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A B S T R A C T

The interfacial characteristics of binary polymer blend films spread at the air-water interface are reviewed,
focusing on their surface pressures, interfacial structures, and dilational moduli as a function of the miscibility.
Miscible polymer blend films show thermodynamic, structural, and dynamic properties which are a combination
of those from both components in the polymer blend present at the air-water interface. No preferential ad-
sorption is observed and the behavior does not depend on the surface concentration regime. In contrast, for
immiscible polymer blend films, preferential adsorption of one polymer phase occurs at the air-water interface
and the interfacial characteristics in the semi-dilute and concentrated regimes are strongly controlled by one of
the components of the adsorbed polymer.

1. Introduction

Binary polymer blend films spread at the air-water interface are of
much interest for e.g. biological systems, membranes, foams, food
processing, and cosmetics. Such a system can also provide important
information about the thermodynamic interactions, structural orienta-
tion and packing, and dynamic dilational properties of the blended
polymers. Polymer blend films are generally formed by two water-in-
soluble polymers and by a water-insoluble polymer and a water-soluble
polymer, irrespective of their miscibility. Thus, clear difference be-
tween the corresponding polymer blend films should be observed in
their interfacial properties, such as surface pressures, structural prop-
erties, and dilational moduli by plotting them as a function of total
surface concentration in the polymer blends. However, the most im-
portant open physical problems have not been well understood yet in
quasi-two dimensional polymer blend systems.

Commonly, in the thermodynamic studies of binary polymer blend
films spread at the air-water interface, an understanding of their mis-
cibility is one of the most important factors. The miscibility can be
determined by fitting a plot of the mean surface area (A) measured at a
fixed surface pressure as a function of the composition of one polymer
in the blend, where the “additive line” is defined by Eq. (1).

= +A A X A X12 1 1 2 2 (1)

where A12 is the mean surface area, A1 and A2 are the surface areas of
polymer 1 and 2, respectively, and X1 and X2 are the molar fraction of
the corresponding polymer films. A binary polymer blend is considered
an ideal or completely immiscible mixture when the plot matches the

additive line. Negative and positive deviations from the additive line
correspond to miscible and immiscible binary polymer blend films,
respectively. Such deviations are attributed to the intermolecular in-
teractions between the repeating monomeric units of the polymer
blends, such as hydrogen bonding, hydrophobic bonding, and steric
interactions [1]. The two polymer components in miscible polymer
blend films often have the same interfacial orientation at the air-water
interface, whereas immiscible films they have different orientations
[1–3].

Analysis of the structural properties of binary polymer blend films
spread at the air-water interface should provide their interfacial or-
ientations and changes in the conformation of the individual polymer
chains at the air-water interface in the presence of other polymer
chains. Since optical reflection methods and neutron reflectivity tech-
niques have been applied to polymer films spread at the air-water in-
terface [1,3,4], such methods could be powerful techniques for ob-
taining the structural properties of binary polymer blend films.
Moreover, atomic force microscopy (AFM) techniques provide some
morphological information of the binary polymer blend films after the
films first need to be deposited on a solid surface using the Langmuir-
Blodgett (LB) technique [4].

Dynamic dilational properties of the binary polymer blend films
spread at the air-water interface strongly depend on relaxation pro-
cesses such as polymer chain reorientation and chain conformation by
variations in the surface area [5]. The dynamic dilational moduli are
often measured by oscillations of barriers in Langmuir troughs and
capillary wave methods that detect surface light scattering and excited
wave techniques. In most oscillatory barrier measurements, the
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amplitudes of the surface deformation strains are< 10% and the fre-
quencies are below 1 Hz. For the determinations of dynamic dilational
moduli, it is necessary to know whether the stress-strain plot is linear or
non-linear due to somewhat large strain. On the other hand, the surface
light scattering and excited wave methods apply very small deforma-
tion strains (< 10−3%) at high frequencies (> 100 Hz).

In most previous work on binary polymer blend films spread at the
air-water interface, the miscibility was one of the most studied issues
and the interesting results of their thermodynamic and structural
properties have been reviewed by Gabrielli et al., [3], Gaines [6],
Langevin and Monroy [7], and the authors [1,4]. This review article
focuses mainly on the experimental studies at equilibrium state, per-
formed in the last two decades on the thermodynamic, structural, and
dynamic dilational properties of binary polymer blend films spread at
the water surface as a function of the miscibility of the polymer films.
Non-equilibrium properties of polymer blend films should be important
to fully understand about their physical behavior. When di- or triblock
copolymers were spread at the air-water, their microsegregation pro-
vided interesting information [1,5,7] and then it should be useful to
compare their interfacial behavior with the genuine blends formed by
the same blocks. However, such comparisons have never been reported.

2. Measurement techniques

The interfacial characteristics of binary polymer blend films spread
at the air-water interface are often discussed in terms of the miscibility
of the polymer films in quasi-two dimensional spaces using surface
pressure measurement techniques, fluorescence microscopy, ellipso-
metry, AFM, and dynamic dilational moduli measurement techniques
[1,4,5,7].

2.1. Surface pressure measurements

A Langmuir trough attached to a Wilhelmy plate has been widely
employed to measure surface pressure-surface area (π-A) isotherms of
binary polymer blend films at the air-water interface. The polymer
blend in a solution of volatile solvents is spread on the water surface in
the trough and the solvent allowed evaporating. Measurements are
usually undertaken at a fixed temperature by continuous or stepwise
compression of the water surface, i.e. the compression method. In
contrast, without compression of the water surface in the trough, the
polymer blends are applied sequentially to the water surface with a
fixed surface area in order to change the surface concentration Γ; this is
called as the addition method. The difference between the compression
method and the addition method for studying the π-A isotherms is often
observed at higher Γ where the π value measured by the former method
should be gradually relaxed with time at fixed A.

For polymer films spread at the air-water interface, the term A is
generally expressed as the reciprocal of Γ for the spreading polymer,
i.e., with unit of m2/mg. The Γ value should correspond to the amount
of adsorbed polymer at the air-water interface when neither desorption
of the polymer from the interface nor dissolution of polymer into the
water sub-phase occurs.

The properties of the binary polymer blend films depend on the
properties of the individual polymer films spread at the air-water in-
terface. Plots of π as a function of the total surface concentration Γtotal

for a polymer blend film show dilute, semi-dilute, and concentrated
regimes [1,4,5,7]. The surface overlapping concentration Γ* can be
estimated by extrapolating a straight line from the plot of π vs. Γtotal to
π = 0. The dilute and semi-dilute regimes are defined as the regions of
the π vs. Γtotal plot below and above Γ*, respectively. As Γtotal increases,
a semi-dilute regime in which double logarithmic plots of π vs. Γtotal are
fitted with a power law defined by π∝Γtotal

y appears, where y= 2ν/
(2ν − 1) and ν is the critical exponent of the excluded volume of quasi-
two dimensional spaces [8,9]. It is well known that the excluded vo-
lume effect depends strongly on the solvent conditions for polymer

chains. The numerical values of ν under good and theta solvent con-
ditions were calculated to be 0.77 (y= 2.85) [10] and 0.505 (y= 101)
[11], respectively. When Γtotal further increases beyond the semi-dilute
regime, the π value plateaus at a surface concentration of Γ** which
marks the transition from the semi-dilute to the concentrated regime.

Moreover, the π values of binary film containing polymers 1 and 2
are often plotted as a function of surface concentration, Γ1 and Γ2 for
component 1 and 2, respectively, of the corresponding polymer blends
to elucidate the influence of the surface concentration on the π values.

2.2. Measurement of structural properties

Fluorescence microscopy and ellipsometry have been applied to
binary polymer blend films spread at the air-water interface for in-
vestigation of their in situ interfacial structures. Moreover, techniques
such as spectroscopy or surface potential are also useful to detect
changes in the in situ interfacial structures of films on water surface.
However, application of the corresponding methods to binary polymer
blend films was hardly reported. In contrast, AFM allows indirect in-
terpretation of the interfacial behavior and conformation of blended
polymers in the films.

2.2.1. Fluorescence microscopy
Fluorescence microscopy is used to analyze the interfacial mor-

phology of polymer blend films spread at the air-water interface. A
fluorescence probe material is added at a concentration of< 1 mol%,
which is selectively soluble in the fluid (expanded) phase and insoluble
in the condensed phase, in order to distinguish these phases by contrast
differences in the microscopic images. However, all the polymers do not
present expanded and condensed phases. Fluorescence microscopy
measures the light reflected from an interface after irradiation with an
excited laser beam or mercury light using a CCD (charge coupled de-
vice) or a SIT (silicon intensifier target) camera. However, as even the
small amount of added fluorescence probe material can be regarded as
an impurity in the spreading films, there are concerns as to whether the
observed fluorescence images reflect real morphologies. In order to
avoid the drawbacks of the fluorescence microscopy, Brewster angle
microscopy (BAM) developed by two research groups in 1991 [12,13] is
based on ellipsometry and is only governed by the refraction index.

2.2.2. Ellipsometry
Ellipsometry is often used for analyzing adsorption kinetics and

layers formed at various interfaces since it simultaneously provides the
refractive index and the average thickness of the adsorbed and formed
layers, assuming that the corresponding layers are homogeneous [14].
For an inhomogeneous polymer layer at the air-water interface, Rottke
et al. have proposed that nulling-based ellipsometric mapping can be
used to characterize its morphological inhomogeneity [15]. Ellipso-
metry is based on the measurement of changes in the ellipticity of po-
larized light caused by reflection at an interface. The ellipticity can be
defined by the reflective phase difference Δ and the amplitude ratio tan
Ψ between two plane-polarized light waves, oscillating in parallel and
perpendicular directions with respect to the incidence plane, as a
function of the refractive index and the thickness of a layer. When the
layer is thin, changes in Δ by the formation of layers at the interface are
much easier to detect than changes in Ψ.

2.2.3. AFM
AFM is the most commonly used scanning probe microscopy tech-

nique used to characterize nanoscale surface structures since it can be
applied dielectrics, insulators, and soft materials. The AFM technique
measures the deflection of a cantilever due to repulsive forces generated
by interactions between sharp tip and the sample surface [16]. When
the tip microscopically moves over the surface (in either contact or
tapping mode), a force is generated causing deflection of the cantilever.
This force is measured to provide an image of the surface. Thus, tapping
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mode AFM has often been employed to characterize the surface topo-
graphy of LB films of polymer blends. Moreover, AFM provides in-
formation on the mechanical properties of the film from the curves for
friction or force against distance by contact mode.

2.3. Dynamic dilational measurements

In the oscillating barrier method, the barriers in a Langmuir trough
are subjected to sinusoidal motion at constant angular frequency, where
the strain curve should also follow a sinusoidal function. When such a
strain is imposed on a film spread at an air-water interface after re-
laxation was applied to attain equilibrium π, the π value shows a linear
response with a phase factor δ caused by viscous delay. The complex
surface dilational modulus E* consists of a real part, the dynamic
elasticity E′, and an imaginary part, the dilational viscosity E″ as shown
in Eq. (2).

= ′ + = ′ +∗ ∗E E iE E E E" and "2 2 (2)

Moreover, the shape of the Lissajous orbit of the plot of π vs. im-
posed strain shows whether the relationship between stress and stress is
linear or non-linear.

In addition, other techniques are used, such as capillary wave
methods that detect surface light scattering and excited wave techni-
ques that probe the light scattered by thermally and externally excited
transverse capillary waves, respectively. These techniques are based on
the solution of the propagation of transverse capillary waves using the
linearized Navier-Stokes equations under appropriate boundary condi-
tions. Thus, at a given frequency, a relationship between E* and π, and
the damping coefficient of the transverse capillary waves, has been
derived using the hydrodynamic theory.

3. Miscible binary polymer blend films

Four binary polymer blend films have been shown to be miscible,
according to the criterion given in Eq. (1); poly(ethylene oxide)–poly
(methyl methacrylate) (PEO–PMMA) [17], poly(ethylene glycol)–poly
(lactide-co-glycolide) (PEG–PLGA) [18], poly(vinyl acetate)–poly(4-
hydroxystyrene) (PVAc–PHS) [19–21], and PVAc–poly(n-hexyl iso-
cyanate) (PVAc–PHIC) [22–24]. PEO–PMMA and PEG–PLGA consist of
water-soluble and water-insoluble polymers, whereas PVAc–PHS and
PVAc–PHIC are formed by two water-insoluble polymers.

3.1. PEO–PMMA

Polymer blends of PEO and PMMA are known to be compatible in
the bulk state due to their intermolecular hydrogen bonding [25]. Kato
and Kawaguchi measured the dynamic dilational moduli of PEO–PMMA
blend films using the oscillating barrier method, together with the re-
spective polymer films [17]. The analysis of the π-A isotherms showed
that the PEO is an expanded film, while the PMMA is a condensed film.
Moreover, water is a good solvent and a solvent for PEO, whereas it is a
near theta (poor) solvent for PMMA [1,4]. The PEO–PMMA blends, and
pure PEO and PMMA films were all fully relaxed after spreading. At this
point the dynamic dilational moduli were measured, as the π values of
the PEO–PMMA blend and PMMA film measured by the continuous
compression method at high surface concentrations of PMMA were
larger than those measured by the relaxation method [17]. On the other
hand, the structure of PEO containing ether bonds in the main chains
should be fairly flexible and the π values of the PEO film were in-
dependent of the measurement technique [17].

Fig. 1 shows the equilibrium π values determined by the relaxation
method for typical PEO–PMMA blends, pure PEO and PMMA films as a
function of Γtotal [17]. The π values at a fixed Γtotal increase with de-
creasing molar fraction of PMMA XPMMA in the corresponding polymer
blend films. In the plots, two plateau regions or inflection points are

observed at the π values ca. 10 and 15 mN/m for the PEO and PMMA
blend films, respectively. Moreover, the exponent y of the double
logarithmic plots of π vs. Γtotal (not shown here) increased with in-
creasing with XPMMA. These results indicate that PEO and PMMA are
adsorbed at the air-water interface due to their miscibility even in the
concentrated regimes.

In order to confirm whether the relationship between the imposed
strain and the stress measured using the oscillating barrier method is
linear or non-linear, the Lissajous orbit obtained by plotting π against
the compression and expansion cycles is often used. The Lissajous orbits
of the PEO–PMMA blend films strongly depend on the Γtotal, and an
increase in this value is observed in the positive hysteresis loops of the
Lissajous orbits as a change from a crossover loop to a negative loop,
irrespective of the composition; below a surface concentration of
ΓPMMA = 1.0 mg/m2 every Lissajous orbit exhibited a positive loop,
whereas above ΓPMMA = 1.3 mg/m2 every Lissajous orbit exhibited a
negative loop. PEO films showed positive hysteresis loops in the
Lissajous orbits, irrespective of the surface concentration. PMMA at a
surface concentration of 1.35 mg/m2 showed a cross over hysteresis
loop. A negative hysteresis loop occurred during compression cycles
below A/A0 = 1.03, and a positive hysteresis loop occurred above this
value during an expansion loop, where A and A0 are the surface area at
a given strain and zero strain, respectively [17].

Fig. 2 shows the Lissajous orbits of the PEO–PMMA blend with
XPMMA = 0.47, pure PEO and PMMA films, for π≈ 10 mN/m at zero
strain, an imposed sinusoidal oscillatory strain amplitude u0 = 10%,
and a fixed frequency of 20 mHz over 200 s [17]. The Lissajous orbits of
PEO film are almost linear responses and those of PMMA and
PEO–PMMA blend films correspond to non-linear responses though
they are almost superimposed for repeating cycles. Such non-linear
responses were intensively focused by Hiles et al. [26], Langevin and
Monroy [7], Higuera et al. [27], and Bykov et al. [28], but we will not
discuss it further in this review. Thus, the apparent dilational modulus
Eapp for the PMMA and PEO–PMMA blend films is determined from the
first cycle of the Lissajous orbits using Eq. (3).

= ∆E π uapp 0 (3)

where Δπ is the difference between the maximum and the minimum π
values for a given u0.

Fig. 3 shows typical plots of Eapp for standard PEO–PMMA blends
and pure PMMA films and E* for pure PEO film, as a function of Γtotal

[17]. It can be seen that the Eapp values of all blend films are lower than
those of the PMMA film and higher than E* of the PEO film at a fixed
Γtotal. An increase in Γtotal leads to an increase in Eapp until it reaches a

0

5

10

15

20

0 1 2 3 4 5

PEO

X
PMMA

 = 0.18

0.47

0.78

PMMA

   
(m

N
/m

)

total
   (mg/m2)

Fig. 1. Plots of surface pressure (π) determined by the surface pressure relaxation method
as a function of total surface concentration (Γtotal) for PEO–PMMA blend films with
XPMMA = 0.18 (red open circle), 0.47 (green filled square), and 0.78 (green open square),
and pure PEO (red filled circle) and PMMA (blue filled triangle) films. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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maximum value, after which it decreases. Further increasing Γtotal

above 1.0 mg/m2 results in a steep increase in Eapp, irrespective of
XPMMA due to the expanded character of the film spread at the air-water
interface. Moreover, the maximum Eapp of the blend film is located at a
higher Γtotal with increasing XPMMA. Both the dependence of Eapp on
Γtotal above Γtotal = 1.0 mg/m2 and of Eapp on XPMMA also indicate that
the PEO and PMMA chains are miscible at the air-water interface.

3.2. PEG–PLGA

PLGA has been widely investigated for sustained delivery systems
for proteins [29,30] and the behavior and conformation of binary
polymer blend films of PEG and PLGA were determined by measure-
ments of π, dilational moduli, and the microstructures (by AFM) [18].
The corresponding binary polymer blend films were miscible at least in
the range of π= 0–7 mN/m [18], where water is a good solvent for the
respective polymer films.

The dilational moduli of the PEG–PLGA blend films spread at the
air-water interface were measured using the π relaxation technique and
Δπs was expressed by the sum of an equilibrium part Δπe and a non-
equilibrium part Δπne. Moreover, the Δπe and Δπne terms can be related
to the equilibrium dilational elasticity Ee and viscoelastic part of the
dilational elasticity Ene as functions of the relaxation time τ based on a
parallel combination of the elastic spring model and the Maxwell
model, respectively, as shown in Eq. (4) [18].

⎜ ⎟ ⎜ ⎟∆ = ∆ + ∆ = ⎛
⎝

∆ ⎞
⎠

+ − ⎛
⎝

∆ ⎞
⎠

−π π π E A
A

E τ
t

e A
A

(1 )s e ne e
i

ne
t τ

i (4)

where Ai is the initial surface area and ΔA/Ai is the corresponding
strain. At π = 6 mN/m for the PEG–PLGA blend film with XPLGA = 0.39

the Ee and Ene values were determined to be 4.7 and 8.8 mN/m, re-
spectively. The sum of the Ee and Ene values was close to that of the PEG
film and less than that of PLGA film at the same π, while the PLGA film
exhibited pure elastic behavior with no viscoelastic response. This may
reflect the tendency of the PEG polymer chains to remain in their ori-
ginal state in the mixed film.

The static surface dilational elasticity ε of PEG–PLGA blend films
was also calculated using the following simple equation as a function of
π for various XPLGA:

= − ∂ ⁄∂ = ∂ ∂ε A Γ π Γ( π A) ( )T T (5)

The resulting ε values for the polymer blend films were dependent
on the PEG concentration in the mixed films. The maximum ε value
observed at π = 5 mN/m was almost independent of XPLGA, and the
minimum ε value observed at π = 7 mN/m indicating the collapse of
the PEG film was not dependent on XPLGA. In addition, another ε peak
was observed at π = 10 mN/m, which was neither related to the PEG
behavior nor to the PLGA behavior. Moreover, AFM images of the
PEG–PLGA blend films deposited on mica surfaces allowed an under-
standing of their miscibility, namely the organization of the miscible
polymer blend.

3.3. PVAc–PHS

Water is a good solvent for PVAc films, whereas it is a poor solvent
for PHS films [19]. In contrast, the hydrogen bonds between the car-
bonyl groups in PVAc and the hydroxyl groups in PHS provide their
miscibility. Monroy et al. measured π as a function of Γtotal and calcu-
lated ε values for PVAc–PHS blend films spread at the air-water inter-
face at a pH of 2 as a function of the weight fraction of PVAc xPVAc in the
corresponding polymer blend films [19]. The water sub-phase at a pH
of 2 prevented hydrolysis of the hydroxyl groups of PHS. The ν value
evaluated from the double logarithmic plots of π against Γtotal increased
with increasing xPVAc and a change from near theta solvent to good
solvent was observed.

The resulting ε values of the PVAc–PHS blend films showed a first
maximum at a low Γtotal value, which was strongly related to the ri-
gidity of PVAc as a function of xPVAc, until xPVAc was> 0.5. Above an
xPVAc of 0.3, the second maximum in the ε values was observed at a high
Γtotal.

Monroy et al. subsequently measured π–Γtotal isotherms and dila-
tional moduli of PVAc–PHS blend films spread on a water sub-phase
with a pH of 2 as a function of the molar fraction of PVAc XPVAc [20].
The ε values in the dilute, semi-dilute, and concentrated regimes were
calculated from Eq. (5) and the dilational moduli in the corresponding
regimes were analyzed using capillary wave methods detecting surface
light scattering.

The resulting E′ for the PVAc–PHS blend films in the dilute and
semi-dilute regimes was slightly larger than the ε values and showed a
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maximum in the semi-dilute regime due to their expanded nature, ir-
respective of the XPVAc. Moreover, the Γtotal at which the maximum E′
value was observed increased with decreasing XPVAc and the curve was
similar to that for the PEO–PMMA blend films [17]. The E′ value in the
concentrated regime decreased with increasing Γtotal and increased with
increasing XPVAc and was lower than the ε value, irrespective of XPVAc.
On the other hand, the E″ value increased with both Γtotal and XPVAc and
the increase in E″ with Γtotal was almost independent of XPVAc.

Rivillon et al. performed π–Γtotal isotherm, ellipsometry, and dila-
tional moduli measurements of PVAc–PHS blend films spread at the air-
water interface at a pH of 2 as a function of XPVAc [21]. Their dilational
moduli were measured using the relaxation method, oscillating barrier
method, capillary wave methods detecting surface light scattering and
excited wave techniques, which allowed analysis over a broad fre-
quency range. In addition to the estimation of ν from theπ–Γtotal iso-
therms, analysis of Γ** gave the surface pressure π** at Γ** which
decreased with increasing XPVAc up to a value≈ 0.3.

Ellipsometric changes in δΔ= (Δ0−Δ) by spreading of the polymer
films at the air-water interface were much more sensitive than those in
δΨ= (Ψ0 − Ψ), as mentioned previously, where Δ0 and Ψ0 are for pure
water and Δ and Ψ are for the water surface covered by the polymers
[1]. The resulting δΔ linearly increased with increasing Γtotal, irre-
spective of XPVAc, indicating that all spread polymer films are sat on
water surface without desorption, whereas the amplitude of δΨ was
much smaller than that of δΔ and was clearly not dependent on Γtotal.
Moreover, the dependence of the ellipsometric thickness on Γtotal was
similar to δΔ and the thickness at Γ** increased with increasing XPVAc,
showed a maximum at XPVAc ≈ 0.3, and then decreased. On the other
hand, the resulting δΔ for PEO films spread at the air-water interface
linearly increased with increasing the spread amount of PEO up to its
plateau π and levelled off beyond the plateau π since PEO is soluble in
water [31].

Rivillon et al. only measured the dilational moduli of the PVAc–PHS
blend films at Γ**. In the low-frequency region, examined by the re-
laxation method and the oscillating barrier method, the measured di-
lational moduli showed a wide relaxation process [21]. The relaxation
behavior of the PVAc-rich blend films has been described by the re-
ptation of polymer chains at the interface and the diffusive adsorption-
desorption dynamics of loops and tails [32], while no detailed ex-
planation of the relaxation processes of PSH-rich blend films has yet
been published.

In the high-frequency region studied by capillary wave methods, the
PVAc-rich blend films showed two relaxation processes, at around
500 Hz and 40 kHz, whereas the PSH-rich blend films exhibited only a
broad relaxation mode below 1 kHz.

3.4. PVAc–PHIC

PHIC is a helical, semi-flexible polymer [33] and water is a poor
solvent for PHIC [34]. Kawaguchi's group investigated the interfacial
characteristics of PVAc–PHIC blend films spread at air–water interfaces
as a function of XPVAc, using the compression method and fluorescence
microscopy [22], AFM [23], and the oscillating barrier method [24].

Since fluorescence microscopy images of PVAc films in the presence
of the fluorescence probe N-(7-nitro-2, 1,3-benzoxadiazol-4-yl)-L-a-di-
palmitoyl phosphatidyl ethanol amine (NBDePE) were almost iso-
tropic, this technique was suitable for exploring the miscibility of
PVAc–PHIC blend films [22]. Fig. 4 shows typical fluorescence micro-
scopy images of pure PVAc at Γ= 0.57 mg/m2, pure PHIC at
Γ= 0.76 mg/m2, and PVAc–PHIC blend films with XPVAc = 0.2, 0.33,
and 0.5 at a fixed ΓPHIC of 0.76 mg/m2 [22]. With the exception of the
PHIC film, the surface concentrations in PVAc and PVAc–PHIC blend
films were in the semi-dilute regimes of the respective polymer films.
The dark areas in the fluorescence microscopy images of the polymer
blend films increased with increasing XPVAc. This also guarantees that
PVAc and PHIC are miscible at the air-water interface. If the

corresponding polymer blends are immiscible, PVAc should be pre-
ferentially adsorbed on the water surface due to chain flexibility and
stable film formation and part of the PHIC should be repelled, leading
to a uniform image.

Fig. 5 shows AFM images [23] of LB films of PHIC–PVAc blend films
with XPVAc = 0.2, 0.5, and 0.67 at a fixed surface area of 0.5 nm2/
average repeating unit, at Γtotal = 0.39, 0.35, and 0.33 mg/m2, re-
spectively, which are dilute regimes in the blend films. An AFM image
of a pure PHIC film at Γ= 0.42 mg/m2 is also shown. An increase in
XPVAc in the blend film induces changes in the grain structures from
connected partially lost coils to extended bundled rods. The resulting
AFM image was thought to show mainly the PHIC component, since no
AFM image of the LB film of PVAc was observed at the corresponding
surface concentration of PVAc in the polymer blend films. Thus, it
makes sense that the bright areas in the AFM images decrease with
increasing XPVAc. The calculated fraction of the bright areas in the AFM
image decreases to 0.74, 0.45, and 0.37 with increasing XPVAc, and the
respective figures almost correspond with XPHIC = 1− XPVAc in the
polymer blend films.

Morioka and Kawaguchi measured π–Γtotal isotherms for
PHIC–PVAc blend films with XPVAc = 0.1, 0.33, 0.5, and 0.8 as a
function of Γtotal [24]. The y value of the double logarithmic plot of π
against Γtotal (not shown here) decreased with increasing XPVAc. More-
over, they measured Eapp values for PHIC–PVAc blend films as a func-
tion of Γtotal since Lissajous orbits for most of the corresponding blend
films showed a non-linear response [24]. The resulting Eapp values are
shown in Fig. 6 [24], plotted on a double logarithmic graph as a
function of Γtotal at a fixed strain of 10%. Below Γtotal = 1.0 mg/m2,
where all blend films are in the semi-dilute regime, the Eapp values in-
crease with increasing Γtotal, irrespective of XPVAc, and their magnitude
at a fixed Γtotal increases with increasing XPVAc. Above Γtotal = 1.0 mg/
m2 the Eapp values also increase with increasing Γtotal and their mag-
nitudes show no XPVAc dependence. Moreover, the plots of Eapp vs. Γtotal

in the semi-dilute regime approximately followed a power law of
Eapp∝Γtotal

n [20] with the exponent n decreasing with increasing XPVAc,
indicating that the PVAc–PHIC blend films gradually changed from a
glass-like material to expanded films.

It can be concluded that there are some common features, namely
the exponent y for π–Γtotal isotherms, the plateau π, and the surface
dilational moduli that depend on the blend ratio, irrespective of the
miscible polymer blends.

4. Immiscible binary polymer blend films

Two binary polymer blend films, PVAc–PEO [35] and PVAc–PMMA
[36], have been shown to be immiscible according to the criterion given
by Eq. (1). PVAc–poly(methyl acrylate) (PMA) binary blends have been
regarded as an ideal binary mixture because their mean surface areas
lay almost on the additive line defined by Eq. (1) and their chemical
structures are similar [37]. However, both πmeasurements at high Γtotal

ranges and ellipsometric results of the PVAc–PMA blend films showed
that they were immiscible in a two-dimensional phase due to the pre-
ferential adsorption of PVAc on the water surface [38]. Moreover,
PVAc–poly(dimethylsiloxane) (PDMS) binary blends have been classi-
fied as a miscible polymer blend film according to Eq. (1) [39]. How-
ever, evidence for strong miscibility of the corresponding blend films
could be excluded from a proposed simple rule adding π, E′, and E″, and
it was concluded that PVAc and PDMS formed a bilayer structure on the
water surface where a PDMS layer was laid on top of a PVAc layer.
PVAc–PEO consists of water-soluble and water-insoluble polymers,
whereas PVAc–PMMA, PVAc–PMA, and PVAc–PDMS are formed by two
water-insoluble polymers.

4.1. PVAc–PEO

Yoshida and Kawaguchi measured π and the dynamic dilational
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moduli of PVAc–PEO blend films using the oscillating barrier method,
along with pure PVAc and PEO films [35]. The π values of all films were
measured using the continuous compression method since relaxation of
π was not observed due to both polymer films being expanded types.

Fig. 7 shows double logarithmic plots of π values for typical
PVAc–PEO blends, and pure PVAc and PEO films, as a function of Γtotal

[35]. The plots in the semi-dilute regimes are fitted with a power law
defined by π∝Γtotal

y, where y= 2.64, irrespective of the film type. The
π values of the PVAc–PEO blend films at a fixed Γtotal in the semi-dilute
regime increase with increasing XPVAc; beyond the semi-dilute regime
they show the opposite behavior. In the plots for the PVAc–PEO blend
films, an inflection point is observed at π values ca. 10 mN/m, which
corresponds to the plateau π value of PEO. These results indicate that
PEO is preferentially adsorbed over PVAc at the air-water interface due
to the immiscibility of the two polymers.

Fig. 8 shows Lissajous orbits of the PVAc–PEO blend with
XPVAc = 0.5, and pure PVAc and PEO films for π= 8 mN/m at zero
strain, u0 = 10%, and a fixed frequency of 20 mHz over 200 s [35]. All

Lissajous orbits exhibit positive hysteresis loops which are almost su-
perimposed for repeating circles and they correspond to linear re-
sponses. Moreover, the Lissajous orbits have similar shapes, irrespective
of the film type, and are independent of π at values< 8 mN/m, where
the respective films are in the semi-dilute regime. Thus, the E* values of
the PVAc–PEO blends, and pure PVAc and PEO films are determined
from the first cycle of the Lissajous orbits using Eq. (3).

Fig. 9 shows plots of E* for typical PVAc–PEO blends, and pure
PVAc and PEO films, as a function of Γtotal [35]. An increase in Γtotal

leads to an increase in E* until it reaches a peak value, after which it
decreases (except for the pure PVAc film). This peak increases with
increasing XPVAc. The presence of the peak can be mainly attributed to
the PEO in the films, indicating that PEO chains are preferentially ad-
sorbed on the water surface.

4.2. PVAc–PMMA

Mitsui et al. measured the dynamic dilational moduli of

Fig. 4. Typical fluorescence microscopy images of pure PVAc, pure PHIC, and PVAc–PHIC blend films with XPVAc = 0.2, 0.33, and 0.5.

Fig. 5. Typical AFM images of pure PHIC and PVAc–PHIC blend films with XPVAc = 0.2, 0.5, and 0.67. The size of the respective images is 2 × 2 μm2.
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PVAc–PMMA blend films, and pure PVAc and PMMA films using the
oscillating barrier method [36]. All the PVAc–PMMA blend and PMMA
films were fully relaxed after spreading since the π values measured by
the continuous compression method (at ΓPMMA values above 1.5 mg/
m2) were larger than those measured by the relaxation method. Thus,
the dynamic dilational moduli of the PVAc–PMMA blends, and the
PVAc and PMMA films, were measured after their equilibrium π values
were attained. The resulting Lissajous orbits were almost superimposed
for repeating cycles and they showed linear responses.

Fig. 10 shows the equilibrium π values for typical PVAc–PMMA
blends, and pure PVAc and PMMA films as a function of Γtotal [36]. The
π values at a fixed Γtotal increase with increasing XPVAc and the plateau π
values for the PVAc–PMMA blend films are similar to that of the PVAc
film since PVAc is preferentially adsorbed on the water surface. These
results suggest that PVAc and PMMA are immiscible at the air-water
interface. Above Γ*, double logarithmic plots of π vs. Γtotal (not dis-
played) are fitted to π∝Γtotal

y and it is observed that y increases with
decreasing XPVAc. Although the exponent of y for the miscible
PVAc–PHS blends increased with decreasing XPVAc, their plateau π va-
lues were dependent of XPVAc [21].

Fig. 11 shows plots of E* for all PVAc–PMMA blends, and the pure
PVAc and PMMA films, as a function of Γtotal [36]. The resulting E*
values of the polymer blend films are lower than those of the PMMA
film and higher than those of the PEO film at a fixed Γtotal. An increase
in Γtotal leads to an increase in E* until it reaches a peak value, after
which it decreases, irrespective of XPVAc. The E* values below and
above the peak increase and decrease with increasing XPVAc, respec-
tively, irrespective of XPVAc. Thus, the decrease in E* with further in-
crease of Γtotal above the position of the peak indicates that PVAc is
preferentially adsorbed over PMMA at the air-water interface, i.e., these

polymers are immiscible. Moreover, the peak in E* of the polymer blend
film is located at higher Γtotal values as XPVAc decreases.

4.3. PVAc–PMA

Kawaguchi et al. thoroughly investigated PVAc–PMA blend films
spread at the air-water using π measurements and ellipsometry [38]
and they subsequently carried out AFM analysis (tapping mode) of the
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LB polymer blend films deposited on mica surfaces [40].
Their measurements of π at Γtotal values above 2.0 mg/m2 resulted

in the conclusion that PVAc–PMA blend films spread at the air-water
were immiscible since their π–Γtotal plots gave similar plateau surface
pressures to that of the pure PVAc film, irrespective of XPVAc, as shown
in Fig. 12 [38]. Moreover, the ellipsometric studies of changes in δΔ for
the PVAc–PMA blend films as a function of PVAc and PMA con-
centrations showed that the polymer blend films were immiscible. The
resulting δΔ values for spreading PVAc at ΓPVAc = 1.0 mg/m2 (where
the film was in the semi-dilute regime) and subsequent spreading of
PMA at various ΓPMA of 0.25, 1.0, and 4.0 mg/m2 were similar to those
for spreading pure PVAc at ΓPVAc = 1.0 mg/m2. Changes in the order in
which the polymers were spread on water resulted in the same δΔ va-
lues as measured at the fixed ΓPVAc of 1.0 mg/m2. This was attributed to
the preferential adsorption of PVAc on the water surface, where pre-
viously adsorbed PMA on the water surface was completely displaced
by PVAc.

AFM images of the LB binary blend films of PVAc–PMA also pro-
vided evidence for the immiscibility of these polymer blend films [40].
Fig. 13 shows AFM images of PVAc–PMA blend films for XPVAc = 0.67,
0.5, and 0.33 at a fixed ΓPVAc = 1.0 mg/m2 [40]. The granule popula-
tion is higher and some granules grow to heights > 10 nm with in-
creasing ΓPMA. These changes in the topography support the hypothesis
that the binary blend films of PVAc–PMA are immiscible.

4.4. PVAc–PDMS

Runge and Yu extensively investigated PVAc–PDMS blend films
spread at the air-water as a function of XPVAc, using π measurements
and the capillary wave method detecting surface light scattering [39].

The π-A isotherms for these blend films showed strong negative de-
viations from Eq. (1), indicating that the PVAc–PDMS blend films were
miscible on the water surface. They proposed an additive surface
pressure model (as given by Eq. (6)) based on the two-dimensional
analog of Dalton's law of partial pressures for an ideal gas mixture, and
compared the model with their experimental results.

= + = + =− − − −π A π A π A A A A A X A( ) ( ) ( ), , i i1 1 2 2
1

1
1

2
1 1 (6)

where π1(A1) and π2(A2) are the surface pressures at the surface areas
A1and A2 for polymers 1 and 2, respectively. The calculated π A( )
values were in close agreement with the measured π values, except at
the plateau region where the modeled values were larger than the ex-
perimental ones. The success of the model allowed interactions between
polymer chains to be neglected and no excluded area effects in the
dilute and semi-dilute regimes were observed, leading to the proposal
that PDMS was partially spread on the PVAc film forming a bilayer
structure at the limiting area in the polymer blend film. This indicates
that PVAc–PDMS blend films spread at the air-water interface are in the
immiscible state.

Moreover, Runge and Yu also extended the concept of surface
pressure defined by Eq. (6) to the quantities of E′ and E″ and compared
the calculated and measured values [39]. In this case, the experimental
values were clearly different to the calculated ones; however, the de-
pendence of the calculated E′ and E″ values on A showed similar
trends to the measured curves.

It can be concluded that there are some common features, namely
the exponent y for π–Γtotal isotherms that are independent of the
polymer blend ratio and the surface dilational moduli are governed by
the preferentially adsorbed polymer component, irrespective of the
immiscible polymer blends.

5. Conclusions

This review describes the current status of experimental studies of
binary polymer blend films spread at the air-water interface. Binary
polymer blend films are characterized by measuring π–surface con-
centration isotherms, interfacial structures, and dynamic dilational
moduli as a function of miscibility.

For miscible binary polymer blend films, the respective polymer
components are adsorbed on the water surface even if their surface
concentrations are in the semi-dilute and concentrated regimes. Hence,
the π values, microstructures, and dilational moduli show strong de-
pendence on the molar fraction of the respective components at the air-
water interface.

On the other hand, the interfacial properties of immiscible binary
polymer blend films in the semi-dilute and concentrated regimes are si-
milar to those of one component, which is preferentially adsorbed over
other component at the air-water interface. However, further studies of
binary polymer blend films are needed to gain a deep understanding of the
interfacial structures and dilational moduli of the films and the relation-
ship between their interfacial properties and miscibility.
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Fig. 13. Typical AFM images of PVAc–PMA
blend films with XPVAc = 0.67, 0.5, and
0.33. The size of the respective images is
5 × 5× 0.04 μm3.
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