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Introduction

Water is abundant on the surface of the earth and plays very
important roles in most natural phenomena and biological
systems. Although the structure of the water molecule is
simple, aggregates of these molecules show rather abnormal
behavior. It is well-known that liquid water exhibits a maxi-
mum density at 277 K, and many thermodynamic properties
such as heat capacity and isothermal compressibility in-
crease as the temperature is decreased below 0 8C.[1] Howev-
er, the thermodynamic and kinetic behavior of supercooled
water are difficult to clarify experimentally and are still
causing intense controversy. For example, the heat capacity
of water droplets in an emulsified sample shows an anomaly
that apparently follows a critical-point equation with the
critical temperature Tc=228 K on cooling.[2] On the other
hand, there is the possibility that no critical phenomenon is

associated with the anomaly,[3,4] and the increase in heat ca-
pacity may even originate from crystallization of emulsified
water.[5] As to the kinetic properties, glass transition was re-
ported to occur at a temperature Tg of about 136 K in
vapor-deposited amorphous solid water (ASW)[6] and hyper-
quenched glassy water (HGW),[7] and at 129 K in low-densi-
ty amorphous water (LDA).[8] Dielectric data of ASW and
HGW were also analyzed to indicate a Tg of 136 K.[9] How-
ever, the possibility that Tg=160–165 K was discussed based
on the heat-release behavior of HGW,[10] computer simula-
tion,[11] and the consideration[4] of thermodynamic data hith-
erto known, and it was indicated from thermal desorption
experiments of layered nanometer-scale films of labeled
ASW by McClure et al. that either a glass or a fragile-to-
strong transition occurs at above 160 K.[12] Crystallization of
the water below 235 K and above 150 K has so far prevent-
ed the verification of these properties in the relevant tem-
perature range.[13]

The thermodynamic and kinetic properties of interfacial
water on substrates and of a small aggregate of water drop-
lets should also be clarified for the successful freeze-drying
process of living bodies, the preparation/conservation of re-
frigerated foods, and the understanding of the functioning of
biological systems. For example, the glass-transition temper-
ature Tg is recognized as a boundary above and below which
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the biological systems function and freeze, respectively. In
many systems, including polysaccharides and proteins, Tg is
much higher than room temperature in the absence of
water, decreases with addition of water, and becomes rather
constant at around 165 K above a certain water content.[14,15]

Given that such complex systems are composed of biological
molecules, interfacial water of hydration interacting with the
biological molecules, and water of the second hydration
sphere interacting microscopically with other water mole-
cules,[14] the mode by which the rearrangement of the bio-
logical or water molecules are connected with the glass tran-
sitions that take place at low temperatures should be clari-
fied.

In the present study, glass-transition properties of ordina-
ry and heavy water confined within nanometer-size pores
were examined by using an adiabatic calorimeter[16] and
silica gel with average pore diameters of 1.1, 6, 12, and
52 nm. We found that water aggregates, which correspond to
the second hydration sphere in biological systems, undergo a
glass transition at 160 and 165 K for ordinary and heavy
water, respectively, and that the interfacial water on the
pore wall exhibits a glass transition over the range 115–
139 K and is composed roughly of one layer.

Calorimetric Determination of the Presence of a Glass
Transition

The presence of a calorimetric glass transition is usually
identified by differential scanning calorimetry (DSC)
through a jump in heat capacity. However, it can be rather
difficult to identify if the jump in heat capacity is small or
the mode of molecular rearrangement that causes the glass
transition has some component in the relaxation times.
Adiabatic calorimetry is a powerful tool for the identifica-
tion of glass transitions even in such situations as it func-
tions like very low frequency spectroscopy; the timescale of
the relaxation to be detected ranges from 106 to 102 s.[17, 18]

This is very important, as the longer the characteristic time-
scale, the more clearly separated the different modes of
motion are in the temperature ranges over which the char-
acteristic enthalpy-relaxation properties appear. The relaxa-
tion accompanying a glass transition proceeds from non-

equilibrium to equilibrium states. As the non-equilibrium
state at a certain constant temperature varies depending on
how the sample was brought to that temperature, the rate of
enthalpy relaxation is altered by the thermal history, such as
the rate of precooling. Figure 1 illustrates the general behav-

ior, over the glass-transition temperature range, of the relax-
ation time t of molecular rearrangement, the enthalpy H,
and the enthalpy relaxation rate �dH/dt of the process with
a single characteristic time. That is, there is no complex be-
havior originating from a distribution of relaxation times.
The equilibrium relaxation time t increased with decreasing
temperature. When the liquid vitrified through rapid cool-
ing, t deviated from the equilibrium dependence at relative-
ly high temperature (Figure 1a),[19] and H became much
higher than for the equilibrium situation (Figure 1b). When
the temperature of the glass was increased for measure-
ments, t became short and gradually approached a calori-
metric timescale between 106 and 102 s. Then, an exothermic
enthalpy-relaxation effect was first observed as H started to
relax, that is, decrease, towards its equilibrium value; �dH/
dt increased with an increase in temperature due to the
shortening of t. Further increase in the temperature resulted
in H crossing the equilibrium line at around Tg and taking
on smaller values than at equilibrium; �dH/dt exhibited a
positive peak, became zero at the crossing of H with the

Abstract in Japanese:

Figure 1. Relationship between a) the relaxation time t, b) the enthalpy
H, and c) the spontaneous enthalpy-relaxation rate �dH/dt and tempera-
ture, observed calorimetrically in a glass transition with a single charac-
teristic time for the molecular rearrangement. The glass-transition tem-
perature was determined empirically as the point at which the rapidly
cooled sample showed a change (against temperature) in �dH/dt from
positive to negative and the slowly cooled sample showed a minimum
�dH/dt value.[16,17]
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equilibrium line, and then took on negative values (Fig-
ure 1c). As the temperature was increased further, t became
shorter than 102 s, and the liquid exhibited no relaxation
phenomenon in the calorimetric timescale; �dH/dt returned
to zero while the glass reached its equilibrium state within a
duration of the order of 102 s. On the other hand, when the
liquid vitrified through slow cooling, t and H deviated from
their respective equilibrium lines at relatively lower temper-
atures, and H was considerably lower than that of the rapid-
ly cooled liquid. Upon heating the liquid for measurements,
an endothermic enthalpy relaxation appeared after H
crossed the equilibrium line and took on lower values than
at equilibrium; �dH/dt exhibited a negative peak. As t

became shorter with increasing temperature, H, which had
deviated below the equilibrium line, gradually returned to it
at essentially the same temperature as in the case for the
rapidly cooled liquid.

Consequently, the observation of a set of exothermic and
endothermic �dH/dt values for the rapidly and slowlycooled
samples, respectively (Figure 1c), indicates the presence of a
glass transition.[17,18] The Tg value at which t became 103 s
was determined empirically as the temperature at which the
rapidly cooled sample showed a change (against tempera-
ture) in �dH/dt from heat-evolution to heat-absorption ef-
fects, and the slowly cooled sample showed a maximum in
the heat-absorption effect.[16, 17]

Results and Discussion

The silica-gel materials CARiACT Q-50, Q-10, Q-6, and Q-
3 were utilized. The pores into which water molecules were
introduced were formed as gaps between the aggregates of
silica. The average pore diameter for Q-50 silica gel was es-
timated by mercury porosimetry to be 52 nm according to
the data of Fuji Silysia Chemical Ltd. Japan. The pore sizes
for Q-10, Q-6, and Q-3 were estimated from data for nitro-
gen-gas absorption/desorption against its vapor pressure at
77 K. Figure 2a and c shows the isotherms for Q-6 and Q-
10, respectively. The curves are of the type that is well-ana-
lyzed by the Barret–Joyner–Halenda (BJH) method.[20] The
results of the pore-size distribution are shown in Figure 2b
and d. The pores have an average diameter of 6 and 12 nm,
respectively, and a distribution of diameters that range
roughly from 2 to 16 nm and from 2 to 20 nm, respectively.
This indicates that the silica gels are mixed pore solids of
different pore diameters. Figure 3a shows the data for nitro-
gen-gas absorption/desorption for Q-3. The curves are of the
type that is well-analyzed by the micropore (MP) method.[21]

The data were analyzed by assuming slit-type micropores,
and the distribution of pore diameters is shown in Figure 3b.
The pores have an average diameter of 1.1 nm with a distri-
bution of diameters ranging from 0.4 to 2 nm.

Calorimetry was performed in the heating direction with
repetition of energy supply and thermometry periods under
adiabatic conditions. Most of the water crystallized as ice on
cooling before measurement in the cases of the pores with

6, 12, and 52 nm average diameters. In the 1.1-nm pores, as
there was a certain pore-size distribution present as shown
in Figure 3b, only a small part of the water crystallized; the
majority remained in the liquid state down to 80 K. Fig-
ure 4a–d shows the heat capacities experimentally derived
from a mixture of ordinary water and ice confined within
1.1-, 6-, 12-, and 52-nm pores, respectively. The big heat-ca-
pacity peaks found at 260–270 K in Figure 4b–d are due to
fusion of ice.[23] In the 1.1-nm pores, a small hump was
found at 227 K and a peak at around 240 K. Given that the
data around 227 K connected smoothly with those of the
sample that was cooled only to 235 K and expected to
remain entirely in the liquid state, the hump at 227 K may
reflect the order/disorder process of water molecules in the

Figure 2. a) and c) Nitrogen-gas absorption and desorption isotherms as a
function of the vapor pressure at 77 K. b) and d) Distribution of pore di-
ameters as analyzed by the BJH method[20] for silica gels Q-6 and Q-10,
respectively. *=absorbed gas measured with increasing vapor pressure,
*=absorbed gas measured with decreasing pressure. The volume of ni-
trogen gas absorbed is that under standard conditions (STP) of 0 8C and
one atmosphere pressure. The pores were assumed in the analysis to be
cylindrical.

Figure 3. a) Nitrogen-gas absorption and desorption isotherms as a func-
tion of the vapor pressure at 77 K. b) Distribution of pore thickness as
analyzed by the MP method[21] for silica gel Q-3. *=absorbed gas mea-
sured with increasing vapor pressure, *=absorbed gas measured with
decreasing pressure. The volume of nitrogen gas is that under standard
conditions (STP) of 0 8C and one atmosphere pressure. The pores were
assumed in the analysis to be slitlike.
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liquid state,[2] and the peak at around 240 K is attributed to
fusion of ice formed in part of the water.[23] Figure 5a–d
shows the heat capacities derived from a mixture of heavy
water and ice confined within 1.1-, 6-, 12-, and 52-nm pores,
respectively. This behavior resembles that of ordinary water
except that the temperatures of fusion are a little higher
than those in Figure 4 in the respective pores.

Figure 6a–d shows the rate of spontaneous heat release or
absorption, observed in the thermometry periods of heat-ca-
pacity measurements upon intermittent heating, of ordinary
water confined within the 1.1-, 6-, 12-, and 52-nm pores, re-
spectively. In the latter three cases, heat-release and -ab-
sorption effects appeared in the range 100–140 K. When the
sample was cooled rapidly in this temperature range before
measurement, heat-release (positive �dHm/dt) and then
heat-absorption (negative �dHm/dt) effects were observed
in the measurements. When the sample was cooled slowly,
on the other hand, only the heat-absorption effect was ob-
served. This dependence reflects the enthalpy relaxation of
the water due to its structural change and is characteristic of
a glass transition as described above. The Tg value, at which
t becomes 1 ks, was estimated to be 119, 124, and 132 K for
the 6-, 12-, and 52-nm pores, respectively, according to the
empirical relation stated above.[16,17] In the case of the 1.1-
nm pores, two sets of heat release and absorption effects
were found in the ranges 90–130 and 130–170 K, indicating
the presence of two glass transitions. The Tg values were es-
timated in the same way to be 115 and 160 K. Figure 7a–d

shows the rate of similar spontaneous heat release or ab-
sorption observed for heavy water confined within the 1.1-,
6-, 12-, and 52-nm pores, respectively. The temperature and
cooling-rate dependence is quite similar to that for ordinary

Figure 4. Heat capacities of mixtures of ordinary water and ice (H2O)
confined within the voids of silica gel of a) 1.1-nm, b) 6-nm, c) 12-nm,
and d) 52-nm average pore diameter. Dotted lines represent the litera-
ture results of bulk water and ice (H2O),[22] and filled circles in a) repre-
sent the data obtained for the sample cooled to 235 K and measured in
the heating direction.

Figure 5. Heat capacities of mixtures of heavy water and ice (D2O) con-
fined within the voids of silica gel of a) 1.1-nm, b) 6-nm, c) 12-nm, and
d) 52-nm average pore diameter. Dotted lines represent the literature re-
sults of bulk water and ice (D2O),[24] and filled circles in a) represent the
data obtained for the sample cooled to 240 K and measured in the heat-
ing direction.

Figure 6. Temperature dependence of the rates of spontaneous heat re-
lease and absorption, observed in the heat-capacity measurements of or-
dinary water (H2O) by an intermittent heating method. Average pore di-
ameter: a) 1.1 nm, b) 6 nm, c) 12 nm, d) 52 nm. *= sample cooled rapid-
ly at around 5 Kmin�1 before the measurements, *= sample cooled
slowly at 10 mKmin�1. The systematic heat-evolution and -absorption ef-
fects for the rapidly and slowly cooled samples are characteristic of a
glass transition, and there are two transitions found in the case of the 1.1-
nm pores.
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water. The Tg value was estimated to be 125, 130, and 139 K
for the 6-, 12-, and 52-nm pores, respectively. In the case of
the 1.1-nm pores, the two Tg values were estimated to be
118 and 165 K.

The water confined within the pores is potentially divided
into two parts: interfacial water and internal water.[25] The
molecules of the former interact with silanol groups to form
hydrogen bonds, and the latter, located in the central part of
the pore, interact only with other water molecules. As the si-
lanol groups are arrayed in a rather random fashion, the in-
terfacial water constructs no neat hydrogen-bonding net-
work like in ice and undergoes no crystallization as ice.
Therefore, in the cases of the 6-, 12-, and 52-nm pores, it is
expected that the interfacial water molecules are arranged
in a rather disordered manner and exhibit a glass transition,
whereas all the internal water crystallize as ice. In the case
of the 1.1-nm pores, the majority of the internal water is in-
terpreted as being in the liquid state even at low tempera-
tures[26] and shows a glass transition in a temperature region
different from that of the interfacial water. It is reasonable
to understand the glass transition at low temperature as
originating from the freezing of the configuration of the in-
terfacial water, in that Tg decreases quite systematically as
the pore size decreases (132, 124, 119, and 115 K for ordina-
ry water and 139, 130, 125, and 118 K for heavy water in the
cases of the 52-, 12-, 6-, and 1.1-nm pores, respectively), and
that the heat-release/absorption effects increase systemati-
cally with decreasing pore size with a corresponding in-
crease in the fraction of interfacial water. The decrease of
Tg with decreasing pore size is understood as indicating that
the formation of a strong hydrogen-bonding network is in-
terrupted gradually as the number of water molecules

within the pores is decreased. The interfacial as well as in-
ternal water molecules tend to form the hydrogen-bonding
network at low temperatures. However, the interfacial water
molecules form hydrogen bonds with the silanol groups,
which are located rather randomly and are fixed in position,
so an energetically ideal arrangement of water molecules for
network formation cannot be attained. In such a situation,
the interfacial water molecules are considered to form ener-
getically less optimized hydrogen bonds, resulting in bonds
that are rather easy to break for rearrangements.

On the basis of the above assignment of the Tg value of
the interfacial water, the glass transitions at Tg=160 K for
ordinary water and Tg=165 K for heavy water in the 1.1-nm
pores originate from the freezing of the configuration of the
internal water, namely, water molecules interacting only
with other water molecules. The result that the Tg value of
the internal water is higher than that of the interfacial water
is understood as follows. The water molecule in the interface
forms hydrogen bond(s) with silanol group(s). Then, as the
silanol groups are fixed in their positions as described
above, the rearrangement of the water molecule requires
the breaking of the bond(s) by movement of the water mol-
ecule itself, and the presence of the silanol groups interrupts
the free movement of the water molecule. Such situations
cause the activation energy for the rearrangement of the in-
terfacial water molecule to increase. The situation of the in-
terfacial water molecule is rather similar at low and room
temperature, because the hydrogen-bonding network cannot
be developed due to the randomness in and the immobility
of the positions of the silanol groups. This results in a
mostly temperature-independent activation energy Dea and,
therefore, the Arrhenius behavior of the relaxation times.
On the other hand, in the internal water at room tempera-
ture, the formation of the hydrogen bonds of the water mol-
ecules is not necessarily complete, and the breaking of the
hydrogen bond(s) proceeds in concert with the movement of
the surrounding water molecules, resulting in a relatively
small activation energy and thus short relaxation time, as
seen in bulk water.[27] At low temperatures, however, the
water molecules develop a hydrogen-bonding network with
stronger bonds so as to decrease the energy of the system.
This causes the Dea for the rearrangement of the molecules
at low temperatures to increase, as rearrangement requires
the breaking of more and stronger hydrogen bonds here
than at room temperature. The Dea of the internal water is
interpreted to be larger than that of the interfacial water at
the low temperatures at which the glass transitions take
place. The values of Tg=160 or 165 K for the internal ordi-
nary and heavy water, respectively, are potentially related to
the intrinsic property of bulk water, given that the water
molecules are surrounded only by other water molecules in
both cases and that the Tg value is consistent with the pre-
diction by Angell et al.[10] and McClure et al.,[12] and the ob-
servation[28] that, when kept for 60 s at 148 K, HGW and
LDA did not transform into each other.

One might consider that the heat-release and -absorption
effects at around 160–165 K are due to crystallization of

Figure 7. Temperature dependence of the rates of spontaneous heat re-
lease and absorption, observed in the heat-capacity measurements of
heavy water (D2O) by an intermittent heating method. Average pore di-
ameter: a) 1.1 nm, b) 6 nm, c) 12 nm, d) 52 nm. *= sample cooled rapid-
ly at around 5 Kmin�1 before the measurements, *= sample cooled
slowly at 10 mKmin�1. The characteristic behavior of a glass transition is
present as in the case of H2O (Figure 6).
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water and fusion of the minute ice particles formed.[23] The
phenomena of heat release and subsequent absorption upon
heating appearing for the rapidly cooled liquid, but only
heat absorption for the sufficiently annealed one, were ob-
served in some cases of crystallization/fusion processes.
However, in the case of the rapidly cooled liquid, the subse-
quent heat-absorption effect should be equal to or larger
than the heat-release effect. In reality, the absorption effect
observed was much smaller than the release effect in the
rapidly cooled sample. This indicates that the anomaly at
around 160 K is not attributed to the crystallization as and
fusion of ice.

On the basis of the above interpretation, the fraction of
ice formed in the central portion of the pore was deter-
mined from the enthalpy of fusion. The fractions of ice de-
termined were 0.69, 0.85, and 0.96 for ordinary water and
0.74, 0.85, and 0.97 for heavy water in the 6-, 12-, and 52-nm
pores, respectively. In the case of the 1.1-nm pores, provided
that the heat-capacity peak at around 240 K was caused by
fusion, the fraction of ice formed was estimated to be 0.059
and 0.090 of all the ordinary and heavy water, respectively.
With the assumption that the 6-, 12-, and 52-nm pores were
cylindrical and that the interfacial water and ice have the
same density, the thickness of the interfacial water layer was
estimated from those fractions to be about 0.4 nm. This
value is in agreement with those in the literature determined
by different methods.[25] Given that the van der Waals diam-
eter of a water molecule is about 0.4 nm, the thickness of
the layer of interfacial water corresponds roughly to one
layer of molecules. As only three water molecules can be ar-
rayed within the 1.1-nm-or-so slit pore, the present result in-
dicates that, so long as a water molecule is surrounded only
by other water molecules (including interfacial water mole-
cules) in an energetically appropriate way, the relaxation
time of the water molecule would give a Tg of about 160 K.
Furthermore, by taking into account the real distribution of
pore sizes present and the fact that 0.06–0.09 of the water
molecules crystallized as ice in the Q-3 silica gel, the water
molecules introduced into the pores remain in the noncrys-
talline state to 80 K only for pores less than around 1.6 nm
in diameter and crystallize for pores above 2 nm in diame-
ter.

Faraone et al.[29] reported the temperature dependence of
the relaxation times for water confined in silica matrices
MCM-41-S with 1.4- and 1.8-nm pore diameters. They deter-
mined the relaxation times by using a quasielastic neutron-
scattering technique and analyzing the data with a relaxing
cage model, and claimed a bend in the relaxation times at
around 225 K with non-Arrhenius and Arrhenius behavior
above and below that temperature, respectively. The extrap-
olation of the relaxation times below 225 K indicates that a
glass transition with t=103 s occurs at around 80 K. As they
did not distinguish between internal and interfacial water,
the discrepancy between the present Tg result and their tem-
perature dependence of the relaxation times remains an
open question to be solved.

Conclusions

The thermal properties and glass-transition behavior of
water confined within silica-gel pores ranging from 1.1 to
52 nm in average diameter were disclosed by adiabatic calo-
rimetry. Water located in the central part of the pores re-
mains in the noncrystalline state down to 80 K in the pores
below roughly 1.6 nm in diameter, and crystallizes within
those larger than 2 nm in diameter. The dynamic properties
of water within the pores are quite different for water mole-
cules interacting with silanol groups and those surrounded
only by other water molecules. The glass transition of the
former takes place at 115–139 K depending on the pore size,
and that of the latter at 160 and 165 K for ordinary and
heavy water, respectively. The situation would be same even
if the silanol groups were replaced with other hydrophilic
groups such as those in proteins and polysaccharides, as
found in a hydrated protein system.[30] Notably, in this re-
spect, the interfacial water is mobile down to 120 K or so.
Also, the Tg of 160 K for the internal water is very close to
that of 160–165 K predicted for bulk supercooled water by
some research groups[4,10,11] and the Tg of 165 K in aqueous
solutions of proteins and polysaccharides.[14, 15]

Experimental Section

Preparation and Porosimetry

Silica-gel materials CARiACT Q-50, Q-10, Q-6, and Q-3 were provided
by Fuji Silysia Chemical Ltd., Japan. They were particles with apparent
diameters of 2–3 mm. The pore sizes for Q-10, Q-6, and Q-3 were esti-
mated by using a Mini-type Japan Bell porosimeter. The silica gels were
cleaned with distilled water, dried at 200 8C in vacuum, and loaded at
room temperature with distilled water under completely degassed condi-
tions.

Calorimetry

Heat-capacity measurements were carried out under adiabatic conditions
with the calorimeter already reported.[16] The silica-gel sample loaded
with water above was introduced into a calorimeter cell (20 cm3), and the
cell was sealed with indium wire under an atmosphere of helium gas.
After the calorimetric system was set up at room temperature to achieve
adiabatic conditions, the cell was cooled to the temperature at which the
measurement was started. To observe the presence of a glass transition,
the cooling rate was adjusted to 5 Kmin�1 for one set of measurements
and 10 mKmin�1 for the other. The heat capacities were measured by an
intermittent heating method; energy supply and thermometry were re-
peated under adiabatic conditions. When heat release or absorption oc-
curred due to glass or phase transition of the water within the pores, they
were detected as a spontaneous temperature rise or fall, respectively, and
the rate of enthalpy relaxation �dH/dt was evaluated as Equation (1):

�dH=dt ¼ C ðdT=dtÞ=nw ð1Þ

in which C is the gross heat capacity of the cell and nw is the amount of
water within the pores. The average heating rate for the measurements
was about 0.1 Kmin�1, which is between the above rapid (5 Kmin�1) and
slow (10 mKmin�1) cooling rates. The heat capacities of the water within
the pores were derived by subtracting the contributions of the empty cell
and the silica gel dried at 200 8C from the experimental results of water-
loaded silica gel. The inaccuracy and imprecision of the heat-capacity
values derived were estimated previously to be less than 0.3% and
0.06%, respectively.[16]
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