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Abstract The surface pressure (P) vs
surface concentration (C

4
) curves of

the hydrogen-bonded polymer blend
poly(vinylacetate)# poly(4-hydro-
xystyrene) (PVAc#P4HS) have
been measured at 25 °C onto a
water subphase at pH"2.0. While
PVAc forms extended monolayers,
and the free surface of water is found
to be a good solvent for it, P4HS
forms compressed monolayers, and
the surface is a near H-type solvent for
it. PVAc and P4HS form miscible
non-ideal monolayers until near the
collapse pressure through the whole
concentration range. The compo-

sition dependence of the P—C
4
curves

is rather complex. Contrary to what
might be expected, the addition of
PVAc to the blend does not reduce
the rigidity of the monolayer until its
weight fraction is larger than 0.5. The
compressibility data of the P4HS-rich
monolayers suggest the existence of
a second maximum at high surface
coverages, a result already observed
in some polysiloxanes.

Key words Monolayers — polymer
blends — hydrogen bonds — poly
(4-hydroxystyrene) — poly(vinyl-
acetate)

Introduction

There exist many studies of mixed polymer films spread at
the water—air interface. Gabrielli et al. [1], Kawaguchi [2],
and Gaines [3] have reviewed recent results concerning
the general reasons for compatibility of two polymers or
a polymer plus a low molecular weight compound in the
monolayers. Understanding the behavior of this kind of
systems is important both from the applicative and biologi-
cal points of view, since they can throw light on the
behavior of biological and synthetic membranes, as well as
on the structure of films deposited by the Langmuir—
Blodgett technique [4].

One of the main conclusions reached at by Gabrielli
and coworkers [1] is that the compatibility of mixed
polymers spread at the water—air interface strongly de-
pends on the interfacial orientation of the polymer chains.
In general, the components that show compatibility have

the same interfacial orientation, and the incompatible ones
have a different orientation. However, the work of
Kawaguchi and Nishida [5] seems to indicate that, besides
orientational conditions, the thermodynamic interaction
between the two polymers plays a fundamental role.

Hydrogen bonds play a key role in the bulk phase
diagram of polymer blends [6] and of block copolymers,
in which morphological changes may take place when the
surface concentration is varied [7]. Although the existence
of hydrogen bond interactions facilitates the miscibility of
polymer blends, strong concentration fluctuations may
still exist in this type of blends, leading to heterogeneities
at the level tens of nanometers [8]. This type of micro-
heterogeneities might have noticeable effects in the behav-
ior of monolayers of polymer blends.

In recent years the bulk behavior of blends formed by
poly(4-hydroxystyrene) (P4HS) and poly(vinylacetate)
(PVAc) or polyacrylates has been characterized [9, 10].
While the blends with PVAc and poly(methylacrylate)
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were found to be homogeneous at the level of a few
nanometers, the blend with poly(methylmethacrylate) was
found to present heterogeneities at levels of the order of
30nm [8]. In all these systems hydrogen bonds between
the hydroxyl groups of P4HS and the carbonyl groups of
the second component were revealed by FT-IR [11], hence
the existence of strong exothermic interactions does not
guarantee complete miscibility at the microscopic level in
3D systems. It might be of interest to check whether these
effects are also found in monolayers.

From the technological point of view, P4HS has been
used extensively in electronic and photographic applica-
tions [12, 13], however, because of its high glass-transition
temperature and poor mechanical properties it is difficult
to process it [9]. This might have important negative
consequences in order to prepare thin films of P4HS by the
Langmuir—Bodgett technique. The bulk mechanical prop-
erties of the blend can be strongly improved upon mixing
with other polymers, e.g. PVAc or poly(acrylates), [9, 14]
thus mixed monolayers might help in preparing thin films.

The purpose of this paper is to carry out a detailed
study of the equilibrium properties of the monolayers of
one of the above-mentioned blends for which miscibility in
3D has been confirmed at the nm scale: P4HS#PVAc.

PVAc monolayers have been extensively studied
[5, 15], and found to be of the expanded type. As far as we
know, monolayers of P4HS have not been reported yet. As
it will be shown, P4HS forms condensed-type monolayers
at the air—water interface. In addition, it will also be shown
that the surface is a good solvent for PVAc, while it is
a near H solvent for P4HS. Hence, mixed monolayers of
PVAc#P4HS are adequate in order to explore a broad
range of monolayer behavior: from expanded to conden-
sed type, and from good to bad solvent conditions. If may
also be of interest in order to understand the rheological
behavior of polymer films, since the transverse and dila-
tional viscosities have been found to have rather different
relative weights in expanded and compressed monolayers
[16].

Materials and methods

Experimental setup

A commercially available Teflon Langmuir trough (KSV
Instrument model 3000 with a minitrough, Finland) with
a computerized control was used. A Pt-Wilhelmy balance
was used as a surface pressure (P) sensor. Polyoxymethy-
lene (Delrin) barriers were used. The whole setup was
enclosed in a box through which a small flow of filtered
N

2
(0.1km filter) was maintained. A Petry cell with sub-

phase was placed inside the box in order to keep the

humidity at the saturation value corresponding to the
measuring temperature. The temperature control of water
in the trough was carried out by passing thermostatted
water into the jacket at the bottom of the trough. The
temperature near the surface was measured with a cali-
brated Pt-100 sensor. The temperature of the box was
maintained constant within$0.1 °C at the same temper-
ature of the measurements.

The spreading solution was slowly applied by a micro-
syringe onto the surface with completely open barriers.
The surface concentration (C

4
) was changed by subsequent

additions of the polymer solution. Times ranging from 15
to 50 min were allowed for solvent evaporation. The sur-
face pressure was continuously monitored, and the equilib-
rium value was taken only when P remained constant for
at least 20min. The surface of the subphase was swept with
the barriers and cleaned until the expected surface tension
was obtained. In order to ensure that the spreading solvent
did not add significant impurities, blank experiments with
the solvent were done before each experiment. In order to
ensure that equilibrium states were measured, the P vs.
C
4

curves of PVAc and P4HS were also recorded by
moving the Delrin barriers. Neither significant differences
with the addition method nor appreciable hysterisis were
found for low speed of the barriers (4—30 mm2 s~1).

Each reading of the surface pressure was determined
with$10 kN/m, although the repetitivity under small cyc-
lic changes of the position of the barriers was around
$30 kN/m. The stability of the temperature was better
than$0.05 °C.

Materials

The polymers, purchased from Polysciences (Germany),
were the same used in previous works [9, 10, 13]. For
PVAc M

8
"90 000, and for P4HS M

8
"10 000. In both

cases, the polydispersity indices were approximately 2. We
checked by UV and 13C-NMR that no significant amount
of the hydroxyl groups of P4HS had reacted to the
quinone form. Before preparing the spreading solutions,
the polymers were dissolved in tetrahydrofurane (THF)
and filtered through 0.5 km Teflon membranes. As spread-
ing solvent a mixture of benzene#THF (5 :1) has been
used. The total polymer concentration in the spreading
solution was close to 10~3M. The solvents were pur-
chased from Carlo Erba (RPE quality). Before preparing
the polymer solutions, the surface tensions of the solvents
were measured by the plate method in order to be sure that
they did not have significant amounts of surface active
impurities. Good agreement was found between the values
measured and those reported by Jasper [17]. We used
deionized water from a MilliQ-RG system, its resistivity
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was always higher than 18MX, and its surface tension at
25 °C was (72.12$0.08) mN m~1.

Results and discussion

Pure polymers

PVAc

Yoo and Yu [18] have presented an extensive study of
monolayers of PVAc in the 15—30 °C range, and on water
subphase with pH"7.0. Vilanove et al. [15] have carried
out a detailed study of the dilute region of the monolayer,
and concluded that the water-air interface is a good sol-
vent for this polymer.

For the sake of comparison, Fig. 1a shows the P—C
4

curve at 25 °C reported in ref. [18] and our results of
pH"7.0. The agreement is rather satisfactory. It also
shows the isotherm for pH"2.0 obtained in this work.
The effect of the pH is very small, only a small increase of
the collapse pressure at pH"2.0 being noticeable. Figure
1b shows the isotherms obtained between 25 and 1 °C for
pH"2.0. As it can be observed the overall effects of
lowering ¹ is the same than decreasing pH. For
C
4
(10~7g cm2 (LP/L¹ )C(0, while at higher concentra-

tions it is positive. This behavior is similar to that found by
Yoo and Yu between 15 and 30 °C [18]. This leads to
surface entropies and enthalpies that are positive at low
concentrations, and negative at high ones.

Following standard procedures [19], we have cal-
culated the limit areas A

0
from the P—C

4
curves. Figure 2a

shows the values obtained, together with those reported in
ref. [18] for pH"7.0. It becomes evident that the effect of
pH increases as ¹ is decreased. Despite this fact, the
quality of the interface as solvent of PVAc remains un-
changed as revealed by the behavior of the critical expo-
nent l, defined by

P+C:
4

, (1)

where y"2l/(2l!1). This scaling law is valid in the
so-called semidilute regime [15], that for the PVAc iso-
therms is limited to values of P(20mNm~1 and
0.2(C

4
(10~7 g cm~2)(1.3. Figure 2b shows that the

critical exponents l does not change either with T or with
pH. Figure 2b also includes the value of l reported by
Vilanove et al. for pH"7.0 [15]. Despite the uncertainty
of our values, they are compatible with the value l"0.77
derived from Renormalization Group for good solvent
conditions [20]. Figure 2c shows the overlap concentra-
tion C* that marks the transition between dilute and
semidilute concentrations (where the polymer coils start to

Fig. 1 (a) Surface pressure vs. surface concentration for PVAc at
25 °C at two different values of pH. The crosses correspond to the
values reported in ref. [18] for a subphase with pH"7.0, the agree-
ment with the present results is excellent. (b) Temperature depend-
ence of the surface pressure of PVAc onto a subphase with pH"2.0

overlap) on subphase with pH"2. As it can be observed,
C* increases with ¹, which indicates that the polymer coils
are more expanded at high temperatures. The value of
C* at 25 °C and pH"7.0 (0.24]10~7 g cm~2) is higher
than that of pH"2.0 (0.18]10~7 g cm~2).
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Fig. 2 (a) Limit area for the PVAc monolayer as a function of the
temperature, and at two values of pH. (b) Critical exponent of the
hydrodynamic radius for the PVAc monolayer at three temperatures
and two values of pH. The dashed line represents the Renormaliza-
tion Group prediction for good solvent conditions. (c) Overlapping
concentration for the PVAc monolayer onto aqueous subphase with
pH"2.0

P4HS

Figure 3 shows the P—C
4
curves at 25 °C and pH"7.0 and

2.0. The inset shows a log—log scale to illustrate the degree
of fulfilment of the scaling laws in the different regimes
(dilute, semidilute, concentrate). The first aspect to point
out is that, contrary to PVAc, the isotherms are of the
condensed type. On the other hand, the effect of pH is
opposite to that found in PVAc in the same range of P’s.
In the present case the acid subphase avoids the ionization
of the phenol groups, thus reducing the effect of coulombic
repulsions.

From the intermediate-C
4
regime of the isotherm with

pH"2.0, we have estimated the critical exponent l and
the overlap concentration C*, and found the following
values: 0.58$0.06 and 0.8 mgm~2, respectively. The
value of l is close to the theoretical value for a polymer
chain in a H solvent: 0.505, and very close to the value
found in ref. [15] for a sample of atactic poly(methyl-
methacrylate) (PMMA) of similar molecular weight.

Fig. 3 Surface pressure vs. surface concentration for the P4HS
monolayer at 25 °C and at two values of pH
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The high value of C* is equivalent to a hydrodynamic
radius of the overlapping chains R

'
"2.6 nm, very similar

to that of the sample of PMMA, R
'
"2.5 nm [15], and

much smaller than the corresponding value of PVAc,
R

'
"16.4 nm. For the isotherm at pH"7.0 the values

obtained were C*"0.5]10~7 g cm~2, and l"0.6$0.1,
which again indicates that the quality of the interface as
solvent does not depend on pH, and that the chains tend to
be more extended on the surface at the higher pH. This
conclusion is also drawn from the values of the limit areas
A

0
that are: 20.1$0.1As 2/monomer for pH"2 and

37.8$0.1As 2/monomer for pH"7.0. This might be quali-
tatively explained by considering that at high pH there is
a higher density of ionized phenoxide groups that exclude
more volume than the non-ionized phenol groups due to
electrostatic interactions.

Blends

Figure 4 shows the P—C
4

curves for the PVAc#P4HS
blend at 25 °C and pH"2.0 over the whole concentration
range. It also includes the isotherms corresponding to the
two pure polymers. It can be observed that it is not
possible to reach a high-P plateau for any of the blends. It
also shows the dramatic effect of P4HS on the monolayer
behaviour: the blend with 50% of PVAc presents a P—C

4
curve quite similar to that of pure P4HS. Blends richer in
P4HS show more compressed isotherms, with a maximum
for the blend 0.25 PVAc#0.75 P4HS. Figure 5 shows the
l exponent as a function of the weight fraction of PVAc, w.
Within the estimated uncertainty, one can observe that the
surface presents a smooth change from good to near-H
solvent character as w is decreased. This is accompanied
by a decrease of the limit area, which passes through
a shallow minimum for the blend with w"0.30 (see
Fig. 4).

Since no collapse pressure is reached, the miscibility of
the blends must be discussed in terms of the composition
dependence of surface areas at constant P [1, 2]. Figure 6a
shows the excess areas, AE, for different values of P:

AE(P)"AM(P)!x
1
A1(P)!x

2
A2(P) , (2)

where Ai(P) is the area of component i or of the mixture at
surface pressure P, and x

i
is the mole fraction of compo-

nent i. The curves are fits to a Redlich—Kister-type equa-
tion [21].

AE/x
1
x
2
"

n
+
0

a
i
(x

1
!x

2
)i~1 , (3)

where the a
i
’s are adjustable parameters, and for the pre-

sent data the maximum value of n has been 3.

Fig. 4 25 °C isotherms for the w PVAc#(1!w) P4HS blends onto
aqueous subphase with pH"2.0, w represents the weight fraction of
PVAc

It can be observed that AE is negative through the
whole P range that can be studied. The minimum area is
found for the near equimolar blend, and decreases with P.
These results indicate that the blends are miscible, which,
as in the case of the bulk blend [11], can be explained in
terms of strong hydrogen bonds built between the car-
boxyl groups of PVAc and the hydroxyl groups of P4HS.
These interactions might favour a closer packing than the
corresponding to each polymer separately.

Besides AE, the excess Gibbs energy provides an impor-
tant information about the stability of the mixed mono-
layers. It can be calculated through

DGE(P)"
%
:
0

AE(P) dP . (4)

As observed in Fig. 6b, the values of DGE are strongly
negative, and quite symmetrical around the equimolar
mixture. Contrary to the AE results, the minima of the DGE

vs. x
1

curves decreases with increasing P.
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Fig. 5 Composition dependence of the critical exponent of the hy-
drodynamic radius l for the w PVAc#(1!w) P4HS blend. The two
dashed lines denote the predicted values for interfaces acting as good
or as H-solvents

Compressibility

The static compressibility factor of the monolayer e

e"!AA
LP

LAB
T

(5)

can be calculated from the P—C
4

curves. We have used
a five-point spline method to estimate the derivative.
Figure 7 shows the results at 25 °C. We do not show the
temperature dependence of e for PVAc since it is rather
small: for the 1 and 25 °C isotherms, the difference is only
slightly larger than the uncertainty in e. The values for
PVAc agree with the values given by Yoo and Yu [18]. It
must be noticed that most of the increase of e (from aprox.
1—25 mNm~1) corresponds to the semidilute regime. The
same can be said for pure P4HS, however, in this case, the
behavior in the concentrate regime is quite different: above
1.5]10~7 g cm~2 e increases again. Similar complex be-
havior of e have been described by Garrett and Zisman
[22], for poly(phenylsiloxane), and by Runge and Yu [23]
for poly(dimethylsiloxane) (PDMS)#PVAc. In the case of
PDMS the existence of two maxima in the e vs. C

4
curves is

Fig. 6 (a) Excess area for the w PVAc#(1!w) P4HS blend at 25 °C
onto aqueous subphase with pH"2.0. The curves correspond to
different values of the surface pressure. (b) Excess Gibbs energy for
the w PVAc#(1!w) P4HS monolayers at 25 °C and pH"2.0 as
a function of the surface pressure

associated to the presence of two collapse pressures, which
have been related to the existence of conformational and/or
packing transitions as the monolayer is compressed. Sev-
eral maxima can also be deduced from the P—C

4
curves of
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fractions of PVAc indicated in the figure. Notice the increase of e at
high surface concentrations for the P4HS-rich blends

some triblock copolymers, [24] and have been associated
to the solubilization of one of the blocks. The present
results for P4HS do not allow one to associate the details
of the e vs. C curve to any physical mechanism of the P4HS
monolayer. The composition dependence of the compress-
ibility modulus indicates that the addition of small
amounts of PVAc of P4HS does not reduce in a significant
way the rigidity of the monolayer, until PVAc contents
larger than 80% in weight fraction are reached. Moreover,

for compositions below 25%, the addition of PVAc makes
the monolayer more rigid.

The surface composition at which the maximum in
e appears, C

M
, shows a small change except for blends with

PVAc content below 30%. The increase of the rigidity of
the monolayer may be qualitatively explained in terms of
the existence of strong hydrogen bonds between PVAc and
P4HS.

Conclusions

PVAc monolayers over pH"2.0 water subphase forms
extended monolayers between 1 and 25 °C, and the surface
is found to be a good solvent for the polymer. These results
are similar to those reported in the literature over
pH"7.0 water subphase. However, P4HS forms com-
pressed monolayers, and no plateau region in P is ob-
served at high surface concentrations.

The composition dependence of the P—C
4

curves is
complex. As PVAc is added to P4HS the monolayers
become more compressed until the weight fraction of
PVAc reaches the value w"0.25. Beyond that value, the
monolayers become more expanded until w"0.50. where
the shape of the P—C

4
curve is almost the same than for

pure P4HS, though larger values of P can be reached.
Analysis of the semidilute region of the monolayers in

terms of scaling laws indicate that the aqueous—air inter-
face is a good solvent for PVAc-rich monolayers, while
a near H solvent for monolayers rich in P4HS.

The compressibility data of the P4HS-rich monolayers
suggest the existence of a second maximum at high surface
concentrations. This behavior is similar to the one re-
ported in the literature for some polysiloxanes. However,
the present data do not allow one to suggest a physical
interpretation of the second maximum.
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