of a 1.8 nm pore, the possibility of nucle-
tion of ice and phase equilibria, and the details of the time- and
emperature-dependent (−dHm/dt) and Cp,m features. This leads
o the conclusion that the lowest temperature (−dHm/dt) feature
rises from the kinetic unfreezing of orientational motion of H2O
n the uncrystallizable, one-molecule thick nanoshell bonded to the
ilica wall and the intermediate temperature feature arises from
he breaking and reforming of the H2O–silanol bond on the silica
urface, both producing a glass-softening type feature on heat-
ng. The highest temperature (−dHm/dt) feature is inconsistent with
inetic unfreezing, and is attributed to a change in the equilibrium
etween the “melt-water” and the low entropy (and enthalpy), dis-
orted ice-like structures and/or the growth- and stacking-faults
n the remaining three-molecules thick nanocore. The unusually
arge Cp,m rise is therefore due to the absorption of latent heat on T-
ependent equilibrium “melting” of ice-like structures in a manner
imilar to that observed on equilibrium premelting of fine-grained
ce and other solids. Available data on pore size dependence of
hese features qualitatively support the interpretation. The argu-

ents provided here may be useful also in discussing the role of
anoconfined water in biological, geological, food and pharmaceu-
ical sciences.

. Enthalpy release and specific heat measurements of
ater in 1.8 nm pores

Since the method of adiabatic calorimetry for determining

Hm/dt and Cp,m is not well known, we describe it briefly as in
guni et al.’s study [2]. They determined Cp,m by following the

emperature of the sample for ca. 10 min after which the sam-
le’s temperature was taken as the initial value Ti. It was then
eated at 0.1 K/min rate by supplying electrical energy, �E, and
cta 492 (2009) 29–36

its temperature was followed again with time to determine the
final temperature Tf. The difference, (Tf − Ti), was used to deter-
mine, Cp,m = �E/(Tf − Ti). When the sample released or absorbed
heat in its approach to equilibrium, a spontaneous temperature drift
(dT/dt)spont occurred. The enthalpy release rate was determined
from the relation, (−dHm/dt) = Cp,m(dT/dt)spont. Tg was empirically
taken as the temperature at which the rapidly precooled sam-
ple showed a change from heat release to heat absorption, i.e., at
(−dHm/dt) = 0, and the slowly precooled sample showed a maxi-
mum of heat absorption rate, i.e., a minimum in the (−dHm/dt)
plot against T. The characteristic relaxation time �0 at Tg was taken
as ∼1 ks. The technique has been generally valuable for studying
weak calorimetric effects of kinetic unfreezing of a disordered solid
on heating and the resulting small Cp,m rise. It has been especially
valuable for detecting, (i) kinetic unfreezing of orientational motion
of H2O molecules in ice [51,52] and in ice clathrates [52–54] and
their contribution to the entropy change, and (ii) the small Cp,m rise
from kinetic unfreezing of spectrally broad Johari–Goldstein (JG)
relaxation [55,56] in glasses at T far below Tg.

For comparison, Cp,m from a DSC experiment is determined by
measuring the amount of heat transfer in Joules per second that is
needed to raise (or lower) the temperature as the sample is heated
(or cooled) at a rate q. Thus a DSC scan represents a plot which is
equivalent to a plot of qCp,m against T. The integral of the DSC scan
divided by q yields the enthalpy against T plot. When structural
relaxation occurs during heating the plot shows a point of inflexion,
which corresponds to the peak or minimum in (−dHm/dt) measured
by adiabatic calorimetry. This has been illustrated by Oguni et al.
in Fig. 1 of Refs. [2,20]. The rapidly precooled sample shows a point
of inflexion corresponding to the exothermic peak in (−dHm/dt),
and the slowly precooled sample shows on heating an endothermic
minimum in (−dHm/dt). Although the adiabatic calorimetry and
DSC techniques differ, the two probe the same equilibrium ther-
modynamic and relaxation effects, albeit on different time scales
and in different manners.

It should be noted that in the packed, micron-size particles of
water-containing MCM-41 (or silica gel powder), some of the water
may form hydrogen bonds with the large surface of the particles
and some may remain in the interparticle regions stabilized by the
capillary forces. The excess water in the interparticle regions may
freeze on cooling and the solid formed melt on heating [2]. Since
the relative amounts of water in the pores and interparticle regions
and on the surface vary with the total amount of water in MCM-
41, the specific heat measured per gram of water vary, as does the
profile of the Cp,app against T plots. Water in nanopores is known
to form a one-molecule thick layer attached by hydrogen bonds to
the silica wall, thus producing a nanoshell of bonded water. It is
also known as interfacial water. In partially filled pores, clusters
of water attached to the nanoshell may exist. Experimentally, Cp

in J/(g K) of pore water is determined by (a) subtracting the mass
of dry silica powder from the sample’s mass to estimate the total
amount of water in the sample, (b) determining the mass of excess
water (outside the pores) from the heat of fusion of ice determined
from the melting peak area, (c) subtracting this mass from the total
amount of water to obtain the mass of pore water, and finally, (d)
subtracting the measured Cp in J/(g K) of the dry silica powder from
the measured Cp of the sample per gram of pore water. Each of these
steps adds to the error in the Cp reported for pore water, leading to
a net error of at least ±2%.

The (−dHm/dt) data were read from the plots in Fig. 3 (bottom
panel) from Oguni et al.’s paper [2] and are plotted against T here

in Fig. 1. The sample precooled at 10 K/min to 80 K shows (dots) on
heating three exotherms in (−dHm/dt). Among the two prominent
exotherms, one appears in the 90–130 K range, and the other in
the 180–230 K range with peaks at ∼108 K and 210 K. There is also
a weak exotherm in the 130–170 K range with peak at ∼146 K. In
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Fig. 1. Plots of the rate of enthalpy change against T measured at different temper-
atures when water in 1.8 nm pores of MCM-41 was heated after rapidly cooling to
80 K from ambient temperature and after slowly cooling to 80 K, as indicated. (Data
are taken from Fig. 3 in Ref. [2].) Note that in the 90–130 K, and 128–170 K ranges, the
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xothermic (−dHm/dt) peak appears at a lower T than the endothermic (−dHm/dt)
inimum, which meets the criteria for kinetic freezing or glass-softening. But in the

80–230 K range, the exothermic (−dHm/dt) peak and the endothermic (−dHm/dt)
inimum appear at the same temperature, which does not meet this criterion.

ontrast, the sample precooled at 15 mK/min (circles) to 80 K shows
n heating two prominent endotherms in (−dHm/dt) in about the
ame T-range as the exotherms with minima at 117 K and 210 K,
nd a very weak endotherm in the 130–170 K range with a barely
iscernible minimum at ∼162 K.

The Cp,m data were read from Fig. 2 in Ref. [2] and are plotted
gainst T in Fig. 2 here. Oguni et al. [2] had reported also a small and
road, well-separated Cp,m peak at ∼ 230 K, which they attributed to
elting of bulk ice. They noted [2]: “About 5% of water crystallized
ithin the 1.8 nm pores as estimated from the enthalpy of fusion.”
ecause of its irrelevance for our analysis, this peak is not shown in
ig. 2.

. Characteristic features of kinetic unfreezing

One of the premise for analysis here is the characteristic feature
f (−dHm/dt) during the t- and T-dependent kinetic unfreezing of a
isordered structure on heating, or during glass-softening. Here, we

se only two such characteristics that are relevant to the (−dHm/dt)
gainst T plots [2,20,51–54]:

(I) The exothermic peak on heating a rapidly precooled sample
appears at a lower temperature than the endothermic minimum

ig. 2. Plot of the molar specific heat of water in 1.8 nm pores of MCM-41 against T.
Data taken from Fig. 2 in Ref. [2].)
cta 492 (2009) 29–36 31

on heating the slowly precooled sample at the same rate.
(II) A weak endothermic minimum appears after the exothermic

peak and a very small exothermic peak after the endothermic
minimum.

Experiments on glasses and plastic crystals have shown feature
I [2,20,51–54], and only high accuracy data have shown the very
weak feature II.

Although our discussion is based on the features observed in
the (−dHm/dt) against T plots, it is worth describing how those
features appear in the usual description of the enthalpy against
T plots constructed from a DSC scan. Briefly, features of Cp,m and
dHm/dt against T plots on kinetic unfreezing are described by a
non-exponential, nonlinear glass relaxation formalism developed
by Tool [57], Narayanaswamy [58], and by Moynihan et al. [59],

�0 = A exp

[
x�h∗

RT
+ (1 − x)�h∗

RTf

]
(1)

� = �0 exp

[
−
(

t

�0

)ˇ
]

(2)

where Tf is the (fictive) temperature at which a glass is in internal
equilibrium, i.e., its properties are the same as that of the equilib-
rium liquid, A is a parameter equal to �0 when both T and Tf are
formally infinite, x is the non-linearity parameter, �h* the acti-
vation energy, � is the relaxation function, and ˇ the relaxation
time distribution parameter. In this formalism, x and ˇ have values
between 0 and 1, �0 depends upon the structure and hence on Tf.
The enthalpy against T plots modeled for the quenched and slowly
precooled (or annealed) samples show points of inflexion, which
appear at the same T at which the peak and minimum appear in
the plots of (−dHm/dt) against T. For instructive purpose, an illus-
tration of such plots for heating of rapidly precooled and slowly
precooled samples is provided in Fig. 3A. At the point of inflexion
at T1 for a rapidly precooled sample, (−dHm/dt) would show an
exothermic peak and at the point of inflexion at T2 for the slowly
precooled sample, (−dHm/dt) would show a minimum. The illus-
tration is similar to that provided by Oguni et al. in Fig. 1(a) of Ref.
[2] and in Fig. 1(b) of Ref. [20]. It will be contrasted against the high
temperature (−dHm/dt) feature in Fig. 1 here in Section 7.

4. Dependence of confined water’s properties on pore
matrix and pore size

Before interpreting the (−dHm/dt) and Cp,m features of water
in MCM-41, we note that the properties of a nanoconfined liq-
uid depend upon the pore size, surface interactions, the number
of hydrogen bonds and the bond strength. Its liquid/crystal equi-
librium depends upon the commensurability between the crystal
symmetry and the surface structure, upon the relative enthalpy of
transformation to competing phases, and upon the Lindemann’s
vibration amplitude criteria for melting. Therefore, the structure of
nanoconfined water and its liquid/crystal equilibrium differ from
those of an identical nano-size sample inside the volume of bulk
water. Moreover, water in nanopores forms a one- or two-molecules
thick layer that is bonded to the silica wall. Water in this layer does
not crystallize even when the remaining water in a nanopore has
crystallized on cooling to ∼100 K. (It is noteworthy that existence of
a liquid-like layer on the surface of ice at T < 273 K has been known
for nearly a century, and precise atomic force microscopy has shown

that surface melting of bulk ice occurs at T > 238 K, with the liquid-
like layer thickness of ∼32 nm at ∼272 K and ∼11 nm at 263 K [60].)
As self-diffusion becomes restricted in nanoconfinement, and loses
its Brownian randomness, its liquid/crystal equilibrium may further
differ from that in bulk water.
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Fig. 3. (A) An illustration of the enthalpy change with T shown for a rapidly precooled
sample (curve 1) and a slowly precooled sample (curve 2), drawn after Oguni et al.’s
in Fig. 1(a) in [2], and Fig. 1b) in [20]. The point of inflexion T1 is the temperature at
which exothermic (−dHm/dt) peak appears on heating, and the point of inflexion T2 is
the temperature at which endothermic (−dHm/dt) minimum appears on heating, as
illustrated by Oguni et al. in Fig. 1(b) [2] and Fig. 1(c) in [20]. A characteristic of kinetic
unfreezing or glass-softening is that T1 be less than T2. (B) For instructive purposes,
an illustration of the enthalpy change with T that corresponds to the data in the
180–230 K range in Fig. 1 is shown. The point of inflexion T1 at which the exothermic
(−dHm/dt) peak of a rapidly precooled sample appears, is the same as the point of
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that, in addition to the hexagonal and cubic ices in nanopores,
nflexion T2 at which the endothermic (−dHm/dt) minimum of slowly precooled
ample appears, as in Fig. 1. Here, T1 = T2, which does not meet the requirement for
inetic unfreezing. The equilibrium liquid line is also illustrated in both panels.

Water in larger pores of silica gels, Vycor, MCM-41 and other
olids has been found to crystallize over a broad temperature range
t T far below 273 K, showing a freezing/melting hysteresis depend-
ng on the pore size and pore matrix [8,9,15,16,19,20], and there is an
ce–water equilibrium in some pores [15,29]. In Vycor’s ∼4 nm size
ores, water crystallizes incompletely even when cooled to 240 K at
he slow rate of 6 K/h [9]. The temperature range becomes wider in
maller size pores and the enthalpy of freezing decreases when the
ore size is decreased [15]. Recent DSC measurements have shown
hat the melting/freezing hysteresis vanishes for pore size smaller
han 2.8 nm, and the enthalpy of melting cannot be detected, thus
uggesting that the 2.8 nm pore size is the lowest limit for which
rst-order freezing/melting can be detected [16]. This conflicts with
he finding from DSC, to be discussed later here that freezing occurs
n 1.8 nm pores. The conflict can arise from different cooling and
eating rates used in different studies.

It has been found that the energy of an H2O molecule in Vycor’s

nm pores varies with its position in the pore [18] and Cp,m for
ater in incompletely filled pores is high, and decreases as the
ores are filled [9,17]. In contrast, the enthalpy is low in incom-
letely filled pores, and increases as the pores are filled [17,19]. Both
cta 492 (2009) 29–36

Cp,m and enthalpy approach the bulk water values when the pores
are filled [9,17,18]. Thus the freezing/melting features and molec-
ular dynamics in nanoconfinement vary also with the amount of
water in a given size pore. They also depend upon the technique
used for studying the same sample and the cooling/heating rates,
as differences have been found between the features observed by
DSC and by NMR [16]. Since this difference is found to increase with
decrease in the pore size [16], it would be more for water in 1.8 nm
pores than in say 2.5 nm pores.

Neutron and X-ray diffraction studies have determined that
nanoconfined water freezes to cubic ice with or without the
growth- and stacking-faults, hexagonal ice or their mixtures
[13,25,28,29,32,34,35,37–39], and in some cases to a state referred
to as defective ice [28,32,34,35,37,39], containing growth- and
stacking-faults [34,35], depending upon the pore size. Cubic ice
forms on freezing of water in 3 nm and larger size pores. It has been
found to transform irreversibly to hexagonal ice on heating. In con-
trast, studies of bulk state have shown that, (i) cubic and hexagonal
ices coexist at equilibrium [61], (ii) water freezes directly to cubic
ice [62], (iii) nano-size droplets of water can coexist with cubic ice at
T in the 150–180 K range [63], and (iv) water remains at equilibrium
with small ice grains in polycrystalline ice at T < 273 K, and both the
equilibrium temperature and the fraction of water at equilibrium
vary with the grain-size [64,65]. These energetically distinct pro-
cesses are more easily observed by calorimetry than by NMR and
diffraction techniques.

5. The low temperature enthalpy feature

In the (−dHm/dt) plots over the 90–130 K range in Fig. 1, the
exothermic peak appears at a higher T than the endothermic min-
imum, thus clearly showing feature (I) for the t-, and T-dependent
kinetic unfreezing described in Section 3. (There is weak evidence
for feature (II), i.e., a small minimum at ∼123 K after the exotherm,
but there is no indication of a small peak after the endothermic min-
imum.) A prominent peak and minimum, that are similar to those
in Fig. 1, were also found in the same T-range in the (−dHm/dt) plots
against T for water in the 1.1 nm pores of silica gel [20] and also in
the 1.2 nm and 1.6 nm pores of MCM-41 [2]. These features were
attributed to the onset of diffusion of interfacial H2O at Tg of 115 K
[2].

There are difficulties in accepting that self-diffusion occurs in
an uncrystallizable, one-molecule thick layer of H2O forming a
nanoshell bonded to the silica wall. To elaborate, interfacial H2O
molecules are strongly bonded to the silanol’s OH group and/or
to the oxygen of SiO2, and therefore they would not contribute to
structural fluctuations by Brownian motions. Moreover, it would
require higher energy to free an H2O molecule bonded to the pore
wall than to free an H2O molecule in bulk water before it can
diffuse. Therefore, as the probability of self-diffusion is less in inter-
facial water than in bulk water, kinetic unfreezing temperature of
interfacial water would be higher than that of bulk water, i.e., the
relaxation time of bulk water at interfacial water’s Tg of 115 K [2]
would be much shorter than 1 ks. But the relaxation time for bulk
water at 115 K, as extrapolated over 21 K range from its value of
10–30 s [66,67] at Tg of ∼136 K [50] is much longer than 1 ks when
either the Vogel–Fulcher–Tamman or the Arrhenius equation is
used with a reasonable value of activation energy.

We now consider the state of H2O in the nanoshell, i.e., at the
SiO2 interface. Neutron scattering and NMR studies [37] have shown
a disordered ice/water component is present down to 200 K or
lower T and a rotationally mobile state of “plastic ice” of maximum
thickness of 1–1.5 nm is present at the SiO2 surface [37]. As noted
earlier here, (−dHm/dt) features similar to those in the 90–130 K
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ange in Fig. 2 have been observed for rotationally mobile crystals,
nd the more relevant hexagonal and cubic ices and ice clathrates
51–53]. In the latter, the feature has provided not only the onset
emperature of rotational unfreezing of H2O molecules but also
he consequent gain in the entropy. The (−dHm/dt) feature is very
mall for the ices and substantial for the ice clathrates, because the
umber of energetically distinguished configurations in the tetra-
edrally hydrogen-bonded structure of ice clathrates is more than
hat in the ices. Since a crystal-like order is not required for observ-
ng the (−dHm/dt) feature, H2O molecules anchored to the pore wall

ould show these features. Also, as no two H2O have the same envi-
onment, energy or near-neighbor distances [68] in the nanoshell,
he number of energetically distinct configurations available to its
tructure would be much greater than that available to the structure
f ice clathrates. Consequently, the (−dHm/dt) features arising from
otational unfreezing of H2O bonded to the silica wall would be rel-
tively more prominent. Accordingly, we attribute the (−dHm/dt)
eatures in the 90–130 K range to the onset of rotational freedom in
he nanoshell H2O.

These (−dHm/dt) features would depend upon at least four
ffects, (i) variation of the local (interfacial) strain arising from
difference between the thermal expansion coefficients of the

anoshell and the silica wall with T, (ii) variation in the strength
f hydrogen bonds between the nanoshell and the nanocore H2O
ith T, (iii) variation of the enthalpy and of Cp,m with the amount of
ater in the pores [9,17] and (iv) variation in the energy of an H2O
olecule with its position in a pore [18]. These competing effects
ould cause the (−dHm/dt) features to change with the pore size

n an unsystematic manner, as is evident in Oguni et al.’s [2] study
f water in MCM-41 pores. Briefly, their data in Fig. 3 [2] show that
he (−dHm/dt) peak height first decreases from 0.65 mJ/(s mol) for
ater in 1.8 nm pores to 0.40 mJ/(s mol) for water in 1.6 nm pores,

nd then increases to 0.65 mJ/(s mol) for water in 1.2 nm pores.
he depth of the endothermic (−dHm/dt) minimum also decreases
imilarly and then increases.

. The medium temperature enthalpy feature

The relatively small (−dHm/dt) feature in the 128–170 K range
lso shows the required characteristic of kinetic unfreezing, i.e., the
eak appears at a lower T than the minimum. Strictly speaking, it
eans that there is another configurational fluctuations that occurs

ver a well-separated and slower time scale. Since its origin has
ot been given [2], we consider it here: Karyakin et al.’s [69] have
hown that the hydrogen bond between H2O and –Si–OH is about
–2.5 times more stable than the hydrogen bond between two H2O
olecules and, therefore, –Si–OH group is a better proton donor

han H2O, this feature would not arise from self-diffusion of H2O in
he nanoshell (interfacial) water strongly hydrogen bonded to the
H group of –SiOH and/or to the oxygen of SiO2. (They also argued

69] that the O atom of SiO2 forms a strong hydrogen bond with
2O and as a result, the silica surface has a strong polar character
nd consequently holds H2O at the interface even at high temper-
tures. The strength of these bonds and their chemical equilibrium
t the surface is evident from the fact that surface water is only
ncompletely lost when SiO2 is heated to ∼473 K, as in the drying of
he usual silica gel, and some of it is quickly regained on cooling in
humid atmosphere.) Such hydrogen bonds have been illustrated
y Grünberg [45] in relevance to NMR studies.

Therefore, there would be two chemical equilibria in the water’s

anoshell in MCM-41 pores, (1) –Si–OH + H2O ↔ –Si–OH· · ·O(H)2,

.e., hydrogen bonding between the H of silanol and O of H2O, or
of silanol and H of H2O and (2) –Si–O + H2O ↔ –Si–O· · ·H–O–H,

.e., hydrogen bonding between O of SiO2 and H of H2O. Among
hese two, (1) is seen to be dominant because the population of
cta 492 (2009) 29–36 33

–Si–OH is greater than that of –Si–O. The (−dHm/dt) feature would
then be due to the t- and T-dependent equilibrium constant for
reaction (1), which may be described in terms of the change in
the number of hydrogen bonds, nbond with T. Since H-bonding is
exothermic, nbond would increase on cooling and, after a certain T
determined by the cooling rate has been reached, nbond would not
increase on further cooling. As the chemical equilibrium becomes
frozen-in, nbond would remain less than its equilibrium value. On
heating thereafter, nbond would approach the equilibrium value in
a t- and T-dependent manner. This would produce the exothermic
(−dHm/dt) peak for a slowly precooled sample at a certain T and
a minimum for a rapidly precooled sample at a higher T. Such an
equilibrium can be mathematical described in terms of a two-site
model based upon Schottky’s description [70], for which the mod-
eled plots of the enthalpy and Cp,m against T resemble the features
of kinetic unfreezing or glass-softening [71–73]. Since the hydrogen
bond in (1) is stronger than the hydrogen bond between two H2Os,
its (−dHm/dt) feature would appear at a higher T than the (−dHm/dt)
feature due to unfreezing of orientational motion of H2O anchored
to the pore wall, even if the orientational motion required breaking
of hydrogen bonds with other H2Os.

To test the merits of this interpretation, we recall that the sur-
face to volume ratio increases when the pore size is decreased.
Therefore, fractional population of H2O on the pore surface would
increase with decreasing pore size. Accordingly, the strength of the
(−dHm/dt) feature would be less when H2O is confined to larger
pores than when confined to smaller pores. In Fig. 3 of Ref. [2],
we find that the (−dHm/dt) peak height in the 128–170 K range is
0.07 mJ/(s mol) for water in 1.8 nm pore, 0.21 mJ/(s mol) for water in
1.6 nm pore size, and 0.94 mJ/(s mol) for water in 1.2 nm pore. A sim-
ilarly large change occurs for the (−dHm/dt) minimum. This seems
to confirm our interpretation. (Note that increase in the strength of
(−dHm/dt) feature with decrease in the pore size would be incon-
sistent with kinetic unfreezing of the nanocore H2O molecules,
because the nanocore volume decreases with decrease in the pore
size.)

7. The high temperature enthalpy feature

At first sight, the (−dHm/dt) peak and minimum in the 180–230 K
range in Fig. 2 appear to indicate kinetic unfreezing or glass-
softening feature, and Oguni et al. [2] accordingly suggested that Tg

of both pore water and bulk water is ∼210 K. Viscosity of nanocon-
fined water is not known, but it would be accordingly expected as
1013.6 Poise at ∼210 K. But a closer look at Fig. 2 shows that the
exothermic (−dHm/dt) peak appears at the same T of ∼210 K as the
endothermic (−dHm/dt) minimum. This is contrary to characteris-
tic (I) of kinetic unfreezing or glass-softening stated in Section 3,
namely, that the (−dHm/dt) peak for rapidly precooled state appear
at a lower T than the (−dHm/dt) minimum for the slowly precooled
state. Clearly, this feature is inconsistent with kinetic unfreezing.
The proposed Tg of ∼210 K for water [2], therefore, is questionable.

To express the (−dHm/dt) features in the 180–230 K range in
Fig. 2 in terms of the enthalpy against T plots deduced usually from
DSC scans, we provide an illustration in Fig. 3B. The plots have been
purposely sketched such that the temperatures for the points of
inflexion marked as “×” are the same in the two enthalpy curves,
i.e., the (−dHm/dt) peak for the rapidly precooled sample is made
to appear at the same T as the (−dHm/dt) minimum for the slowly
precooled sample. Plots such as those in Fig. 3B have never been

observed and cannot be generated by using Eqs. (1) and (2). (In
contrast, the corresponding points of inflexion appear generally at
different temperatures, T1 and T2, as in Fig. 3A.)

For further scrutiny, we generated the enthalpy against T plots
by using several sets of the A, �h*, ˇ and x parameters in Eqs. (1) and
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2), and found that no combination of the parameters with 0 < ˇ < 1
nd 0 < x < 1 could produce plots resembling curves 1 and 2 in Fig. 3B,
r else the (−dHm/dt) peak at the same T as the minimum. Neverthe-
ess, the difference between the peak and minimum temperatures
n the 180–230 K range decreased to ∼2 K for ˇ = 2 and x = 1. We
onclude that the (−dHm/dt) feature in the 180–230 K cannot be
escribed by a nonexponential, nonlinear relaxation. Therefore, we
eed to search for its origin in the liquid/crystal equilibrium.

Crystallization requires homogeneous and/or heterogeneous
ucleation. Briefly, the growth rate of a critical size nucleus in a

iquid is equal to its decay rate, and only those molecular clusters
hat fluctuate to a larger size grow; nucleation rate is defined as the
umber of clusters per unit time that grow larger than the critical
ize and nucleation and growth occur at random sites. For crys-
allization to occur, it is crucial that the volume of liquid contain
ufficient molecules to form a critical size nucleus, an aspect over-
ooked in discussion of nanoconfined liquids. To consider whether
ucleation can occur in 1.8 nm pores of MCM-41, we note that a
ater molecule has an average volume of ∼30 Å3 (=18/6.03 × 1023).

he effective diameter of its circumscribed sphere is therefore
.385 nm. If the H2O nanoshell were one-molecule thick, there will
e three H2O molecules (=(1.8/0.385) − 2) left to form a nanocore of
1 nm diameter in a 1.8 nm diameter pore. If it were two-molecules

hick, there will be only one H2O molecule (=(1.8/0.385) − 4) left
o form the nanocore of ∼0.3 nm diameter. It has been estimated
hat there are 350 H2O molecules in a critical size nucleus formed
n a substrate at 231 K, and more at higher T [74]. Since homoge-
eous nucleation would produce a critical size nucleus containing
t least a comparable number of molecules, nucleation would
ot occur in the water confined to 1.8 nm pores. This means
hat in nanopores, (a) water’s crystallization does not follow the
nose-shaped”, time–temperature-transformation curve, and (b)
he water–ice equilibrium persists in nanopores even at low T.

For further comparison, we recall that the unit cell dimensions
f hexagonal ice (space group P63/mmc, containing four H2O) are,
= b = 0.448 nm and c = 0.731 nm, and of cubic ice (space group =

¯ 3m, containing eight H2O) are, a = 0.638 nm. The 1 nm diameter
anocore is slightly wider and the 0.3 nm diameter core much nar-
ower than these unit cells. Clearly several unit cells would not
orm in the above-given nanocore diameter. Alternatively, a sphere
f ∼1 nm diameter has a volume of 524 Å3 (=53 × 4�/3). It would
ontain ∼17 (=524/30) H2O molecules, which are insufficient for
orming enough unit cells of ice to produce Bragg peaks at large
ngles. Bragg peaks observed at low angles themselves would be
roadened due partly to distortion of the unit cells and partly to
mall crystal size. In some cases, this may be confused as diffraction
rom a disordered structure.

It is conceivable that critical size nuclei form in the (excess)
ater outside the pores and grow into the pore water. This growth
ould also be limited to the extent of few distorted unit cell width of
exagonal or cubic ice because the 1 nm cross-section of nanocore
annot contain more unit cells. It is believed that the density of
ater on supercooling approaches the density of ice at T < 225 K

see also discussion in [8]). This may not be the case in structurally
ifferent water in nanopores. However, if the volume increase on
rystallization was the same as for bulk water it would produce
maximum of ∼2 kbar pressure in a hermetically sealed pore at

50 K, or else expel some of the water from the pore that is open
r loosely plugged at one end. In the latter case, the expulsion rate
f water would determine the growth rate of ice in the sample.
he ice-like structure formed along the pore axis would remain

xceptionally small even if pressure persisted in the pore.

It is known that in bulk polycrystalline ice, water and ice
icro-grains remain at thermodynamic equilibrium over a wide

emperature range [64,65]. This occurs when a change in the inter-
acial energy at the grain junctions and grain boundaries becomes
cta 492 (2009) 29–36

equal to the opposite change in the Gibbs energy per unit volume
[64]. When a microcrystalline ice is cooled, ice grains grow at the
expense of water at grain junctions and grain boundaries, which
shrink. When it is heated, the volume of water in grain junctions
and grain boundaries increases at the expense of the ice grains,
which shrink. Thus crystallization and melting occur gradually over
a wide temperature range. Maximum crystallization occurs only
on cooling to a low T and, even at that low T, an uncrystallizably
small number of H2O molecules persist in grain junctions and grain
boundaries. It bears a similarity with the gradual crystallization of
the water confined to 4 nm size pores in Vycor for which the Cp,m

value of hexagonal or cubic ice was not reached even after ∼6 h of
cooling from 270 K to 233 K at 6 K/h rate. (For self-diffusion coef-
ficient of 10−6 cm2/s for bulk water at 234 K [75], crystallization
is expected to be rapid but that is not the case for water in 4 nm
pores.) NMR studies [4,42,43] have shown similarly small correla-
tion times for water in 1.4–2.4 nm pores in MCM-41 and neutron
scattering data have yielded similarly small average translational
relaxation time [4,13,30,42], and yet crystallization in these pores
is slow and the “melt” coexist with ice-like structures. Melting was
also gradual in Vycor’s 4 nm pores. It began at a lower T than freez-
ing and was completed over a temperature range of 15 K when the
sample was heated at 6 K/h rate [9], thus showing a significant hys-
teresis relative to freezing. NMR cryoporometry studies have shown
a hysteresis between the freezing and melting curves that varied
with the surface to volume ratio and the curvature of the pore sur-
face [76], and slow crystallization and melting have been found in
1.8 nm pores of MCM-41 (to be published). X-ray diffraction stud-
ies of water in 3.5 nm pores have shown a continuous transition
between the liquid and crystalline state that precedes the first order
freezing transition of pore water [8].

In summary, (i) crystallization of water in nanopores occurs over
a wide T-range on cooling, as does “melting” of the crystals on heat-
ing, (ii) a thermodynamic equilibrium between the melt and ice-like
structures including the growth- and stacking-faults is maintained
over a wide T-range, as occurs in fine-grained ice, and it may include
H2O in the nanoshell. One expects that the difference between
the energies of the “melt” and such structures [28,32,34,35,37,39]
would be less than the difference between the energies of bulk
water and ice. This would extend the temperature range of the equi-
librium in nanopores. DSC studies by Liu et al. [77] have shown
a melting endotherm at ∼212 K when precooled water in 1.8 nm
pores of MCM-41 was heated. (In Fig. 2 caption, they state [77],
“freezing temperature” from the “sharp negative-going peaks” but
in the text, “melting points” from “inverted peaks”. These inverted
or negative-going peaks represent endotherms and therefore they
indicate melting.)

We propose that ice-like structures with growth- and stacking-
faults grow at a progressively slower rate when water in 1.8 nm
pores is cooled, and “melt” on heating at a progressively faster
rate. When a certain T is reached on cooling, the growth becomes
too slow and ceases to occur on an experiment’s time scale and
further cooling does not lead to further growth. A rapidly pre-
cooled sample to 80 K would therefore contain less of the ice-like
structure (and growth-and stacking-faults) than a slowly precooled
sample. Both samples approach equilibrium on heating at a t-
and T-dependent rate. A rapidly precooled sample approaches
equilibrium by further growth of such structures and an exother-
mic (−dHm/dt) peak appears, and the slowly precooled sample
approaches equilibrium by “melting” of the structures, and an
endothermic (−dHm/dt) minimum appears. In this process, config-

urational and vibrational contributions to thermodynamics change
continuously over a broad temperature range, and there is no abrupt
change characteristic of a first-order phase transition.

The above-given origin has one testable consequence: if the pore
size is decreased, the nanocore diameter would decrease and there
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ill be less ice-like structures including the growth- and stacking-
aults formed on cooling. Thus both the (−dHm/dt) peak and the
−dHm/dt) minimum will attenuate, ultimately vanishing when the
ore size is smaller than the unit cells of the ices. On examining
guni et al.’s data in their Fig. 3 [2] for smaller size nanopores,
e find that the height (and strength) of the highest tempera-

ure (−dHm/dt) peak and minimum decrease from 0.8 mJ/(s mol)
or water in 1.8 nm pore to 0.35 mJ/(s mol) for water in 1.6 nm pore.
he peak and the minimum seem to vanish for water in 1.2 nm pore.
he origin of the (−dHm/dt) feature given here seems to have merit.

. The unusually large Cp increase and the Cp peak

In the plot shown in Fig. 2, Cp,m increases with T to a peak value
f ∼125 J/(mol K) at ∼215 K. It resembles the overshoot observed
n heating an annealed or structurally relaxed glass to T > Tg [78].
he resemblance led Oguni et al. [2] to use it for supporting their
−dHm/dt) features-based conclusion that Tg is ∼210 K for both
he nanopore water and bulk water. As the (−dHm/dt) feature in
he 180–230 K range is found here to be inconsistent with kinetic
nfreezing, we need to explain the unusually large increase in Cp,m

rom ∼33 J/(mol K) at 180 K to 125 J/(mol K) at ∼215 K. For compar-
son, Cp,m increases only by 1.6 J/(mol K) for bulk water at its Tg of
36 K [50], and by ∼37 J/(mol K) on melting of bulk ice at 273 K [79].

According to the origin of the (−dHm/dt) feature in Section 7, the
nusually large increase in Cp,m and its peak at ∼215 K would be due
o absorption of latent heat on “melting” of ice-like structures over
broad temperature range. Since latent heat does not, in principle,

hange T of the sample, (Tf − Ti) is very small in practice, and hence
p,m = �E/(Tf − Ti) is high for a given �E. Similarly large increase in
p,m and a peak have been observed over a small premelting range
f fine-grained polycrystalline ice [65], and other solids have shown
similar occurrence.

We suggest two more features of the Cp,m–T plots which can
e used as a criteria for distinguishing a broad phase transforma-
ion from kinetic unfreezing or glass-softening: (i) For a material
ndergoing a broad phase transformation, the Cp,m–T plot obtained
n heating an annealed state lies on the low temperature side of
he plot obtained for the unannealed state, as found for ice and ice
lathrates [52,53]. But for a material undergoing kinetic unfreezing
r glass-softening, the Cp,m–T plot for the annealed state lies to the
igh temperature side of the plot for the unannealed state. (ii) For a
aterial undergoing a broad phase transformation, the Cp,m–T plot

btained during slow cooling lies to the high temperature side of
he plot obtained for fast cooling. But for a liquid undergoing vitrifi-
ation, the Cp,m–T plot obtained during slow cooling lies to the low
emperature side of the plot obtained during fast cooling. (Experi-

entally, a broad phase transformation begins at a higher T for slow
ooling than for fast cooling, and kinetic-freezing on glass forma-
ion begins at a lower T on slow cooling than for fast cooling.) In
ome cases, combination of these features may produce the Cp,m–T
lots for cooling and heating to partially superpose.

Finally, we do not imply that Brownian diffusion is absent in
ater confined to 1.8 nm pores of MCM-41, only that it would nei-

her be long range, nor random. Rather, it would be local and guided
long the length of the pore because sufficient volume is not avail-
ble in a direction orthogonal to the pore length, and it would not
ontrol the rate of a phase transformation.

. Conclusions
The nanocore volume in the 1.8 nm pores of MCM-41 is insuf-
cient for critical size nuclei to form and grow. Only ice-like
tructures of a few distorted unit cells of low energy and entropy
nd growth- and stacking-faults may form and remain at thermo-
cta 492 (2009) 29–36 35

dynamic equilibrium with the “melt”. The structure of water is
different in different pores, as is the structure of its frozen state.

Thermodynamics and kinetics of supercooled water in 1.8 nm
pores differ, respectively, from those of bulk water, as do the prop-
erties of ice-like structure from those of bulk ice. This is evident
simply from the fact that incorporation of water in nanopores is
exothermic [17], i.e., interactions of an H2O with the pore wall as
well as with another H2O in a nanopore are stronger than inter-
actions of H2O in the bulk, with the energy of a water molecule
still varying with its position in the pore [17]. Therefore, nanopore
water’s Tg would differ from that of bulk water. It would be difficult
to justify that confined water is in the glassy state in very small
pores, because there are insufficient molecules to define the dis-
order and the structure formed cannot be contrasted against that
of a crystal. In larger pores, properties of water may approach that
of bulk water, but water in larger pores does not readily supercool,
thus defeating the purpose of confinement.

The three features in the (−dHm/dt) against T plots observed on
heating rapidly precooled and slowly precooled samples, and the
unusually large increase in Cp,m, are attributable to processes that
do not require long range diffusion of H2O. Instead, (i) exotherm
and endotherm in (−dHm/dt) in the 90–130 K range may arise from
kinetic unfreezing of reorientational motions of H2O molecules in
the nanoshell bonded to the SiO2 wall, (ii) those in the 128–170 K
range may arise from unfreezing of the hydrogen bond equilib-
rium between H2O and surface silanol groups, and (iii) those in the
180–230 K range, which are inconsistent with the kinetic unfreezing,
arise from the time- and temperature-dependent growth and decay
of the ice-like structures, including the growth- and stacking-faults,
at equilibrium with the “melt water”. Thus there are two time scales
for the kinetics of configurational fluctuations corresponding to (i)
and (ii). In view of their different origins, it does not seem possi-
ble to attribute the kinetic unfreezing of a particular fluctuation to
glass-softening of water in 1.8 nanopores. Even if it could be done,
its temperature would not be the same as the glass-softening tem-
perature of 136 K for bulk water, because the structure and energy
of nanoconfined water differ from those of bulk water. Also, NMR,
neutron scattering and dielectric and mechanical relaxations do not
probe all configurational fluctuations that occur in a liquid, and their
relaxation time distribution differ from that observed in calorime-
try, an effect ignored in a comparative analysis [80]. Therefore, Tg

determined from these techniques differs from that measured by
calorimetry.

Finally, the exceptionally large increase in Cp,m and its peak at
∼215 K is attributed to the absorption of latent heat as the ice-like
structure (and the growth- and stacking-faults) “melt”. The avail-
able data on pore size dependence of these features are consistent
with this conclusion. The structure formed in the 1.8 nm pore would
be similar to that of deformed, unit cells of ice with growth- and
stacking-faults and not that of the bulk hexagonal or cubic ices. The
latent heat of their “melting” that contributes to the unusual Cp,m

increase would be due to the loss of these structures.
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