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ABSTRACT: We report the surface behavior and morphologies of two series of pH-responsive amphiphilic
heteroarm star block copolymers. In this respect, we studied polystyrene/poly(2-vinylpyridine)/poly(tert-
butylacrylate), PS,(P2VP-PtBA),, heteroarm star block terpolymers and their precursors, PS,P2VP,, star
copolymers. These star block polymers differ in architecture (copolymer vs terpolymer), block topology, arm
length (molecular weight of PrBA segments varies from 8 900 up to 15 250 Da), and number of arms (n = 9,
22, and 28). The 71— A4 isotherms at different subphase pH (pH 5.8 and 2.0) exhibited strong pH dependence,
leading to different limiting molecular area and surface micelle stability. Because of the pH-induced
ionization of the P2VP block, the surface morphology of star copolymers bearing the free P2VP arms was
strongly dependent on the pH of the subphase, whereas the star terpolymers containing the protonated
hydrophilic P2VP block as midblocks maintained the same circular morphology at low pH and high
pressures. The surface morphologies suggested that the high number of arms promoted the formation of

unimolecular micelles, which are stable under varying deposition conditions.

Introduction

The supramolecular organization of macromolecules through
self-assembly is considered to be an effective means for the control
of physical and chemical properties of the organic ultrathin film at
the interface.' > The surface morphology, aggregate behavior,
spatial order, and orientation of the microdomain of these
ultrathin films (below 100 nm) are closely related to the micro-
structure of their polymeric building blocks.* The final organiza-
tion of these ultrathin films depends on the chain architecture,
shape, composition, nature of monomeric units, and intermole-
cular interaction of the polymer with itself or with the substrate.
These factors play a critical role in the formation of well-defined
structure with ordering on a nano- and microscale.”®

Branched macromolecules have been widely used for studying
ultrathin films because of their unique and diverse chain archi-
tectures as compared with their corresponding linear counter-
parts. Star-shaped polymers belong to the class of branched
organic materials that includes dendrimers, hyperbranched, and
dendronic molecules.” They have a molecular structure com-
posed of a number of peripheral arms chemically bonded to a
single core.'®”'? Recently, star-shaped block copolymers have gained
considerable attention in terms of micelle aggregation and micro-
phase separation in bulk, solution, and at the surface and interface as
a result of their well-defined macromolecular architecture.”*'® For
example, heteroarm star copolymers, (also called miktoarm poly-
mers) consist of an equal number of two different pure arms
(A,B,)."""" The crowding of chains and multiple chain ends of
these star copolymers account for their unique micellization behavior
with diverse physical and chemical properties.”> >

The surface morphology of star block copolymers is controlled
by a variety of factors such as the number of arms, degree of
polymerization, composition, and chain architecture.’ > Ac-
cordingly, studies on their interfacial properties can offer more
information on the structure—property relationship of ultrathin
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film formation. In the end, such an effort will lead to their
potential applications in advanced functional systems such as
ultrathin coatings, sensors, and drug carriers, for which respon-
sive properties to external stimuli (e.g., pH, temperature, and
shear) are required.*

Polystyrene/poly(2-vinylpyridine) (PS,P2VP,) heteroarm star
copolymers synthesized via the “in—out method” with pH-sensi-
tive ionizable P2VP segments showed associative properties in the
solution state in the presence of toluene, which acts as a selective
solvent. They were considered to be unimolecular micelles below
the critical micelle concentration (cmc) and formed supermicelles
above the cmc adopting a spherical shape with a core—shell
structure.”*** When compared with corresponding linear coun-
terparts, these heteroarm star copolymers showed three orders of
magnitude higher cmc and an order of magnitude lower aggrega-
tion number. This was attributed to thermodynamically less
favorable conditions to form micellar associates, as indicated by
a positive Gibbs energy at higher temperatures. The effect of the
length of insoluble arms in PS,P2VP,, heteroarm star polymers on
their aggregation behavior in toluene was also considered.

The aggregation behavior of these amphiphilic PS,P2VP,, star
polymers was also examined in acidic aqueous solution where the
P2VP arms are protonated, exhibiting polyelectrolyte characteri-
stics.!”*? Single molecular conformations and dimensions of core—
shell structure of unimolecular and multimolecular micelles of
PS,P2VP; stars were studied in various solvents, at different pH,
and concentration conditions using atomic force microscopy (AFM)
with improved contrast through metallization.>** Yu et al. prepared
an asymmetric amphiphilic PS-P2VP heteroam star copolymer via
atom transfer radical polymerization (ATRP) and demonstrated the
morphology change of polymolecular micelles of star polymer in a
tetrahydrofuran and methanol mixed solvents.* The results revealed
a change in morphology from irregular spherical and short rodlike
aggregates (10% methanol) to rodlike micelles (90% methanol) by
increasing the methanol concentration, which is a poor solvent for
PS arms.
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Figure 1. (a) Schematic of the multistep synthetic procedure for the synthesis of A,(B—C),, heteroarm star block terpolymer; * denotes active sites.
(b) Molecular structures of heteroarm star polymers. G I represents PS,P2VP,, (A,,B,) star copolymers and G Il represents PS,(P2VP-PrBA),, star block

terpolymers.

The systematic study of quasi 2D surface micelles based on
linear amphiphilic diblock copolymers was reported by Eisenberg
et al.** Since then, the surface aggregation behavior of macro-
molecules has offered insight into the formation mechanism of
ultrathin monolayers and their structural characteristics.>>™
Various parameters such as aggregation number, geometric
dimensions of surface micelles, and their shape have been
explored through pressure—area isotherms and by transmission
electron microscopy (TEM) and AFM of Langmuir—Blodgett
(LB) monolayers. Final aggregation behavior depends on the
composition, degree of polymerization, hydrophilic/hydrophobic
balance, arm length, concentration of spreading solution, solvent
polarity, and subphase pH and ionic strength. These surface
micelles can be formed in solution, are compression induced, or
can form spontaneously upon spreading at the air—water
interface.”> More recently, there have been reports on surface
micelles, chain conformations, and morphologies of amphiphilic
binary heteroam star copolymers having symmetric or asym-
metric chain structure (e.g., polystyrene-star-poly(ethylene oxide),
polystyrene-star-poly(2-vinyl pyridine), polystyrene-star-poly-
(acrylic acid), and poly(ethylene oxide)-star-poly(e-capro-
lactone)). 90422629

Recently, novel star-shaped A, (B—C), multisegmental block
terpolymers bearing PS, P2VP, and PAA blocks were synthesized
through an extended “in—out method” and were explored in
aqueous media. These star terpolymers consist of pure PS arms
and an equal number of P2VP-b-PAA diblock copolymer arms,
PS,(P2VP-b-PAA),, named heteroarm star block terpolymers.
Hammond et al. demonstrated the hierarchical self-organiza-
tion of such complex structures with small surfactants.** The
ampholytic nature of this novel star block terpolymer allowed for
complexation to be carried out on either the P2VP blocks (with
negatively charged surfactants) or on the PAA blocks (with
positively charged surfactants), depending on the pH at which
the complexation reaction was carried out. The addition of
surfactants to one block versus the other results in dramatically
different morphologies, and when the P2VP blocks are com-
plexed, close-packed spheres are observed. When the PAA blocks
are complexed, the molecules form core—shell cylinders (PS
and P2VP composing the core and shell, respectively) in a matrix
of PAA.

However, studies of the surface micelles of A, (B—C), star
terpolymers are still rare. Moreover, triblock ABC copolymers
offer diverse morphologies with over 30 phases in the solution
and bulk state because of the introduction of a third block. Such
diverse morphologies cannot be observed in binary AB diblock or
ABA triblock systems.***> Therefore, it is intriguing whether
these A,(B—C), star terpolymers can provide diverse surface
supramolecular nanostructures with various core—shell-corona
structures such as spherical, worm-like, vesicles, toroids, and
Janus micelles, as observed with ABC linear counterparts.** "'

Here we explore the surface behavior and morphologies of a
series of pH-responsive amphiphilic star block terpolymers,
PS,(P2VP-PtBA),, and their precursors, heteroarm star copoly-
mers, PS,P2VP,,, with a high asymmetry in arm length. The focus
of this work is on the effect of pH on the morphology of these
amphiphilic star-shaped multiblock polymers which differ in
architecture (copolymers and terpolymers), arm/block length
(molecular weight of P2VP segments), and number of arms
(n =9, 22, and 28). To investigate the molecular aggregation
and microphase separation of complex amphiphiles at the air—
water/air—solid interface, we focused on morphological studies
at different subphase pH (pH 5.8 and 2.0). Our results demon-
strate a strong pH dependence of the surface aggregation leading to
different limiting molecular areas and resulting in distinct surface
morphologies for stars with different chemical compositions.

Experimental Section

Materials. The PS,(P2VP-P/BA), heteroarm star block ter-
polymers were synthesized by a multistep, one-pot, sequential
anionic living polymerization procedure following the “in—out
method”.'®2* According to this routine, the first generation of
PS arms was formed in the first step by reacting sBuLi with
styrene (Figure 1a). These “living” linear PS chains were used in
a subsequent step to initiate the polymerization of a given
amount of divinylbenzene (DVB) acting as a cross-linking
agent. A living PS star-shaped polymer was thus formed,
bearing within its polyDVB core an equal number of active sites
with its arms. In the third step, a second generation of arms was
grown from the core upon the addition of 2VP. Part of the
reaction medium was sampled out, and the PS,P2VP,, precursor
was isolated and characterized. In the remaining solution, the
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Table 1. Molecular Characteristics of Heteroarm Star Polymers
number of arms A B C
sample chemical structures N total M, Npg M,, Npovp M, Npa Dpoyp” My, ot
GI-B9 PS,P2VP, 9 18 3400 33 13200 126 0.80 149000
GI-B22 22 44 3500 34 14300 136 0.80 386000
GI-B28 28 56 3000 29 16 000 152 0.84 529000
GII-T9 PS,(P2VP-PBA), 9 18 3400 33 13200 126 8900 69 0.52 235000
GII-T22 22 44 3500 34 14300 136 15250 119 0.44 717000
GII-T28 28 56 3000 29 16000 152 11000 86 0.53 843000
“Weight fraction of P2VP.

sites located now at the ends of the second generation of P2VP
arms are “living” and were used to polymerize the third mono-
mer (z-BA), leading to PS,(P2VP-PtBA), heteroarm star block
terpolymer. All samples have been characterized by a combina-
tion of gel permeation chromatography, '"H NMR, and light
scattering in accordance with the approach published elsewhere
and summarized in Table 1.4

Substrate Preparation. Freshly cut silicon substrates with
dimensions 1 x 2 cm? and [100] orientation (Semiconductor
Processing) and a native silicon dioxide layer having a 1.6 nm
thickness were cleaned with piranha solution (3:1 concentrated
sulfuric acid and hydrogen peroxide mixture) in accordance
with usual procedure.>? Subsequently, it was abundantly rinsed
with Nanopure water (18.2 MQ cm) and dried with a dry
nitrogen stream. Pretreated substrates served as a hydrophilic
base for film deposition.

Fabrication and Characterization of Monolayers. The Lang-
muir—Blodgett (LB) studies were conducted using a KSV2000
minitrough at room temperature according to the usual pro-
cedure adapted in our lab.>* A 0.50 to 0.10 mg/mL concentra-
tion of solution, composed of a star polymer sample dissolved in
a nonselective solvent of chloroform/methanol mixture (90/
10% in vol/vol) (HPLC grade), was prepared. The LB mini-
trough was next filled with Nanopure water. We adjusted the pH
of the water subphase by using hydrochloric acid without a
buffer. The 60—120 uL polymer solution was dispersed in
several droplets evenly onto the surface of the water. It was
then left for 30 min to allow for the evaporation of the chloro-
form. Compression of the monolayers was conducted at a speed
of 5 mm/min. The Langmuir monolayers were transferred from
the air—water interface by vertically pulling out the substrate
submerged in the water subphase at a rate of 2 mm/min. The
limiting cross sectional area 4, was determined by the steepest
tangent rise in the surface pressure, which evidenced the forma-
tion of a condensed monolayer.’*

Effective monolayer thicknesses were obtained with a M-2000
U spectroscopic ellipsometer with WVASE32 analysis software.
AFM images were obtained with a Dimension-3000 atomic
force microscope. AFM images were generated in the “light”
tapping mode with an amplitude ratio within 0.90 to 1.00 to
avoid monolayer damage.”® The AFM cantilevers had spring
constants in the range of 40—60 N/m. Scanning rates were
between 1.0 and 2.0 Hz, depending on the scan area that ranged
from 40 x 40 to 0.5 x 0.5 um>°° Measurement of the contact
angles was undertaken with a KSV CAM101 setup by dropping
Nanopure water at three different locations for each sample.

Results and Discussion

Chemical Composition. Two groups of star polymers with
different compositions, chain architectures, block topolo-
gies, and number of arms were used in this study. Group I
includes heteroarm star copolymers composed of PS and
P2VP arms (PS,P2VP,)), where n denotes the number of each
arm (Figure 1). Group II, represented as PS,(P2VP-PtBA),,
are star polymers composed of three kinds of blocks, which
bear PrBA blocks as another hydrophobic component di-
rectly connected to the end of the P2VP arms. In both stars,

the arms are linked on the same polydivinylbenzene (PDVB)
core (Table 1 and Figure 1). Group I heteroarm star copo-
lymers and Group II heteroarm star block terpolymers will
be abbreviated as G [ and G II, respectively, throughout this
manuscript.

Figure 1b represents the general macromolecular archi-
tecture of the heteroarm star polymers studied here. For the
sake of brevity, PS,P2VP, are termed as star copolymers
and PS,(P2VP-PrBA),, are termed as star terpolymers. The
two groups have a different number of arms (n = 9, 22, and
28, respectively), and the total arm number is 18, 44, and 56
per single star polymer, respectively (Table 1). ®p,yp pre-
sents the weight percent of P2VP blocks indicating the
hydrophilicity of the star polymers under the condition that
pyridine groups in P2VP are ionizable. Overall, the star
copolymers, PS,P2VP,, (®Ppoyvp = 0.8), are more hydrophilic
than the star terpolymers, PS,(P2VP-B/BA), (®Ppryvp =
0.4 t0 0.5).

On the basis of the ionization constant of pyridine (pK, =
5.2) in solution, P2VP remains highly protonated under
acidic conditions at pH 2.0 (adjusted by hydrochloric acid),
whereas it is only partially ionized at pH 5.8 (Nanopure
water without pH adjustment).®> However, the effective pK,
value of the star polymer is expected to be lower (< 5.2) than
the linear counterpart because of ionic confinement phenom-
ena, which leads to high osmotic pressure within the star
architecture.’” Li et al. reported that PrBA homopolymer
and PS-b-PtBA linear block colymer spread at the air—water
interface, whereas PS homopolymer does not.>® P/BA chain
ends in star terpolymer thus seem to be surface-active and
form surface aggregates. However, they are likely to be
classified as hydrophobic on the basis of their hydrophilic/
hydrophopobic balance.

Surface-Pressure Isotherms at Air—Water Surface. Figure 2
shows the pressure—area isotherms (7—A) of G 1 star
copolymers and G II star terpolymers as a function of the
number of arms and at different subphase pH. The initial
molecular area, 4, defined as the starting lift-up point of the
surface pressure from zero pressure, depends on the number of
arms (their molecular weight) under both pH conditions
(Table 2). The 71— A isotherm plots show a large range of high
compressibility at the low-pressure region until they start to
increase dramatically. This gradual build up in pressure is
due to the higher occupancy required for a larger number of
arms, which are initially stretched at the air—water interface
but sink to the water subphase with modest lateral compres-
sion. The heteroarm star polymers studied here have very
large initial area, 4, in a gas state at which star polymers
exist as unimers with little interaction between them, resem-
bling their state in solution below the cmc. Cross-sectional
areas of initial gas states depend on the number of arms and
the subphase pH for both groups. In the condensed-state
region, limiting molecular area, 4, also shows similar change
in terms of number of arms for both G I and G II groups
(Table 2). We determined the limiting molecular areas of all
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Figure 2. Pressure-area isotherms of (a,b) PS,P2VP,, star copolymers and (c,d) PS,(P2VP-PrBA), star block terpolymers at different subphase pH
(5.8 vs 2.0). GI-Bn denotes PS,P2VP,, (n is the number of arms; n = 9, 22, and 28) and GII-Tn denotes PS,(P2VP-PrBA), (n = 9, 22, and 28).

Table 2. Monolayer Characteristics of Heteroarm Star Polymers at Different Subphase pH

effective thickness (nm)

Ay, (nm?) Ay, (nm?) P = 0.5 (mN/m) P = 10.0 (mN/m) P = 20.0 (mN/m)
sample pH 5.8 pH 2.0 pHS.8 pH 2.0 pHS.8 pH 2.0 pH 5.8 pH 2.0 pH 5.8 pH 2.0
GI-B9 340 120 1400 900 0.0 0.2 1.0 2.3 3.6
GI-B22 750 260 1900 1800 0.6 1.4 3.0 4.1
GI-B28 820 300 2800 2500 0.8 0.5 2.1 3.7 3.5
GII-T9 750 580 1900 1800 0.4 1.1 1.1 2.0
GII-T22 900 950 3400 2900 0.5 1.3 1.3 1.9
GII-T28 1100 1100 3900 3400 0.6 1.6 13 1.9 2.0

star polymers by extrapolating the tangential line at the
steepest rise to zero surface pressure in the range of surface
pressures 5—20 mN/m.

The initial surface areas of compounds from the G II
group are larger than those of G I compounds (Table 2). This
effect could be attributed to the higher hydrophobic block
content in the star terpolymers. Under acidic conditions, 4
shows a smaller decrease as compared with that at neutral
pH (Table 3). This difference can be caused by the fact that
the ionized P2VP chain segments remain anchored to the
air—water interface in a starfish shape with few submerged
P2VP segments under these conditions. (See Figure 3 and
more discussion below.)

G I'and G II star polymers displayed distinct pH-sensitive
surface pressure behavior. Under acidic pH (2.0) condition,
the values of 4; and 4, decrease for G I, but stay constant for
G II polymers. This distinct dependence on pH seems to be
due to the difference in chain topology for these different
groups. The relatively hydrophobic PtBA end blocks of G II

Table 3. Mophological Characteristics of Monolayers as a Function
of Number of Arms under Different Subphase pH”

average domain domain rms
height (nm) area coverage (%) roughness
sample pHS58 pH20 pHSS pH2.0 pHS58 pH20
GI-B9 0.8 0.8 48.0 48.0 0.20 0.22
GI-B22 1.0 0.9 48.0 48.0 0.24 0.25
GI-B28 1.1 1.4 45.0 53.0 0.33 0.39
GII-T9 2.5 1.7 51.0 49.3 0.60 0.30
GII-T22 1.3 1.6 48.0 46.6 0.38 0.35
GII-T28 1.3 1.4 50.0 49.0 0.42 0.38

“Deposited at surface pressure 10.0 mN/m.

compounds influence the chain conformation change at the
air—water interface, unlike G I compounds with pH-sensi-
tive P2VP arms (Figure 1). In particular, we found that the
shape of m—A isotherms under acidic pH conditions is
similar to that for linear PS-P2VP block copolymers and
PS-P2VP with incorporated alkyl groups.*®®2
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Figure 3. Schematics of suggested chain conformations of star copolymers (GI) (left) and star terpolymers (GII) (right) at pH 5.8 and 2.0 at the
air—water interface under lateral compression (top) and unimolecular micelle at air—water and air—solid interfaces (bottom).

The pH dependence of surface isotherms reveals that G |
compounds have notably smaller 4, at neutral pH (pH 5.8)
than under acidic pH (2.0) condition if compared with G II
star terpolymers (Table 3). Under acidic pH, pyridine moi-
eties (pK, = 5.2) on P2VP blocks are ionized with a positive
charge. The G I group shows a dramatic reduction in A
without any transition shoulder on the isotherms, whereas
Ao for G II compounds remains the same under the highly
ionized condition (Figure 2). This behavior can be explained
by the well-known characteristic transition model, that is,
from “starfish” to “jellyfish” transition. (See Figure 3 and
more discussion below.)***® At higher surface pressure, the
submersion of pyridinium chains into the water subphase
occurs upon compression. Indeed, it has recently been found
that the highly ionized P2VP arms of linear PS-P2VP di-
blocks might sink into the water subphase with increasing
lateral compression depending upon the degree of ionization
of pyridine groups without quaterization.” The hydropho-
bized version of PVP, alkylated PVP, remains adsorbed at
the water surface without undergoing the conformation
change and the chain submersion in the water subphase.>

However, the G II star terpolymers do not show any
noticeable decrease in A, with pH change, contrary to the
G I star copolymer precursors (Figure 2). 71— A isotherms of
G II compounds show a weak transition shoulder in the
range of 3 to 10 mN/m. At pH 2.0, the surface pressure

undergoes a sharper transition in a solid state (Figure 2).
However, Aq of G II compounds remains the same under
both pH conditions except for star polymers with a lower
number of arms (GI-T9) (Table 2). This fact suggests that the
P2VP-P/BA arms of G II star terpolymers reside in the
adsorbed state on the water surface without a phase transi-
tion from the “starfish” to “jellyfish” conformation for both
neutral and acidic pH (Figure 3). It is apparent that the
hydrophobic PrBA chain ends, which are attached to P2VP
arms, keep these diblock arms adsorbed onto the interface
and not completely submerged in the water subphase. At pH
5.8, pyridine is partially protonated and remains adsorbed at
the air—water interface because of the strong ionic repulsion,
which causes the chain to be stretched along the interface.
This intermolecular repulsion leads to a weak shoulder
transition on the surface pressure isotherms for GII-T22
and GII-T28 at pH 5.8. At pH 2.0, the increased solubility of
the fully protonated P2VP segments allows the chains to
submerge easily into the water subphase (Figure 3). As a
result, star molecules can be more highly compressed at pH
2.0 than at pH 5.8.

Compression—expansion isotherm cycles at different pH
were conducted to measure the monolayer stability and the
reversibility of surface aggregation (Figure 4). Langmuir
monolayers were compressed up to 5.0 mN/m and subse-
quently expanded to 0.1 mN/m. The results show mostly
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Figure 4. Compression—expansion cycles of (a,b) PS,P2VP, and (c,d) PS,(P2VP-PtBA), at different pH. The number of cycles is four.

reversible behavior of the compression—expansion cycle for
G Iand G Il compounds under varying pH conditions in this
compression range. Both G I and G II compounds exhibit
higher hysteresis at pH 5.8 than at pH 2.0. G II compounds
show a larger hysteresis, especially, at pH 5.8.

In addition, for both G I and G II groups, the hysteresis at
pH 5.8 increases with the number of arms, whereas at pH 2.0,
this trend does not depend on the number of arms within the
same group. In the case of pH 5.8, higher hysteresis implies
loose initial packing at the air—water interface, which can be
ascribed to higher electrostatic repulsion between surface
aggregates. We suggest that partially ionized P2VP seg-
ments, which are absorbed at the air—water interface, be-
come reorganized, resulting in the transformation into a
different chain conformation (Figure 3). This different con-
formation at pH 5.0 can be explained by the varying charge
distribution on the Eartially ionized P2VP segments serving
as a kinetic barrier.*®®° The hydrophobic P/BA end blocks
anchored to the surface act as additional elastic barrier,
thereby preventing the close packing of the molecules. P BA
segments seem to sustain the ionized P2VP chains floating at
the air—water interface by hindering the submersion of the
P2VP block into the water subphase.

Limiting molecular area, A4,, varies linearly with the
number of arms and the number of pyridine monomer units,
although this conclusion is made with a limited number of
data points (Figure 5). Extrapolating the limiting molecular
area to zero content of P2VP monomer characterizes the
micelle structure based on the contribution of each block to

the surface area at the air—water interface. Previous reports
on the limiting molecular area of surface micelles composed
of linear block copolymers under neutral pH conditions
showed a zero intercept.®’*®> However, a nonzero intercept
observed in this study indicates that the PS cores contribute
to the surface area at the air—water interface under low pH
condition (15 nm? at pH 1.8).%> G I group with free hydro-
philic P2VP arms showed a lower intercept than G II group
with two hydrophobic segments, PS and P/BA. It indicates
that in the case of G I compounds, PS arms and P2VP arms
remaining at the air—water interface account for the nonzero
intercept. The relatively higher intercept for G II compounds
is due to the contribution of additional long Pf/BA end blocks
to the limiting molecular area. The higher intercept of these
compounds at pH 5.8 than at pH 2.0 indicates that PS and
P2VP arms of star polymer micelles contribute to their
surface area, implying incompletely segregated chain-like
structures at the air—water interface. The slope of the plots
represents the area of each arm or the 2VP monomer unit at
the air—water interface. G I shows a change in area of 2VP
monomer unit from 0.16 nm” at pH 5.8 to 0.06 nm?*at pH 2.0,
whereas the slope for G II is similar under different pH
conditions (0.11 nm? at pH 5.8 and 0.17 nm” at pH 2.0).
These results reflect that the chain conformation of P2VP
phase in G1 is more sensitive to pH than G II.

Figure 5¢ shows a linear variation of the number of arms
with limiting molecular area under log—log scale, suggesting
the power law dependence of the variables, 4, ~ n* in
the range of parameters studied here. Therefore, we can
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Figure 5. (a) Plot of limiting molecular area, A4, of star polymers versus
number of arms at different subphase pH 5.8 and 2.0 (PS,P2VP, at pH
5.8 (M) and 2.0 (@); PS,(P2VP-PtBA), at pH 5.8 (a) and 2.0 (V¥)).
(b) Limiting molecular area, 4, of star polymers versus number of 2VP
monomer units at different subphase pH 5.8 and 2.0 (PS,P2VP, at pH
5.8 (M) and 2.0 (@); PS,(P2VP-PtBA), at pH 5.8 (a) and 2.0 (V¥)).
(c) Limiting molecular area A, as a function of number of arms »n for
PS,P2VP, at pH 5.8 (a), PS,P2VP, at pH 2 (@), and PS,(P2VP-PtBA),
at pH 5.8 (¥) and 2.0 (®) in comparison with star polymers PS,PEO,,
(M) from ref 28 and PS,—PEO, from ref 26c. For n = 1, the data for
corresponding diblock copolymer of PS-P2VP was taken from ref 62.

speculate that this dependence suggests that the surface
aggregation behavior of our star polymer at the interface is
analogous to the aggregation number dependency on the
degree of polymerization of the different block copolymers
in a solution state.®® The analysis shows that the o value for
the G I group is within 0.85 to 0.90 but decreases to 0.30 to
0.56 for G II group. These values can be compared with data
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Figure 6. Contact angles measurements of Langmuir—Blodgett mono-
layers of star polymers. G II star terpolymers at pH 2.0 (®) and pH 5.8
(a); G I star copolymers at pH 2.0 (¥) and pH 5.8 ().

pﬁ=5

] pH=2.0

GI-BY

GI-B28

Figure 7. AFM topographical images (1 x 1 um?) of PS,P2VP, star
copolymers (n = (a,b) 9, (c,d) 22, (e,f) 28) at different subphase pH:
(a,c,e) pH 5.8 and (b,d,f ) pH 2.0. The LB films were deposited at a
surface pressure of 10 mN/m. GI-Bn denotes PS,P2VP,, (number of
arms, n = 9,22, and 28). Z scale = 5 nm.

for PS-PEO star block copolymer from our previous studies
with exponential value a. = 0.75 (Figure 5c). Larger o value
implies there is a higher contribution of each arm to molec-
ular area at the air—water interface. From comparison with
surface behavior of a linear counterpart, we suggest that star
architectures hinder the rearrangement of arms at the inter-
face because they have the restriction of chain conformation
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GII-T9

GII-T22

Figure 8. AFM topographicalimages (1 x 1 um?) of PS,(P2VP-P/BA),
star block terpolymers (n = (a,b) 9, (c,d) 22, and (e,f) 28) at different
subphase pH: (a,c,e) pH 5.8 and (b,d,f) pH 2.0. The LB films were
deposited at a surface pressure of 10 mN/m. GII-Tn denotes PS,,(P2VP-
PBA), (n = 9, 22, and 28). Z scale =5 nm.

due to confined and highly crowded chain structure around
the core. A significant drop of a for G II group can be related
to already high initial molecular area caused by the con-
tribution from additional hydrophobic ends.

Monolayers at Solid Substrates. The effective thickness of
Langmuir monolayers deposited at the surface pressure of 10
mN/m increases with the number of arms for both G and G
11 groups (Table 2). At varying surface pressure, the effective
monolayer thickness increases with increasing compression
for the same number of arms. G I heteroarm star copolymers
exhibit pH-dependent behavior of thicknesses (Table 2).
Under acidic pH (2.0) condition, the effective thickness is
three times higher than that at neutral pH. This result
supports the suggestion made above that pressure induces
chain reorientation in the vertical direction, which contri-
butes to the monolayer thickness (Figure 3). The drastic
increase in thickness under acidic conditions can be attrib-
uted to the swelling of the P2VP chain segment under acidic
conditions due to intramolecular ionic repulsion, which leads
to the expanded chain conformation. Moreover, the lateral
compression provides smaller surface area per molecule, thus
forcing the ionized P2VP chains to stretch further in a
vertical direction.

In contrast, the effective thickness of the LB monolayer for
G II star terpolymers undergoes no pronounced changes
under different pH (Tables 2 and 3). Moreover, they exhi-
bited similar thicknesses with group G I star copolymers
despite much longer arm lengths. We suggest that hydro-
phobic block, PtBA, at chain ends plays a critical role in the
stabilization of the lateral organization and the prevention of

GI-B28

GII-T28

Figure 9. AFM topographical images (500 x 500 nm?) of GI-B28 ((a,b)
PS,3P2VPyg star copolymers), GII-T28 ((b,c) PS,s(P2VP-PBA),g star
block terpolymers), and GII-T22 ((e,f) PS,x(P2VP-PrBA),, star block
terpolymers. The LB films were deposited at surface pressure 10 mN/m
at different subphase (a,c,e) pH 5.8 and (b,d,f) pH 2.0. Z scale = 5 nm.

their starfish conformation even under acidic pH conditions
(Figure 3). This behavior underlines the critical role of the
nature of the end groups in the overall conformation of the
star molecules at interfaces and their behavior under differ-
ent pH conditions.

For LB monolayers formed with both groups of star
polymers, the contact angle was within 65—77° (Figure 6),
indicating the modestly hydrophobic composition of the
topmost surface layer and confirming the preferential sur-
face location of PS and PtBA blocks in accordance with
models discussed above (Figure 3). A higher contact angle
was observed for LB monolayers deposited under acidic
conditions (Figure 6). The increasing contact angles under
acidic pH suggest that the ionized P2VP blocks stretch out
beneath the topmost PS phase, resulting in the enhanced
vertical chain segregation of hydrophobic PS and hydrophi-
lic P2VP blocks. The presence of the additional PtBA blocks
in the G II star terpolymers results in a slightly higher contact
angle (Figure 6). The contact angle of G I star polymers
increases with the number of arms, in contrast with the G 11
group, which can be related to different surface morpholo-
gies and microroughness, as will be discussed in the next
section (Table 3).

Surface Morphology of Monolayers. Figure 7 shows the
surface morphology of LB monolayers of G I star polymers
formed at different pH and at a surface pressure of 10 mN/m.
The surface morphology changes from regular circular mi-
celles at pH 5.8 to ribbon-shaped aggregates at pH 2.0. For a
higher number of arms (GI-B22), a distinct labyrinth pattern
was observed instead of a long ribbon or rod structure, as
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SP=20.0 mN/m

GI -B9

GI-B28

Figure 10. AFM topographical images (1 x 1 um?) of PS,P2VP, at
different surface pressures (0.5 and 20.0 mN/m) at pH 5.8. GI-Bn
denotes PS,P2VP, (n = 9, 22, and 28). Z scale = 5 nm.

previously reported for star block copolymers.’”*® The
circular micelles of PS-P2VP can be compressed up to high
surface pressure and tend to form a labyrinth pattern caused
by the fusing of PS cores into short rods.® This transforma-
tion provides further evidence of the submersion of ionized
P2VP blocks (transition from starfish to jellyfish) at the
air—water interface (Figure 3). It is noteworthy that at pH
2.0 the labyrinth pattern becomes more prominent with an
increase in the number of arms. In the case of GI-B28, the
surface aggregates are more curved and branched as com-
pared with GI-B9 and GI-B22. However, at this pressure,
intermicellar distance remains similar for many star poly-
mers regardless of pH conditions.

In contrast, the G II star terpolymers show no significant
pH-dependent transformations of surface morphology
(Figure 8). The well-defined circular surface micelles with
large diameters were maintained regardless of the variation
of arm number with little change in the surface texture.
However, GII-T9 exhibited smoother surfaces at acidic
pH. The hydrophobic PrBA blocks appear to keep the
ionized P2VP blocks floating, even at acidic pH, thereby
suppressing the transformation of the molecular state from
starfish into jellyfish (Figure 3).

In contrast with the G I group, whose micelle size increases
with the number of arms for different pH, the size of micelles
of the G II group decreases with increasing number of arms,
as can be seen in high-resolution AFM images in Figure 9.
For instance, GII-T9 compound with a smaller number of
arms shows larger and more irregular micelles with an
average diameter of 55 &+ 5 nm. Diameters of domains for
GII-T22 are slightly lower (45 4+ 5 nm), and there is an even

S$P=20.0 mN/m

.‘:.‘.'

Figure 11. AFM topographical images (1 x 1 um?® of PS,(P2VP-
PtBA), at different surface pressures (0.5 and 20.0 mN/m) at pH 5.8.
GII-Tn denotes PS,(P2VP-PtBA),, (n = 9,22, and 28). Z scale = 5 nm.

further decrease for GII-T28 to 38 &+ 5 nm. Such shrinking
can be caused by the coaggregation of PS and PrBA hydro-
phobic blocks in more crowded stars, resulting in a more
condensed state.

Next, to elucidate the pH effect on the surface morphology
and its transformations, the LB monolayers were compared
at different surface pressures, particularly at 0.5 and 20.0
mN/m at neutral pH, as illustrated in Figures 10 and 11. At
the low surface pressure of 0.5 mN/m, a more loose packing
of circular surface aggregates is observed for both G I and G
IT groups. For compounds with the lowest number of arms,
such as GI-B9, no clear micellar structures are observed.
Moreover, increasing the number of arms effectively makes
the micelle aggregates more defined and more separated. In
particular, the G II-T28 compound shows a large uniform
space between surface micelles.

At the higher surface pressure of 20 mN/m, the G I group
shows coarse texture and collapsed monolayers contrary to
the transformation from circular to lamellar morphology
under acidic pH (Figure 7). However, G II compounds
maintain the circular micellar structures at higher pressure
and neutral pH, showing higher stability without collapsing,
as displayed in Figure 11d—f. In particular, G II-T28, with a
larger number of arms, exhibits a higher stability compared
with compounds with a lower number of arms (GII-T9 and
GII-T22). This observation confirms conclusions made on
the basis of m—A isotherm analysis and suggests that the
hydrophobic PrBA corona serves as a more effective barrier
under higher lateral compression than the hydrophilic cor-
ona of G I compounds, thus effectively preventing collapse
of the circular micellar morphology.
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Figure 12. AFM topographical images (1 X 1 um?) of PS,gP2VPag star
copolymer as a function of surface pressure: (a) 0.5, (b) 1.0, (c) 5.0,
(d) 8.0, (e) 10.0, and (f) 30.0 mN/m at pH 2.0. Z scale = 5 nm.

To consider the formation of the labyrinth morphology
under acidic pH (2.0) condition, we examined LB films at
different surface pressures (0.5, 1.0, 5.0, 8.0, 10.0, and 30.0
mN/m) for selected compounds. We selected star polymers
with the largest number of arms from G I group (GI-B2S,
n = 28) and from Group II (GII-T28, n = 28) (Figures 12
and 13). AFM imaging demonstrates that the labyrinth
morphology has indeed originated from the transition from
the initial circular structures observed at very low surface
pressure (Figure 12a). As the lateral compression increased
(1.0—5.0 mN/m), the surface morphology began a gradual
transformation with compressed and coalesced circular do-
mains (Figure 12b,c). At the intermediate state, a mixture
of condensed circular and short ribbon is observed
(Figure 12d). When compressed further to 10.0 mN/m, the
surface morphology finally converts to fine, interwoven
ribbon structures constituting the labyrinth morphology
(Figure 12e). This morphology remains stable, although with
much finer elements, up to the highest pressure (30.0 mN/m),
close to the monolayer collapse. Therefore, the G I compound
could readily undergo the conformation transformation from
flattened arms (starfish) at the air—water surface into sub-
merged P2VP blocks (jellyfish) under high surface pressure,
leading to the easier collapse of these monolayers (Figure 3).

In contrast with the PS,sP2VP,s compound discussed
above, no significant changes in the morphology were ob-
served for the G II star terpolymers with an identical number
of arms under the same pH conditions (Figure 13). PSog-
(P2VP-PrBA),g sustains the stable circular structures, con-
firming that the hydrophobic P/BA end blocks prevent the
aggregation/transformation by acting as natural barriers that
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Figure 13. AFM topographical images (1 x 1 um?) of PS,s(P2VP-
P1BA),s as a function of surface pressure: (a) 1.0, (b) 10.0, (¢) 25.0, and
(d) 30.0 mN/m at pH 2.0. Z scale = 5 nm.

Table 4. Aggregation Numbers of Surface Micelles

SP Amol Nmicel Amicel Nagg

sample pH (mN/m)* (nm’/molecule)’ ()¢ (nm*/micelle)!  (n)°
GI-B28 5.8 0.1 1723 21+£2 2976+£0.5 1.7+£0.5
5.8 10.0 520 74+4 845+0.3 1.6+0.3
GII-T28 5.8 10.0 897 48+5 1302+£02 1.5£1.0
2.0 10.0 829 60+7 1042+04 1.3+0.8

“Surface pressure. ®Molecular area from surface-area isotherms.
“Number of micelle estimated from AFM images (250 x 250 nm?).
“Micelle area. ¢ Aggregation number.

can endure the compression forces such as those suggested
above (Figure 3). Finally, the monolayer collapse resulted in
disorganized local regions of coalesced domains without any
signs of labyrinth morphology (Figure 13d).

To characterize quantitatively the domain morphology for
the star polymers with the largest number of arms (28), we
derived the aggregation number (N,e,) from AFM images
according to the known procedure.** The number of aggre-
gates per selected surface area (A m;c.;) Was compared with the
molecular area (A,0) from the limiting cross-section area, Ao,
to derive N,q, (Table 4). Remarkably, it is found that the star
polymers with a larger number of arms possess a very low
aggregation number, around 1.5, at different pressures and
pH. This fact indicates that domain structures in these star
block copolymers are predominantly unimolecular micelles.
This conclusion is in agreement with the models suggested
above (Figure 3). Apparently, the overcrowding of the outer
shell of the star molecules with a large number of long arms
causes intramolecular aggregation and microphase separation
and prevents the aggregation of multiple molecules into a
single micelle. The formation of stable unimolecular aggre-
gates is in contrast with regular, compositionally similar linear
block copolymers, which show a large aggregation number.?

Conclusions

In this study, we reported the surface behavior and morphol-
ogies of two series of novel pH-responsive amphiphilic heteroarm
star polymers, PS,(P2VP-PtBA), and PS,P2VP,, which differ in
architecture, block topology, arm lengths (molecular weight of
PrBA segments varies from 8 900 to 15 250 Da), and number of
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arms (n = 9, 22, and 28). The 7—4 isotherms of Langmuir
monolayers at different subphase pH (pH 5.8 and 2.0) exhibited
strong pH dependence, leading to the different limiting molecular
area and surface micelle stability. Because of the pH-sensitive
ionization of P2VP block, the morphology of star copolymers
bearing the free P2VP arms was strongly dependent on the pH of
the subphase, whereas the star terpolymer containing the proto-
nated hydrophilic P2VP block as midblocks and terminal hydro-
phobic PrBA blocks maintained nearly constant organization at
low pH.

The surface morphology studies suggested that star copoly-
mers without end blocks can form circular micelles with larger
sizes, which can be readily transformed to labyrinth morpholo-
gies with dense interpenetrating structures by compression and
pH variation. The high number of arms and the presence of the
hydrophobic end blocks of star polymers promote the forma-
tion of robust and stable unimolecular condensed micelles under
different compressions and pH conditions.
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