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I. INTRODUCTION

The idea, formulated in the 1960’s, that fluctuations play a
decisive role in the universal behaviour of various systems near the
critical point (CP) has been the basis of modern theories of critical
phenomena. The scaling theory and the renormalised group
method!~3 have provided a new stimulus to the study of phase
transitions (PT).*°® Systems whose components are high-molecular
compounds (solutions and mixtures of polymers) were added to the
traditional objects of study (magnetic substances, alloys, liquids,
two-component liquids, etc.).”!' The improvement of the experi-
mental technique and the development of novel methods have made

it possible to find more accurately the critical parameters character-
ising the variation of properties in the vicinity of the CP and to
conclude that polymer systems belong to the same class, in terms of
their universality, as liquids and binary mixtures of liquids.
Together with the continuation of studies on PT in the bulk
phase,!?!? the study of PT in bounded systems is of great interest.
Initially the question of the influence of the surface of the substrate
on the PT was considered within the framework of Landau’s
theory'* applied to the magnetisation of ferromagnetic substances
and the superfluidity of helium.!” The transition from limited to
complete wettability of the surface near the CP for two-component
and pure liquids has been analysed.'®!® The characteristic features
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of the PT in semi-infinite systems discovered in the above studies
have attracted the attention of many investigators to this problem
and at the present time various questions concerning wetting transi-
tions are being actively elucidated.?®?' This field of knowledge is
going through a period of rapid development, associated with the
appearance of an increasing number of new facts. The present
review is devoted to the analysis of the behaviour of liquids with
limited miscibility and polymer systems in the vicinity of the surface
of the substrate. The questions discussed here, concerning the
conditions governing the appearance of a wetting layer of one of the
equilibrium phases, the order of the transition from complete wetting
to limited wetting, and the phenomenon of critical adsorption, are
analysed within the framework of the average field (AF) theory.

Il. PHENOMENOLOGICAL THEORY OF PHASE TRANSITIONS
IN SEMI-INFINITE SYSTEMS

The modifying effect of the substate on PT has been analysed in
detail within the framework of the phenomenological theory, whose
universal procedures make it possible to consider different phenom-
ena such as surface magnetisation.!>!62%22 the superfluidity of
helium near the 7»-point,17 and wetting transitions in immiscible
liquids.?

The fundamental postulates of the phenomenological theory
reduce to the following: (1) by analogy with the theory of PT of the
second kind,'*'7 it is assumed that in the vicinity of the transition
point the free energy density AY) can be expanded in series in terms
of the order parameter \:

() =Cy*+Dy'—hy, )

where C = Cot and Cy and D are positive constants. Here and
henceforth ¢t = (T’ - T.)/T., T is the temperature, and T, is the
critical temperature. For a two-component system, the deviation of
the concentration ¢ from the critical value @, is chosen as {, where-
upon h characterises the deviation of the difference between the
chemical potentials of the components Ap from the corresponding
difference on the coexistence curve Ay, h = (Ap — Apy)/ksT.

(2) The wall infringes the spatial invariance of the system and in the
boundary layer of the specimen the order parameter is different from
its bulk-phase value. The increase in the free energy of the system
as a result of the spatial inhomogeneity which has arisen at the
boundary is taken into account by introducing a term proportional
to the square of the gradient of the order parameter. (3) It is
assumed that the forces acting from the sides of the substrate on the
system involve only the first layer of molecules, which makes it
possible to take into account the contribution to the free energy of
the system by the interactions of the substrate with the molecules in
the nearest layer with the aid of the term F.

Then, neglecting fluctuations and assuming that (z) is the
average value of the order parameter in a plane parallel to the
surface of the substrate and separated from it by a distance z, the
free energy functional of the semi-infinite system can be written in
the following form:%°

F[¢1=F,+°fdz[f(¢)+%k(V¢)"], @

where k > 0 is assumed to be constant. The difference between the
properties in the surface layer and in the bulk phase promotes the
formation of the order parameter profile ensuring a minimum in the
free energy of the system. The spatial distribution of y(z) is
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obtained by solving Euler’s equation:

K )
ke =" ©)

with the following boundary conditions on the surface (z = 0) and
in the bulk phase:

id .=_a£]
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where \, and V; are the values of the order parameter in the bulk
phase and on the surface respectively.
The first integral is

glz == {2[F (O) — ] (p}/k}A. ®

The sign of the derivative is determined by the ratio of the values of
V¥ in the bulk phase and on the boundary: if > \,, then d{/dz < 0
and conversely. It follows from Eqns.(4) and (6) that

S = = {2 () — (. 0
Hence one can find the order parameter on the surface . If
Eqn.(7) has several roots, then each of them leads to a definite
spatial distribution of yi(z). The profile ensuring the minimum
surface free energy o corresponds to the condition for equilibrium:

o=rot Joe[+ (). ®

Having specified a simple expression for Fj, it is possible to
obtain a solution to Eqns.(3)—(5) in an analytical form and to
analyse the possible situations. In the main, the following form of
F, is investigated:2%%

1
Fye—= — —2-g\p§ — hyps. ©)

It describes the perturbing influence of the wall on the semi-infinite
system as a result of the modification of the chemical potentials of
the components (second term) and the changes in the interactions
between the molecules at the boundary (first term). The relation
between the extrapolation length A = -k/g and the energy of the
interaction of the sites in the surface layer J; has been established
with the aid of lattice models. Having characterised the difference
between J, and the energy of the interaction of sites in the bulk
phase J by the quantity A, = J,/J - 1, Mills?** and Binder and
Hohenberg?® found A™! = 1 - A /A,, where A, is the critical value of
Ay (A, = 4.7

We shall now consider the results obtained in the solution of
Eqns.(3)—(5) and (9) for the simplest case where h = h; = 0 (Figs.
1 and 2). For fixed cohesion forces of the molecules in the surface
layer A,, it is always possible to differentiate in the phase diagram
the temperature range in which the entire specimen is in a non-
ordered state: {(z) = 0 (region V in Fig.1). For A, < A, (A > 0),
this state persists until the attainment of the bulk-phase PT temper-
ature. When non-zero values of the order parameter appear in the
bulk phase, the substrate tends to disorder the system (region I),
which diminishes (z) in the vicinity of the surface (Fig.2a). If the
interaction energy of the molecules in the surface layer exceeds the
critical value (A; > A, A < 0), the non-ordered state exists through-
out the bulk of the specimen at temperatures ¢t > f, > 0. At ¢,
order appears in the boundary layer of molecules (the Cl,, surface
transition takes place), but the non-ordered state of the substance
persists away from the wall. Region II in the phase diagram (Fig.1)
differentiates the states of the system for which the order parameter
on the surface differs from the bulk-phase value but approaches
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Y = 0 on moving away from the boundary (Fig.2b). The decrease
in temperature to the critical value induces a bulk phase transition
(extraordinary Cg3, transition) and the establishment in region III
(Fig.1) of the profile illustrated in Fig.2c. The boundaries of the
ordinary (Cgeg), extraordinary, and surface transitions converge at a
single point Sp, where A, = A, (A™! = 0). The condition A, = A,
means that the presence of the wall does not influence the inter-
action energy of the molecules, so that, as a result of a special
transition (Sp), the state of the system changes simultaneously
throughout its bulk at the critical temperature. For ¢t < 0, the
distribution of the order parameter is shown in Fig.25.

Figure 1. Schematic illustration of the phase transitions occurring in
a semi-finite system?? (for the explanation, see text).
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Figure 2. Variation of the order parameter  with the distance from
the substrate surface for different values of the extrapolation length
A = —k/g and temperatures £° (@) A > 0, < 0; (D)X < 0, ¢ > O;
©Ar<0,t<0; (dAr'!=0,1<0( = h =0 throughout).

Thus, even in the simplest case, the phenomenological theory
makes it possible to discover a significant difference between the
properties of the specimen in the bulk phase and in the surface layer.
The nature of the transitions near the CP is controlled by the inter-
action energy of the molecules at the wall: an increase in A, (and
hence in g) increases the temperature of the surface transition and an
order parameter different from the bulk-phase value appears above
the critical temperature. The problem has been investigated in
greatest detail in studies;'*'%?>?* limitations on the values of the
parameters & and h; were removed, non-classical temperature varia-
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tions of the coefficients in Eqn.(1) were considered etc. More com-
plex cases of semi-infinite systems with two order parameters have
also been analysed.?’

lll. CAHN'S THEORY AND EXPERIMENTAL STUDIES ON
WETTING TRANSITIONS

Consider a liquid consisting of components A and B with an
upper consolute temperature (UCT). Above T, the liquid consists
of a homogeneous phase with the composition ¢y (concentration of
component B). Below T, the mixture decomposes into the phases «
and B, whose compositions ¢, and ¢g depend on temperature. We
shall assume that phase B contains an excess of component B (pp >
©0), whereupon phase a is enriched in component 4 (9, < ®g). As
T, is approached, the compositions of the phases coexisting at
equilibrium approach one another and the interfacial tension at the
o— B boundary diminishes. In the vicinity of T,, simple scaling
relations apply:'>!3

05~ pa < 17, 10)

Oup a[“, (ll)

where B = 0.33 and p = 1.26 are critical parameters. We now
bring the mixture into contact with the wall, which adsorbs prefer-
entially one of the mixture components (for example B). The
behaviour of the two-phase system near the wall S is determined by
the interfacial energies Gqs, Op;, and o,g at the S—a, S—B, and a—f
boundaries respectively. Under conditions where 6o, —0ps—Gap < 0,
the equilibrium wetting angle 0 arises and Young’s law holds:?

Oap COS B == Ogy — Tps. (12)

In his analysis of the temperature variation of 6 in the two-com-
ponent system considered, Cahn'® suggested that the difference
between the interfacial energies (64— Op,) in the vicinity of T, is
determined mainly by the compositions of the equilibrium phases
and depends on temperature in the same way as g —¢,. Then,
taking into account Eqns.(10) and (11), we have from (12)

B—n=0.93. 13)

cos 0 o 1%,

According to Eqn.(13), the condition for the complete wetting of
the substrate surface by phase B (6 = 0) is attained at a certain
temperature Ty, which differs from the critical temperature. Then,
when T, > T > Ty, we have Gos—0Op;—GCqp > 0 and, for liquids
with limited miscibility, contact with the wall by the component with
the higher interfacial energy (A in the present instance) becomes
unfavourable, which leads to the formation on the surface S of a
layer of the phase in which the concentration of this component is
lower.

The structure of the liquid at the substrate surface has been
studied within the framework of the average field theory.'® Here it
is assumed that the microstructure produced in the liquid is con-
trolled by the volume properties of the mixture, the concentration
gradients, and the forces acting from the side of the wall only on the
layer of molecules of the liquid adjoining it. The initial functional of
the interfacial free energy has the form'®

o[m]=Fs+°§dz[Af<¢>+k(_g)’], (14)

A @ =F @) — [ @) — @— o) () L 5)

P=0q
where f(@) is the local density of the free energy of the homogeneous



1016

liquid. The function Af(¢) reaches its minimum values for composi-
tions corresponding to phase equilibrium [Af(9,) = Af(Ag) = 0]
and has a local maximum at @, < @ < @p. As the temperature
approaches the critical value, Af (@) at the local maximum dimin-
ishes and is very low in the vicinity of T,.

The solution of the variational problem [Eqns.(14) and (15)] yields
the spatial distribution of the concentration at the wall in each of the
coexisting phases:

@
2(@) =— ([R/Af @)]" do. (16)
s

An elegant graphical analysis carried out by Cahn'® established
that near T, the surface concentration @, is the same in both equi-
librium phases and exceeds ¢p (the bulk phase concentration) for the
more concentrated phase. Then, the function ¢(z) in phase « initially
diminishes from @, to @g and at @ = @ we have Af(¢p) = 0 and,
according to Eqn.(16), z — o0, i.e. a macroscopic layer arises
between the wall and phase a. Thus, a two-step transition is
observed at the S—a interface: initially S—p and then p—a. When
the temperature is appreciably below T, the adsorption of compo-
nent B from phase « is slight and the condition ¢, < ¢p holds.
Since @, determines the lower integration limit in Eqn.(16), the
profile of the variation of the concentration between the coexisting
bulk phases P and «,2 cut off at @ = @,, can be used to obtain the
concentration profile ¢(z) at the S —a boundary. The transition
from limited to complete wetting takes place at a definite tempera-
ture T, and is a transition of the first kind.

The formation of a surface layer in which the concentration is
close to @g is possible even in a homogeneous system for Qo < @
(under the conditions of the instability of the bulk phase having the
composition ¢g). The difference from the two-phase system consists
in the fact that the thickness of this layer is in this case finite, since

Af(@p) # 0.

;ﬂrﬁ =i
T

Figure 3. Phase diagram for a two-component semi-infinite system'®
(for explanation, see text).

The influence of the substrate on the two-component system is
illustrated in the phase diagram in Fig.3. In the single-phase region
1, the degree of adsorption of component B is low (¢, < ap) and the
composition of the surface layer never reaches @p even for o = Q.
Region II is one where the surface concentration exceeds the bulk
phase concentration of component B in phase p. The appearance of
a layer having a finite thickness with composition close to ¢g is
characteristic of it. The PW line, separating these adsorption regions
describes the concentrations of the homogeneous solution at which
two profiles with different surface concentrations @, correspond to a
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single minimum in the functional (14) . With increase in temperature the
difference between these profiles diminishes and vanishes completely
at the temperature T4 at the critical point for the Chy surface
transitions (Fig.3).

Overall thermodynamic analysis® and the results of calculations
based on different models®~> show that the PW line has a common
tangent with the binodal curve at the point corresponding to the
temperature Ty and the transition from the low adsorption region
to the high adsorption region for systems having a UCT takes place
on cooling. The deviation of T4 from T varies from several to
tens of degrees according to different estimates.*>>° In region III
(the region corresponding to complete wetting of the substrate),
phase « is displaced from the surface of the wall by a macroscopic
layer of phase B.

The strategy of the experimental studies of wetting transitions is
determined mainly by the results of the theoretical analysis of the
problem. The possibility of the appearance of wetting layers has been
demonstrated already in the first study®® of the influence of the
substrate on the cyclohexane —methanol two-phase system (with a
small amount of added water). The boundary with the non-critical
phase (vapour) also played the role of a wall in the experiments.

Subsequent experimental studies of systems with a UCT 353742
and systems with a lower consolute temperature (LCT),*>*
out by various methods (visual observation,”” capillary rise,
ellipsometry,*~*! and light scattering® and reflection*?), demon-
strated convincingly that the formation of wetting layers is a general
phenomenon associated with the influence of the surface of the wall.
(The pattern arising under these conditions is illustrated schemat-
ically in Fig.4). The temperature of the transition from complete to
limited wetting (T'y) differs significantly from the critical tempera-
ture. For systems with a UCT, it lies below T, (for example, in the
isopropyl alcohol — perfluoromethylcyclohexane system, Ty = 38.0 +
0.1 °C, while T, = 90.5° + 0.5 °C ) and, for systems with a LCT,
it lies above T (in the 2,6-lutidine —water system, Ty ~ 48 °C,
while T, = 34 °C 3%,
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Figure 4. Experimentally observed wetting phenomena:*® (a) meth-
anol —cyclohexane system with added water in a glass bulb. The
denser methanol phase B wets the glass surface and is distributed at
the interface with the vapour 0; (b) the perfluoromethylcyclo-
hexane — methylcyclohexane system in a quartz bulb. The lighter
phase a with an increased methylcyclohexane contact wets quartz;
the layer of phase B (enriched in C;Fy4) is distributed at the inter-
face with the vapour.

Before considering experimental data referring to the measure-
ment of the thickness of the wetting layers, we may note that Cahn’s
theory'® was constructed without taking into account external fields.
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Consequently, in the absence of the gravitational field, the wetting
layer might be very thick and might occupy a considerable propor-
tion of the volume of the system. In the gravitational field, the
increased potential energy of the layer of the denser phase B at the
interface with the vapour (Fig.4a) [or of the lighter phase « at the
lower wall (Fig.4b)] tends to make it thinner. As a result of the
balance between the gravitaional and surface forces, the equilibrium
thickness of the layer [is attained. It follows from the analysis of
the surface forces** that

()= ApgL, )

for n(i ) represents the forces acting per unit of each of the phases
separated by a film; Ap = pg—p,, p« and pp are the densities of
phases o and P respectively, g is the acceleration in the free fall, and
L is the thickness of the layer of phase o separating the wetting film
and the bulk phase B (Fig.4).

If the attenuation of the wetting layer under the influence of the
gravitational field is coupled with the rearrangement of the structure
of the liquid owing to the overlap of the concentration profiles
formed at the boundary of the film with the vapour and phase o,
then ©t (l ) is determined by structural repulsmn forces 1:,_.(1 ). Using
the expression proposed by Widom,*

10, () = o’ exp (— [/¥), (18)

where & is the correlation radius of fluctuations in the bulk phase,
we find that the thickness of the wetting film at the boundary with
the vapour depends only slightly on the thickness of the layer of
phase o but is extremely sensitive to temperature near 7T, (by virtue
of the temperature dependence of the correlation radius):

l—Elan—

(19)

Under conditions remote from T,, where structural forces do not
exert a decisive influence, the layer may be stabilised by long-range
van der Waals forces:*

M. () =wi~, (20)

1=(Z )" @1)

AogL
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where W is a coefficient which depends on the polarisabilities of
phases o and B.** The exponent g reflects the presence or absence of
a lag in the molecular forces: ¢ = 3 for non-lagging forces and

g = 4 for lagging forces.** Since the parameter W is proportional
to the difference between the polarisabilities of the equilibrium
phases, which depends on temperature in the same way as Ap,*’ the
thickness of the wetting layers stabilised by molecular forces varies
only slightly with temperature. The derivation of Eqn.(21) was
based on a model in which the layer is assumed to be homogeneous
up to its boundaries. The model inevitably breaks down and the
thickness of the zone corresponding to the transition from the layer
to the bulk phase is comparable to I which may occur when L is
large and the thickness of the layer iis equal to several molecular
diameters or if the width of the transition region, proportional to the
correlation radius of the bulk phase fluctuations, increases as the
temperature approaches T.. In such cases there is a possibility of a
transition from one stabilisation regime to another.** When W < 0
(attraction between the phases separated by a layer), only structural
forces prevent the attenuation of the film. The final result depends
on the balance between molecular, structural, and gravitational
forces.

The thickness of wetting layers at the boundary with the vapour
in systems having different chemical compositions (see Table) has
been investigated by the ellipsometric method.®**!' The results show
that, below the wetting temperature, the thickness of the layer does
not exceed 2 nm (in the iso-C3H,OH —C;F,4 system“'“). Above
T'w, the thickness of the layer reaches several tens of nm.

Studies over a wide temperature range indicate clearly the
existence of two different mechanisms of the stabilisation of wetting
layers. The role of molecular forces in the formation of wetting
layers is manifested under conditions remote from T,, where
Joc LV3 according to experimental data and small variations in
thickness with temperature are observed. However, for large values
of L, structural forces are apparently involved in stabilisation, which
in fact leads to a weak dependence of the thickness on L (see Table,
system 2). Near the critical temperature, where the zones corre-
sponding to the transition from the film to the phases bounding it
(the gas phase and phase « in Fig. 4a) begin to overlap, this is found

The thicknesses of thes wetting layers at the interface with the vapour (experimental data).

No. of T, °C N - )
system Layer Second phase [ T, °C L,mm 1, mm —1/q Refs.
1* CiF1a C;Hyy 46.040.2 222 o7 g—%(z] 77—040 163 {381
2% CH;OH** CgHiz 50.8 room 8—2%80 7—15 1/3 [38]
> 7 0

3* CH3OH *** CgHye 56.18 49—53 10 10—30 — 1391
4 CiFy iso-C3H70H 90.54-0.5 38—50 220 35—45 0.06 [40 411
5*¥*+ | CH3NO, CS, 63,264 <60 8.2 400 — [42]

60.264—863.064 8.2 400—600 —

63.064—63.114 8.2 600—200 —

63,114—63.263 8.2 200—800 _

*The wetting transition temperature is below the freezing point of the mixture.
**The water content in the system is 0.4%.
***The water content in the system is 0.333%.
*kkxAt the interface with glass.
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to be the decisive factor which regulates the temperature variation of
the thickness of the [wetting?) layer>®*? and ensures the absence of a
dependence on the thickness of the layer of phase «. The formation
of thick wetting layers of the polar nitromethane from a nitro-
methane —carbon disulphide mixture on a horizontal glass surface
can hardly be accounted for by the stabilising action of dispersion
forces. On the other hand, calculations of the Hamaker constant
performed*®° for this system on the basis of the Dzyaloshinskii —
Lifshits — Pitaevskii theory’! have shown that dispersion forces tend
to destabilise the layer of nitromethane on the glass surface. The
existence under equilibrium conditions of layers hundreds of nm
thick requires the presence of forces acting over long distances. It
has been suggested*>* that, in the presence of a polar component
(nitromethane), having a high dielectric constant, the hydroxy-groups
dissociate on the glass surface and the resulting electrostatic forces
are involved in the stabilisation of the layer. How correct this model
is will be shown by studies with careful monitoring of the surface
charge.

The pronounced discrepancies between the thicknesses of the
wetting layer measured experimentally and calculated using the
theory of dispersion interactions®! for certain systems’? require the
estimation of the time intervals necessary for the attainment of equi-
librium. Such an estimate has been made® for two mechanisms of
the variation of the thickness of the layer—diffusion of the mixture
components to the interface and the leakage of the liquid from the
layer via channels formed by the wetting layers on the surface of the
vessel walls. If the growth of the layer is regulated by the diffusion
of the components, then under conditions remote from T, the
formation of the equilibrium wetting layer from liquids with limited
miscibility on the surface of the substrate takes days and even
months. As T, is approached, the time required for the attainment
of equilibrium increases. In a stirred system, this time is shortened
but the thickness of the layer increases with increasing rate of
stirring, which indicates a quasi-equilibrium state of the layer. If the
equilibration mechanism in the attenuating layer is determined by
the flow of liquid, then the equilibration time depends on the width
of the channel and may amount to years.

A number of facts which cannot be explained within the frame-
work of the above theoretical considerations have been discovered
experimentally: a weak dependence of / on the thickness of the
upper phase in the isopropyl alcohol —perfluoromethylcyclohexane
(PFMCH) system (Table, system 4) and the decrease in the thickness
of the wetting layer near T,.>**? The results of a study of the
phenol —water system are fairly unexpected from the theoretical
point of view. Expecting to observe a thick layer of phenol in the
two-phase region at the boundary with the vapour, the authors>
observed instead the appearance of hundreds of tiny drops which
exist near the boundary for a long time.

Furthermore, studies on the wetting transitions in different sys-
tems have shown that the attainment of the critical temperature is
not always accompanied by the formation of wetting layers. There
are no layers at the boundary with the vapour in the cyclohexane —
methanol two-component system® (only the addition of small
amounts of water initiates transitions at the suface). This is clearly
manifested in experiments on the wetting of solid substrates. Thus
the temperature of the wetting transition on the glass surface in the
2,6-lutidine —water system diminishes, approaching T, with increase
in the concentration of potassium chloride.* At the salt concentra-
tions in excess of 0.072 M, the transition is suppressed and there is
only limited wetting of the glass by the phase enriched in
lutidine.
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Glass capillaries whose surface has been methylated to different
extents have been used®> to investigate the wetting transitions in
the nitromethane —carbon disulphide system. On a weakly meth-
ylated surface, the approach to the critical temperature is accom-
panied by wetting transitions of the first kind. However, when the
polarity of the substrate diminishes so much that the preferential
adsorption of carbon disulphide begins, the wetting transition
vanishes over the entire temperature range below T, and limited
wetting of the capillary surface by the carbon disulphide phase takes
place. Measurements of the wetting angle 6 on glass in the systems
cyclohexane —methanol with small amounts of added water, cyclo-
hexane —aniline, and ethyl salicylate — diethylene glycol’” have shown
that in the vicinity of T the angle 6 reaches 90°. The experimental
data presented show that Cahn’s theory'® does not exhaust the entire
wide variety of situations arising in real systems. The restriction of
the zone where the substrate exerts an influence to direct wall—
liquid contacts is an extremely controversial postulate of the theory.

The question of the existence on the phase diagram of a line
separating the regions corresponding to strong and weak adsorption
of one of the components also requires careful experimeatal confirma-
tion (Fig.3). An attempt has been made®® to observe a jump in the
adsorption of PFMCH from an isopropyl alcohol --PFMCH mixture
at the boundary with the vapour. When the homogeneous mixture
was cooled slowly, the ellipticity coefficient of the light reflected
from the liquid — vapour surface increased sharply. It was coupled
with the appearance of a PFMCH film. Thick films are formed and
persist indefinitely at a temperature higher by 0.18 K than the phase
transition temperature in the bulk phase. However, when the cooling
of the system was interrupted by vigorous shaking and subsequent
standing until equilibration, this effect was absent. Consequently, in
this instance there is no abrupt change in the degree of adsorption.
The size of monodisperse spherical quartz pellets in the lutidine —
water single-phase system has been measured* by the light scattering
method as a function of the mixture composition and temperature.
Having observed an increase in the intensity of the scattered light as
the lutidine concentration approaches the value corresponding to the
coexistence curve, the authors* postulated that this is due to the
increase in the thickness of the adsorption layer of lutidine on the
surface of the particles of the dispersion phase. It was also estab-
lished that a decrease in the lutidine concentration in the mixture
entails the aggregation of the particles. The curve corresponding to
the aggregation of the particles on the phase diagram for this system
was identified with the PW line.

IV. GENERALISED PHASE DIAGRAMS AND SURFACE
SPINODAL CURVES

The place occupied by the phenomena involving wetting and the
formation of a layer with a finite thickness in the overall pattern of
the influence of the surface on PT is clearly defined by the phenom-
enological theory.”® The inclusion of the A and ky{, terms in
Eqns.(1) and (9) for the free energy density and the direct contact
energy made it possible to construct diagrams for the transitions in
the space of the variables {t, &, h, g}.2> Fig.5 presents the results
obtained for the three previously differentiated regions based on
different values of the parameter g. It follows from the functional
(2) and Eqgns.(1) and (9) that, when the signs of the parameters 4 and
h; are changed, the quantities F, f(¢), and F; retain their values
when V is replaced by —. This means that, in the vicinity of the
critical temperature, all the effects associated with the influence of
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the wall and described previously for one of the equilibrium phases
(h = 0) should be reproduced also for the other phase when the sign
of the parameter 4; changes, i.e. the wetting of the wall by one of
the phases should always be observed in the vicinity of T,. The
principal characteristics of the phase diagrams for semi-infinite
systems are illustrated in Fig.5: the wetting transitions for phase B
(and correspondingly for phase o) at h = 0 are represented by the
WA(D) lines, the set of points corresponding to the sharp change in
the thickness of the adsorption layer in the single-phase system
forms the PW(PD) surface bounded by the loci of the critical points
ChuAChp). The character of the variation of the wetting lines for
small deviations of the temperature from the critical value is
described by the power relation |#| oc |h|V21, where A; = 1/2, 1,
and 3/2 3 forg < 0,g = 0, and g > 0 respectively. For g > 0,
the Chy and Chp lines extend to ¢ > 0, meeting at the surface
transition point C.,, (Fig.5¢). The positions of the ordinary (C2,),
special (Sp), and extraordinary (Cgy,) transitions (Fig.1) are illus-
trated in Fig.5 by multicritical points at which the lines of different
PT intersect.

The jump in the thickness of the layer adjoining the substrate (to
which the PW line in Fig.3 corresponds) may be regarded as a sur-
face transition of the first kind. Since the existence of metastable
and unstable states is associated with such transitions, then, by
analogy with the PT in the bulk phase, in describing the sharp
change in the thickness of the layer one may introduce the concept
of the "surface" spinodal curve. The position of the surface instabil-
ity curve relative to the PW line and the coexistence curve for the
bulk phases has been analysed in detail.>? It has been shown that
the branches of the spinodal curve originate from the critical point
Chw and their positions on the phase diagram depend significantly
on the ratio of the interaction energies of the components in the
bulk phase of the system and on the surface of the substrate (Fig.6).
For example, for g < 0, both branches of the spinodal curve
terminate at the coexistence curve, the left branch being located
under these conditions very close to the PW line (Fig.6a). It has
been suggested®>*® that the line, which is a continuation of the
spinodal curve into the two-phase region of the bulk of the system,
characterises the boundary of the wetting instability. According to
this hypothesis, the substrate is wetted in the metastable region after
the intersection of the surface spinodal curve, provided that the
system was initially in the weak adsorption region and that the
transition from one region in the phase diagram to the other was
rapid. (If the initial state corresponds to the region with strong

Figure 5. Phase diagram for a semi-infinite system for different values of the parameter g;2
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adsorption, wetting is observed under the conditions corresponding
to the coexistenice curve.) On this basis, the hypothesis was put
forward that the surface of the substrate may be wetted in the two-
phase region below Ty when the system passes rapidly to the region
of surface instability.>> Thus one should expect in the two-phase
region a qualitatively different behaviour of the system in the vicinity
of the surface of the substrate depending on the initial state and the
rate of cooling. The processes occurring at the wall can compete
with the initiation of the new phase in the bulk of the system. This
occurs when the state of the system in the bulk phase is metastable,
being stable with respect to infinitesimal changes in composition,
while near the substrate surface it is unstable, i.e. unstable in relation
to infinitesimal fluctuations. One can then observe the segregation
of a phase from the metastable state via a barrier-free mechanism.

g<o g>0

Figure 6. Phase diagram for a semi-infinite system in terms of the
coordinates volume order parameter () — temperature (t);32

1) coexistence curve; 2) spinodal curve; 3) surface spinodal lines.
For the significance of other notation, see the caption to Fig.s.

We shall consider next a generalised phase diagram corresponding
to the case where the energy of the interaction between the molecules
in the surface layer is smaller than in the bulk phase (Fig.54). Cal-
culations have shown?® that, for certain values of the parameters A,
and g, the transition from limited to complete wetting on moving
along the coexistence curve may take place continuously and not as
a result of an abrupt change in the thickness of the surface layer.

W, D—wetting lines; Cly,

Cl—critical wetting lines; PW, PD—surfaces separating the regions with weak and strong adsorption; Chw, Chp—the
critical point loci bounding the region; Cl,—surface transition point; C*~—line corresponding to the transition in the

bulk phase; multicritical effects are indicated within circles.
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Such a transition is called a critical wetting transition (the Cl and
Cb lines correspond to this transition in Fig.5a). The tricritical
wetting point T} separates the W and Cly transitions. The locus of
the critical points Chy of the transition associated with the abrupt
change in adsorption in single-phase systems (in systems where
critical wetting takes place, PW transitions are not observed) ter-
minates at the point T. Fig. 5a shows that the critical wetting
occurs when |hy| < |hy ry) (with increase in g, |k, 71/ = 0). Conse-
quently, this transition can be observed only in systems with low
values of the parameter ;.

The possibility of the continuous growth of the thickness of the
wetting layer under the conditions of coexistence of the bulk phases
was first pointed out in studies®®%® where the wetting transitions
were analysed using one-component liquid models. It was shown®
that, in the critical wetting transitions, the following relation should
hold for the interfacial energies:

9

’ 1T N2
Uas_qﬂs”‘caﬁ=—ckl—'r ) ’
cW

which leads to a temperature dependence of the wetting angle differ-
ing from the scaling relation (13):

C(1 —=T/T,w)*

cos=1— s
D(1—T/T)"*

where C and D are constants and T,y is the critical wetting transi-
tion temperature.

The experimental data3*36:40:41:43:4454-56 jeave 1o doubt that the
first order wetting transition does indeed exist. On moving along the
coexistence curve, the degree of adsorption changes abruptly at some
instant, becoming (in the absence of external fields) infinite. The
possibility of a continuous transition is less evident. Theoretical
analysis of specific systems may be of great help in selecting systems
in which one should seek critical wetting transitions. As an example,
we may refer to a study®! where wetting transitions were investi-
gated taking into account the orientation of the molecules on the
substrate surface. The authors® observed an alternation of wetting
transitions on moving along the binodal curve towards T,. Polymer
systems must also be included among specific systems: for virtual
constancy of the segment—segment and segment —substrate inter-
action energies in such systems, it is possible to alter significantly the
concentration and temperature ranges where wetting transitions may
occur by varying the chain length within wide limits.

V. PHASE TRANSITIONS IN SEMI-INFINITE POLYMER
SYSTEMS

Numerous theoretical and experimental studies have been devoted
to questions of the adsorption of polymers.52% We shall concen-
trate attention on the investigation of the concentration profile of
polymer segments in a poor solvent, fouowing Cahn’s ideas'® and on
the basis of the results of a number of studies.’>$’-"® We shall
assume that the polymer concentration on the surface is low
(ps = lim ¢(2), s < 1), which makes it possible to neglect the

z—0

interaction between the segments of the macromolecules in the first
layer and to represent F, in the form
F,=0,+0:9s, (22)

where oy is the surface energy at the substrate —solvent interface;
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o) > 0 corresponds to an increase in energy with increasing con-
centration and indicates that the interaction of the macromolecule
with the substrate is unfavourable. If the adsorption of the macro-
molecule reduces the free energy of the system (o; < 0), then the
condition ¢, < 1 holds only for weakly binding substrates: |g;| <
kpTa 2.9

Under ideal equilibrium conditions, the concentration profile ¢(z)
is determined from the minimum in the functional

o—a=—lalo+ [4:[ @ —vo+at 2T (@)], @)

where
(@) =kpTa(q¢N~'In ¢—vg*/2+we"/6)

is the local free energy density (in terms of a virial expansion) of the
polymer solution,? a the size of the site in the Flory lattice,” N the
number of units in the polymer chain, and v and w are parameters
describing the pair and three-particle interactions between segments
respectively. For v greater than the critical value v,, it is possible to
differentiate on the phase diagram a concentration range in which
the formation of two phases with different polymer concentrations
ensures a minimum in the free energy of the system. The functional
(23) has been analysed in detail®”-%® in relation to a range of low
polymer concentrations in a poor solvent. In this case, the osmotic
pressure © of the macromolecules in solution is very low and one
can assume that © =~ 0 and that the chemical potential is large:

u =~ kgTa>N"'In@,. The introduction of the variables y = 6|o,|.
at/ksT, y = (9/0p)'%, x = z/&, and n? = [In(0o/0p) + 1)/In g
makes it possible to represent the functional (23) in the form

s 3

=y yd X[y° — 2+ + (ﬂ) ] , (24
loul @y ’ dx

where § is the correlation radius of the concentration fluctuations in

solution for ¢o = ¢p and @, and @ are the equilibrium composi-

tions of the dilute and concentrated phases respectively.
Next we obtain from the scheme described in Section II

(L) =2t s, 23
dx
=204V = 2 (e — 2yt 4

It follows from Eqn.(26) that the real surface concentrations y, can
be obtained if the condition 1 - n° + 4% > 0 is satisfied. Since n?
is determined by the concentration of the solution, the length of the
polymer chain, and temperature, it follows that, for a specified value
of 7, one can select substrates for which y » y* = (n? - 1) and
Os/0p = y2 ~ 1 + v, i.e. near the wall the concentration of the
segments corresponds to a semidilute solution of the polymer and
the "tail" of the profile extends into the bulk phase where the con-
centration is low. (For y < y*, the energy of the interaction of the
macromolecule where the substrate surface is low and cannot
compensate for the energy expenditure on the creation of the con-
centration gradient, adsorption is an energetically unfavourable
process.)

Detailed consideration of the density profile of the segments near
the substrate surfaceS”%® established that, over small distances z < &,
the distribution of the concentration is determined solely by the
energy of adhesion of the segments to the surface and that, for
vy > v*, the concentration of the segments falls rapidly on moving
away from the substrate. The distribution of the concentration in
the central and "tail" parts of the profile depends significantly on n.
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For n? < 9/8, a point of inflexion appears on the concentration
profile and a fairly extended plateau is formed. The width of the
plateau increases as the bulk-phase concentration of the polymer
solution approaches values corresponding to the coexistence curve.
For long distances from the substrate surface, the concentration of
the segments tends exponentially towards the bulk-phase value. Thus
the relations discovered in the study of the influence of the surface
on homogeneous systems near the critical temperature'® were also
manifested in polymer solutions.

By expanding the local free energy density near T in series in
terms of the order parameter = (¢ —¢.)/®., the functional of the
free energy of the polymer system was transformed>? into a form
which has been investigated in detail within the framework of the
phenomenological theory. For a polymer solution, we have

Fplp(@]=D7N7? {?dz[,‘;_}N‘/. (%)2 +

@n

(kX LNt — | — A, — L g?
+ 2 ( ” ) P24 12N— P h\p] Ayps 5 g\ps} .
In the case of a polymer blend with equal sizes of chains of different
kind, we have the expression

D 2
Fou [9(2)] = DN [ { dz [;‘_4 N j—}) +
_'_l(xc—"/.)lpg Pl ,l\p]_hl‘p,._%g.pz}. 8)

2 %

In Eqns.(27) and (28),  is the Flory — Huggins parameter,’ . is the
value of y at the critical point, and D - oo.

Thus the results of the study of the influence of the substrate
surface on the phase transitions in immiscible liquids can be
extended also to polymer systems. The presence of larger multipliers
before the gradient terms in Eqns.(27) and (28) (N2 and N respec-
tively) compared with Eqn.(2) does not alter qualitatively the results
presented in Figs.5 and 6. All the features discussed in Sections III
and IV are retained on the phase diagrams of semi-infinite polymer
systems. They reflect the possibility of wetting, of the transition
from weak to strong adsorption in the single-phase region, and of
the existence of surface spinodal curves and the associated wetting in
the metastable region of the bulk of the system at a temperature
below Ty We may note that, in contrast to binary liquid mixtures
for which the metastability limit is hardly attainable experimentally,”"
in polymer systems (and especially in polymer blends”"?) a labile
state is really observed for large macromolecules (N = o). If an
analogous systems arises also in wetting polymer films, then there is
a possibility of the experimental observation of the metastable and
unstable wetting states.

Only the temperature range near the critical value was investi-
gated by Nakanishi and Pincus,?? but the parameter 4, selected was
too large, which led to the conclusion that critical wetting cannot be
observed in polymer systems. The problem of the wetting of the
substrate surface by polymer blends has been analysed in detail.”*
We shall consider the conditions for the occurrence of critical
wetting. As we have seen above, a wetting transition of the second
kind occurs when, on moving along the coexistence curve from the
region of low miscibility of the components, the surface concentra-
tion increases continuously and reaches the concentration of the
wetting phase. Since the region in which critical wetting occurs is
bounded by the tricritical wetting point (Section IV and Fig.5q), it is
possible to determine the concentration of the blend @z at which
the conditions 8%c/09? = 0 and @, = ®p hold simultaneously. For
a mixture of macromolecules with Ny = Ny = N, it was found

1021

that™

a
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The condition ¢, = ¢ indicates a planar concentration profile near
the substrate surface (d¢/dz|,-¢ = 0). Consequently the parameter
hy at the point T can be estimated from Eqns.(4), (9), and (29):

by =—g0s=—ga=—g(l —wT{V)z—-g+a(18N)"".

Then, a wetting transition of the first kind always appears for h; >
h,ryand ¢ < @7, while a continuous transition is possible for

hy < hyryand @73, < @ < @.. By altering the concentration along
the branches of the binodal curve, we find the critical wetting con-

dition for a fixed values of A; < hl,T,l‘,:74

Gew = 1+h,/g

Thus polymer blends are good objects for the observation of critical
wetting, since, by altering the chain length, it is possible to vary
hl,T'w-

Despite the considerable progress in the theoretical analysis of the
problem, there have been no complete experimental investigations of
wetting transitions in polymer systems. There are literature data
indicating the appearance of thick adsorption polymer layers in
adsorption from a poor solvent.5%%* The adsorption of poly(methyl
methacrylate), polystyrene, and their copolymers from a mixture of
carbon tetrachloride (an effective solvent) and heptane (a non-
solvent) on quartz particles has been investigated in fair detail.”®
With increase in heptane concentration near the limit of stability of
the homogeneous solution, a sharp increase in the adsorption of
polystyrene copolymers with a high styrene content was observed.
There was a parallel variation also of the volume of the deposit of
the disperse phase particles. These factors indicate the formation of
extended adsorption layers on the surface of the quartz particles.
The influence of temperature on the adsorption of the polymer near
the phase transition point in the bulk of the polystyrene —cyclo-
hexane system has been investigated.” The appearance of a peak on
the temperature variation of the ellipticity coefficient of the light
reflected from the solution—vapour boundary at polymer concen-
trations above the critical value was attributed’® to the formation of
a wetting film of the solvent. The examples quoted confirmed to
some extent the results of the theoretical consideration of the
problem. At the same time, systematic investigations of the wetting
phenomena arising under PT conditions in the bulk of polymer
systems have still to be carried out.

An important application of the theory discussed above involved
the calculation of the interaction forces between surfaces coated by
adsorption layers of macromolecules. An undoubted advantage of
the theory consists in the fact that all the data necessary for the
calculations (information about the sizes of the unperturbed polymer
chains, adsorption, and the concentrations of the equilibrium phases)
can be obtained by studying the volume properties of the solution.
Such calculations have been performed® for the specific poly-
styrene —cyclohexane system and have been compared to the results
of an experimental study of the interaction forces between mica
plates coated by adsorption layers of polystyrene in cyclohexane.
It was found that the calculations reproduce satisfactorily the
experimentally observed inhomogeneous character of the variation of
the forces and make it possible to estimate the distances over which
attraction between the plates begins to be manifested and is then
replaced by repulsion. Since the profile of the forces is a reflection
of the distribution of the concentration of the chain segments near

71,79
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the substrate surface, it follows that attraction over a distance
exceeding the size of the unperturbed polymer coil arises as a conse-
quence of the increase in the polystyrene concentration in the zone
corresponding to the overlap of the concentration profiles up to
values in the range ¢, < @ < ¢p. In this case, strong interactions
between segments of the adsorbed chains, characteristic of the two-
phase region of the system, take place, and the plates attract one
another. When the plates have shifted so much that ¢ becomes
greater than @g, the attraction is replaced by repulsion. Although
fine details of the forces profile are fairly satisfactorily predicted by
the theory, there is no complete agreement between the absolute
values of the forces. This is probably because of the neglect of the
possibility of the formation of bridges as a result of the binding of
the macromolecule to both plates (it has been shown®® that the
formation of a small number of bridges can become the main source
of the interaction between the adsorption layers).

The theory of PT in semi-infinite polymer solutions creates a
satisfactory basis for the discussion of the extensive experimental
data®! on interfacial adsorption layers whose stability is fairly high,
which has in fact been demonstrated.®2 We shall consider the phase
diagram of a polymer solution (Fig.7), in which a boundary between
regions differing in the degree of adsorption of the polymer (PW)
and the gel formation region (shaded) was observed. Suppose that
the surface activity of the polymer is fairly high so that @, > @, > @o
(g is the concentration at which gel formation takes place). If the
concentration of the solution is lower than the values corresponding
to the PW line, the degree of adsorption is low, but as soon as the
concentration exceeds these values, the degree of adsorption becomes
high (¢, > ¢p) and a plateau appears on the concentration profile
[where ¢(z) >~ @g), whose extent increases as @o approaches @,. If
the concentration on the plateau exceeds the gel formation concen-
tration, then a film of gel arises at the interface. The thickness of
this film corresponds to the width of the plateau and in the vicinity
of @, greatly exceeds the size of the unperturbed polymer coil.

¥

Figure 7. Phase diagram for a semi-infinite polymer solution.®> The
composition region in which gel formation takes place is shown
shaded.

VI. THE ROLE OF LONG-RANGE FORCES IN WETTING
TRANSITIONS

The theories of the surface transitions in semi-infinite systems
considered were constructed taking into account surface forces with
a small radius of action. This approach presupposes the existence of
a non-specific dependence of the contact energy F, on the composi-
tion of the surface layer and precludes an adequate description of
real systems in which the zone of action of surface forces is
known**®? pot to be restricted to a monolayer. The approach to
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real conditions requires the analysis of the long-range action of the
substrate. At the present time, theoretical studies have been carried
out on continuous,>*#4% lattice, 31649195 and effective models of the
layer.?-'%  Surface transitions in one-component systems and
binary liquid mixtures are discussed within the framework of these
models. An important aspect of such studies is the search for a
relation beween the parameters of the microscopic interactions
occurring in the system and the type of the surface transition. The
introduction of the potential of the interaction between molecules in
the bulk phase makes it possible to remove the limitation associated
with the gradient form of the local free energy density and to
describe the properties of the inhomogeneous liquid by considering
the interaction occurring at the molecular level.

Careful analysis of this question, resorting to different models,
showed that the type of the wetting transition is extremely sensitive
to the form of the pair interaction potential. When the attraction of
the molecule by the wall and by the surrounding molecules is
described by potentials which decrease exponentially with increase in
the distance between them, one can observe the appearance of
wetting transitions of the first and second kind.3*85 If the attraction
between the molecules in the bulk phase operates over distances
greater than the surface forces, a transition of the first kind occurs;
otherwise we have a transition of the second kind (critical wetting).
This model has been investigated in detail.®” Much attention has
been devoted to the modelling of the interactions in the system using
the Lennard-Jones potentials.31-608586.89.90.101 1, thig case only a
wetting transition of the first kind occurs and the features character-
istic of it appear. It is noteworthy that the specific features of
the microscopic interactions are manifested in the laws according
to which the thickness of the layer increases as the system
approaches saturation: / oc [In|Ap]| for forces with a small radius
of action and / ¢ {Au/™"”? for long-range forces.*!

The interaction potentials between the molecules of the liquid and
the substrate ¥(z) and between the adsorbed molecules and the bulk
of the liquid U(z) have been described®®?*>-% by a more general
expression

M M
Ve —— [ S vw.-/z‘] U@ =— [z Yf:lz‘] .
(=3 (=3

Depending on the coefficients y; and 7, in these systems it is
possible to differentiate critical wetting, a wetting transition of the
first kind, and other types of surface transitions. The important role
of the terms 7s4/z4 and Ywa/z* in the occurrence of critical wetting
has been demonstrated in a study,”® where an analytical expression
was obtained for the separatrix separating the regions of the first-
and second-order wetting transitions. The results®®?%93-96:102 haye
shown that the fine details of the microscopic interactions are
reflected in the macroscopic behaviour of the semi-infinite system:
whether or not the wetting layer grows continuously or abruptly
with increase in temperature and as the latter approaches T, depends
on the many-particle interactions and the structure of the substrate.
Naturally, it follows from some of the above studies®>**%¢ that, in
order to be able to predict the type of transition in each specific
system, it is essential to have detailed information about it and the
determination of such information constitutes an extremely complex
problem. In their turn, experimental studies of the wetting transi-
tions can prove an extremely valuable source of information about
the microscopic interactions.

Next we shall consider, on the basis of the results of a number of
studies, 219192103105 what new contributions are made by long-range
forces, compared with the forces with a small radius of action, to the
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wetting transitions. As we have demonstrated above, in the latter
case the presence of the substrate always initiates wetting in the
vicinity of the critical temperature. We shall compare the phase
diagrams presented in Fig.5 with the diagrams constructed®*2 on
the assumption that weak long-range forces exist, diminishing on
moving away from the substrate surface in accordance with the law
hir oc 27"V (where m = 2, 3), and there are short-range inter-
action forces between the molecules of the liquid (Fig.8). We shall
assume that these forces promote the wetting of the substrate by
phase B for h; > 0. The diagrams have many features in common:
they reflect the presence of ordinary, special, and extraordinary
transitions determined by the effective parameters of the interaction
of the molecules of the liquid at the wall g*; the type of behaviour
of the wetting lines near T, is the same. However, significant differences
are also manifested. Fig.8 shows that, near T, for Af < 0 and g* =0,
and g* > 0, the wetting transitions, which in the case of short-range
forces of the interaction of the substrate are characterised by the
formation of a wetting layer (phase «) of infinite thickness (in the
absence of gravitational field), now become transitions accompanied
by the appearance of layers having a finite thickness (PD). Further-
more, for g* < 0, the critical wetting transitions are transformed
into wetting transitions of the first kind and the wetting of the
substrate by the second phase is fully suppressed.

a b c
PD | D
+
w Sp
*
* ) h’
g <t g*=o0 g*>0

Figure 8. Phase diagram for a semi-infinite system with weak long-
range forces in the substrate® (the legend is given in the caption to
Fig.5 and further explanation can be found in the text).

The breakdown of the symmetry of the phase diagrams,
characteristic of short-range potentials of the substrate (Fig.5), can
find an explanation within the framework of the phenomenological
theory if account is taken of the long-range effect of the substrate by
including in Eqn.(2) the term?!91:92103-105

!
[[—her ()9 @ dz, 1> oo,

This leads to an additional change in the interfacial free energy by
the amount Ac = A4/™™. Next, if the long-range forces cooperate
with the forces of the direct interaction of the liquid molecules with
the wall, then, for ; > 0, Ac is positive and the formation of a
wetting layer with an infinite thickness (/ = o) ensures a minimum
in the free energy of the system. In this situation a macroscopic
layer arises only as a result of a transition of the first kind. On the
other hand, if the interactions of the substrate with the nearest layer
of molecules are favourable for the other phase (h; < 0), then

Ao < 0 and at t # 0 the macroscopic layer of this phase never cor-
responds to the conditions for a minimum in the interfacial free
energy, i.e. the long-range forces suppress the wetting transition. In
this case critical wetting occurs at T.
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The inhibition of the wetting transitions by long-range forces
makes it possible to understand the results of experimental studies in
which there was no wetting in the vicinity of T,. On the basis of the
phase diagram illustrated in Fig.8a, Franck and co-workers®>*
interpreted the results of the study of such transitions in the nitro-
methane —carbon disulphide system on a chemically modified glass
surface. It was assumed that, with increase in the number of methyl
groups on the surface, the parameter 4; diminishes monotonically,
while the sign of the long-range potential of the substrate remains
unaltered. The experimentally observed increase in the wetting
transition temperature and its approach to the critical temperature
with decrease in the polarity of the glass can then be accounted for
with the aid of the phase diagram in Fig.84. Indeed, when A} — 07,
then we also have 7 = 0. If the degree of modification of the glass
surface increases so much that the preferential adsorption of carbon
disulphide begins, the long-range and short-range forces compete
with one another, promoting the disposition of different phases near
the substrate and there is no wetting.

With increase in long-range forces, new effects appear on the
phase diagrams:*? a sequence of wetting transitions arises near T,
and wetting layers with different concentration profiles are observed
in different temperature ranges. The parameter g* plays a significant
role under these conditions.

An important problem in the experimental investigation of
wetting transitions is the quality of the substrate surface. In the
theoretical study of this question, the wall is assumed to be ideally
smooth, so that the interactions between the substrate and the liquid
molecule depend solely on the coordination at right angles to the
surface. However, the imperfection of the surface or the presence of
impurities, both in the material itself and adsorbed on the latter,
lead to random variations in the energy of the interaction of the
molecules with the substrate in the plane of its surface. A recent
analysis of experimental data has shown'% that the inconstancy of
the wetting energy (even when the best of the available substrates are
used) influences significantly the adsorption isotherm near the two-
dimensional liquid —vapour critical point. The study of this process
in relation to wetting transitions!°”!% has shown that the random
energy inhomogeneity of the wall does not affect the critical wetting
transition and promotes a continuous variation of the degree of
adsorption when the system passes from the weak adsorption region
to the strong adsorption region (on intersection of the PW line on
the phase diagrams).

VII. FLUCTUATIONS IN THE WETTING LAYERS AND CRITICAL
PARAMETERS OF WETTING TRANSITIONS

In considering the wetting phenomena, we neglected previously
the fluctuations in the wetting film. The underestimation of the role
of fluctuations in describing the PT in the bulk phase makes the
results obtained using classical theories inaccurate in the vicinity of
T..!-35 Only for systems where there are strong interactions between
the molecules over long distances and for polymer blends!®?-!!! (with
the exception of a narrow temperature range near T,) are the con-
clusions based on the average field theory reliable. Appreciable
interest has arisen recently in the study of fluctuations in wetting
layers®0-74.87.8897-100,112,129 5 19 ip the elucidation of their influence
on the stability of the layer. Attention has been concentrated on the
study of capillary waves arising at the boundaries of the wetting
layer. At the same time, the appearance of fluctuations of another
kind, capable of preventing the formation of a wetting layer of



1024

the denser phase at the boundary with the vapour, has also been
noted, 39112

Below we shall consider briefly the fluctuations in the wetting
films formed when a gas is adsorbed on a substrate. The presence of
the film limits the fluctuations at the film —vapour boundary, but,
under the conditions of the continuous increase in the thickness of
the film (for critical wetting or for an increase in concentration up to
saturation), the influence of the substrate weakens and the adsorp-
tion layer terminates as the almost free liquid-vapour interface.
Many characteristics of the wetting transitions, including the critical
phenomena, can be explained within the framework of the model of
the layer with effective interactions between the surfaces bounding
the film 27-100.113-122 1, this model, the surface fluctuations are
described as the deviations 8(x, y) of the position of the free
boundary of the film, corresponding to its local thickness /(x, y),
from the equilibrium thickness /: I(x, y) = | + 8(x, y), where x
and y are coordinates in a plane parallel to the substrate surface.
The functional of the free energy of the film assumes the form''*-!18

Fill=[dxdy[om D +V 0] =Fll+

+{axdy [3- 0o <va)=+§(‘“"g+”)? #+0®)].
The first term describes the change in free energy as a result of the
increase in the surface area as a result of the fluctations in /(x, y):
V(1) is the effective potential of the film (it determines whether or
not the attraction or repulsion of the free surface of the film by the
well depends on the potentials of the interactions of the molecules
with the substrate). If the attraction between the surfaces bounding
the film is fairly strong and retains the free film surface at a certain
distance / from the wall, then the change in conditions is accom-
panied by a continuous decrease in this attraction. We shall assume
that the substrate is impermeable to the molecules of the liquid.
Then the potential V(/) of the wetting films formed from the single-
phase systems depends on the extent to which the vapour has failed
to reach saturation and in the case of surface forces with small

radius of action has the following form:!!-119:123
V() =Aexp(—tl)+]|Anls, (30)
while in the case of long-range forces we have!!*-!!8
V() =BI+] Apll, a1)

where A4, B, and 1 are coefficients and Ap is the deviation of the
chemical potential from its value on the coexistence curve. Wetting
in model systems whose potential V(/) is described by Eqns.(30) and
(31) takes place for positive values of the coefficients 4 and B,
whereupon Ap — 0.

In the model considered, the dependence of the equilibrium film
thickness /, the correlation radius of the surface fluctuations &, and
the interfacial free energy on the degree of unsaturation can be
found from the relations

av ()
al

=2va

7=0; Oaf (§}] -2 FT

The character of the variation of these quantities for Ap — 0 makes
it possible to determine the critical parameters of the wetting

transition B,, v, and o
T lAuPs; £y o 1AUI™Y1; o, o |Aul2™%s 33

For systems where only small-radius interaction forces exist, it
follows from Eqns.(30), (32), and (33) that B, = 0, vj = 1/2, and
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o, = 1; if the intensity of the interactions between the liquid mole-
cules and the substrate diminishes in accordance with a power law,
the critical parameters depend on the parameter m in Eqn.(31):

Be=— (k1) = (m+2)/(2m+2),
a,= (m+2)/(m+1)

[for non-lagging van der Waals forces (m = 2), we have B, = -1/3,
v = 2/3, and &, = 4/3 114-118123] Thys the appearance of a
macroscopic wetting layer on the substrate surface as the coexistence
curve is approached is accompanied by an increase in fluctuations on
the free surface of the layer. This factor indicates the similarity of
the behaviour of the systems in the wetting transitions to the
behaviour of the bulk-phase systems near the critical point.

The question arises whether the growing fluctuations alter the
results obtained within the framework of the average field theory for
surface wetting transitions. An answer may be obtained by estimat-
ing with the aid of a suitable hyperscaling relation,!!5'® for
example:

(d-1)vy=2—a, (34)
the limiting number of dimensions d* of the space.'> The character
of the variation of the quantities /, &, and o, as a function of Au is
predicted correctly by the average field theory, provided that the
number of dimensions of the space in which the transition is investi-
gated is greater than d*. By substituting in Eqn.(34) the values of
v and o, quoted above, it is possible to find 4*. For the modelling
of the interactions in the film by means of the potential defined by
Eqn.(30), we have v; = 1/2 and o, = 1, so that d* = 3. Additional
analysis of this case showed'!” that, for a three-dimensional space,
the average field theory yields the correct values of the wetting
parameters. Under the conditions of long-range action, the quantity
d* is extremely sensitive to the character of the variation of the
forces: d*(m) = (3m + 2){(m + 2), but, for finite values of m, the
quantity d*(m) < 3 (long-range forces diminish 4*, as for the
critical phenomena in the bulk phase). Thus the average field theory
describes correctly the influence of the substrate surface on total
wetting transitions.

Critical wetting is also accompanied by an increase in surface
fluctuations. The parameter v, in the temperature variation of the
correlation radius, calculated in accordance with the average field
theory for models in which the existence of only forces with a small
radius of action is postulated, is 1, while 4* = 3.''%!2% However, in
critical wetting the role of fluctuations is more significant; v loses
its universality and depends on the dimensionless parameter
® = kgT(4no, &ﬁ)'l. Three ranges of «© values have been differen-
tiated:'1912212 ¢ < 12 with vy = (1 - @)™}, 1/2 < © < 2 with
vi = (22 - ©"®? and ® > 2 with v, = co. It has been sug-
gested?>128 that, for pure liquids, their binary mixtures, and
polymer systems (as well as other systems which belong to this class
of universality), the parameters ® near T, refer to the second region
(according to Moldover,'* @ ~ 0.8). If the fluctuations in the
wetting films are small, then v; = 1. The transition from the
classical forms of critical conditions, obtained on the basis of the
average field theory, to the non-classical form occurs when the cor-
relation radius of the surface fluctuations is equal to to 5—6 molec-
ular diameters.'?® The experimental confirmation of the relations
described in real systems, where long-range forces play an important
role, is hardly feasible.

Under the conditions of the existence of long-range forces, the
critical behaviour of three-dimensional systems is independent of the
surface tension and surface fluctuations do not alter the average field
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regime.”>''? For potentials of the type V(I) = A(T - T.p)I™ +
BI™(A, B > 0,m > n > 0), we have B, = -1/(m - n) and
v =(m + 2)/2(m - n). So far the problem of the experimental
confirmation of the theory remains open.

Viil. CRITICAL ADSORPTION

The picture of the influence of the surface on PT in two-compo-
nent systems must be supplemented by considering the adsorption of
the components from a homogeneous mixture having the critical
composition. It has been established that in the vicinity of T, an
anomalous increase in the degree of adsorption of one of the mixture
components on the surface of the wall is observed. This phenome-
non is called critical adsorption. Its essential feature reduces to the
following. Under the conditions of the preferential interaction of
one of the components with the wall, the composition of a mixture
of liquids changes over distances from the wall surface comparable
to the correlation radius of the fluctuations in the bulk phase. Since
the approach to T, induces a sharp increase in the fluctuations in the
system, within a certain concentration and temperature range near
the critical point, an extended region should arise at the substrate
surface in which the mixture composition differs from the bulk-phase
composition. The closer the system is to the critical point, the wider
the layer of liquid in which the composition is modified.

The critical adsorption phenomenon, first observed by Rusanov
and co-workers,'*%"132 has become the subject of intense theoretical
and experimental studies. It is possible to distinguish two theoretical
approaches to the consideration of critical adsorption in two-compo-
nent systems. The first of these is based on the thermodynamic
Gibbs relation for adsorption:!*?

dg do ¢/
) o
(where T g is the relative degree of adsorption) and requires
knowledge of the equation of state and of the character of the varia-
tion of the surface tension as a function of mixture composition and
temperature in the critical region. In modern theories of critical
phenomena,"3 the dependence of the chemical potential on com-
position is described by the expression |u—p.| =~ | —.|*%, where j,
is the critical potential of component B in the mixture at the critical
point. The studies by Widom and co-workers'**~'% have led to the
conclusion that, in the vicinity of the critical point, the surface ten-
sion is a monotonic function of composition, increasing with
increase in the concentration of the component with a higher value
of o. At the critical temperature, the form of the function o(o) is
analogous to the form of the critical isotherm for a one-component
liquid. The form of the dependence of the surface tension on con-
centration has been established:!3*1%

lo—o,l« lo— @, MP u/p=39. (36)

When the classical values of the critical parameters p = 3/2 and

B = 1/2 are used, the concentration dependence of the deviation of
the surface tension from its value at the critical point o, becomes
more pronounced:'3>!34

lo—o.lec [@—ocfIn[{o—¢.|~"]. (37

The experimental data for the nitrobenzene —hexane,'*' nitro-
ethane — 3-methylpentane,'®” and isobutytric acid —water'3713® sys-
tems agree with the principal theoretical conclusions concerning the
character of the variation of o with concentration. However, the
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inadequate accuracy of the methods for the measurement of surface
tension and the methodological difficulties arising in measurements
in the critical region makes it impossible to determine which of the
relations (36) and (37) holds.

The temperature dependence of the degree of adsorption near T,
can be obtained from Eqns.(35)—(37):

oy & ¢V =], (3%
Tagy «Inli], (39)

where v is the critical exponent in the temperature variation of the
correlation ranges of the volume fluctuations. (The classical form of
the equation of state | —p,| o [@—./* is used in the derivation of
the last relation.)

The second way of investigating critical adsorption is associated
with the elucidation of the concentration profile at the interface
beween the binary liquids with the critical composition and the wall.
This procedure can be used in the analysis of the liquid — vapour and
liquid —solid interfaces. A wide variety of theoretical approaches are
adopted for the investigation of the form of the concentration pro-
file: the average field theory,'*~13¢ scaling,'® the renormalised
group method, #-142 and the method of functional expansions.'#3-14°
We may note that in the case under consideration an approximation
is used according to which the existence of surface forces with a
small radius of action is postulated. This approximation is entirely
justified, since, with increase in the correlation radius, the wall has
no influence over long distances (z > §&).

The average field theory postulates a slow decrease in the con-
centration of the adsorbed component with increase in th:e distance
from the surface;!3>134143

Ap(2) =0 (2) -y, xz7". (40)

More realistic models, constructed either on the basis of the
equations of state for two-component liquids, reflecting the real
features of the critical systems,!33135:140.143,144 1 6ino modern
theories of critical phenomena,!>-**? yield a different form of the
concentration profile. According to a number of workers,!**-142
one of the mixture components is adsorbed preferentially at the
boundary with the substrate at the critical point, the decrease in the
concentration of this component on moving away from the wall
obeying the law

Ap(z) « 2P, (a1

If the experimental temperature differs from T, then Eqn.(41) holds
only within the limits of the correlation radius and is then replaced
by another equation according to which the composition changes
faster:

Ap(z) « exp(—2/t), 2>t 42)

The excess concentration of the adsorbed component can be deter-
mined by analysing the profile
< S Ap () dz. 43)

o
In order to elucidate the character of the temperature variation of
the degree of adsorption, one introduces the hypothesis that, over
distances exceeding the molecular size a, Eqns.(41) and (42) hold,
while in the range 0 < z < g the concentration is constant and
©(z) = ¢, In this case, the surface excess is described by an
expression of the type
—_ 2v—p é l—ﬁ/v“-a_ -v

P—a¢s[v——ﬂ_(a) v—ﬂ]altlﬁ ’ (44)
(For a liquid —vapour interface, a similar discussion has been pub-
lished elsewhere,133-136,143-145)
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The critical liquid — vapour!3-132:146-150 34 critical liquid —solid

wall'*1-1%5 interfaces are studied experimentally with the aid of a
wide variety of optical methods. In the studies quoted above, an
anomalous behaviour of structure-centred parameters in the vicinity
of the critical point has been noted. In the study of the surface of
the nitrobenzene —hexane binary mixture having a nearly critical
composition, a sharp increase in the ellipticity coefficient was
observed in the vicinity of T..!3%'4? Ellipsometric studies of the
liquid —vapour interfaces in various critical mixtures have been
continued.!® Rusanov and Pshenitsyn,'*° Peliti and Leibler,'*? and
Schmidt and Moldover'*® concluded that the observed anomalies are
caused solely by surface phenomena and indicate an increase in the
degree of adsorption in the critical region. Critical adsorption of the
components of the nitrobenzene —hexane mixture on a glass surface
has been investigated by the fluorescence method.!*! The increase in
the fluorescence intensity near the critical point is explained by the
selective interaction of nitrobenzene with glass. It has been estab-
lished52-154 that an increase in the intensity of the reflection of light
from the interface between glass and a mixture of nitromethane with
carbon disulphide is due to the critical adsorption of nitromethane;
the change in the polarity of the glass induced by making it hydro-
phobic promoted the preferential interaction of carbon disulphide
with the substrate and the consequent decrease in the reflection
coefficient.

Although there is convincing evidence for the anomalously high
degree of adsorption in the critical region, a quantitative interpreta-
tion of the experimental results presents certain difficulties. Firstly,
it is necessary to establish the relation between the parameters
measured experimentally and the degree of adsorption'**!* and the
distribution of concentration in space.’®!*15155 Gecondly the
conclusion about the temperature variation of the degree of adsorp-
tion or about the concentration profile must be based on a compar-
ison of relations fairly similar in form: I' oc In(f") and T ¢ ()73,
Ap(z) o 27! and Ag(z) o 2712 These factors are apparently the
cause of the ambiguous interpretation of the experimental data.
Thus a logarithmic temperature dependence of the degree of adsorp-
tion of cyclohexane at the interface with vapour from solutions in
aniline has been established.!*%'¥” It has been found'* that the
critical adsorption parameter is 0.35 + 0.15, but at the same time
there is a temperature range in which the results are described
satisfactorily by linear relation between I' and In(¢~!). On the basis
of a study of the temperature variation of the ellipticity coefficient of
the light reflected from the interface between the vapour and a
solution of polystyrene in cyclohexane, it has been demonstrated”
that, for the critical adsorption of the solvent, the concentration
profile corresponds to Eqns.(41) and (42). The data of Heidel and
Findenegg'*® also agree with the model for which Eqns.(41) and (42)
are valid, but the Ap(z) oc z™! relation cannot be fully excluded.
The application of the methods for the solution of the converse
ellipsometric problem developed recently may prove useful for the
final elucidation of the question of the distribution of concentration
in the adsorption layer under the conditions of critical adsorption,
together with an increase in experimental accuracy.”‘

---000---

It follows from the data presented that the presence of the
wall leads to the appearance of a whole range of transitions near the
surface. The study of the physics of phase transitions and of the
physical chemistry of surfaces has ensured during the last 5—10
years rapid progress in the theory of transitions induced by the
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presence of the wall. In a brief review, it is impossible to reflect
fully all the fine details of the models used in the consideration of
various aspects of wetting transitions and to discuss comprehensively
all the theoretical results obtained with their aid. Preference has
been given to the clearest data reflecting important aspects of the
phenomenon.

The experimental study of the problem requires considerable
effort associated both with the preparation of the objects of study
and with the careful thermostatic control of the system, on the one
hand, and with the long equilibration time, on the other. So far
there are no experimental data on wetting transitions in polymer
systems, although certain hopes for the attainment of a combination
of the interactions between the components which is manifested in
the form of critical wetting are in fact associated with precisely these
systems. There are scanty data concerning the existence in a homo-
geneous system of regions characterised by significantly different
degrees of adsorption of the mixture components on the substrate.
There have been no studies whatever of labile states of the surface
layer. These and other questions require comprehensive considera-
tion.
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