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ABSTRACT: The static and dynamic behavior of the Lang-
muir monolayers of poly(ester)s containing germanium
and silicon in the main chain (Scheme 1) is reported. True
monolayers are found for all the poly(ester)s studied. The
isotherms of surface pressure versus surface area for poly
(ester)s exhibit a behavior of the expanded-type monolayers
and that of condensed-type monolayers. It was observed that
the addition of an hydrophilic polymer such as poly(mono-
methyl itaconate) to the water subphase produces significant
changes in the isotherm properties. The interfacial rheology
of the poly(ester)s monolayers has also been studied by using

Oscillatory Barrier Experiments in a low-frequency range. It
was found that the elasticity and the dilational viscosity
increase from diluted monolayers until a surface concentra-
tion about 20� 10�5 mg cm�2. The static and dynamic elastic-
ities were found to be very similar for the poly(ester)s over
the dilute range. It was possible to conclude that these poly
(ester)s form extremely viscoelastic monolayers. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 120: 3126–3132, 2011
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INTRODUCTION

The nature of a monolayer partially depends on the
strength of interfacial interactions with substrate
molecules and of polymer intersegmental interac-
tions. It is therefore expected that both the visco-
elastic properties of polymer monolayers and the na-
ture of the water subphase are also dependent on
these factors. If a polymer monolayer is viewed as a
macroscopic viscoelastic continuum, several types of
motions are possible.1 Two main types of motions
can be distinguished: capillary (or out of plane) and
dilational (or in plane).2 The first one is a shear de-
formation, while for the second one there are both a
compression-dilation motion and a shear motion.
Since dissipative effects do exist within the film,
each of the motions consists of elastic and viscous
components. The elastic constant for the capillary
motion is the surface tension c, while for the second
it is the dilation elasticity e(x). The latter modulus
depends upon the stress applied to the monolayer.
For an uniaxial stress the dilational modulus is the

sum of the compression and shear moduli,3,4 given
by eq. (1):

eðxÞ ¼ ek þ eS
ej ¼ jþ i x gk

eS ¼ Sþ i x gS

(1)

where x denotes the angular frequency and xg0
S are

the loss components of the compression and shear
motions. e(x) and j are the dilational elasticity and
viscosity, respectively.4 eS in this case can be consid-
ered as zero because fluid monolayer is present.
There are several experimental techniques for study-
ing e(x). In this work, oscillatory barrier experiments
were performed. This technique will be used in the
low-frequency range (<1 Hz). In this kind of experi-
ments, the frequency of the oscillations is varied for
a given area. From the experimental parameters, the
real and the imaginary components of the dilational
elastic modulus can be calculated.1 From the surface
pressure P versus surface concentration C (P-C)
curves, it is possible to calculate the static elasticity
modulus or static compressibility modulus.

e0 ¼ @P
@ lnC

� �
T

(2)

which would correspond to the e0 defined in eq. (2)
for an instantaneous deformation of the monolayer
and therefore without any dissipative effects.
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Because of the excellent adhesion of condensation
polymers containing Si films,5 it is interesting to
study the interfacial behavior of these poly(ester)s at
the air–water interface. The formation of Langmuir
Blodgett monolayer of condensation polymer, as poly
(ester)s containing Si and Ge in the main chain can
present promising potential applications in areas such
as catalysis, metallic conductors, semiconductors, bac-
tericides, and cancer chemotherapeutic agents, as we
have reported previously.6

The aim of this work is the comparison of
dynamic and static elasticities for the poly(ester)s
containing silicon or germanium or both i.e., poly
(oxy-1,4-phenylene-diphenyl-silyl (or germyl)-1,4-
phenylene-oxycarbonyl-1,4-phenylene-carbonyl) (X ¼
Si ¼ Ia; X ¼ Ge ¼ Ib); poly(carbonyl-1,4-phenylene-
diphenyl-silyl (or germyl)-1,4-phenylene-carbonyl-
oxy-1,4-phenylene-diphenyl-silyl (or germyl)-1,4-
phenylen-oxy) (X ¼ Si ¼ IIa; X ¼ Ge ¼ IIb). The
chemical structures of the polymers are shown in
Scheme 1. The dynamic viscoelastic parameters e(x)
and j were calculated using oscillatory barrier
experiments, assuming l ¼ 0; being l the transverse
surface viscosity.

EXPERIMENTAL

Polymers

The preparation of poly(ester)s were reported previ-
ously.7,8 Poly(esters) Ia–b were synthesized from ter-

ephthaloyl dichloride and the diphenols bis(4-
hydroxyphenyl)-diphenylsilane or germane under
phase transfer catalysis conditions.9 The diphenols
were obtained from 4-bromophenol and dichloro
diphenylsilane or germane, according to a procedure
described in the literature.10

Poly(esters) IIa–b were synthesized from the same
diphenols and the acid dichlorides bis(4-chlorofor-
mylphenyl)-diphenylsilane or germane under phase
transfer catalysis conditions.8 The acid dichlorides
were obtained from bis(4-methylphenyl)-diphenylsi-
lane or germane, which were oxidized with KMnO4

and then reacted with thionyl chloride, according to a
described procedure. Bis(4-methylphenyl)-diphenyl-
silane or germane were obtained from 4-bromoto-
luene and dichlorodiphenylsilane or germane, accord-
ing to a described procedure.
Monomers and poly(esters) were characterized by

IR and 1H and 13C NMR spectroscopy, and the results
were in agreement with the proposed structures.
Poly(monomethyl itaconate) (PMMeI) was synthe-

sized by radical polymerization in bulk using a-a0 azo-
bisisobutyronitrile (AIBN) as previously reported.11

Surface pressure-area isotherms

The surface pressure-area (P-A) isotherms for
spread films of the poly(ester)s at the air–water
interface were obtained using a NIMA model 611
surface film balance (NIMA Instruments, Coventry,
UK). The entire system was covered with a box of
poly(methyl methacrylate). The poly(ester)s mono-
layers were deposited on the water surface (Milli-Q
whose resistivity was always higher than 18 MX,
and surface tension c at 298 K was 72.12 mNm�1).
The spreading solvent used to prepare poly(ester)s
monolayers was spectrograde chloroform and used
it without further purification. The initial state of the
monolayer was always chosen to have surface pres-
sure, P, close to zero. After total evaporation of the
solvent and stabilization of the film (30 min), the
monolayer was continuously compressed. The data
were obtained at a constant compression rate of
10 cm2 min�1. Water subphase pH was adjusted by
adding HCl or NaOH solution. NaCl was added to
obtain a constant ionic strength.
The spreading protocol was systematically studied.

In fact, experiments in which measurements were
performed by varying the evaporation times. By this
way it was concluded that 30 min is the optimum
time for the best stabilization of the film and there is
not evidence that the evaporation time affect the film
and no crystallization is observed. The effect of the
spreading solvent with different evaporation rates
could not be analyzed because of solubility reasons.
Nevertheless, it is well known that chloroform is the
best spreading solvent in this technique. The

Scheme 1 Chemical structure of poly(oxy-1,4-phenylene-
diphenylsilyl-1,4-phenylene-oxycarbonyl-1,4-phenylene-car-
bonyl)(Ia); poly(oxy-1,4-phenylene-diphenylgermyl-1,
4-phenylene-oxycarbonyl-1,4-phenylene-carbonyl)(Ib); poly-
(carbonyl-1,4-phenylene-diphenylsilyl-1,4-phenylene-carbonyl-
oxy-1,4-phenylene-diphenylsilyl-1,4-phenylen-oxy)(IIa); Poly-
(carbonyl-1,4-phenylene-diphenylgermyl-1,4-phenylene-car-
bonyl-oxy-1,4-phenylene-diphenylgermyl-1,4-phenylen-oxy)
(IIb).
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spreading solution is applied with a Hamilton micro-
syringe at different parts on the the surface. To con-
firm the stability of the monolayer two different
forms for preaparing the monolayers were used. In
the first one the surface concentration was changed
by subsequent addition of the polymer solution. The
surface pressure is continuously measured and the
equilibrium value was taken when the surface pres-
sure P had remained constant at least 10 min. In the
second way, the monolayers were symmetrically
compressed by moving two barriers under computer
control after the spreading of the polymer Solution.
The maximum barrier speed was10 mm min–1. Both
isotherms agreed with each other.

Oscillatory barrier experiments

These experiments were carried out by inducing an
oscillatory movement at the barrier. They were per-
formed at constant barrier speed and the frequency
was varied by changing the maximum area change
DA. The technique of oscillatory barriers at low fre-
quency allow to observe the variation of the rheolog-
ical parameters with the surface concentration. The
experiments were developed in triplicate to ensure
reproducibility. For this reason the reported values
are reproducible and the cattering do not affect the
results and the interpretation of the data. This is a
common procedure and generally accepted.

RESULTS AND DISCUSSION

Figure 1 shows the surface pressure P plotted as a
function of surface areas A per repeating unit (P-A
isotherms) for Ia, Ib, IIa and IIb monolayers. It is
found that on pure water (pH: 5.6) the monolayer is

stable and collapses at high surface pressures. In
general, P gradually increases with decreasing A
and finally shows a relatively steep increase before
attaining a collapse region. The P-A isotherm for the
poly(ester) Ib monolayer has sharper increase in P as
A decreases compared with the poly(ester)s Ia, IIa
and IIb monolayers. This is commonly attributed to
the presence of strong lateral interchain interaction.12

The limiting areas per repeating unit, A0 extrapo-
lated to P ¼ 0 through the linear portion of the P-A
isotherms are smaller for two poly(ester)s Ia and Ib
than those with two silicon or two germanium (IIa
and IIb). Table I summarizes these results. The criti-
cal surface area AC values at P ¼ PC increase from
Ia to IIb as can be seen in Table I. Perhaps this behav-
ior could be attributed to some effect due to the size
of the heteroatom such as flexibility of the chain or
crystallinity i.e., silicon has lower size than germa-
nium. However, it could not be disregarded a possi-
ble aggregation process which is difficult to detect.
It is known that the Coulombic or electrostatic

interaction is higher for polymers with Si atoms.
This tendency is probably due to the lower elec-
tronic affinity or electronegattivity than Ge specially
lower than carbon.7

Influence of additives on the interfacial behavior
and spreading characteristics of the poly(ester)
monolayers were studied using PMMeI in the water
subphase. The presence of PMMeI in water sub-
phase modifies the shape and the position of the iso-
therms considerably when compared with those
obtained on pure water.
Figure 2 illustrates this behavior for IIb at pH: 3.0

and 5.6, this finding could be indicative of appreciable
interactions of PMMeI with poly(ester) IIb mono-
layers. An outstanding feature of the monolayer is the
increasing in the area per repeating unit, A0, from 60
(without PMMeI) to 70 (with PMMeI) A2/ru approxi-
mately at pH: 3.0. The two isotherms at pH: 3.0 and
5.6 with PMMeI in the water subphase differ in the
pressure at which the monolayer collapses PC ¼ 33
and 43 (mNm�1) respectively.The addition of PMMeI
in water gives rise to a destabilized monolayer when
compared with the IIb monolayer at the same pH.
Atempts to explain this behavior suggest to attribute

Figure 1 Surface pressure-area (P-A) isotherms of four
poly(ester) monolayers on water subphase at 298 K.

TABLE I
Monolayer Parameters

Poly(ester) A0 (A
2/ru) PC (mNm�1) AC (A2/ru)

Ia 23 53 7
Ib 24 54 10
IIa 33 53 15
IIb 41 53 20

The limiting area per repeating unit A0 at P ¼ 0; the
critical area A0 at P ¼ PC. Water subphase pH: 5.6.
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this behavior to a strong specific interaction between
poly(ester) and PMMI. This interaction could be of
the hydrogen bonding type between the carboxylic
groups of the poly(ester) and the carboxylic groups of
the PMMeI, as illustrated in the schematic representa-
tion in Scheme 2. As it can be observed in Figure 2 the
isotherm on the water subphase at pH: 3.0 with
PMMeI produces a larger destabilizated monolayer
when compared with IIb monolayer at pH 5.6 with

PMMeI. For this reason the hydrogen bond interac-
tion should be the main responsible of this behavior.
This interaction also would modify the hydrophobic/
hydrophilic balance of the poly(ester) at the interface.
From the present experimental results, a possible pro-
cess of dissolution of the poly(ester) coming from the
air–water interface to the aqueous subphase with
compression processes cannot be disregarded. In gen-
eral, it is well-known that compounds dissolved in
the subphase combine with the hydrophilic moieties
in amphiphilic materials and increase or decrease the
stability of the monolayer formed at the air–water
interface.13,14 However, to more clearly examine the
changes in the monolayers, spectroscopic measure-
ments should be used.

Viscoelastic properties of poly(ester) monolayers

This work provides a more quantitative aspect of
monolayer dynamics in terms of the dilational elas-
ticity e(x) and the corresponding viscosity j in con-
junction with the static elasticity e0. The dynamic
viscoelastic parameters e(x) and j were calculated
assuming the transverse surface viscosity l ¼ 0. The
optimum resonant coupling between the capillary
waves (controlled by the surface tension c) and the
longitudinal waves (controlled by e ¼ e � ixj) take
place15–17 when the ratio of e0/c reaches a value of
about 0.2 If e0/c exceeds 0.2 as C is increased then
the resonance condition is weakened.. e0 was deter-
mined from static P-C isotherm via eq. (2) [Fig.
3(A,B)].

Figure 2 Surface pressure-area (P-A) isotherms of IIb at
different pH of the water subphase; ( ) pH 5.6, ( ) pH
3.0, ( ) pH 9.2, ( ) pH 3.0 with PMMeI and ( )
pH 5.6 with PMMI.

Scheme 2 Schematic representation of specific interaction like hydrogen bond type between poly(carbonyl-1,4-phenylene-
diphenylgermyl-1,4-phenylene-carbonyl-oxy-1,4-phenylene-diphenylgermyl-1,4-phenylen-oxy) and poly(monomethyl itaco-
nate) (PMMI)
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In a previous study,6 it has been possible to esti-
mate the concentrations that mark the crossover
from dilute to semidilute and from semidilute to
concentrated regimes. Plots e0/c versus C in mg m–2

are shown in Figure 4, where it can be distinguished
the three concentration areas, and the e0/c ratio
values.

A comparison of dynamic and static elasticities
for Ia, Ib, IIa and IIb is given in Figure 5(A–D), respec-
tively. The dynamic viscoelastic parameters e(x) and
j were calculated with the eq. (1). The dynamic and
static elasticities are identical for all the poly(ester)s
within experimental error until the surface concen-
tration reaches about 2.0 (mg m–2). From this point,
the monolayer should presumably depart from 2D
conformation by chain looping, or possibly more
macroscopic film collapse. This behavior is more
prominent with IIa. The corresponding surface vis-
cosity j, which is a combination of compressional

and shears components was also estimated. The val-
ues of j in Figure 5(A–D) are approximately zero at
low concentrations and then begin to increase as e0
and e(x) increases and seem to reach a maximum at
about a C of 2.5–3.0 (mg m�2) for IIa.
A significative influence of the type of heteroatom

on the monolayer behavior was found. Particulary in
the cases of Ib and IIa it can be seen an increasing of
the elasticity e(x) close to the crossover from semidi-
lute to concentrated regimes. This behavior can be
explained by a balance between a maximum connec-
tivity between the segment contacts and moderate
lateral repulsion. This situation produces a mini-
mum of compressibility. Another observation is that
the e0 values in both cases (Ib and IIa)are not the
same in the concentrated regime. In the other case,
Ia, an increase of the e(x) value is observed, which
demonstrates that the same surface pressure for the
reorganization of the material allows states with
greater accumulated elastic energy.
At low surface concentration, in the dilute or

semidilute area, the dynamic parameter values are
similar to the compression elasticity equilibrium val-
ues. This situation corresponds to a system as a fluid
where the shear component is zero. On the contrary,
in the concentrated area there are shear components
which produce an increase of the storage elastic
modulus relative to the equilibrium value. The cou-
pling modes are not possible when the surface con-
centration increases. In the region with a high cover
the viscous components are dominant in relation to
the elastic component. This condition corresponds to
a film as a gel. At low frequency the motions should
correspond to reptation motions of the chains.18 e(x)
for IIa are larger than those for IIb, taking into

Figure 3 Surface pressure P versus surface concentration
C of (A) Ia and IIa and (B) Ib and IIb.

Figure 4 Elasticity/surface tension (e0/c) ratio versus sur-
face concentration C of (black) Ia, (green) Ib, (red) IIa and
(blue) IIb. D, SD, and C are dilute, semidilute, and concen-
trate area, respectively.
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account the beginnings of semidilute region. e(x)
values for Ib are larger than for Ia. In general, the
e(x) values can be only compared in the dilute
region for each polymer. The comparison of the
results observed for the poly(ester)s in Figure 5
should show that all of these poly(ester)s form
extremely viscoelastic monolayers.

CONCLUSION

In conclusion, an influence of the type of hereoatom
of the poly(ester) on the monolayer behavior was
found. The zero pressure limiting area per repeating
unit A0, increases from 23 and 24 A2/ru for Ia and Ib
to 33 and 41 Å2/ru for IIa and IIb, respectively.

The critical area, Ac, increases from 7 to 20 Å2/ru
from Ia to IIb.
At low surface concentration, in the dilute or

semidilute area, the dynamic parameter values are
similar to the compression elasticity equilibrium
values. This situation corresponds to a system as
a fluid where the shear component is zero. On
the contrary, in the concentrate area there are
shear components which produce an increase of
the accumulated elastic energy relative to the
equilibrium.
When the surface concentration increases, the cou-

pling of modulus is not possible. In the region with
a high coverage the viscous components are domi-
nant relative to the elastic component. This condition

Figure 5 Surface elasticity versus surface concentration C. The static dilational elasticities e0 are represented by the solid
curve and the dynamic elasticity e(x) are represented by (o). Surface viscosity j versus C are represented by ( ). (A) for
Ia, (B) for Ib, (C) for IIa, and D for IIb.
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should correspond to a film as a gel. At low fre-
quency the motions could correspond to reptation
motions of the chains.

The presence of PMMeI causes a significant differ-
ence in the shape and position of the isotherms of IIb
at pH: 3.0 and 5.6.
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