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ABSTRACT: The subphase pH effect on the surface micelles of polystyrene-b-poly(2-vinylpyridine) (PS-b-
P2VP) diblock copolymers was investigated by theπ-A isotherm and the morphology of the Langmuir-Blodgett
(LB) film. Ionization of P2VP block significantly affects theπ-A isotherm of the surface micelles at the air-
water interface. At high pH, where the degree of ionization is low, theπ-A isotherm shows a more expanded
form and high transition surface pressure reflecting the strong tendency of P2VP blocks spreading on the subphase
surface. As the subphase pH is lowered, the transition surface pressure decreases while the transition region is
more extended, indicating the facile equilibrium between the flotation and submergence of the P2VP blocks
upon surface pressure change. At pH 1.8 at which the 2VP units are completely ionized, the ionized P2VP blocks
submerge into the subphase even at low surface pressure, and the transition behavior is not observed. Theπ-A
isotherm behavior can be understood considering the balance of the solubility and the electrostatic repulsion of
the ionized P2VP chains. Atomic force microscopy images of the LB films of the PS-b-P2VP surface micelles
show isolated circular micelles at high pH. As the subphase pH decreases, the intermicellar distance becomes
shorter and the micelles eventually contact each other to form a laced network of circular micelles. The association
behavior of surface micelles and theπ-A isotherms at low pH are strongly dependent on the ionic strength of
the subphase. The linear association of the surface micelles at low pH appears to result from the balance of the
hydrophobic attraction among the floated PS cores and the electrostatic repulsion among the submerged P2VP
chains. On the other hand, the average aggregation number of each surface micelle is independent of subphase
pH, which indicates that the aggregation of the block copolymers to form surface micelles is likely to take place
before the P2VP blocks are ionized.

Introduction

Many amphiphilic block copolymers can self-assemble at the
air-water interface into various microphase-separated structures,
which are called surface micelles.1-8 The hydrophobic blocks
aggregate to form isolated structures of different shapes mainly
depending on the block copolymer composition, which are
stabilized by surface-active hydrophilic blocks spread on the
water surface. Following the first report on the surface micelle
morphology by Zhu et al., many works have been reported on
the surface micelle behavior of various amphiphilic block
copolymers at the air-water interface: polystyrene-b-poly-
(vinylpyridine) (PS-b-PVP),1,2,9-11 polystyrene-b-poly(methyl
methacrylate),4,7,12,13polystyrene-b-poly(ethylene oxide),5,8,14,15

etc. The surface micelles exhibit various shapes from circular
micelles to large planar aggregates via rod-shaped micelles
mainly depending on the relative size of the two blocks. Circular
micelles are formed at high hydrophilic block composition and
prevail to as low as 15-20% content. As the composition of
the hydrophilic block is reduced further, rod-shaped micelles
are preferentially formed. If the hydrophilic block content is
reduced as low as 5%, the uniform structure of surface micelles
is no longer observed.

As the film is compressed, the area occupied by hydrophilic
chains spread on the air-water interface is reduced, and it

reaches a point at which the hydrophilic chains form a dense
monolayer. Then the film goes through a transition at which
the π-A isotherm shows a plateau. The high compressibility
of the film in the transition region has been understood as the
hydrophilic corona chains dissolve into the subphase or make
conformation transitions.15

In a sense, the surface micellization behavior is a two-
dimensional analogue of the (three-dimensional) micellization
of block copolymers in a selective solvent.16 The structure of
the three-dimensional aggregates formed by amphiphilic co-
polymers in selective solvents is determined by various factors
such as relative block length,17 ion contents,18,19 solvent
composition,20 etc. The micelle formation of block copolymer
containing ionizable block such as PVP has been a subject of
interest in recent years.21-27 The ionized PVP unit can carry
counter metal cations that can be reduced to form various metal
nanoparticles.28 A number of studies on the pH dependence of
the block copolymer micellization behavior have been also
reported.18,22,24,26,27However, few studies were done for surface
micelles with respect to the subphase pH change. The ionization
of the hydrophilic block changes the solubility of the corona
chain of the surface micelles and the electrostatic interaction
between the ionized chains. In this work, we investigated the
effect of subphase pH and ionic strength on the surface
micellization behavior of PS-b-P2VP at the air-water interface.

Experimental Section

Samples.Polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP) diblock
copolymers were synthesized by sequential anionic polymerization,

* Corresponding author: Tel+82-54-279-2109; Fax+82-54-279-3399;
e-mail tc@postech.ac.kr.

† Department of Chemistry.
‡ Department of Materials Sciences and Engineering.

684 Macromolecules2006,39, 684-689

10.1021/ma052055x CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/15/2005

CDV



keeping the PS block length constant at 28 kg/mol and varying the
P2VP block length at 11, 28, and 59 kg/mol (Mw/Mn ) 1.08, 1.05,
and 1.05, respectively) at-78 °C under an Ar atmosphere using
sec-BuLi and THF as an initiator and a solvent, respectively. Details
of the apparatus and the polymerization procedure were reported
previously.29,30 After the polymerization of styrene block was
completed, an aliquot of the reaction mixture was withdrawn for
characterization before 2VP monomer was added for the polym-
erization of the P2VP block. Subsequently, a series of diblock
copolymers with an identical polystyrene block length were obtained
by withdrawing aliquots of mixtures after each 2VP monomer
addition. The average molecular weight and the molecular weight
distribution of the PS blocks and the diblock copolymers were
measured by gel permeation chromatography.

Langmuir -Blodgett (LB) Film. Langmuir films of the PS-b-
P2VPs were formed at the air-water interface by spreading a dilute
polymer solution in chloroform (0.5 mg/mL). The subphase was
prepared with deionized water from a water purification system
(Human, Seoul, Korea) equipped with an organic removal cartridge.
The pH and ionic strength of the subphase were adjusted before
the spreading of the polymer solution using phosphate buffers or
strong acids such as hydrochloric acid or sulfuric acid. The surface
pressure-surface area (π-A) isotherms were obtained using a
Langmuir-Blodgett (LB) film apparatus (KSV 5000) at a compres-
sion rate of 5 mm/min. The temperature of the subphase was
maintained at 25°C using a circulating water bath (Neslab, RTE-
110). LB films were transferred onto RCA-treated Si wafers at a
constant vertical lift speed of 5 mm/min while keeping the surface
pressure constant by compression. The transfer ratio of the LB film
was close to unity. The LB films were examined by a tapping mode
AFM (Digital Instruments, Nanoscope III). The AFM was housed
in a vibration-resistant case, and silicon tips were used.

Results and Discussion

Figure 1 displays theπ-A isotherms of three different PS-
b-P2VP block copolymers (28K-11K, 28K-28K, 28K-59K)
at three different subphase pH in 0.2 M phosphate buffer.
Although the situation at the air-water interface may be
different from the bulk solution, if we assume that the ionization
constant for pyridine in solution (pKa ) 5.2) is identical at the
air-water interface, the pyridine residues in the P2VP block
are fully ionized at pH 1.8. At pH 6.6, only a small fraction of
the pyridine residues are ionized: the ratio of neutral to ionized
pyridine is about 20. At pH 11.6, practically all the pyridine
moieties are in the neutral form.

The difference in theπ-A isotherms at three pHs can be
understood on the basis of the degree of ionization of the
pyridine group. At pH 1.8, the surface pressure does not increase
until the film was compressed to very low molecular area,
indicating that not much surface-active material resides at the
air-water interface regardless of the P2VP block length. The
fully ionized P2VP blocks are no longer surface active and
dissolved into the subphase almost completely. Therefore, a
transition plateau representing the equilibrium between the
floated and submerged corona chains is not observed. At higher
pH, the π-A isotherms are expanded, indicating that the
partially ionized or neutral P2VP blocks are surface-active. At
pH 6.6, the transition zone appears clearly for 28K-28K and
28K-59K samples at a surface pressure a little lower than 20
mN/m. The transition behavior is not observed for PS-b-P2VP
with a shorter P2VP block (28K-11K). At pH 11.6 theπ-A
isotherms are more expanded and the transition surface pressure
increases further to a value higher than 20 mN/m.

The limiting areas of PS-b-P2VP were determined by
extrapolating the linear region ofπ ) 5-15 mN/m in theπ-A
isotherms to the zero surface pressure and plotted in Figure 2.
The limiting area is the virtual area occupied by a PS-b-P2VP

molecule densely packed each other but uncompressed. The
abscissa of Figure 2 is the molecular weight of the P2VP block
represented as the number of 2VP monomers in the block. Then
the slope of the plots is the area occupied by one 2VP monomer
unit at the corresponding pH. The area occupied by a 2VP
residue increases with pH, indicating that more 2VP monomers
reside at the air-water interface (not submerged) at higher pH.
At pH 1.8, the area is only 2.9 Å2, confirming that most of the
2VP residues are submerged into the subphase.

Except for the case of pH 1.8, the intercept of the plots
approaches zero. This behavior was previously observed for
many block copolymers forming surface micelles, which
indicates that the PS block does not contribute significantly to
the limiting area in this low surface pressure region.5,11 It may
indicate that the PS micelle cores lie on top of the P2VP
monolayer in this surface pressure region. At pH 1.8, however,
the plot shows a finite intercept, about 15 nm2, which reflects
a significant contribution of the PS surface micelle cores to the
limiting area. Similar results are also obtained at higher pHs if
the limiting area is determined at the surface pressure region
above the transition pressure. Kumaki measured the area
occupied by PS aggregates when a dilute solution of homo-PS
was spread at the air-water interface.31 The area was propor-
tional to the molecular weight of PS, 4× 10-4 MW ) 11 nm2

for 28 kg/mol, which is a little smaller than the limiting area of
PS-b-P2VP at pH 1.8. The similar discrepancy was also

Figure 1. π-A diagrams of PS-b-P2VP at three different subphase
pH (0.2 M phosphate buffer). The molecular weights of the P2VP block
are labeled for corresponding isotherms.
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observed for PS-b-PEO and ascribed to the contribution of
submerged chains to the limiting area.5

Figure 3 shows the AFM topographic images of the three
PS-b-P2VP LB films prepared at the subphase pH 1.8 and 6.6
in 0.2 M phosphate buffer. The LB films were transferred at a
surface pressure of 2 mN/m that is far below the transition
surface pressure. For 28K-11K sample, circular micelles coexist
with rod-shaped micelles due to the relatively short P2VP block
length. Also, there is no clear difference in morphology at the
two different pHs. In contrast, for 28K-28K and 28K-59K
samples, a big morphological difference shows up between the
LB films deposited at the two different pHs. At pH 6.6, isolated
circular micelles are observed for both block copolymers, which
is the morphology commonly observed for amphiphilic block
copolymers with large hydrophilic blocks. The distance between
the PS cores reflects the hydrophilic P2VP block length residing
at the air-water interface as corona chains. At pH 1.8, however,
the circular micelles are in contact with each other to form a
laced network structure, but certainly not rod-shaped micelles.
The reduction of the intermicellar distance is an expected
phenomenon since the area pervaded by the P2VP corona at
the air-water interface decreases due to the increased solubility
of P2VP at low pH. However, it is intriguing that they neither
remain as isolated circular micelles nor make randomly associ-
ated structure, but are connected to form the laced array of
circular micelles. This laced array is contradictory to a simple-
minded expectation that the circular micelles would repel each

other due to the highly ionized P2VP blocks. To our knowledge,
this is a new morphology found for two-dimensional surface
micelles.

To examine the laced surface micelle structure at low pH in
more detail, the LB films of the 28K-59K sample were
prepared at different surface pressures at pH 1.8 in 0.2 M
phosphate buffer, and the morphology of the LB film was
measured by AFM. As displayed in Figure 4a, without any
compression of the Langmuir monolayer after spreading of PS-
b-P2VP (π ) 0 mN/m), the circular micelles already start to
associate. The extent of association is not large atπ ) 0 mN/
m, but all the associated micelles have linearly laced structure.
The length of the laced array increases as the film is compressed,
and a few branches show up atπ ) 2 mN/m (Figure 4b). As
the film is compressed further, the circular micelles make more
random connections. These observations indicate that the
association of the PS micelle cores with ionized P2VP brush is
a spontaneous process, which is likely to be driven by the
hydrophobic interaction between the PS micelle cores. We will
come back to this later.

To examine the pH-dependent surface micellization behavior
of PS-b-P2VP more quantitatively, the average aggregation
number in a surface micelle was calculated at different subphase
pH at 2 mN/m, and the results are summarized in Table 1. The
results at pH 5.3 (pure water) are included from the previous
report.11 The average aggregation number per surface micelle
was determined by dividing the number of PS-b-P2VP mol-
ecules in a fixed surface area (1× 1 µm) with the number of
circular micelles in the same area counted from the AFM image.
The aggregation number is larger for the 28K-28K sample than
28K-59K, which is in accord with the known trend found in
various block copolymer surface micelles; the aggregation
number in a surface micelle decreases as the ratio of the
hydrophobic block size to hydrophilic block size decreases.3,7,8

In this regard, it is expected that the aggregation number is also

Figure 2. Limiting area per PS-b-P2VP molecule vs number of 2VP
monomer in a molecule at three different pH, 1.8, 6.6, and 11.6, in 0.2
M phosphate buffer. The limiting areas were obtained by extrapolating
theπ ) 5-15 mN/m region of theπ-A isotherms in Figure 1 toπ )
0 mN/m.

Figure 3. AFM images (1× 1 µm) of PS-b-P2VP Langmuir-Blodgett
films deposited atπ ) 2 mN/m (subphase: 0.2 M phosphate buffer).
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affected by the degree of ionization. As shown in Table 1,
however, the aggregation number is independent of pH within
the experimental precision.

Another interesting feature found from the results in Table 1
is in the micelle number density. In general, the number density
of surface micelles decreases with pH increase since less ionized
P2VP chains should have a tendency to float at the surface and
pervade a larger area than the highly ionized chains. However,
the number density of surface micelles of the 28K-59K sample

is exceptionally low at pH 4.1. The complex behavior was
investigated further byπ-A isotherm measurements. Figure 5
showsπ-A isotherms of the 28K-59K sample at four different
pHs in 0.2 M phosphate buffer. Theπ-A isotherms measured
at pH 4.1 and 4.7 exhibit highly stretched transition regions
(very high compressibility). As a result, at low surface pressure
they cross theπ-A isotherm at pH 6.6 and the PS-b-P2VP has
a larger molecular area at pH 4.1 and 4.7 than at pH 6.6. It is
consistent with the fact that the number density of micelles at
pH 4.1 is peculiarly small in Table 1.

Despite the consistency among the experimental results, it is
not straightforward to understand how the more highly ionized
P2VP block at pH 4.1 or 4.7 can occupy a larger molecular
area than pH 6.6. These interesting phenomena found in PS-
b-P2VP surface micelles could be understood in terms of the
balance among the solubility of the ionized P2VP chains, the
electrostatic repulsion between the ionized pyridine moieties,
and the hydrophobic interaction between the PS micelle cores.
At around pH 4.1, the effects of the solubility and electrostatic
repulsion of P2VP chains would be balanced in such a way
that the Langmuir film exhibits the stretched transition region
with a high compressibility at low surface pressure. In other
words, at pH 4.1 the partially ionized P2VP chains do not
spontaneously submerge into the subphase but reside at the air-
water interface at low surface pressure. At the same time, the
electrostatic repulsion stretches the P2VP chains to occupy a
large area pervaded by each P2VP chain. Upon compression
of the Langmuir film, the partially ionized P2VP chains
occupying the large area submerge into the subphase extending
the transition plateau. Since the ionized P2VP chains easily
submerge into the subphase, the Langmuir film shows very high
compressibility at low surface pressure.

As pH is further lowered (pH) 1.8), the solubility of the
fully ionized P2VP chain becomes high enough to submerge
into the subphase even in the absence of the compression force.
They are no longer able to reside at the air-water interface,
and little surface pressure is observed until the PS micelle cores
with submerged P2VP chains feel repulsive interaction each
other as the Langmuir film is compressed. The PS micelle cores
floating at the air-water interface do not have sufficient P2VP
chain corona to protect their hydrophobic surface and associates
each other driven by the hydrophobic interaction. Such an
association of hydrophobic particles was observed earlier for
PS monomolecular particles formed at the air-water interface
by spreading dilute PS solution.31 While the PS particles
associate randomly, the PS-b-P2VP surface micelles with
ionized P2VP brush form a laced structure with little branches.
It is seemingly due to the electrostatic repulsion between the

Figure 4. AFM images (1 × 1 µm) of 28K-59K PS-b-P2VP
Langmuir-Blodgett films deposited at three different surface pres-
sures: 0 (a), 2 (b), and 10 mN/m (c) at pH 1.8 in 0.2 M phosphate
buffer.

Table 1. Number Densitya and Average Aggregation Numbers of
Surface Micelles at Different pHsb

no. of micelles/µm2 aggregation no.

(a) 28K-28K Sample
pH 1.8 486( 18 71( 3
pH 5.3 (pure water) 143( 2 74( 1
pH 6.6 125( 6 78( 5
pH 11.6 121( 11 70( 6

(b) 28K-59K Sample
pH 1.8 614( 10 47( 1
pH 4.1 79( 3 51( 2
pH 5.3 (pure water) 103( 2 51( 1
pH 6.6 91( 5 51( 3
pH 11.6 86( 8 47( 5

a Average number of surface micelles in 1× 1 µm area from the AFM
image.b Uncertainty is one standard deviation obtained from the analysis
of four separate 1× 1 µm AFM images of the LB films transferred atπ )
2 mN/m.

Figure 5. π-A isotherms of the 28K-59K sample obtained at different
subphase pHs in 0.2 M phosphate buffer. Eachπ-A isotherms is labeled
with the corresponding subphase pH. In the inset, an expanded portion
of the isotherms is displayed.
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highly charged P2VP chains submerged in the subphase. Figure
6 schematically illustrates the formation of laced micelles at
low pH (a) and isolated surface micelles at high pH (b).

To verify the picture outlined above, we investigated on the
effect of the subphase ionic strength. Figure 7 displays theπ-A
isotherms of 28K-28K sample at pH 1.8 but at different ionic
strengths: (a) 6.0× 10-3 M hydrochloric acid, (b) 6.0× 10-3

M sulfuric acid, and (c) 0.2 M phosphate buffer. Since the pH
of the former two cases were adjusted by adding NaOH solution,
the ionic strength of the three different subphases are (a) 6.0×
10-3 M, (b) 2.8× 10-2 M, and (c) 0.12 M. Theπ-A isotherms
show the ionic strength effect at the same subphase pH. As the
ionic strength of the subphase increases, the isotherms show
the more condensed film behavior. It is clear that the electrostatic
repulsion among the charged P2VP chains is screened more
effectively at higher ionic strength media so that the Langmuir
film of the surface micelles can be compressed without surface
pressure increase until more hard-core-like repulsion among the
surface micelles increases the surface pressure abruptly.

The ionic strength effect is also evident from the AFM images
shown in Figure 8, which display the topography of LB films
of the 28K-28K sample transferred atπ ) 2 mN/m from the
subphase corresponding to Figure 7a,b. Even at pH) 1.8, most

of the surface micelles exist as separated circular micelles at
the low ionic strength while they associate to form the laced
structure at high ionic strength. Theπ-A isotherms and the
AFM images of the LB film shown in Figures 7 and 8 support
the proposition that the laced structure of PS-b-P2VP surface
micelles results from the balance of the hydrophobic interaction
between the PS micelle cores and the electrostatic repulsion
between the ionized P2VP blocks. Also, it is worthwhile to note
that the association of diblock copolymer micelles has been
found in aqueous solution upon increasing the ionic strength.32

Figure 6. Schematic illustrations of the formation of laced micelles at low pH (a) and isolated circular micelles at high pH (b).

Figure 7. π-A isotherms of PS-b-P2VP (28K-28K) at pH 1.8, but
at three different ionic strengths: (a) 6.0× 10-3, (b) 2.8× 10-2, and
(c) 0.12 M.

Figure 8. AFM images (1× 1 µm) of LB films of PS-b-P2VP (28K-
28K) transferred from the subphaseπ ) 2 mN/m at pH 1.8 but at
different ionic strengths: (a) 6.0× 10-3 and (b) 2.8× 10-2 M.
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In summary, we investigated the surface micelle behavior of
PS-b-P2VP at various subphase pH byπ-A isotherm and the
surface morphology of the LB film. The block copolymers were
prepared by anionic polymerization to have a constant PS block
length at 28 kg/mol and varying P2VP block length of 11, 28,
and 59 kg/mol. At high pH, PS-b-P2VP showed theπ-A
isotherms characteristic of the block composition with partially
ionized or un-ionized P2VP corona chains residing at the air-
water interface. On the other hand, at low pH, fully ionized
P2VP blocks are no longer surface-active and dissolved into
the subphase. As a result, theπ-A isotherms of PS-b-P2VP at
different composition become similar at low pH. Furthermore,
the circular micelles associates to form a laced network structure
at low pH. The dependence of the micelles association on
surface pressure and the subphase ionic strength indicates that
the formation of necklace structure can be understood as a
balance of the hydrophobic attraction between the PS cores and
the electrostatic repulsion between the ionized P2VP blocks
submerged in the water.
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