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Phase separation of binary fluids confined in a cylindrical pore: A molecular dynamics study
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Phase separation of a binary Lennard-Jones fluid confined in a cylindrical pore is studied by molecular

dynamics simulations. The wetting interaction of the fluid molecules with the walls of the single pore is
derived from the Lennard-Jones potential. Existence of long-lived metastable states is found even in the

presence of hydrodynamic modes. Other effects of the hydrodynamic interactions on the formation of wetting
layers are discussed. Our results are consistent with recent experimental observations.

PACS number(s): 47.55.Mh, 68.45.6d, 64.60.—i

Binary fluid mixtures inside porous media have attracted
considerable recent attention from both experimentalists and
theorists because of their rich phase behavior and potential
applications [1—6]. The general features found in such sys-
tems, in contrast to those in the bulk mixtures, are metasta-
bility and strong history dependence in phase separation.
During the phase separation of binary fluids in porous media
such as Vycor glasses [1], the two phases do not separate
completely even deep inside the coexistence region; instead,
they form many long-lived microdomains, rich in either one
phase or the other. These indicate that the dynamical evolu-
tion of the ordering process in such systems may be crucial
for understanding the phase behavior. Although theoretical
understanding of phase separation in these systems is far
from complete, two different interpretations have been intro-
duced. First, the metastability is interpreted as slow dynam-
ics arising from the random convolutions of the pore surface
by mapping the phase separation onto the conserved dynam-
ics of a random field Ising model [7]. It has been criticized,
however, that such a mapping is not applicable for low-
porosity media such as Vycor glasses [5].The second inter-
pretation is to relate the metastability to the geometric con-
finement of the binary mixture inside the pores. Theoretical
work introducing this scenario [2,3] emphasizes the wetting
phase diagram inside a single pore, since it is argued that the
wetting behavior of the fluids at pore surfaces plays a major
role in preventing macroscopic phase separation. Such a
single-pore model without any randomness has been used as
a model system to understand various effects observed in
experiments with Vycor glass. This single-pore model allows
for various long-lived metastable configurations (called
"plugs" and "capsules" ) whose stability depends on the
temperature and the strength of the interaction of the pore
surface with one of the components of the mixture. However,
in previous studies of this single-pore model with either
Monte Carlo (MC) [3,5] or Langevin simulations [6], the
dynamics of binary fluids has not been taken into account
properly. It is, thus, an open question whether the metasta-
bility seen in previous simulations would remain under the
influence of hydrodynamic modes of fluids. Therefore it is
important to carry out a molecular dynamics simulation
study on binary fluids in confined geometry so that the hy-
drodynamic interactions can be included naturally.

U»(r) = Usa(r) =4m[(o/r)" —(tr/r) ],

where the parameters e and o. are used as units of energy and
distance in our simulations. The potentials are truncated at
2.50. to save CPU time for numerically solving the equations
of motion. In order to start the phase separation after a
quench, the interactions between the different species are
assumed to be

U&tt(r) =4e[(o/r)' ]. (2)

This interaction is turned on after an initial equilibration in
which all molecules interact with the same potentials as de-
scribed in Eq. (1).Assuming that the fluid molecules interact
with the molecules of the pore surface through the Lennard-
Jones-like potentials, we also derived [8] the wetting poten-
tials of the fluids subject to the presence of pore surface as
the following:

In this paper we present the results of a molecular dynam-
ics simulation study of the binary fluid mixtures confined in
a cylindrical pore. The phase separation of symmetric binary
mixtures is studied through temperature quench experiments.
The growth exponent, characterizing the temporal increment
of the domain size before confinement effects become impor-
tant, is much larger than the purely diffusive growth expo-
nent of —,', thus underscoring the importance of the hydrody-
namic modes in our simulations. We find that the dynamics
of phase separation is strongly affected by various metastable
states, even in the presence of hydrodynamics interactions.
We found the existence of the so-called "plug" phase at low
temperature in our simulations, but no evidence for a stable
"tube" phase at high temperature when the difference be-
tween the wetting potentials of the two species is small.

Our model system consists of two symmetric species A
and B confined in a cylindrical pore with a periodic bound-
ary condition in the direction of its symmetric axis. The mol-
ecules of the same species interact via the Lennard-Jones
potentials
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where F and E are the Legendre elliptic integrals [9] of the

first and the second kind respectively, r is the distance mea-
sured from the symmetry axis of the cylindrical pore, R is
the radius of the pore, and g=R r. (Th—e overdot signifies
a repeated digit. ) R and r are measured in units of o. The
constant e~ determines the overall strength of the wetting

force and depends on the wettability of the different species
to the pore surface (i.e., /3=A, B). The wetting potentials are
truncated at r, where U„(r,)=U&A(2.5o.), i.e., the mol-
ecules located at r~ r, are not affected by the wetting poten-
tials. In most cases we considered r,=2.8o..

The simulations are carried out at constant volume with a
reduced fluid number density p* =No /V=0. 8, where N is
the total number of molecules in the system of volume V. To
check possible effects of finite size, two systems with 4000
and 12 000 molecules are studied intensively. The larger sys-
tem is confined in cylindrical pore of R =8.7' and
I.=69.6cr, where R and I. are the radius and the length of
the pore, respectively. The geometric parameters of the
smaller system are R =6.0o and L =54o. Quenches at sev-
eral reduced temperatures T~, in units of e, below the bulk
consolute temperature (which is about 8.0 in this unit [10])
are performed under the influence of the wetting potentials
after initial equilibration in which no wetting potential is
considered. The system is then evolved isothermally by re-
scaling velocities of the molecules every time step. The time
is measured in units of 7 =(mo /e)'~, where m is the mass
of the fluid molecule. Two different algorithms, namely, the
"velocity Verlet" method with an integration time
St=0.001' and the fifth-order predictor-corrector method
with Bt= 0.002' [11],are used in our simulations in order to
avoid possible errors due to using a particular algorithm. The
process of phase separation is then studied by monitoring the
decay of the total interaction potential energy between the
two species, and by calculating the order parameter profiles,
defined as [pz(r, t) pz(r, t)]/p,„,b—oth in the radial direc-
tion and in the symmetric axis direction of the pore as a
function of time, where pz and pz are local concentrations of
the species A and B and p, is global average of the mol-
ecule density.

In initial equilibration, we observed the familiar layer
structure of monatomic fluids in the vicinity of the pore sur-
face [12]by measuring the radial density distribution of mol-
ecules averaged over the z axis, the symmetry axis of the
cylindrical pore. After the initial equilibration, the quenches
started with the configurations in which the species A and B
were well mixed. The decay in the repulsive potential energy
between the different species, U„s(t) in Eq. (2), was ob-
served in the quenches. It measures the reduction of inter-
faces between the species A and B and, therefore, is a good
indicator of the phase separation process. The domain
growth exponent in the late stage, n, can be estimated from

the data for Uzs(t) in combination with the relation of
Uzi' t-[10].An effective exponent of a=0.78~0.01 is
obtained as the best fit to the data in the late time regime
before the confinement effect became important. This result
is obtained from data averaged over six independent runs at
T*=1.4. We believe that the growth exponent obtained in
this way is an effective exponent since its value is somewhat
smaller than the theoretically predicted value of a=1 [13].
However, this value is consistent with the effective expo-
nents computed in other simulations in the presence of hy-
drodynamic interactions [14,10]. Since this value of a is
much greater than the purely diffusive exponent of —,', it is
clear that hydrodynamic modes are playing a major role in

our simulations.
Iri Fig. 1(a) we present a typical pattern of the evolution in

the order parameter profile in the z direction after a deep
quench at low temperature, T*=1.4, for no difference in
wettability of the two species. The system starts with a well-
mixed configuration of A and B molecules with a flat profile
for the order parameter at zero value (not shown), and finally
breaks up into several domains of A and B fluids that are
alternately present in the z direction [15]. It can be seen
directly in the corresponding configuration snapshot taken at
a late time as shown in Fig. 1(b). In contrast to the order
parameter profile in the z direction, the same quantity in the
radial direction stays around the zero value with small fluc-
tuations. These results convincingly demonstrate that a long-
lived plug phase is formed.

In Fig. 2 we show the evolution of the order parameter
profile in the radial direction at a low temperature,
T*=1.4, for a large difference in wettability of the two dif-

ferent species (e„=0.4 and e„=0.2). There are sharp fluid

layers of the species A in the vicinity of the pore surface and
the fluid cylinder of the species B at the center of the pore. In
combination with the observation of a trivial profile in the z
direction, the profile of Fig. 2 shows that a stable tube phase
is formed. Due to the small number of molecules in the
simulation the nonlayer section of the fluid A is not observed
in our simulations although it is expected to be formed next
to the layers in real systems. When the quench temperature is
increased, such a tube phase can still be observed in this case
although the interface is less sharp than previous quenches at
lower temperatures because of the large thermal fluctuations.
Further increasing the difference in wettability makes the
interface between A and B sharper and fluctuations in the
order parameter profile in the z direction smaller. These be-
haviors are observed in all the cases with e"„/e„~2.

Figure 3 shows the same measurements as shown in Fig.
2 but for small difference in wettability of the two species
(e"=0.25 and e =0.2) at high temperature T*=7.0. In
contrast to the previous cases, no evidence can be found in
Fig. 3 for the formation of a stable tube phase although data
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for much later times, in comparison with data presented in

Fig. 2, are already included. Note that the tendency to form a
tube phase actually decreases during the evolution. It is in-

consistent with the theoretical prediction [2] that the tube

phase is generally stabilized at high temperature regime. A
similar behavior is always observed in all the quenches at

various high temperatures, up to the bulk consolute point,
with various ratio of e"„to e„in the range of e"„/e„~1.5.
However, if the quench temperature is decreased in these
cases, the long-lived plug phase as shown in Fig. 1 is
formed. We note here that similar results were obtained in

previous MC simulation studies [3]. Since the mean-field

calculations are carried out in the presence of longer range
interactions, the difference between MC simulation results

and theoretical predictions was explained previously as an

artifact of the short range wetting potentials used in the

simulations [3].We point out that the wetting potentials used

in our present simulations are van der Waals type, the same

kind of potentials used in the mean-field theory [2]. Our

results indicate, then, that the details of the mean-field cal-
culations may not be valid in more realistic situations.

Let us now compare our data with recent experimental
results of the mixtures of polyvinyl methyl ether (PVME)
and water confined in a one-dimensional capillary [4,16]. In

the case of the mixtures of PVME and water with symmetri-

cal composition, which we are interested in, only a long-
lived plug phase was found although an unstable tube phase
was observed in the very beginning of the experiments. We

point out that for shallow quenches with a small difference of
the wettability of the two components, we have also ob-
served a strong tendency to form wetting layers in early
times after the quench, but these layers subsequently became
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FIG. 3. Time evolution of the order parameter

profile in the radial direction normalized by the

average density after a quench to T*=7.0. The
parameters of the simulation are the same as in

Fig. 2, except that the wettabilities of the species
A and B are e"„=0.25e and e =0.2e, respec-

tively.

unstable (see Fig. 3). It is worth noting that the experimental
results in the case of symmetrical composition are only avail-
able for somewhat deep quenches. It will be very useful to
do similar experiments for shallow quenches in order to re-
solve this issue.

In summary, we have performed molecular dynamics
simulations to study the phase separation phenomena of a
binary Lennard-Jones fluid confined in a cylindrical pore. We
find that long-lived metastable phases exist even in the pres-
ence of hydrodynamic modes. This indicates that the exist-

ence of the metastability is independent of the details of the
microscopic dynamics. We also study the stability of the tube
phase at various temperatures. In addition, we note that the
wetting potential derived for the cylindrical pore in this work
should be useful in research related to the wetting phenom-
ena in a cylindrical geometry.
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