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Quasi-One-Dimensional Phase Transitions in Nanopores: Pore-Pore Correlation Effects
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For adsorbates confined within a single, sufficiently narrow cylindrical pore, no phase transitions
occur because the system is too close to the one-dimensional limit. We study the influence
of intermolecular correlations between adsorbed molecules in neighboring cylindrical pores, using
molecular simulation. For a simple model of methane in the molecular sieve ALP®e find that a
phase transition between two fluid states (“gas” and “liquid”) occurs below a critical temperature that is
depressed relative to the bulk value. [S0031-9007(97)04210-5]

PACS numbers: 68.35.Rh, 64.70.—p, 81.05.Rm

A generally accepted result of statistical mechanicsare aware this possibility has not been investigated pre-
[1] is that there can be no phase transitions in a oneviously, although Swiftet al. [5] have studied the related
dimensional system of molecules having intermoleculaproblem of phase transitions in adsorbates in a connected
forces that are of short range (defined as decaying gsore system, using an Ising model.
r~1 or faster). An example of a nearly one-dimensional In this Letter we report a molecular simulation study
system consists of an adsorbate confined within a narrodo investigate the possibility of phase transitions in such
cylindrical pore of sufficiently small diameter that the porous materials due to interpore correlation effects. We
adsorbate molecules can move only along paths very closese the grand canonical ensemble Monte Carlo (GCMC)
to the line of the pore axis. There are a number of classemethod as described elsewhere [6,7], since it is conve-
of molecular sieve materials that are crystalline and haveient to work with fixed chemical potential, tempera-
such narrow cylindrical pores, e.g., some aluminosilicatesure and volume, and study a simple model of the methane
and aluminophosphates. Molecular simulation studies [2ALPO,4-5 system. Periodic boundary conditions were
have confirmed that in very narrow cylindrical pores, e.g.applied in the axial dimension of the pores. Thermo-
pores havingD = 20, where D is the pore diameter dynamic fluctuations were pronounced because of the
(measured as the distance between the centers of waltduced dimensionality, and so large systems were used
atoms in the first layer on opposite sides of the porefor simulations near the critical point [8]. The pore
and o is the diameter of an adsorbate molecule such astructure consisted of a hexagonal array of straight parallel
nitrogen or methane, no phase transitions are observaibres as shown in Fig. 1. The model of the pore walls is
for temperatured” > 0 K; in such pores the adsorption one used previously [7], and consists of a surface layer
isotherms closely follow the behavior predicted for a onewhich is an amorphous array of oxygen atoms, each
dimensional system. As a result, it is commonly assumethteracting with the adsorbate methane molecules via a
that no phase transitions are possible in zeolites havingennard-Joneg12,6) potential. The methane-methane
pore diameters of arourittr, at least for adsorbates such interactions are also modeled using the Lennard-Jones
as nitrogen, methane, etc. (LJ) potential. Parameters for the intermolecular po-

Nevertheless, there have been occasional reports ¢éntials and solid structure were taken from existing
possible phase transitions in such systems. For editerature values [7,9], and were;/kz = 148.2 K,
ample, hysteresis loops have been observed in the ady, /kg = 137.8 K, o = 0.381 nm, o, = 0.323 nm,
sorption isotherm for methane adsorbed in ALPDat D = 0.73 nm, A,_, = 0.325 nm, where subscripts and
77 K [3], suggesting a phase change [4]. ALR®is w refer to fluid (methane) and wall, respectively, and
an aluminophosphate having straight, parallel cylindri-A,_, is the oxygen-oxygen distance in the solid lattice.
cal pores of diamete.73 nm, as obtained from x-ray LJ interactions were cut off at a distance . The
data; the pore cross sections are arranged in a hexafjuid-wall interaction was averaged over the pore length
onal close-packed array. The methane molecule has [&], resulting in a two-dimensional potentials, (r, 6),
diameter ofo = 0.381 nm, so thatD = 1.92¢. This wherer is the radial position of the methane molecule in
and similar examples suggest that phase transitions make pore and is the polar angle in the plane normal to the
be possible in these systems despite their proximity to thpore axis. In our simulation, we use the residual chemical
one-dimensional limit. A possible mechanism for suchpotential, defined as the chemical potential with reference
transitions is the interaction between adsorbate moleculds that of an ideal gas at a density lofmoleculg’A* at the
in neighboring pores. In ALPE5 and similar zeolites the given temperature.
pores are close together, so that such pore-pore correla-Two pore geometries were studied, an isolated single
tion effects could lead to an increase in dimensionality fopore [Fig. 1(a)] and a hexagonal array of seven inter-
the confined fluid, and to phase transitions. As far as wacting pores [Figs. 1(b) and 1(c)]. For the isolated
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single pore, the calculated adsorption isotherms were
continuous and reversible, and showed no indication
of a phase transition for all temperatures downOt&.
These isotherms were found to conform very closely to
those predicted for a one-dimensional system with only
nearest neighbor interactions [10]. For the array of pores,
simulations were carried out for two cases differing
in boundary conditions. The first involved just the
interaction among the seven pores. The second included
the central set of seven pores plus periodic images of
these seven pores in the plane perpendicular to the pore
axes. Very close to the critical point, the results for this
second case will show a crossover from the real, infinite
system behavior to mean field behavior, as shown by
Mon and Binder [11], but at lower temperatures should
accurately describe the infinite crystal. Both systems
yielded the same results (within statistical uncertainties)
for the temperatures well removed from the critical value.
Under these conditions, the fluctuations are small so that
the lack of periodic boundaries results in only a weak
perturbation. In what follows we report results for the
second case, including periodic images. For reduced tem-
peratures above abolit = kT /e = 0.37 (55 K), the
isotherms were continuous and reversible, but for signifi-
cantly lower temperatures a clear phase transition was
observed. An example is shown in Fig. 2 for a tempera-
ture of 40 K. For the array of pores there is a sharp,
discontinuous jump in adsorption to an adsorbed state
of liquidlike density; on desorption the reverse jump
occurs at a lower chemical potential (bulk pressure),
showing the usual hysteresis attached to such phase
transitions. The hysteresis results from metastability
in the adsorbate. The chemical potential for the true
thermodynamic transition can be determined by using
thermodynamic integration to calculate the grand free en-
ergy, {1, for the two adsorption branches using the method
of Peterson and Gubbins [12]. An example, the result for
40 K, is shown in Fig. 3. By determining the transition
points at various temperatures we were able to construct
the coexistence curve, which is shown in Fig. 4. Because
of large fluctuations, it is not possible to approach the
critical point very closely. In order to obtain an estimate
of the critical point, we therefore fitted the coexistence
points at the higher temperatures to the Ising scaling law
for the density difference between the two phases for
three-dimensional systemsp, — p, = A(T. — T)#,
where B8 = 0.33, together with the law of rectilinear
diameters [13]. This is the curve in Fig. 4, and shows a
critical temperature of abouf, = 51.7 K. The critical
pressure was estimated to bel6 X 1075 N/m? from

the corresponding chemical potential, using the virial
FIG. 1. Schematic view of pore model: (a) single poreequation of state. This rather low critical pressure is due
showing end view, side view, and solid-fluid potential, Wlthé(e)dthe high attractive potentidk—30kzT) of the pore

open spheres being adsorbed methane molecules, and sha . . .
spheres oxygen atoms in the wall; (b) a hexagonal array O\(valls, of ALPQy-5. Calculations of the one-dimensional

seven pores; () a cross section showing the central set of sev@@ir correlation function and the structure factor for
pores (hatched circles), with periodic images (open circles). the adsorbed molecules showed that the two coexisting
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() 335 K, for example, we find from simulatiofi. = 117 K
10 P9 (10 ot 14| (a0 with other parameterso( W, etc.) the same as for the
2(a) o 2(b) CH;/ALPO,4-5 model, in agreement with this simple scal-
* 1 08| T I ing. Decreasing the strength of interaction of the fluid
with the wall causes the critical temperature to go up,
but this effect is small; for example, decreasimgfrom
0.93 (its value for CH/ALPO,-5) to 0.6 only increases
T. from 51.7 to 53 K. This insensitivity to thew value
is expected, since the adsorbate molecules are already so
closely confined to the pore axes that changes,jrshould
have little effect. However, this change in causes the
N | critical pressure to change by nearly 5 orders of magni-
00 e’ . 00 XL XL tude, from1.16 X 107> t0 0.59 N/m?. The value of the
3.0 ~12‘0um_}::.0 100 90 1.64 '"rfrgs/s 86 1192 chemical potential of an adsorbed molecule is largely gov-
‘ : ! erned by the potential energy due to the pore walls, which
FIG. 2. Adsorption isotherms for methane in a modeldepends linearly ory,. The drastic increase of the criti-
ALPO,-5 pore at7" = 027 (I' = 40 K), showing adsorption Al pressure is due to the exponential dependence of the

(circles) and desorption (squares), for (a) an isolated pore, a he chemical ial The i .
(b) an array of pores with intermolecular interaction betweerP'€SSure on the chemical potential. The interpore spacing

pores. The vertical dashed lines show the phase changes dH is expected to have a large effect on the critical tem-
adsorption and desorption. The true thermodynamic phasperature. The critical point for the porous array can be
tra_nsition is given by the SOl_id vertical I_ine. The horizontal thought of as Occurring when the temperature is reduced
axis shows the reduced residual chemical potential and th a point where the correlation length for the 1D system,
pressure, and the vertical one the density as the number o be of th d fthe i .
molecules per pore per unit length. 14, grows to eo the or ler o the mterpore.separatlon
W. Although this is not a rigorous argument, it has been
ﬁound successful in treating model networks [5]. For the
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phases in the pore are fluidlike, one corresponding t ) . " .

a low density (“gas”) and one to a considerably highe D Ising model,lwhlch has a critical point &K [14],

density (“liquid”) phase. — — InltaniJ /keT 1
We have also investigated the effect of changes in the é1a [tanft//ksT)]. @)

system variables on the resulting phase transitions anghere/ is the nearest neighbor interaction parameter. This

coexistence curve. The relevant variables are (a) thads to the scaling

fluid-fluid energy parametefss; (b) the reduced fluid- ¢” v = tanh(J /kT,). )
wall energy parametery = €5, /€/s; (C) the interpore oo Getermined the approxircnate critical points for
distance,W; and (d) the parameters;, and o,/ o . various values of¥, for a system in which the other pa-

The first three of these variables are the most impor
tant. For given values of andW it is easy to show rameters are those of GHALPO,-5, and show the results

that the critical temperature scales gg; for e/ /kp =
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i is a fit to the Ising scaling law for a three-dimensional system.

FIG. 3. The grand free energy for the adsorption and desorpSolid squares represefy; + p,)/2 and the line through them
tion branches ar'™* = 0.27, showing the transition as the inter- is a fit to the law of rectilinear diameter§p, + p,)/2 =
section of these. pe +a(lT — T,).
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