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Phase equilibria of water in cylindrical nanopores were simu-
lated in the Gibbs ensemble. The decrease of the critical tem-
perature in the conÐnement compared to the bulk value attains
35% in the pores with radius The shape of theR

c
= 12 A� .

coexistence curve changes strongly with an increasing water–
substrate interaction. This is found to be the result of a cross-
over from 3D surface to 2D behaviour in the surface layer. At
the strongest water–substrate interactions of our study up to 3
coexistence curves are observed due to layering transitions.

The properties of Ñuids in conÐning geometries are an area of
intense experimental and theoretical research and computer
simulations. Molecular systems conÐned within narrow pores
with sizes of a few molecular diameters in some directions
exhibit physical properties which di†er signiÐcantly from
those in the bulk. Strong shifts of the liquidÈvapour critical
temperature and density due to the conÐnement of the Ñuids
were observed experimentally in nanoporous materials (see
review1 and references therein). In particular, experimental
studies of capillary condensation of some simple gases in
perfect unconnected cylindrical pores with a radius of 12 A�
show pore critical temperatures 30È35% below the bulk
values.2

The rare experimental studies of the shape of the
coexistence curve of conÐned Ñuids3h7 show essential varia-
tions of its shape, but the accuracy of these experimental
results is rather low. In a wide temperature range this shape
varies from triangle-like for Ñuids in porous glasses to
rectangular-like with a Ñat top for Ñuids in active carbon.3 An
analysis of the top of the coexistence curve of conÐned Ñuids
gives an exponent b, which characterizes its shape, of about
0.3 for aerogels4,5 and around 0.5 for porous glasses.6

A Ñuid which is conÐned in an inÐnite cylindrical pore may
be considered to be close to a one dimensional system and
thus it should not exhibit a true liquidÈvapour critical point
at temperatures above 0 K. However, Ðrst order phase tran-
sitions were observed to be only slightly rounded in narrow
cylindrical pores. The separate phases appear as a succession
of alternating domains of liquid and gas along the pore axis.8
The critical temperature in a cylindrical pore thus could beTcdeÐned as the temperature above which the two microphases
become indistinguishable.

The Ðrst order phase transition was found to be rather
sharp even in cylindrical pores with a radius of 2.5 molecular
diameters both in density functional theory calculations9 and
computer simulations.10,11 For weak ÑuidÈwall interactions
liquidÈvapour coexistence curves were obtained by Gibbs
ensemble10 and molecular dynamics11 simulations and a
general shift towards lower temperatures and densities was
found. However the available results do not allow one to
analyse the shape of the coexistence curve. For strong ÑuidÈ
wall interactions layering transitions were observed in simula-
tions of adsorption isotherms.12,13

Concerning water, its phase behaviour in nanopores is of
special interest for biological, medical, geological and other
applications. But to our knowledge there are no experimental

or computer simulation results on the phase diagrams of
water in pores up to now. In this paper we present for the Ðrst
time ÑuidÈÑuid coexistence curves of water conÐned in cylin-
drical nanopores with smooth surfaces and various strengths
of the waterÈsubstrate interaction.

TIP4P water14 in cylindrical pores with radius Rc \ 12 A�
was simulated with periodic boundary conditions along the
pore axis. The waterÈsubstrate interaction was simulated with
the Lennard-Jones (9-3) potential, which depends on the dis-
tance between the oxygen atom and the pore surface only. The
parameter p of this potential was Ðxed at 2.5 whereas theA� ,
parameter e varied to change the well-depth U \ [0.385e
from [0.39 to [4.62 kcal mol~1. That approximately covers
the range from hydrophobic (hydrocarbon-like) to hydrophilic
substrates. Monte Carlo simulations in the Gibbs ensemble10
were used to obtain water phase coexistence both in the pore
and in the bulk. Typically 400 to 600 water molecules were
used in the simulations. The minimal length L of the pore with
the liquid phase was around 30 For the vapour phase LA� .
varied from around 107 at low T to about 40 to 60 atA� A�
high T . Using longer pores at high T for the vapour phase in
the hydrophilic pore may result in the appearance of patches
of the denser phase in addition to the vapour phase. This
would causes an overestimation of the vapour density.

The efficiency of the deletion of molecules in the Monte
Carlo moves was improved by a biased choice of more loosely
bound molecules.15 The efficiency of the insertion attempts
was improved by early rejection of the new conÐguration if at
least one of the interatomic distances between the inserted
molecule and other molecules is shorter than some reference
value. The acceptance probability was corrected by a factor,
equal to the probability to Ðnd at random a molecule with
energy higher than a chosen reference energy (in the case of
deletion) or with the shortest interatomic distances, exceeding
the chosen reference distances (in the case of insertion). The
results obtained with and without these improvements coin-
cide at temperatures higher 350 K, while at lower tem-
peratures reliable results with an acceptable number of
molecular transfers may be obtained by the bias methods
only.

The obtained coexistence curve of the bulk TIP4P water,
shown in Fig. 1(a), coincides well with available literature data
for the same model.16 The efficient technique for the molecu-
lar transfers allowed us to extend the simulation of the
coexistence curve below 300 K. The liquid branch exhibits a
pronounced density maximum at about 250 K, reproducing
the well known temperature shift of the TIP4P model for this
anomaly of water.17

The liquidÈvapour coexistence curves of water in the pore
with U \ [0.39 and [3.08 kcal mol~1 are shown in Fig. 1(b)
(the densities were calculated assuming that the accessible
volume for water is a cylinder with radius TheR\ Rc [ p/2).
general shift of the two-phase region to lower temperatures
with strengthening waterÈsubstrate interaction is accompa-
nied by sharp changes of the shape of the coexistence curve.
Still stronger waterÈsubstrate interactions cause a splitting of
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Fig. 1 LiquidÈvapour coexistence curves of the bulk water (a) and
water conÐned in cylindrical pores (b). Circles : U \ [0.39 kcal
mol~1. Squares : U \ [3.08 kcal mol~1. The lines represent Ðts of
the order parameter to eqn. (1) and of the diameter to a quadratic
regression.

the liquidÈvapour coexistence curve into two (Fig. 2(a),
U \ [3.85 kcal mol~1) or even three regions (Fig. 2(b),
U \ [4.62 kcal mol~1).

Water density distributions along the pore radius are pre-
sented in Fig. 3 for the pore with U \ [4.62 kcal mol~1 and
for three pairs of coexisting states along each of the three
coexistence regions. It is clearly seen, that the Ðrst (I) and
second (II) coexistence region corresponds to subsequent lay-
ering transitions, and the third one (III) is the liquidÈvapour
transition of the inner water, situated near the pore axis.

Fig. 2 Phase diagrams of water in cylindrical pores with U \ [3.85
kcal mol~1 (a) and U \ [4.62 kcal mol~1 (b). The lines represent Ðts
of the order parameter to eqn. (1) and of the diameter to a quadratic
regression.

Fig. 3 Water density distributions along the pore radius for three
pairs of coexisting states along each of the three coexistence regions,
shown in Fig. 2(b). The coexisting phases are distinguished by solid
and dashed lines.

Slight weakening of the waterÈsubstrate interaction
(U \ [3.85 kcal mol~1) causes merging of the two layering
transitions (see Fig. 2(a)). In the low temperature region of
Fig. 2(a) only a liquidÈvapour coexistence was observed. This
may suggest the existence of a triple point near T \ 250 K
and o \ 0.8 g cm~3. Phase diagrams with a triple point, where
liquid, vapour and surface layers coexist, were recently
obtained for an associating Lennard-Jones Ñuid in a slit-like
pore by a density functional method.18

In order to estimate the temperature range of the two-phase
coexistence region, which is limited by a pore critical tem-
perature and to analyse the shape of the coexistence curve,Tc ,
the order parameter was Ðtted to the simple*o\ o1 [ o2scaling equation

*o\ Bqbeff, (1)

and are the densities of the coexisting phases,o1 o2 q\ (Tcand is an e†ective critical exponent. In the case of[ T )/Tc beffreal bulk Ñuids the critical exponent approaches the 3DbeffIsing value b \ 0.32619 in a narrow asymptotic range near Tc .
More distant from the critical point corrections to the scaling
equation should be taken into account. Up to 5 corrections
terms are necessary to obtain a good Ðt of the bulk water
coexistence curve in a wide temperature range.20 However, in
the same temperature range the value obtained from thebeff ,one-term Ðt (1) deviates from the asymptotic Ising value not
more than 10%. This allows us to use the value of for abeffqualitative analysis of the shape of the coexistence curve. In
order to compare the coexistence curves of bulk and conÐned
water we limited the Ðtting range to temperatures above 300
K. The values of and obtained from the Ðts of eqn. (1)Tc beffto the coexistence densities (which are averaged over the entire
pore) are shown in Table 1.

The decrease of the liquidÈvapour critical temperature in
the pores with respect to the bulk value achieves 30È35% and
agrees with experimental results for cylindrical pores of the
same size.3 The exponent continuously decreases frombeff0.46 in the hydrophobic pore (U \ [0.39 kcal mol~1) to 0.16
in the hydrophilic pore (U \ [3.08 kcal mol~1), correspond-
ing to the Ñattening of the coexistence curve.

As the Ñuid in the cylindrical nanopore is strongly spatially
heterogeneous along the pore radius, we analysed the varia-
tion of along the pore radius. To do so, the water densitybeffwas averaged over cylindrical shells with a width of 2 andA� ,
values were determined as function of the middle radius ofbeffthe shells with Ðxed to the value obtained for the entireTcpore. The variation of along the radius of the hydrophobicbeffpore (U \ [0.39 kcal mol~1) is shown in Fig. 4. The
observed sharp increase of towards the pore surface showsbeff
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Table 1 The parameters obtained from the Ðts to eqn. (1) of the
coexistence curves of bulk water and water in pores with 12 radiusA�
for di†erent strength U of the waterÈsubstrate interaction : andTc beffare the critical temperature and e†ective critical exponent obtained
from the Ðts of the averaged pore densities ; and are the expo-bs bInents derived from the Ðtting of the densities in the surface layer and
inner water, respectively. For the systems with layering transitions
(Fig. 2) this refers to transition I only (indicated by the asterisks)

U/kcal mol~1 Tc/K beff bs bi
Bulk water 578.6^ 2.5 0.27^ 0.01 È 0.27^ 0.01
[0.39 540.4^ 5.3 0.46^ 0.03 0.71^ 0.04 0.29^ 0.03
[1.93 520.7^ 2.7 0.27^ 0.01 0.32^ 0.02 0.23^ 0.01
[3.08 462.4^ 1.0 0.16^ 0.01 0.18^ 0.01 0.15^ 0.01
[3.85* 390.2^ 0.4 0.20^ 0.02 0.14^ 0.02 È
[4.62* 403.6^ 3.6 0.16^ 0.03 0.19^ 0.02 È

a more rapid decrease of the density di†erence between the
two coexisting states near the surface. In order to compare the
pores with di†erent values of U we determined separately the
values for the water in the surface layer (7.5È12 and forbeff A� )
the inner water near the pore axis (0È4 and obtained theA� ),
results given in Table 1. In the hydrophobic pore (U \ [0.39
kcal mol~1) the exponent for the surface layer isbeff \ 0.71
close to the value of the 3D surface exponent 0.78, describing
the temperature induced disordering of the semi-inÐnite Ising
lattice near a free surface,21 whereas it becomes closer to the
3D bulk Ising exponent for the inner water. With increasing
waterÈsubstrate interaction two prominent water layers with
strong orientational ordering are formed near the pore
surface.15 This structuring e†ectively suppresses the molecular
exchange along the pore radius. As a result the water in the
surface layer gets features of two-dimensionality. So, we
attribute the observed decrease of in the surface layer withbeff

Fig. 4 Variation of the e†ective critical exponent along thebeffradius of the pore with U \ [0.39 kcal mol~1 (circles). The location
of the symbols corresponds to the center of the cylindrical shells of 2

width, which are used for density averaging. In the lower part, theA�
water density distribution along the pore radius is shown for the high
density state at T \ 300 K (in arbitrary units).

a strengthening waterÈsubstrate interaction (Table 1) to the
crossover towards a 2D behaviour, which is characterized by
the exponent b \ 0.125.

The observed sharp crossover from 3D surface to 2D
behaviour in the surface water layer causes the appreciable
changes of obtained for the whole pore, as in the con-beff ,sidered cylindrical nanopores with the surface layerRc \ 12 A�
contains up to 60% of all molecules in the liquid phase.

It is expected that layering transitions are of the 2D Ising
universality class.1 The low values of obtained by us forbeff ,the layering transitions in the pores with U \ [3.85 and
[4.62 kcal mol~1 (see Table 1), reÑect the trend towards two
dimensionality.

The presented results show the necessity to take into
account the rich phase behaviour of conÐned water in the
analysis of experimental results and in computer simulations.
The obtained variety of the shape of the liquidÈvapour
coexistence curve is the result of surface e†ects, which domi-
nate in nanopores.
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