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The effect of hydrogen-bonding complexation on the interfacial behavior of poly(isoprene)-b-poly(ethylene
oxide) (PI-b-PEO) diblock copolymer at the air-water interface has been investigated by Langmuir balance
and neutron reflectivity. PI-b-PEO forms Langmuir monolayers with PI as the anchoring block. Introduction
of a second diblock, poly(isoprene)-b-poly(acrylic acid) (PI-b-PAA) yields PI-b-PEO/PI-b-PAA mixed
layers with interfacial behavior that is pH-dependent. At pH 10.0 and 5.7, the compression (π-A) isotherms
exhibit three regions that are characteristic of PEO-type tethered layers, (i) a low-pressure 2-D “pancake”
region (region I), (ii) a pseudoplateau where PEO segments desorb and are immerse in the subphase (region
II), and (iii) a steep pressure rise region commonly considered as the “brush” regime (region III). At pH 2.5,
on the other hand, the π-A isotherm shows only two regions, (I) and (III). This novel behavior is attributed
to hydrogen-bonding complexation between the undissociated carboxylic acids and the PEO, forming very
compact layers. It appears that desorption of PEO segments is hindered as a consequence of this complexation.
Furthermore, no brush-like structure is observed in region III of the isotherml; thus, the steep rise in surface
pressure in this case arises primarily from interactions of the anchoring block. The hydrogen-bonded complex
of PI-b-PEO/PI-b-PAA monolayers thus shows enhanced surface stability.

Introduction

Polymer chains attached by one end to an interface show
interesting properties and have been extensively investigated.1-13

Among them, amphiphilic diblock copolymers have been
exploited to control interfacial properties at the air-water
interface, where a hydrophobic block anchors the hydrophilic
soluble block to the free surface. Most of the investigations are
focused on poly(ethylene oxide) (PEO) diblock copolymers
mainly because PEO absorbs weakly to the air-water interface
and it is biocompatible.14-27 Using the Langmuir balance
technique, Bijsterbosch et al. revealed that the surface
pressure-area (π-A) isotherms exhibit three regions with
increasing coverage, namely, a region where the PEO adsorbs
in a 2-D “pancake” structure (low surface coverage), a pseudo-
plateau region where adsorbed PEO segments desorb from the
interface and immerse into the subphase (intermediate coverage),
and a “brush” region consisting of stretched chains (high
coverage) where the surface pressure increases sharply.14

Gonçalves da Silva et al. also proposed that a pseudoplateau at
surface pressure near 10 mN/m may be associated with
dissolution of the PEO chains into the water subphase to form
a quasi-brush.15 On the other hand, Lennox et al. showed that
the PEO block may initially undergo a dehydration process
followed by a conformational change upon compression instead

of immersing into the aqueous subphase to form a brush.20 Thus,
the interfacial behavior of amphiphilic diblock copolymers upon
compression is still not completely understood and remains a
topic of interest.

It is known that poly(acrylic acid) (PAA) exhibits a pH-
induced conformational transition and can form complexation
with poly(ethylene oxide) (PEO) by hydrogen bonding.28 Mixed
monolayers of such diblock copolymers capable of forming
hydrogen bonds thus provide an interesting system to probe
potential novel interfacial properties.29 Regen et al. suggested
that charged surfactant monolayers, when cross-linked ionically
with polymeric counterions, provide a strategy for forming
Langmuir-Blodgett (LB) films bearing good gas permeability
and stability properties.30-33

In the present study, we investigate the effect of hydrogen-
bonding complexation on the interfacial behavior of Langmuir
monolayers consisting of PI-b-PEO and PI-b-PAA diblock
copolymers. Here, the PI acts as an anchoring block for the
PEO and the PAA. In contrast to polystyrene (PS), which is
commonly used as anchoring block, PI has a low Tg (≈-68
°C) that facilitates spreading, and equilibrium can be reached
more easily especially at high surface pressures.34 Using the
Langmuir balance technique coupled with neutron reflectivity,
we explore the interfacial behavior of these PI-b-PEO and
PI-b-PAA mixed layers. The effects of pH and of hydrogen-
bonding complexation on the structure and the stability of the
mixed layers are investigated. We show that hydrogen -bonding
complexation leads to formation of compact surface layers with
a novel interfacial behavior.
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Experimental Section

Materials. The PI-b-PEO and PI-b-PAA diblock copoly-
mers were synthesized via anionic polymerization.35 The mo-
lecular weight (Mw) and the polydispersity (Mw/Mn) of PI-b-
PEO and PI-b-PAA were characterized by a combination of
gel permeation chromatography (GPC) and NMR. For PI92-b-
PEO1290 and PI63-b-PAA530, Mw/Mn ) 1.03 and 1.16, respectively.

PI-b-PEO solution was prepared by dissolving the sample
in chloroform directly, and PI-b-PAA solution was prepared
in CHCl3/CH3OH (1/1, v/v). The mixture of the PI-b-PEO/
PI-b-PAA solution was made by dissolving the mixture in
CHCl3/CH3OH (1/1, v/v) at molar ratio of EO/AA units ∼ 1.
The concentration of all of the solutions was 1.0 × 10-3g/mL.

Surface Pressure Measurements. Surface pressure-area
isotherms were recorded using a Kibron MicroTroughX (Kibron
Inc., Finland). All experiments were conducted at 20 °C. The
trough area was 108 cm2, and the trough volume was ∼22 mL.
The water used in the subphase was purified with the Millipore
Milli-Q system, where the resistivity is 18.2 MΩ · cm and the
pH is 5.7. The pH of the subphase was adjusted to pH 10.0 and
2.5 by NaOH and HCl solutions, respectively. The diblock
polymer solution was spread on the water surface with a 10 µL
Hamilton microliter syringe. After complete evaporation of the
solvent (∼30 min), the surface film was compressed sym-
metrically at a constant speed of 5 mm/min. The surface pressure
isotherms were recorded in real time with a Wilhelmy wire
probe. Several compression-expansion cycles were performed
for each sample.

Neutron Reflectometry. Neutron reflectivity experiments
were carried out on the time-of-flight reflectometer EROS
(Laboratoire Léon Brillouin, CEA-Saclay, France). The spectra
were acquired on monolayers prepared in the Kibron Mi-
croTroughX trough. The plastic cover of the trough was fitted
with quartz windows to allow the neutron beam to enter and
exit the trough with minimal absorption. Special care was taken
to seal the trough to minimize the exchange of water vapor with
the deuterated subphase. We used a subphase consisting of a
mixture of D2O/H2O (80/20 v/v). The scattering length density
of this solvent was Nbs ) 4.68 × 10-6 Å-2. We find that by
using this mixture, the degree of change in the scattering length
density of the subphase (due to exchange with the atmosphere)
at the end of the measurements is reduced to less than 5%,
compared to about 10% for pure D2O. The grazing incident
angle was θ ) 1.55°, and the angular solution was δθ ≈ 3%.
The wavelengths range from λ ≈ 3 to 22 Å, corresponding to
wave vector k ) (2π)/(λ)sin θ ranging from 0.005 to 0.06. The
required volume of the diblock polymer solution was spread
on the surface of the subphase that was preadjusted to the desired
pH. After about 30 min, the monolayer was compressed to the
desired surface pressure, and neutron reflectivity spectra were
acquired at 1 h intervals. In all cases, no kinetics effects were
observed, and the spectra were summed for improved statistics.

Results and Discussions

Surface Pressure Measurements. (i) PI-b-PEO Monolay-
ers. Figure 1 shows the compression isotherms for the diblock
copolymer, PI92-b-PEO1290 spread on the surface of water at
different pHs. In this figure, the surface pressure is plotted as a
function of area per molecule of the PEO block. It can be seen
that from pH 2.5 to 10.0, the isotherms almost superpose,
showing that pH does not have a significant effect on the
monolayers. These isotherms show a slow rise in pressure
followed by a pseudoplateau region, the onset of which occurs
at ∼10.5 mN/m, a value that corresponds to the saturation

pressure of adsorbed PEO homopolymer. These two distinct
regions are consistent with those observed for PEO homopoly-
mers.14 The region of slow pressure rise is ascribed to 2-D
segment interactions. This “pancake” region (region I) and the
onset of the pseudoplateau are thus independent of polymer
chain length, and isotherms for different chain lengths superpose
when plotted versus area per EO monomer (results not shown).
Extrapolation of the pancake region of the isotherm to π ) 0
yields the pancake limiting area, Apancake ≈ 352.0 nm2. This gives
an average area per EO monomer of ∼0.27 nm2, in good
agreement with the previous studies.15 In the pseudoplateau
region, steric repulsion of the PEO chains exceeds attractive
interaction between the PEO and the air-water interface, and
the polymer segments gradually desorb from the interface and
immerse into the subphase. The onset of this crossover takes
place at the EO monomer area of ∼0.12 nm2. The gradual rise
in pressure in the pseudoplateau is indicative of conformational
changes, more apparent in this case compared to that for the
homopolymer, due to the PI anchoring block preventing
complete dissolution of the molecule into the subphase. Thus,
for the range of surface coverages studied, the interfacial
behavior of the spread PI92-b-PEO1290 is dominated by the PEO
block.

The inset in Figure 1 shows three compression-expansion
cycles of surface pressure isotherms conducted within the
pseudoplateau region (target area per molecule ) 110 nm2) at
pH 5.7. A reproducible hysteresis is observed in all compression-
expansion cycles; this hysteresis is commonly attributed to chain
entanglement during compression and a time lag for disen-
tanglement during decompression.

(ii) PI-b-PAA Monolayers. The π-A isotherms for the
PI63-b-PAA530 diblock copolymer at different pHs are given
in Figure 2. PAA is a weak polyanion, and its ionization degree
is strongly pH-dependent, with a pKa of PAA of ∼5.6.29 At pH
10.0, most of the carboxyl acid groups are deprotonated, and
the charged PAA chains are hydrophilic and nonsurface active.

Figure 1. Surface pressure versus area per molecule for the PI92-b-
PEO1290 diblock copolymer at different pHs.

Figure 2. Surface pressure versus area per molecule for PI63-b-PAA530

diblock copolymer at different pHs.
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We thus expect a nonadsorbing block tethered to the surface
by the PI block. The surface pressure shows only a small
increase with compression. At pH 5.7, the carboxyl acid groups
of PAA chains are partially ionized, and a small fraction of the
PAA chains can absorb at the air-water surface. At pH 2.5, all
of the carboxyl groups are protonated, and the neutral PAA
chains show increased surface activity. Here, the nonmonotonic
increase in surface pressure (at an area per molecule of ∼40
nm2) is interpreted in previous studies36,37 as a pancake-to-brush
transition.

(iii) PI-b-PEO/PI-b-PAA Mixed Layers. Figure 3 shows
surface pressure isotherms for mixtures of PI92-b-PEO1290/
PI63-b-PAA530 (molar ratio of EO/AA is ∼1) conducted within
the pseudoplateau region (target area per molecule ) 110 nm2)
at different pHs. For comparison with the curve for PI92-b-
PEO1290 alone (Figure 1), the surface pressure of the mixture is
plotted as a function of the area per PEO molecule. For pH
10.0 and 5.7, the isotherms are similar; the compression-
expansion curves show hysteresis similar to that for PI92-b-
PEO1290 alone, and both curves exhibit a pseudoplateau region
indicative of immersion of the PEO segments into the subphase.
The presence of PAA chains therefore does not appear to
influence the monolayer behavior in a significant manner.

At pH 2.5, however, a remarkable difference is obtained. The
isotherm is almost linear, with no pseudoplateau within the range
of compression. This behavior is interpreted as an effect of
hydrogen-bonding complexation between the PAA and PEO.

Figure 3. Compression isotherms for mixtures PI92-b-PEO1290/PI63-b-
PAA530 at low to intermediate surface coverage. Reproducible hysteresis
is obtained for pH 10.0 and 5.7; for pH 2.5, compression and expansion
curves overlap.

Figure 4. Compression isotherms for mixtures PI92-b-PEO1290/PI63-b-
PAA530 at high surface coverage. (Vertical arrows indicate the regions
where neutron reflectivity measurements are taken.)

TABLE 1: Pancake Limiting Area (Apancake) and “Brush”
Limiting Area (Abrush) Obtained from Compression
Isotherms for the Mixture of PI92-b-PEO1290/PI63-b-PAA530

sample Apancake (nm2) Abrush (nm2)

mixture at pH 10.0 429 137
mixture at pH 5.7 540 137
mixture at pH 2.5 555 145

TABLE 2: Fitted Neutron Reflectivity Parameters for
PI92-b-PEO1290 and Mixtures of PI92-b-PEO1290/
PI63-b-PAA530 Monolayersa

sample layer Nb/10-6 (Å-2) φp d (Å) Γ (mg/m2)

PI92-b-PEO1290 layer 1 2.34 0.59 15.2 1.02
mixture at pH 10.0 layer 1 2.14 0.75 13.3 1.16

layer 2 4.7 0.04 62.0 0.29
mixture at pH 5.7 layer 1 3.76 0.27 22.7 0.71

layer 2 4.54 0.04 129.1 0.60
mixture at pH 2.5 layer 1 1.64 0.89 30 3.1

a Nb ) scattering length density; φp ) polymer volume fraction;
d ) thickness; Γ ) adsorption density.

Figure 5. (a) Normalized reflectivity of diblock monolayers at pH )
2.5: PI92-b-PEO1290 alone (open squares) and PI92-b-PEO1290/PI63-b-
PAA530 mixture (open triangles). The solid lines are best-fit curves with
corresponding polymer density profiles shown in (b). The measurements
are taken in region III, which is indicated by vertical arrows in Figure
4 (pH ) 2.5). (b) Corresponding concentration profiles of the PI92-b-
PEO1290 layer (dash line, one-layer model) and the PI92-b-PEO1290/
PI63-b-PAA530 layer (solid line, one-layer model).

Figure 6. (a) Normalized reflectivity of PI92-b-PEO1290/PI63-b-PAA530

mixed layers on different pH subphases, pH ) 2.5 (open triangles),
5.7 (open squares), and 10.0 (open circles). The solid lines are best-fit
curves with corresponding polymer density profiles shown in (b). The
measurements are taken in region III, indicated by vertical arrows in
Figure 4. (b) Corresponding concentration profiles of mixed layers at
pH ) 2.5 (solid line, one-layer model), 5.7 (dotted line, two-layer
model), and 10.0 (dash line, two-layer model).

Interfacial Behavior of PI-b-PEO and PI-b-PAA J. Phys. Chem. B, Vol. 113, No. 3, 2009 741
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Indeed, it has been shown that at molar ratio of EO/AA is ∼1,
the hydrogen bond density is at its maximum.38,39 It appears
that for the mixed hydrophobic layer thus formed, the PEO
segments are prevented from desorbing from the air-water
interface; consequently, the pseudoplateau disappears from the
compression isotherm. In addition, the compression-expansion
cycles overlap, with no sign of hysteresis. This further suggests
that in the compressed layer, entanglement of the PEO chains
is hindered when they are hydrogen bonded to the PAA chains.
Hydrogen bonding between the two polymer species thus
produces a mixed surface layer with enhanced stability. For these
mixed layers, the limiting pancake areas are Apancake ) 429, 540,
and 555 nm2 at pH 10.0, 5.7, and 2.5, respectively (Table 1).
Here, since the surface pressure is plotted as a function of area
per PEO molecule, these increased limiting areas (compared to
PI92-b-PEO1290 alone, where Apancake ≈ 352.0 nm2) are a
consequence of the steric effects of the tethered (for pH 10.0)
or adsorbed (for pH 2.5) PAA chains.

At higher compression, a third region (III) appears, character-
ized by a steep rise in surface pressure (Figure 4). For pH 10.0
and 5.7, the rise occurs after the pseudoplateau, and for pH 2.5,
it occurs directly from the pancake region (region II is absent).
Region III is often considered as the “brush” regime, and
extrapolation of this region to π ) 0 mN/m yields the “brush”
limiting areas Abrush) 137, 137, and 145 nm2 for pH 10.0, 5.7
and 2.5, respectively (Table 1). Surprisingly, unlike the limiting
pancake area, these “brush” areas appear to be rather insensitive
to pH.

The origin of region III in the π-A isotherm is classically
attributed to repulsion of the “brush” structures that are formed
at high coverage when the intermolecular distance becomes
inferior to the radius of gyration of the tethered chain. However,
in the case of diblock copolymers where the anchoring block
spreads and occupies non-negligible area on the water surface,
submerged brush repulsion may not be the sole interpretation
for the rapid pressure rise. Indeed, it has been found that for

brushes tethered by an anchoring block copolymer, the brush
repulsion energies deduced from the surface pressure do not
agree well with theoretical predictions.40 We believe that for
this type of system, region III could, depending on the geometry
of the diblock, arise primarily from interactions of the anchoring
block. In our case, the higher concentration of the anchoring
PI blocks in the mixture could be the reason for the appearance
of region III since this region is not observed for PI92-b-PEO1290

alone at comparable surface coverage expressed in area per PEO
molecule. Surface pressure measurements alone, therefore, do
not provide reliable information on the structure of the surface
layer.

Neutron Reflectivity Measurements. To resolve the struc-
tures of the monolayers, in particular in region III, neutron
reflectivity (NR) is performed on the compressed layers. Figure
5a shows normalized reflectivity (R/RF) of PI92-b-PEO1290 and
of PI92-b-PEO1290/PI63-b-PAA530 layers at pH ) 2.5 and at
an area per molecule of ∼50 nm2 (indicated by vertical arrows
in Figure 4). In this normalized representation (RF is the
reflectivity from pure solvent), all deviations of R/RF from unity
are attributed only to the polymer layer. In the contrast scheme
used in the present study, in the case of mixed layer, both the
PEO and PAA submerged blocks contribute to the reflectivity
signal. On the other hand, the signal from the anchoring PI block
is negligible since it is almost contrast-matched to air (PI
scattering length density ∼ 0.26 × 10-6 Å-2), and the spread
PI is monomolecularly thin. Thus, as seen in the reflectivity
profiles, more polymeric materials are present in the mixed
PI92-b-PEO1290/PI63-b-PAA530 layer. The solid lines through
the experimental points are the best-fit curves calculated using
an n-layer step function model with interfacial roughness
described by an error function. The scattering length density
profile in the direction normal to the interface Nb(z) is given
by

Figure 7. Schematic illustration of the interfacial behavior of PI92-b-PEO1290/PI63-b-PAA530 mixed layers; (a) pH > pKa, (b) pH < pKa.

742 J. Phys. Chem. B, Vol. 113, No. 3, 2009 Xie et al.
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where Nbi is the scattering length density and σi is the roughness
of the layer i.

The reflectivity curves shown in Figure 5 are adequately
described by a one-layer model; increasing the number of layers
does not improve the quality of fit. From the fitted scattering
length density profile Nb(z), the polymer density profile φ(z)
can be estimated using the relations NbL ) φPNbP + φSNbS

and φP + φS ) 1. NbL is the fitted scattering length density for
the layer, NbP and NbS are the scattering length densities of the
polymer and the solvent, respectively, and φP and φS are the
volume fractions of the polymer and solvent in the layer,
respectively. For the monolayer of PI92-b-PEO1290 alone, NbP

is taken to be that of PEO, with NbP ≈ 0.64 × 10-6 Å-2. For
the mixed PI92-b-PEO1290/PI63-b-PAA530 layer, an average for
the two polymers PEO and PAA is used, giving NbP ≈ 1.25 ×
10-6 Å-2, and NbS ≈ 4.8 × 10-6 Å-2 in all cases. Therefore, in
the mixed layer, we do not distinguish between PEO and PAA.
The corresponding polymer density profiles thus evaluated are
shown in Figure 5b. These density profiles show that in the
presence of PI63-b-PAA530, the total polymer layer is denser
and thicker, evidence for the formation of stable mixed layers.

Figure 6a shows normalized reflectivity of the mixture of
PI92-b-PEO1290/PI63-b-PAA530 at different pHs, measured at a
comparable surface coverage (indicated by the vertical arrow
in Figure 4). A strong pH dependence is clearly seen from the
increase in the deviation of R/RF from unity when the pH is
decreased from 10.0 to 2.5. The surface layer is thus richer in
polymer at lower pH. The corresponding fitted density profiles
(Figure 6b) show that the structure of the surface layer also
differs under the various pH conditions. At pH ) 2.5, the
polymer layer, described by a one-layer model, is dense and
rich in PEO/PAA complex. At pH ) 10.0 and 5.7, however, a
two-layer model is required to give the best-fit result. In the
two-layer model, the first layer is richer in polymer while and
the second layer is very dilute and extends to about 150-200
Å in the subphase. Here, the second extended layer may be
interpreted as a signal of brush-like structure. These results
reveal that in regime III of the π-A isotherms (see Figure 4),
brush-like structures are formed at pH 10 and 5.7, where the
PAA chains are charged. At pH 2.5, however, the surface layer
is dense and compact, and the steep rise in surface pressure
cannot be explained by brush formation (in this case, the “Abrush”
value given in Table 1 only indicates the limiting area of the
pressure rise). Hydrogen-bond complexation of PEO with PAA
thus inhibits reorganization of the PEO chains, and upon
compression, instead of forming loops and brush-like structures,
the PEO chains are strongly bound to the uncharged and surface-
active PAA chains. A schematic illustration of the different
interfacial behavior of mixed PI92-b-PEO1290/PI63-b-PAA530

layers is shown in Figure 7. The total surface concentration in
mg/m2 can also be evaluated from Γ ) φPdF × 10-1, where F
is the density of the polymer, 1.13 and 1.20 g/cm3 for PEO and
PAA, respectively. The fitted parameters and calculated values
for each sample are given in Table 2.

Concluding Remarks

Combined surface pressure and neutron reflectivity results
show that poly(isoprene)-b-poly(ethylene oxide) (PI92-b-
PEO1290) and poly(isoprene)-b-poly(acrylic acid) (PI63-b-
PAA530) form mixed monolayers whose interfacial behavior is

highly pH-dependent. At pH 10.0 and 5.7, where the carboxyl
acid groups are deprotonated, the PAA chains do not appear to
induce any unusual effect on the behavior of the PI-b-PEO
layer. The π-A isotherms of the mixture PI92-b-PEO1290/
PI63-b-PAA530 exhibit three regions resembling those of PI-b-
PEO alone, although steric effects of the PAA chains promote
the appearance of regime III. In this region of rapid pressure
rise, neutron reflectivity measurements confirm the formation
of brush-like structures in the tethered layer. At pH 2.5, a novel
behavior is observed; the π-A isotherm exhibits only two
regions, with the disappearance of the pseudoplateau; further-
more, the compression-expansion cycles are completely revers-
ible. These features suggest that desorption of PEO segments
and their entanglement are hindered. These results are interpreted
in terms of hydrogen-bond complexation between the undisso-
ciated carboxylic groups and the PEO. Neutron reflectivity
shows that the mixed layers thus formed are thin and compact
even up to region III. Thus, the rapid rise in pressure in this
region is primarily due to interactions of the anchoring block.
Intermolecular complexation through hydrogen bonding thus
provides a potential route to densification and increased stability
of surface monolayers that may be of interest in practical
systems.
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(15) Gonçalves da Silva, A. M.; Filipe, E. J. M.; d’Oliveira, J. M. R.;
Martinho, J. M. G. Langmuir 1996, 12, 1647–6553.
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