
Introduction

It is well known that the nature of water in the vicinity of
a surface or an interface is di�erent from that of bulk
water and that it is important for biological systems and
material science. Water molecules bound to a protein
surface do not freeze at the normal freezing point. This
abnormal behavior plays an important role in the
protection against the cold for organisms. Water
adsorption on solid surfaces causes various phenomena,
such as dissolution of solids, changes in surface con-
ductivity and adhesion forces; therefore, information on
the nature of water near solid surfaces will contribute to
studies of these surface phenomena concerning water
adsorption. Silica materials are appropriate samples for
studying the nature of water in the vicinity of a surface
or an interface because the surface areas and pore sizes
of these materials can be controlled by various prepa-
ration methods. When water ®lls in silica pores, the sizes
of the water phase are determined by the pore sizes.

Many studies of the abnormal behavior of water in silica
pores have been reported. Etzler [1] found that the heat
capacity in silica pores with radii of 7 nm is about 30%
greater than that of the bulk value. The abnormal
behavior of the freezing points of adsorbed water has
been studied by thermal analysis [2] and NMR spec-
troscopy [3]. As these abnormal properties are caused by
the e�ects of solid surfaces on the adsorbed layer,
changes in the properties of water near solid surfaces are
expected to depend on the distance from the solid
surfaces and on the nature of the solid surfaces;
however, the e�ects of surface composition and the
distance from the solid surfaces are not yet well
understood. The e�ect of distance is investigated by
use of porous silica materials having various pore sizes.
The surface hydroxyl groups on silicas were altered as
nature of silica surfaces, because the surface hydroxyl
groups strongly interact with water molecules through
forming of hydrogen bonds. The two kinds of porous
silica used for this study were commercially available
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Abstract The density and surface
tension of water in small pores of
silicas have been investigated. These
physical properties of water in the
pores were calculated from a com-
parison of pore volumes and pore
radii which were estimated from
adsorption and desorption isotherms
of nitrogen and water. Below a pore
radius of about 5 nm both the
density and the surface tension of
water in the pores were smaller than
those of the bulk liquid and de-
creased with a decrease in pore size.
The density of water in the pores
decreased with an increase in the

concentration of surface hydroxyl
groups. Similarly the surface tension
of water in the pores is in¯uenced by
the surface hydroxyl groups.
Anomalous changes in the density
and surface tension of the water
in the pores are attributed to the
interaction of water molecules
with surface hydroxyl groups and
hydrogen-bond formation among
water molecules.
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porous silica glass (PSG Corning, no.7930) and highly
ordered mesoporous silica (MCM-41). The PSG has
monodisperse pore size distributions and the transmis-
sion electron microscopy (TEM) images revealed a
homogeneous distribution of pores [4]. The character-
ization of the surface hydroxyl groups on the PSG has
been reported [5]. MCM-41 has a cylindrical pore shape
and is appropriate for use as a model for pores. In this
study the density and the surface tension of the water
in these small silica pores have been estimated by the
analysis of nitrogen and water adsorption±desorption
isotherms. The e�ects of the distance from the solid
surfaces (pore sizes) and of the surface hydroxyl groups
on these physical properties have been investigated.

Experimental

The PSG was pulverized to a size of 1±2 mm. Samples having pore
sizes in the range of pore radii from 2 to 4 nm were prepared by
treating the PSG with 1±2% aqueous HF for 72±288 h. The
samples thus obtained were treated with H2O2 solution for 4 h at
90±95 °C to eliminate organic impurities and were then washed
repeatedly with distilled water. The MCM-41 material was
prepared using water glass as a source of silica and hexadecylt-
rimethylammonium bromide as a template. The organic template
was removed by calcination at 823 K in air for 6 h. The calcined
MCM-41 sample was exposed to saturated water vapor for 24 h in
order to prevent chemisorption of water molecules during the
measurement of the water adsorption isotherm. Before use, all the
samples were outgassed under a reduced pressure of 10)3 Pa for 2 h
at 473 K.

The speci®c surface areas of the samples were calculated from
nitrogen adsorption isotherms at 77 K using the Brunauer±
Emmett±Teller (BET) method. Pore sizes, (r(N2)), were estimated
from nitrogen desorption isotherms at 77 K using the Dollimore±
Heal method [6]. The thickness of the adsorbed layer of nitrogen
was calculated from the equation which represents a relationship
between the thickness of the adsorbed layer and the relative
pressure [7]. The reasons for using desorption branches of
adsorption and desorption isotherms in order to calculate the
pore size distributions are as follows. In the desorption process the
pore wall is completely wetted by an adsorbate, so the contact
angle in the Kelvin equation can be assumed to be zero. We have
reported that the validity of the Kelvin equation is doubtful when
estimating pore sizes below about 2 nm using nitrogen adsorption
at 77 K [8]; however, a correction for the calculation of the pore
size of the MCM-41 sample was not made in this study because our
result is applicable to molecular solids such as organic polymers. If
our results can be applied to the MCM-41 sample, the pore radius
calculated in this study is overestimated by about 0.3 nm. The pore
volumes of the PSG samples were determined from the amount of
adsorbed nitrogen at P/P0 = 1.0 in the nitrogen adsorption
isotherms. In the case of the MCM-41 sample, the increase in
the amount adsorbed near the saturated vapor pressure was
observed due to capillary condensation of adsorbates into spaces
of interparticles of the MCM-41 powder sample. So the pore
volume of the sample is obtained by extrapolation of a plateau of
the adsorption isotherms and a linear increase in the amount
adsorbed after capillary condensation in the intrinsic pores
happened. In the calculation of the pore volumes the density of
bulk liquid nitrogen at 77 K was employed for that of adsorbed
nitrogen.

The density of water in the pores was obtained from the amount
of water in a true pore volume, which was determined from the

nitrogen adsorption isotherm. The surface tension of water in the
pores was estimated as follows.

1. The pore sizes, rp(H2O), were calculated from water desorption
isotherms using the Kelvin equation. The molar volume of water
in the pores determined from the density in this study was
employed for the Kelvin equation.

2. If the values of rp(H2O) do not agree with those of rp(N2), the
di�erences are assumed to be responsible for the deviation of
the value of the surface tension of the water in the pores from
the value of the bulk liquid.

3. The value of the surface tension of water used in the Kelvin
equation was determined as the value of rp(H2O) which agrees
with that of rp(N2).

The thickness of the adsorbed layer of water was evaluated from
the adsorption isotherms on the PSG and MCM-41 samples using
the monolayer capacity and the average thickness (0.29 nm) [9, 10]
of a single layer of adsorbed water molecules.

The adsorption and desorption isotherms of water and nitrogen
were measured by a volumetric method at 283 and 77 K,
respectively. The pressures of the gases were measured using a
capacitance manometer (MKS BARATRON 390HA). In order
to avoid experimental errors, the measurements of the nitrogen and
water adsorption isotherms were performed using the same samples.

Results and discussion

Characterization of samples
and adsorption±desorption isotherms
of nitrogen and water

The surface areas, pore radii and pore volumes of the
samples measured from the nitrogen adsorption±desorp-
tion isotherms are shown in Table 1. A hexagonal
arrangement of uniform mesopores of the MCM-41
sample was identi®ed by X-ray di�raction measurement
and TEM observation. Treatment of the PSG sample
with aqueous HF caused the speci®c surface areas to
decrease and the pore sizes to increase; however, it was
con®rmed that the pore size distributions of the samples
treated with aqueous HF under various conditions
remained monodisperse.

The adsorption and desorption isotherms of nitrogen
and water on the MCM-41 sample are shown in Fig. 1.
That's as maybe. Usually the amount of gas adsorbed
is represented by ``mlSTP/g'' unit. In this paper the
``mlSTP/g'' unit is converted to ``cm3/g'' for under-
standing of change in density of water. The nitrogen

Table 1 Characterization of the silica samples: porous silica glass
(PSG) and MCM-41. PSG1±3 were treated with aqueous HF

Sample SBET

(m2/g)
Pore radius
(nm)

Pore volume
(cm3/g)

MCM-41 861 1.55 0.865
PSG0 201 2.03 0.225
PSG1 161 2.36 0.282
PSG2 131 3.21 0.308
PSG3 99 3.90 0.262
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adsorption and desorption isotherms did not show a
hysteresis loop. This observation is characteristic of
nitrogen adsorption±desorption isotherms of MCM-41
[11]. The steep increase and the steep decrease in the
amount adsorbed around P/P0 = 0.4 are due to pore
®lling or capillary condensation in the intrinsic pores
and capillary evaporation from the pores, respectively.
The increase in the amount adsorbed around P/
P0 = 1.0 is attributed to condensation into spaces of
interparticles because the MCM-41 sample was obtained
as powder particles. On the other hand, the water
adsorption and desorption isotherms of the MCM-41
sample exhibited a de®nite hysteresis loop. The shape of
the water adsorption isotherm in the region of low
relative pressure (about 0.5) represented hydrophobic
character. Sharp increases and decreases in the amount
adsorbed were observed at P/P0 = 0.5±0.6. Such be-
havior is caused by the capillary condensation in the
pores and evaporation of water from the pores just as
was observed in nitrogen adsorption and desorption.
The relative pressures at which the capillary condensa-
tion and evaporation of water occurred shifted toward
higher relative pressure compared to the nitrogen
adsorption and desorption isotherms.

The adsorption and desorption isotherms of nitrogen
and water on the PSG0 sample are shown in Fig. 2. Both
isotherms exhibited hysteresis loops. The water adsorp-
tion isotherms on the PSG samples exhibited hydrophi-
licity in contrast to the MCM-41 sample. The adsorption
and desorption branches of the hysteresis loop of the
water adsorption and desorption isotherm shifted to-
ward higher relative pressures compared to those of the
nitrogen adsorption and desorption isotherms. The
other PSG samples with di�erent pore sizes also showed
hysteresis loops in the adsorption and desorption

isotherms of nitrogen and water. Naturally, each
adsorption and desorption branch of the hysteresis loop
was located at di�erent relative pressures because of
di�erences in pore sizes. The adsorption and desorption
branches of the hysteresis loops of the water adsorption
isotherms shifted toward higher relative pressures com-
pared to those of the corresponding nitrogen adsorption
and desorption isotherms. In the case of PSG it is easy to
determine the amount adsorbed at P/P0 = 1.0 because
the steep increase and decrease in the amount adsorbed
near P/P0 = 1.0 did not occur owing to negligible, small
external surface areas.

Density of the water in the pores

The ratios of the densities of the water in the pores to the
density of bulk water at 283 K are shown in Fig. 3 as a
function of pore radius. The density of the water in the
pores for radii in the range 1.5±4 nm is lower than that of
the bulk liquid. The density of the water in the pore of 2-
nm radius is 12±16% lower than that of bulk water. In the
series of the PSG samples which show hydrophilicity, the
density of the water in the pores depends on the pore size.
With an increase in the pore size, the density of the water
in the pores approaches the value of the bulk liquid and
becomes identical to its value at a pore radius of about
5 nm. The decrease in the density of the water in the
pores means that the structure of the water in the pores is
di�erent from that of bulk water. The structure of the
water near the solid surfaces (pore walls) is a�ected by
the interaction with the solid surfaces. The e�ects of the
solid surfaces on the structure of the water in the pores
decrease with an increase in the distance from the
surfaces, i.e. an increase in the pore sizes.

Fig. 1 Adsorption and desorption isotherms of nitrogen and water on
MCM-41. Nitrogen adsorption and desorption (s, d), water
adsorption and desorption (n, m) Fig. 2 Adsorption and desorption isotherms of nitrogen and water on

porous silica glass (PSG) 0. Nitrogen adsorption and desorption
(s, d), water adsorption and desorption (n, m)
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One of the reasons for a decrease in the density of the
water is a decrease in the coordination numbers of the
water molecules. It is well known that the density of ice
is lower than that of liquid water. The di�erence in
density between ice and liquid water is attributed to
a di�erence in the coordination number of the water
molecules. The coordination numbers of the water mol-
ecules of the structures of ice (Ih) and liquid water are
4.0 and 4.4, respectively. It is suggested that the
coordination numbers of the water molecules in
the small pores are lower than that of bulk liquid
water. Iiyama et al. [12] have found that the number of
nearest-neighbor molecules of adsorbed water in micro-
porous carbon is less than that of the bulk liquid. The
structure of the water in the pores cannot be determined
de®nitely from our results; however, the structure of the
water in the pores will be disordered like an amorphous
solid water rather than the regular structure of crystal-
line ice. Because the PSG and MCM-41 samples are
amorphous solids and adsorption sites (hydroxyl
groups) of water molecules on these materials will be
randomly located, it is di�cult to construct a crystalline
ice lattice by physisorbed water molecules on the
surfaces. It has been reported that the density of a
low-density form of amorphous solid water at 77 K is
0.94 g/cm3 [13], which is nearly equal to that of
crystalline ice at 77 K.

In spite of hydrophilicity of the PSG samples, the
surface coverage of the water molecules at monolayer
completion calculated from application of the BET
equation is 0.7±0.8 on the basis of the surface areas
estimated from nitrogen adsorption at 77 K using a
cross-sectional area of 0.105 nm2 for a water molecule.
This fact suggests that physisorbed water molecules
are localized on the silica surfaces because of strong
interactions with the surface hydroxyl groups. The
second adsorbed layer is formed on the ®rst adsorbed
layer through the formation of hydrogen bonds, so the
structure of the second adsorbed layer is a�ected by the
con®guration and orientation of the water molecules in

the ®rst adsorbed layer. The e�ects of solid surfaces are
gradually reduced with an increase in the thickness of
the adsorbed layer. The results obtained show that the
structure of water is a�ected up to at least 4 nm from the
solid surface. If the thickness of a single adsorbed layer
of water is 0.29 nm [10] or 0.35 nm, which corresponds
to the apparent diameter of a molecule and is calculated
from the liquid density, the e�ects of solid surfaces
extend to 11±14 molecular layers in small pores. Etzler
and Fagundus [14] reported that the density of the water
in silica pores is lower than that of the bulk liquid and
that then water is structurally modi®ed up to 3±5 nm
from the solid surface. Their results agree with our data
except for the absolute values of the density of the water
in the pores.

E�ect of surface hydroxyl groups on the density
of the water in the pores

It is expected that the density of the water in small pores
does not only depend on pore sizes but also on the
nature of the silica surfaces. In general, the surface
a�nity of silicas for water molecules, i.e. hydrophilicity
and hydrophobicity of silicas, is controlled by the
number and the type of surface hydroxyl groups because
the surface hydroxyl groups on silicas are e�ective
adsorption sites for water molecules through the forma-
tion of hydrogen bonds. From this point of view, the
e�ect of the surface hydroxyl groups on the density of
the water in the pores was investigated. The number of
hydroxyl groups on the PSG sample (rp = 3.21 nm) was
controlled by heat treatment in vacuo. The surface
hydroxyl concentration was measured from the reaction
of surface hydroxyl groups with the Grignard reagent
[15]. In the case of water adsorption, the number of
surface hydroxyl groups after measurement of the water
adsorption was employed because of chemisorption
during the water adsorption. The relationship between
the surface hydroxyl concentration and the ratio of the
densities of the water in the pores to the density of bulk
water is shown in Fig. 4. The density of the water in the
pores decreased remarkably for high concentrations of
surface hydroxyl groups. At low surface hydroxyl
concentrations the free (no hydrogen-bonded) hydroxyl
groups dominate on the surface because the hydrogen-
bonded hydroxyl groups are preferentially removed by
heat treatment. On the other hand, at high surface
hydroxyl concentrations the surface hydroxyl groups
form hydrogen bonds with each other because these
groups exist close together. These hydrogen-bonded
hydroxyl groups interact strongly with water molecules
rather than with free (non-hydrogen-bonded) hydroxyl
groups [16, 17]. So the e�ect of the hydroxyl groups on
the density of the water in the pores could be clearly seen
at high surface hydroxyl concentrations.

Fig. 3 The ratio of the densities of the water in the pores to the density
of bulk water as a function of pore radius. PSG (s), MCM-41 (,)
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The hydrogen bonds as a short-range force and
dipole±dipole interactions as long-range forces should
be noticed in the water±silica system. Our results
indicated that these two kinds of interactions are
important for the change in the liquid structure in small
pores. We investigated the e�ects of hydrogen-bond
formation and dipole±dipole interaction of adsorbate
using CCl4 as an adsorbate. CCl4 molecules have no
dipole moment and do not form hydrogen bonds and
interact weakly with the surface hydroxyl groups only by
the dispersion force. The density of CCl4 in the pores
was measured in a similar manner to that of water. The
result is shown in Fig. 4. The density of CCl4 in
the pores was independent of the concentration of the
surface hydroxyl groups. From these results the decrease
in the density of the water is caused by the ability of
water molecules to form hydrogen bonds and to develop
dipole±dipole interactions; however, the density of CCl4
in the pores was slightly lower than that of the bulk
liquid. Narrow spaces in the cylindrical pores of the
MCM-41 sample restrict the packing structure of CCl4
molecules in the pores because the pore diameter of the
MCM-41 sample is only about 5 times larger than the
diameter of a CCl4 molecule. It is di�cult to construct
an arrangement of a bulk liquid structure in such small
pores. The decrease in the density of CCl4 in the pores
compared to that of the bulk liquid might be caused by a
restriction of the packing structure in the narrow pore
rather than by the interaction with the surface hydroxyl
groups.

Surface tension of the water in the pores

Figure 5 shows the change in the ratio of the surface
tensions of the water in the pores to the surface tension
of bulk water against the pore radius. In the series of
PSG samples, the surface tension of water in the pores
decreased with a decrease in the pore radius. As the pore

size increased, the surface tension of the water in the
pores approached the value of the bulk liquid and
became identical to it at a pore radius of about 5 nm.
This behavior is analogous to that of the change in the
density of the water in the pores. The change in the
density of the water in the pores is closely related to that
of the change in the surface tension of the water in the
pores. A decrease in the surface tension means a
decrease in the intermolecular forces of the water
molecules. Several reasons for a decrease in the surface
tension can be considered.

1. A decrease in the coordination numbers of the water
molecules.

2. An increase in the distance between nearest-neighbor
water molecules.

3. The change in OAH� � �O angles.

The ®rst and second con®gurations in the structure of
the water cause a direct decrease in the density of the
water. The OAH� � �O angles a�ect the strength of the
hydrogen bonds and control the intermolecular force.

The surface tension of the water in the pores of the
PSG0 (rp = 2.03 nm) and MCM-41 (rp = 1.55 nm)
samples deviated from the behavior of the change in
the surface tension of the water in the pores. This
behavior is caused by the di�erence in a�nity of the
solid surfaces for water molecules. It is expected that
the surface tension of water in small pores is a�ected by
the surface hydroxyl groups in analogy with the density
of water in small pores. In the case of the PSG samples,
the surface coverage of water molecules at monolayer
completion changes from 0.7 to 0.8 on treatment with
aqueous HF. So the a�nity of the PSG0 sample (no
treatment with aqueous HF) for water molecules is
slightly less than that of the other PSG samples treated
with aqueous HF. The shape of the adsorption isotherm
of water on the MCM-41 sample was classi®ed into a
type III isotherm in the IUPAC recommendation [18],
i.e. the MCM-41 sample surface showed hydrophobicity.

Fig. 4 The ratio of the densities of liquids in the pores of the PSG
samples to those of bulk liquids as a function of surface hydroxyl
concentration. Water (s), CCl4 (d)

Fig. 5 The ratio of the surface tensions of liquids in the pores to those
of bulk liquids as a function of pore radius. Water (PSG) (s), water
(MCM-41) (,), CCl4 (PSG) (d)
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Water molecules interact weakly with the surface of the
MCM-41 sample compared to the PSG samples. The
decrease in a�nity of the PSG0 and MCM-41 samples
for water molecules will weaken the e�ect of the pore
sizes on the surface tension. Our results suggest that the
a�nity of the solid surfaces for water is controlled by the
concentration and that the types of the surface hydroxyl
groups greatly in¯uence the surface tension of the water
in small pores compared to the in¯uence of the density
of the water. The surface tension of CCl4 in PSG0
(rp = 2.03 nm) is shown in Fig. 5. The decrease in the
surface tension of CCl4 in the pores of PSG0 is smaller
than that of water. It is con®rmed that the e�ect of
hydrogen bonds between surface hydroxyl groups and
water molecules is important for the decrease in the
surface tension of the water in small pores as well as for
the decrease in the density of the water in small pores.

The e�ect of the meniscus curvature of a liquid
surface on the surface tension has been theoretically
predicted by the statistical-mechanical or thermodynam-
ic approach. Melrose [19] is based on Melrose paper [20],
has reported that the surface tension of a liquid deviates
remarkably from the value of the bulk liquid below a
mean radius of curvature of the meniscus, rm of about
10 nm and increases by 30% at rm = 2 nm. Ahn et al.
[21] have calculated the surface tension of various liquids
such as Ar, N2, C6H6, C6H12 and H2O. They found that
the surface tensions of liquids show appreciable change
below rm � 10 nm and increase with the concavity and

decrease with the convexity of the liquid surfaces. In
such theoretical approaches it is necessary to notice the
concept of a meniscus in a system containing a small
number of molecules and the e�ect of a solid surface on
the surface tension of the liquid in a small pore. There
have been many calculations of the e�ect of meniscus
curvature on the surface tension of a liquid; however,
few studies on the basis of experimental data have been
reported because of the di�culty of measuring very
small dimensions. Recently Machin and Golding [22]
studied the adsorption of Xe on a microporous silica gel
and found that the surface tension of capillary-liquid Xe
is less than that of the bulk liquid.

Conclusions

The density and the surface tension of the water in pores
with a pore radius between 1.55 and 3.90 nm were lower
than those of bulk liquid water. These physical proper-
ties of water in the pores are closely associated with each
other and depend on the pore size and the number
of surface hydroxyl groups. The anomalous behavior of
the water in a small silica pore is mainly governed by
the ability of the hydrogen-bond formation of water
molecules and by the surface hydroxyl groups. It is
suggested that the e�ects of the surface on the layer of
water adsorbed extend up to about 4 nm from the solid
surfaces.
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