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Surface Phase Inversion in Finite-Sized Binary Mixtures
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A thin bilayer of two coexisting polymer phases, in contact with a surface which favors and is partially
wetted by one of them, was studied by nuclear reaction analysis and phase contrast microscopy. We find
that when the less-favored phase is initially in contact with this surface, it is entirely replaced by the par-
tially wetting phase. This inversion evolves with time very differently than in the case of complete wet-
ting. The results suggest that a microscopic surface layer enriched in the surface-preferred component
may not be a stable signature of partial wetting in small binary mixtures.
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A surface in contact with a mixture of two coexisting
phases a and B may be either partially or fully wetted by
one of them [1-5). This is determined by the relation

Yap= ¥ps — Yas » (1)

where subscripts a, B, and s refer to (surface-preferred)
phase a, to phase B, and to the wetted surface phase, re-
spectively, while y,, refers to the interfacial energy be-
tween the x and y phases. Inequality (equality) in (1)
corresponds to partial (complete) wetting conditions.
The latter is equivalent to the disappearance of the
dihedral contact angle in the classic Young equation [1].
The wetting transition in a binary liquid mixture is indi-
cated in Fig. 1. This resembles the geometry of the clas-
sic Moldover-Cahn experiment [6], where the (denser,
say) liquid phase a, rich in the surface-preferred com-
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FIG. 1. Illustrating the partial-to-complete wetting transi-
tion in a mixture with two coexisting liquid phases, a and B.
The air-surface-preferred (a) phase is initially at the solid-
liquid interface: for partial wetting a microscopic layer of a
forms at the liquid-air interface (left panel). For complete wet-
ting this layer grows to macroscopic dimensions until the entire
a phase is transferred to the air surface (right panel). (Such a
configuration is also one of lowest energy for the partial wetting
case; see text.) The lower part of the figure shows the corre-
sponding composition-depth profiles of the a phase.

ponent of the mixture, either partially or fully wets the
upper interface. The bulk of the a phase away from this
interface provides the reservoir from which the surface
layer is formed. The corresponding composition-depth
profiles indicate the composition through a section of the
mixture as shown. In principle, for the case of complete
wetting, the layer of the surface-preferred phase should
grow until the entire reservoir of the a phase has been
transferred to the wetted interface [as indicated in Fig.
1(b)]. In practice, one expects this for sufficiently small
systems where gravity is unimportant [7,8] and where
other surfaces are not wetted. In recent experiments this
has been directly observed [9,10].

Consider the case of partial wetting in small systems.
The configuration in Fig. 1(a), corresponding to inequali-
ty in Eq. (1), involves one interface between the coexist-
ing a and B phases, and another between the B phase and
the thin a-phase-rich layer at the partially wetted sur-
face. This is a situation of local equilibrium, but a lower
energy state can be envisaged. In this, the entire a phase
is at the surface which favors it [as in Fig. 1(b)], thereby
eliminating one of the interfaces. In large systems such
switchovers are not attained in accessible times, as is
indeed common experience. The issue is whether—in
sufficiently small-sized binary mixtures—such a crossover
to the lower energy configuration is possible, and what
are the pathways by which it may be achieved. Here we
report the first observation of a surface phase inversion in
such a mixture. Our results strongly suggest that partial
wetting, in the sense of a stable, microscopically thin sur-
face layer enriched in the surface-active phase, need not
be the rule in finite-sized systems.

We use a nonvolatile liquid mixture comprised of two
copolymers of structure [C4Hsl—x—I[C2H3—(C3H5)],,
with different x values and with the ethyl ([C4Hsl) and
the ethylethylene ([C;H3;—(C,Hs)1) monomers distri-
buted randomly on the chains. The molecular charac-
teristics of the pair used in this study, 486 (x =0.86),
which is partially deuterated, and A75 (x =0.75), are as
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follows: for d86: degree of polymerization /N =1520; de-
gree of deuteration =0.37; glass transition temperature
Tg=—36°C; for h75: N=1270; Tg=—48°C. Both
polymers had polydispersity index < 1.04.

Smooth uniform bilayers of an h75 film on top of a
d86 film (each of thickness ca. 300 nm) were spin cast on
a gold-covered silicon wafer (ca. 2x1 cm?) and stored at
—80°C until required for the experiments. They were
annealed under vacuum (10 =2 Torr) for different times
at a temperature 7=150+1°C. The d86/h75 mixture
displays a phase equilibrium with an upper critical tem-
perature T, =176 +2°C [11]. At 150°C the coexisting
phases have compositions with volume fractions of the
d86 component ¢; = 0.27 and ¢, = 0.72.

In these copolymer mixtures it is the component with
higher x value, 486, which is preferentially adsorbed at
the polymer-air interface. The concentration variation of
this component normal to the interface was determined
by nuclear reaction analysis (NRA), as described in de-
tail elsewhere [12], to yield composition profiles corre-
sponding to those in Fig. 1. At NRA averages over a la-
teral sample area of ca. 5 mm?, interference microscopy
was employed to obtain information on the lateral struc-
ture of the bilayers at various stages of annealing.

The d86-volume-fraction vs depth profiles ¢(z) follow-
ing increasing annealing times at 150°C are shown in the
left column of Fig. 2. The initial (unannealed) bilayer
configuration of a pure A75 film on top of a pure d86
film, shown in Fig. 2(a), undergoes interdiffusion on rais-
ing the temperature to 150°C. Transport of the two
components takes place until the coexisting phase compo-
sitions corresponding to this temperature are as the pla-
teaus at ¢, and ¢,. Neither phase is enhanced at the gold
surface, but a d86-rich layer, of thickness comparable to
the correlation length (32 nm at 150°C) in the mixture
[13], forms at the liquid-air interface. This stage is at-
tained after an annealing time ¢4 of under 30 min, and
the NRA profiles undergo little significant further change
up to several more hours, as shown in Figs. 2(b) and 2(c)
following annealing for 74=2 h and t4=4 h. At yet
longer times a striking change is observed, as seen in Fig.
2(d) following 6.75 h annealing. The 486 composition
profile, while still featuring a surface peak, loses its
characteristic pleateaus at the coexisting phase composi-
tions. On additional annealing (overall times 1 day and
longer), these plateaus reappear in an inverted configu-
ration , as in Fig. 2(e), with the d86-rich phase now en-
tirely at the air surface and the 4 75-rich phase adjacent
to the solid substrate. This now resembles Fig. 1(b), and
does not change with further annealing.

Insight into the development of this phase inversion is
provided by examination of the corresponding interfer-
ence micrographs. Initially the unannealed films [Fig.
2(a)] are smooth and featureless. The partially wetted
configuration indicated by the microscopic d86-enriched
layer in the NRA profiles [closely resembling the sche-
matic profile in Fig. 1(a)], which develops within some 30
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FIG. 2. Left side: NRA depth profiles of the 486 volume
fraction in the liquid bilayer on the silicon wafer. (a) Unan-
nealed, showing the as-cast configuration of the d86 layer on
the solid substrate overlaid by the 75 layer. Following anneal-
ing at 150°C, interdiffusion to the coexisting compositions and
the formation of a thin (ca. 30 nm) surface layer of the d86-
rich phase occurs within some 30 min. (b) Following 2 h an-
nealing. (c) 4 h annealing. (d) 6.75 h annealing. (e) 1 day
(and longer) annealing. The pictures on the right of the compo-
sition profiles are phase-interference micrographs of the poly-
mer layers corresponding to the adjacent annealing stages. The
width of each micrograph is 225 um.

min and is stable over several hours, is accompanied by
little change at first in the optical appearance of the films.
After some 2 h [Fig. 2(b)] a few small domains are ob-
served to emerge; these grow with further annealing, and
after some 4 h [Fig. 2(c)] circular domains of ca. 10 ym
diameter are seen randomly distributed, even though the
NRA profiles are essentially unchanged. After some 7 h
[Fig. 2(d)] the domains have grown to a diameter of
some 20 um; and at much longer times, as in Fig. 2(e),
the films become smooth and featureless again and un-
dergo no further change.

A detailed examination of the NRA profiles helps to
resolve whether the contrast in the microscopy pictures is
due to variations in refractive index within the film [10],
or to drops protruding from the film surface. For an un-
dulating liquid-air surface, different ions must travel

1499



VOLUME 72, NUMBER 10

PHYSICAL REVIEW LETTERS

7 MARCH 1994

different path lengths to reach the liquid-solid interface,
and the apparent measured interfacial width at the sub-
strate is broadened relative to a perfectly flat bilayer. In
Fig. 3 the apparent interfacial width o at the substrate-
polymer interface is plotted as a function of the annealing
time. We note at once that o increases by a factor of up
to 2 for those samples for which the micrographs reveal
laterally inhomogeneous structures. For long annealing
times, corresponding to Fig. 2(e), the apparent interfacial
width returns to values similar to those of the unannealed
sample. Together with the optical micrographs, the data
of Fig. 3 also yield a rough estimate of the magnitude of
thickness variation imposed by the domain formation.
Assuming an areal coverage of domains of ca. 50% in
Fig. 2(d) and a broadening of o by some 20 nm, we esti-
mate a root-mean-square thickness variation of well un-
der 100 nm, much less than the lateral extent of the
domains (ca. 20 um). This estimate is confirmed using
Tolansky optics, which directly measure the surface to-
pography [14]; the drops are seen to protrude from the
surface, with an upper limit of the bilayer thickness vari-
ation of ca. 100-200 nm.

The picture which emerges from our data is indicated
in the inset to Fig. 3. Following the interdiffusion of the
initially pure components, the bulk of the d86-rich (say
a) phase on the substrate surface coexists with a layer of
d86-poor (say B) phase which separates it from the thin
d86-enriched layer at the air surface (A in the inset to
Fig. 3). This conformation is one of local stability only,
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FIG. 3. Variation of the apparent interfacial width o of the
NRA profiles at the solid-liquid interface (at depth ca. 550 nm
in the profiles of Fig. 2), as a function of annealing times. o is
the standard deviation of the Gaussian which, when convoluted
with a step function, provides the best fit to the experimentally
measured composition variation at this interface. The increase
in o corresponds to the growth of droplets in Figs. 2(b)-2(d),
while its decrease to the original value corresponds to the
smooth films and bilayer structure of Fig. 2(e) and longer
times. The broken line is a guide to the eye. The inset shows
schematically the course of the phase inversion deduced from
the present study (see also text).
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in line with our earlier discussion, as the system can lower
its overall free energy by bringing the entire a phase to
the air surface. After ca. 2-4 h, a-phase droplets appear
at the liquid-air interface (B). These drops grow by ac-
cretion of d86 chains, which diffuse through the adjacent
B phase from the a-phase reservoir next to the surface.
When the thickness of the drops approaches that of the g
phase, they make contact and fuse with the a-phase
reservoir (C). At this stage, one expects the drops to
grow by convection [15], driven by the Laplace pressure
due to the interfacial tension y,s, rather than by dif-
fusion. As individual drops touch and coalesce, a homo-
geneous layer of the d86-rich phase is formed at the
polymer-air surface. For long times complete phase con-
version occurs (D), with the d86-rich phase (a) next to
the air surface and the h 75-rich phase (8) adjacent to the
substrate.

While the initial and final spectra in Fig. 2 are reminis-
cent of those in the initial and final stages of complete
wetting as earlier described [9], there is a fundamental
difference in how the final configuration is achieved. In
the case of complete wetting, there is no barrier to the
thickening of the wetting layer at the surface, and it
grows slowly [16] to macroscopic dimensions [9]. In that
study, as revealed by the NRA composition profiles and
verified directly by interference microscopy [11], lateral
homogeneity is preserved at all times. In contrast, in the
present experiments the lateral symmetry is broken in the
intermediate stages, due to the formation of drops of the
surface-active phase at the polymer-air interface. At the
same time, the thin interfacial layer enriched in the
surface-preferred component retains its microscopic di-
mensions unchanged in the regions between the droplets.
This is evident from the profiles which show an apparent-
ly thin surface layer for extended periods: This is be-
cause, while the droplets at the interface are much thick-
er, they initially occupy only a small fraction of the
liquid-air interface whereas the NRA signal is averaged
over relatively large areas. In due course the drops cover
larger fractions of the interface, so that the apparent
thickness of the a phase at the surface increases. The
eventual coalescence of the drops with the a-phase reser-
voir near the solid surface leads to a rapid, convection-
driven phase inversion.

The contrast between complete and partial wetting in
how the surface layers grow is striking and is highlighted
in Fig. 4. This shows the change with time of the ap-
parent thickness / of the surface-preferred phase at the
liquid-air interface as revealed by NRA, both for com-
plete wetting where the layer is uniform and / «log?, as
in Ref. [9]), and for the present investigation. Here / is
an average over the thin surface layer with the progres-
sively growing droplets embedded in it.

We have demonstrated that under certain conditions
a microscopic surface layer enriched in the surface-
preferred component may not be a stable signature of
partial wetting from binary fluid mixtures, even when the
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FIG. 4. Variation of the apparent thickness of the surface-
preferred phase at the air surface with annealing times, on a
semilogarithmic plot. Solid symbols (A) are from the present
study. The curve is a guide to the eye. The open symbols
(A,0) are from a similar study using a different binary mixture
[17], where the growth with time of the surface layer obeys a
logarithmic variation, as also reported earlier for the case of
complete wetting conditions [9].

inequality of surface tensions [Eq. (1)] dictates such a
situation. In such systems, the tendency to reduce the
number of liquid-liquid interfaces instead may result
—over attainable times for small enough systems—in a
final configuration characteristic of complete wetting; in
particular, in two well separated, laterally homogeneous
coexisting phases. The pathway by which this is attained
is by the breaking of the lateral symmetry of the system.
In the present study this occurs through formation of
droplets of the surface-preferred phase at the partially
wetted interface.
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FIG. 1. lIllustrating the partial-to-complete wetting transi-
tion in a mixture with two coexisting liquid phases, a and B.
The air-surface-preferred (@) phase is initially at the solid-
liquid interface: for partial wetting a microscopic layer of a
forms at the liquid-air interface (left panel). For complete wet-
ting this layer grows to macroscopic dimensions until the entire
a phase is transferred to the air surface (right panel). (Such a
configuration is also one of lowest energy for the partial wetting
case; see text.) The lower part of the figure shows the corre-
sponding composition-depth profiles of the a phase.
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FIG. 2. Left side: NRA depth profiles of the d86 volume
fraction in the liquid bilayer on the silicon wafer. (a) Unan-
nealed, showing the as-cast configuration of the 486 layer on
the solid substrate overlaid by the #75 layer. Following anneal-
ing at 150°C, interdiffusion to the coexisting compositions and
the formation of a thin (ca. 30 nm) surface layer of the d86-
rich phase occurs within some 30 min. (b) Following 2 h an-
nealing. (c) 4 h annealing. (d) 6.75 h annealing. (e) | day
(and longer) annealing. The pictures on the right of the compo-
sition profiles are phase-interference micrographs of the poly-
mer layers corresponding to the adjacent annealing stages. The
width of each micrograph is 225 um.
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FIG. 3. Variation of the apparent interfacial width o of the
NRA profiles at the solid-liquid interface (at depth ca. 550 nm
in the profiles of Fig. 2), as a function of annealing times. o is
the standard deviation of the Gaussian which, when convoluted
with a step function, provides the best fit to the experimentally
measured composition variation at this interface. The increase
in o corresponds to the growth of droplets in Figs. 2(b)-2(d),
while its decrease to the original value corresponds to the
smooth films and bilayer structure of Fig. 2(e) and longer
times. The broken line is a guide to the eye. The inset shows
schematically the course of the phase inversion deduced from
the present study (see also text).



