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The first-order prewetting transition that has been predicted to occur at the interface between a fluid and
a single wall is investigated for the case of a fluid confined between two walls. Prewetting is found to be in
competition with capillary condensation of the undersaturated gas to a liquid. The results of density-
functional calculations suggest that only for wall separation H > H ;. (T) will prewetting occur at larger
undersaturations than condensation. For H < H;,(T) coexistence between stable thick and thin films
will not be observed. Since H ;e is typically 100 molecular diameters or more, this places restrictions on
those adsorption experiments and computer simulations that search for prewetting.

Consider a one-component fluid for which liquid / and gas
g phases can coexist for temperatures T < T., the bulk criti-
cal temperature. Suppose that the fluid is in contact with an
impenetrable substrate (wall) that exerts a potential ¥ on
the fluid molecules. If V is sufficiently attractive, / will be
preferentially adsorbed at the wall. In the approach to coex-
istence from the undersaturated gas, a thick ‘‘wetting’’ film
of / may or may not intrude between bulk g and the wall.
For T < T, (partial wetting) the film thickness ¢ remains
finite as the chemical potential deviation
(psat— p) =Ap— 0, while for T =T, (complete wetting) ¢
diverges as (Ay,)ﬁ’ with B8; < 0. The interfacial tensions vy,
defined at saturation, satisfy Young’s equation: 1yg
=y + vy cosd, where s denotes substrate, with contact an-
gle >0 for T<T, and =0 for T=T,. If ¢t diverges,
and d(cos@)/dT vanishes continuously, the surface phase
transition at the wetting temperature T, is second order (or
critical), whereas if ¢ and d (cos#)/dT jump discontinuously,
the transition is first order. While both types of wetting
transition! have been obtained from calculations on model
systems? and should be observed in appropriate experi-
ments,>3 there are good reasons for expecting the first-
order transition to be more common.*% The phase diagram
for this case is sketched in Fig. 1. For T > T, and small
undersaturations, a first-order transition from a thick to a
thin liquid film will occur. Such films, with different
thicknesses f, coexist on the ‘‘prewetting’’ or thick-thin
transition line. This line terminates in a surface critical
point at T =T, where the films become identical, and
meets tangentially the bulk coexistence curve at 7 =T,.
Several mean-field density-functional calculations of the
prewetting line have been reported.!®-56 All indicate that
this line lies very close to bulk coexistence, i.e., the surface
critical point corresponds to 8= (1 —ps/psa) of a few per-
cent. p, is the density of bulk g and ps, its value at satura-
tion. (Note that in a second-order wetting transition the
prewetting line shrinks to zero.)

Much experimental and computational effort has been ex-
pended in the search for the prewetting transition. The only
experimental evidence for this transition stems from very
recent light scattering measurements on solid spheres im-
mersed in a binary liquid mixture.” Prewetting does not ap-
pear to have been observed in computer simulations of con-
tinuum fluids,® although it was found in lattice gas simula-
tions.” Given that many adsorption experiments employ
solid material in a disperse form (particles) as a substrate

32

and that simulations are usually performed for a fluid con-
fined by rwo adsorbing walls, it is of interest to enquire
whether confining geometry effects are important for
prewetting and related phase transitions. Here we consider
a fluid in contact with a reservoir at at fixed 7 and u
( < psa) confined by identical parallel walls separated by a
finite distance H, but unbounded in the x-y directions.
Whereas complete wetting and, hence, the wetting transi-
tion, can only occur for a semi-infinite system, since they
are associated with infinitely thick films of /at coexistence,
prewetting involves films of finite thickness and should oc-
cur in a finite system.!® Thus we ask how the phase dia-
gram of Fig. 1 is modified for finite H. We find that the
prewetting transition is in competition with another first-
order transition, namely, capillary condensation of the dilute
‘‘gas” to a dense ‘‘liquid”’ configuration that fills the slit.
For values of H < Hyipo(T) condensation occurs for under-
saturations Au that are larger than those at which prewet-
ting occurs, so the latter cannot be observed except as a
transition between metastable states. As the separations
Hpe are surprisingly large—typically a hundred or more
molecular diameters—this has important repercussions for
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FIG. 1. Schematic temperature-density phase diagram for a
semi-infinite system. The dashed curve is the prewetting line where
thick and thin films coexist. Partial and complete wetting refers to
bulk coexistence (solid curve) below and above T, respectively.
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adsorption experiments and simulations of wetting transi-
tions. )

It is well known that in the limit of large H, condensation
occurs when Au~2y,cos/H(p;—p,), where p; and
pg = psar are the densities of coexisting bulk / and g phases at
the given temperature. For 7 > T, this implies

Aprcona (H) ~ 21/ H (p1—pg) . )

Equation (1) determines the shift of the bulk coexistence
curve resulting from confinement of the fluid.!! Only for
Ap < Apcona(H) is gas the stable phase in the capillary. If
Apcona(H) > Auyy(H), the undersaturation appropriate to
the prewetting transition, condensation will occur in prefer-
ence to prewetting. Provided the interaction between films
at different walls is weak, Au,w(H) is unlikely to be sub-
stantially different from Au,w(o0), so we might estimate the
separation Hipe at which liquid, thick, and thin films coex-
ist by equating Au,w(oo) with the right-hand side of (1). At
low temperatures (7 << 7,) and small undersaturations,
Apu=KpT In(psa/p») ~ KgT$3, so that

H triple *
PR =2
d Ve

where we have defined dimensionless quantities vyg
=vy,d’/KgT, and p* = pd® in terms of the molecular diame-
ter d. By use of the results of earlier density functional cal-
culations!? for a model fluid near a single wall exerting an
exponential attractive potential, we can obtain the under-
saturation ratio 3,, at various temperatures on the prewet-
ting line (7, =0.587. and Ty =0.645T, for this particular
model system). The maximum value of §,,=0.05 which
occurs for T = T the right-hand side of (2) is then ~ 70.
For T=0.6T;, 8w = 0.014 and H pe — 3004d.

In order to test this conjecture we performed identical
density-functional calculations, but now with the fluid con-
fined by two walls. These exert a total potential equal to
—eple ™ +e ™) for 0<z<H, and o for z=<0
and z = H.

The repulsive forces between fluid molecules are modeled
by hard spheres of diameter d and their contribution to the
free energy is treated in local-density approximation. The
attractive pairwise potential w,(r) is taken to be a Yukawa,
_)\]‘?‘ae—xF,/“'ﬂ)\pf, and is treated in mean-field fashion.
The parameters of the potentials (e, =3KgT,, A,/Ar=0.8,
and A7 !'=d) were the same as those used earlier.’ For the
two-wall case we found it convenient to-compute a dimen-
sionless measure of the adsorption, I',,=d> fo Hdz p(2)/H.
p(z) is the density profile of the fluid. Results for
T =0.60T7, and three different values of H are shown in Fig.
2. The adsorption isotherms exhibit loops with stable, me-
tastable, and unstable portions, as is characteristic of capil-
lary condensation.!* T, jumps discontinuously by a finite
amount, from a small gaslike value to a large liquidlike
value, at Au=Aucona(H). The calculated values Apcona (H)
are in reasonable agreement with estimates obtained from
(1). For the two smaller separations we could not observe
coexistence between thick and thin films in the capillary.
Coexistence was found for the largest separation AyH =40,
but is between two distinct gas configurations that have a
much higher grand potential than liquid. That is, the
prewetting transition occurs between metastable films and
Appw (H) << Apconda(H), for this H. The density profiles of

%(pf—p;)spw] , @
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FIG. 2. Adsorption I',, as a function of bulk gas density p, for
T=0.6T,. (a) \pH=12; (b) \gH =20; and (c) A\pH =40. The
vertical lines correspond to capillary condensation. For ApH =40, a
prewetting transition occurs (dashed vertical line) between meta-
stable thick and thin films.

the two films are almost identical to those calculated® for a
single wall at the same temperature, and coexistence occurs
at almost the same undersaturation ratio 8, = 0.015. Simi-
lar results were calculated for a higher temperature
T =0.63T,; coexisting metastable thick and thin films were
obtained for ApH =20 and 30, but for A\rH < 16 no prewet-
ting was found.

The phase equilibria can most easily be determined by ex-
amination of the interfacial free energy y (H), defined' as
the excess grand potential per unit area of one wall, i.e.,
2y(H)=Q/A +pH, where Q is the total grand potential
and p is the (bulk) pressure corresponding to fixed u and 7.
A sketch of y (H) for a certain Ay and T is shown in Fig. 3.
Liquid is stable for H < H.,4, but since this is metastable
in bulk (Au > 0)yjqua(H) increases as HAu as H — oo,
and gas becomes the stable phase for H > H o, The gas
exhibits two branches corresponding to thick and thin films.
When these have equal values of y, at H = H,,, they coex-
ist. By varying Apu it is possible to construct the constant-
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FIG. 3. The interfacial free energy y (H) for fixed T,, < T < T

and Augipie > Ap 2 Appy (o0) (schematic).
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temperature phase diagram shown in Fig. 4. The condensa-
tion line Aucong(H) has the shape suggested by Eq. (1),
while the prewetting line is almost parallel to the H axis:
Appw(H) 2 ppw(oo). A triple point occurs where these lines
intersect. Liquid, thin films, and thick films with equal y or
Q) all coexist in the capillary at this point. For H < Hyipie
liquid is the stable phase, but coexistence between thick and
thin metastable films can still occur, as indicated by the
dashed line in Fig. 4. This is the situation described for
ArH =40 in Fig. 2. On reducing H further the thick film
grows thicker, but eventually this solution disappears (Fig.
3) and no coexistence is possible. For H > Hyjye coex-
istence between the thin film and liquid can occur at
H = H,, but both phases are metastable with respect to the
thick film—see Fig. 3. The relevant line is marked by dots
in Fig. 4; it merges smoothly into the condensation line at
H=Htriple-

Phase equilibria was also investigated by minimizing a
Landau free-energy functional of the type employed in
some earlier studies!®-2? of prewetting at a single wall. The
results are consistent with those described in Figs. 3 and 4.

In Fig. 5 a (tentative) phase diagram is sketched by use of
three variables: 1/H, T, and Au. The prewetting surface is
bounded in.the 1/H =0 plane by the usual prewetting line
AB and by a line of critical points BC. It intersects the sur-
face formed by the lines of capillary condensation in a line
of triple points CA. Point C is a critical end point. As
T— Ty, Aupw(o0) — 0, and 1/Hyipme— 0 at the point 4.
Thus the ‘‘stable’’ portion of the prewetting surface is re-
stricted to very small values of 1/H, supporting the argu-
ment leading to (2). On the basis of (2) one might suppose
that it would be easier to find stable prewetting [small

Htriple

Ap_ AI'ltriple

FIG. 4. Coexistence curves for fixed T,, < T < T, (schematic).
(a) Condensation line Apucong(H); (b) prewetting line Apu,y, (H) (the
dashed portion refers to metastable films); (c) the dotted curve cor-
responds to coexistence between a metastable thin film and liquid
(see text). ’

Hyipie(T)] as T — T, since then y,/(p;—pg) — 0. Howev-
er, calculations®® show that &,, becomes smaller at high
temperature; 8py = 0.01 for 7= T;.=0.907.. The length of
the prewetting line 4B is also much reduced.®*® We con-
clude that for simple one-component fluids'® capillary con-
densation will suppress the prewetting transition except at
rather large wall separations.'®

Our results are relevant for those adsorption experiments
that use material such as graphon as a substrate. Typicgl
distances between surfaces of particles!” are about 100 A.
These are much less than the values H\iye estimated here.
Computer simulations are currently restricted to H < 40d
and usually employ much smaller separations. Consequent-
ly one should not expect to see stable prewetting transitions
in grand-canonical Monte Carlo calculations of the type per-
formed in Ref. 8. Indeed, if one was searching for stable
prewetting, it would be more efficient to replace one of the
wall potentials by an external potential that mimics bulk g,'®
or to work with a fixed number of particles—although the
interpretation of the results is less straightforward in this
case. Of course, prewetting might occur in a grand-
canonical simulation if it were possible to follow the meta-
stable gas branch, Au > Aucond, in Fig. 2, thereby avoiding
condensation. It is likely that complex hysteresis of adsorp-
tion would then be observed. Finally, we remark that capil-
lary condensation is also in competition with the formation
of thick wetting films for T > T or for T > T, when the
wetting transition is second order. For exponential or
finite-ranged potential functions A\, ¢~ —In(Au/e,), where
€, is the strength and A,, ! is the range of the wall potential,
assumed longer than that of fluid-fluid interactions A7 !.
Gas can only exist as the stable phase if Au > Apconga (H).

condensation
surface

Ap

FIG. 5. Schematic phase diagram. Only a small section of the
condensation surface is shown; this terminates at the bulk critical
point Au=0, T=Tc, and 1/H =0. Thick and thin films coexist on
the prewetting surface, and the hatched (stable) portion ABC lies in-
side, while the remaining (metastable) portion CDA lies outside the
condensation surface. The intersection CA4 is a line of triple points
(see text). (This diagram should be compared with Fig. 21 of Ref.
13, which displays the condensation surface in the case where there
is no prewetting.)
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From (1) it follows that the maximum film thickness ¢ is
approximately A, 'In[H (p;—pg)ew/2y,]. For smaller Au
liquid will fill the capillary in a grand-canonical simulation.
Similar remarks apply in the complete drying regime.!®
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