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Star polymers composed of equal numbers of poly(ethylene oxide) (PEO) and polystyrene (PS) arms with variable
lengths and a large (up to 38 total) number of arms, PEOnPSn, have been examined for their ability to form domain
nanostructures at the air-water and air-solid interfaces. All PEOnPSn star polymers formed stable Langmuir-
Blodgett (LB) monolayers transferable to a solid substrate. A range of nanoscale surface morphologies have been
observed, ranging from cylindrical to circular domains to bicontinuous structures as the weight fraction of the PEO
block varied from 19% to 88% andn from 8 to 19. For the PS-rich stars and at elevated surface pressure, a two-
dimensional supramolecular netlike nanostructure was formed. In contrast, in the PEO-rich star polymer with the
highest PEO content, we observed peculiar dendritic superstructures caused by intramolecular segregation of nonspherical
core-shell micellar structures. On the basis of Langmuir isotherms and observed monolayer morphologies, three
different models of possible surface behavior of the star polymers at the interfaces were proposed.

Introduction

Molecular architecture has been shown to affect the morphol-
ogy of micellar aggregates of star and star block copolymers in
polymer solutions, in the bulk state, and in thin polymer films
at the surface and interfaces.1,2The synthesis of block copolymers
and the microphase separation of these multicomponent co-
polymers in bulk3 and sol-gel4 states as well as aggregation
properties in solution,5 at interfaces,6 and at surfaces7 have been
the focus of numerous recent studies. Amphiphilic block
copolymers on solid substrates are known to self-organize into
well-defined morphologies, as was observed by Zhu et al. for
polystyrene-b-poly(4-vinylpyridine), PS-b-P4VP.8 This class of

material possesses crystalline-amorphous interactions in addition
to the incompatibility of dissimilar blocks that is responsible for
microphase separation.9 The combination of amorphous hydro-
phobic polystyrene (PS) and nonionic and highly crystalline
hydrophilic poly(ethylene oxide) (PEO) is among those widely
studied. Their high incompatibility leads to well-separated
microphase structures. For PEO-PS block copolymers, crystal-
lization of the PEO chains for monolayers at a solid support is
frequently supressed.9 In fact, even at 92 wt % PEO phase,
microphase separation in the form of very fine dot surface
morphology is observed without any sign of crystalline phases.10

The properties of PEO-PS block copolymers with linear
architecture, variable molecular weight, and certain chemical
compositions were reported in terms of their bulk behavior,11

phase structures,12 and morphologies,13 as well as their micellar
structures in water14and organic solvents of different affinities.11,15

Star block copolymers with different blocks confined to a
single center qualitatively exhibit behavior similar to linear block
copolymers at the air-water interface: hydrophilic chains form
a partially submerged pancake structure as the hydrophobic chains
collapse into segregated globules.16 Surface studies performed
for PEO-PS block copolymers containing 7, 15.5, 60, and 92
wt % PEO content showed that a sufficient amount of PEO block
(greater than 10 wt %) yields uniform dot morphology.10

Otherwise, spaghetti, islands, or mixed morphologies were formed
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depending on the deposition and spreading conditions.17A similar
trend was observed for PEO-PSn asymmetrical heteroarm star
polymers studied in our group,18 as well as symmetrical PS-b-
PEO and PB-b-PEO star block copolymers studied by Duran’s
group.16 A rather unusual morphology was reported for PS6-s-
poly(acrylic acid)6 (PS6-s-PAA6) star copolymer with two-
dimensional circular micelles forming as a result of the rigid
disk-like aromatic core and short polymer chains.19

The AnBn star copolymers possess the ability to self-assemble
under appropriate conditions. In dilute solutions and in a solvent
selective for one type of arm, the heteroarm star polymers form
unimolecular micelles at relative moderate concentrations as their
architecture can mimic a micellar structure.20a,bAt concentrations
above the critical micelle concentration (cmc) (which can be 3
orders of magnitude higher than that of the linear counterparts),
they are associated into polymolecular micelles with low
aggregation number, adopting a core-shell spherical structure.20c

At elevated concentrations in water-oil mixtures, PEO10PS10

self-assembles to form a hexagonal lyotropic liquid crystalline
structure comprised of cylindrical arrays where the divinylbenzene
(DVB) cores of the stars are located on the polar/nonpolar interface
(i.e., on the surface of the cylinders), the PS arms are segregated
on the interior of the cylinders, and the PEO arms are located
in the aqueous polar external domains.20d

Recent studies have demonstrated that branched PEO-PS
star polymers might form unique morphologies not observed for
linear block copolymers with peculiar properties.21For example,
the aggregation number is usually lower for star copolymers
because of the crowding of polymeric chains at a single junction
point that hinders aggregation of PS blocks.18 However, the

number of arms in amphiphilic star polymers studied to date is
usually very limited and does not exceed six.21 The effect of a
high number of dissimilar arms (>10) attached to a single core
on the phase state and morphology of heteroarm star polymers
remains unknown. Therefore, to consider the role of the crowding
of the hydrophilic and hydrophobic chains attached to a single
core in their surface behavior and morphology, we exploit a
series of PEOnPSn star polymers with a large number of arms
(2n up to 38) and with a PEO content,φ (wt %), ranging from
19 to 88% (Figure 1, Table 1).

Experimental Section

The PEOnPSn heteroarm star polymers have been synthesized via
three-step sequential anionic polymerization under inert atmosphere,
as described elsewhere.22The molecular weight, polydispersity, and
architectures were verified using the combination of gel permeation
chromatography (GPC),1H NMR, and light scattering, as summarized
in Table 1.22 For further discussion, the notation Sm-φ will be used
to refer to the polymers studied here, wherem is the total number
(m ) 2n) of arms andφ is PEO content (wt %) (Table 1).

Langmuir isotherms at the air-water interface and Langmuir-
Blodgett (LB) deposition onto a silicon substrate were conducted
at room temperature using a KSV 2000 LB minitrough according
to the usual procedure.23 A 60-120 µL volume of dilute polymer
solution (concentration less than 0.5 mg/mL) in chloroform (HPLC
grade) was deposited in 5-10 drops uniformly distributed onto the
water surface (Nanopure, 18.0 MΩ cm) and left to evaporate and
spread evenly over a period of 30 min. Surface molecular areaA1

was calculated as the point of initial appearance of the rising surface
pressure (>0.1 mN/m). The limiting cross-sectional areaAo was
determined at the steep rise in the surface pressure related to the
formation of condensed monolayer. Highly polished [100] silicon
wafers (Semiconductor Processing Co.) were cut into rectangular
pieces (2× 2 cm2) and sonicated in Nanopure water for 10 min to
remove silicon dust. The wafers were then chemically treated with
“piranha solution” (30% concentrated hydrogen peroxide, 70%
concentrated sulfuric acid,hazardous solution!) for 1 h toremove
organic and inorganic contaminants and to strip the original silicon
oxide surface layer.24 Finally, wafers were abundantly rinsed with
Nanopure water and dried with dry nitrogen. During LB deposition,
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Table 1. Molecular Characteristics of PEOnPSn Heteroarm Star Polymers

no. of arms PS PEO

group sample composition N total Mw NPS Mw NPEO φPEO Mw total

I S16-19 PEO8-PS8 8 16 27 000 260 5 600 127 0.19 241 000
S18-23 PEO9-PS9 9 18 22 000 212 6 500 148 0.23 245 000
S16-39 PEO8-PS8 8 16 15 000 144 9 100 207 0.39 185 500

II S38-78 PEO19-PS19 19 38 3 000 29 14 200 323 0.78 339 000
S30-86 PEO15-PS15 15 30 3 000 29 22 500 511 0.86 393 000
S20-88 PEO10-PS10 10 20 3 100 30 25 000 568 0.88 284 000
L-86 PEO-PS 1 2 3 200 31 20 400 464 0.86 23 600

Figure 1. Schematics of PEOnPSn heteroarm star polymers with
larger number of arms and low (left), moderate (center), and high
(right) PEO contents. Schematic of linear block copolymer molecule
is shown as well.
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the surface pressure was held constant as the submerged substrate
was slowly lifted from the trough at a rate of 3 mm/min.

The effective thickness of the LB monolayers was measured with
a COMPEL automatic ellipsometer (InOmTech, Inc.) at an incident
angle of 70° and a wavelength of 634 nm according to the well-
known experimental procedure.25The LB monolayers on the silicon
substrates were studied with a Dimension-3000 atomic force
microscope (AFM) in the “light” tapping mode in accordance with
the usual procedure adapted in our laboratory.26 An amplitude ratio
of 0.95 and higher was employed to avoid monolayer damage.27

AFM characterization of the deposited LB monolayers was done
after drying in a desiccator for 24 h. The AFM scans were conducted
at 1 Hz scanning rate for surface areas ranging from 50× 50 µm2

to 1 × 1 µm2 and for several randomly selected locations with at
least 40 different images collected for each specimen. The domain
heights were obtained from the cross-sectional analysis of monolayer
topography, and the PS domain surface area coverage was calculated
from height histograms using the bearing analysis.28 The AFM tip
radii were between 20 and 35 nm, and the spring constants of these
cantilevers were in the range of 40-60 N/m. The tip radius was
measured independently using tethered gold nanoparticles as a
standard reference, and only the sharpest tips were selected for high-
resolution scanning.

Results and Discussion

Six star copolymers studied here are composed of an equal
number of PEO and PS arms attached to a central core (Figure
1). The weight content of the PEO blocks varied from 19% to
88% as the number of arms varied from eight arms of PEO and
PS each for S16-19 to 19 arms of PEO and PS each for S38-78
(Table 1, Figure 2). All arms of the same nature have the same
molecular weight. An example of a linear diblock copolymer
was included for one particular composition for comparative
purposes (L-86, Table 1). For clarity, we consider all compounds
studied here in two groups: group I with lower PEO content
(<50%) and group II with a predominant PEO content (79-
88%) (Figures 1 and 2). Within the first group, the total number
of arms was close (16-18), although within the second group

the number of arms increased up to 38 for star copolymers with
lower PEO content (Table 1).

Surface Behavior at the Air-Water Interface. All heteroarm
star polymers studied here formed stable Langmuir monolayers
at the air-water interface, indicating proper amphiphilic balance
of the molecular architectures (seeπ-A isotherms in Figure 3).
The reversibility of the Langmuir monolayers was examined by
repeating cycles of compression and expansion within the low-
pressure (<5 mN/m) regime. The star copolymers S38-78, S30-
86, and S20-88 showed a very small hysteresis (5-10% surface
area) after a period of relaxation (10 min). A slightly larger
hysteresis (10-15% surface area) observed for star copolymers
S16-19, S18-23, and S16-39 indicated partially irreversible
behavior due to the presence of a larger fraction of glassy PS
phase aggregated at high surface pressure.

The heteroarm star polymers from group I with a larger PS
content exhibited higher initial surface molecular areas and a
low-pressure plateau on isotherms (Figure 3, top, and Table 2).
The star copolymers from group II displayed much smaller initial
cross-sectional areas (several times) and a more gradual transition
in the surface pressure on the isotherms with no plateau prior
to the steep increase in the surface pressure before monolayer
collapse (Figure 3, bottom, and Table 2). The lower PS content
(corresponding to the shorter length of PS chains, Table 1)
translated into a reduced initial surface molecular area,A1, and
limiting cross-sectional area,Ao (Table 2).

To establish a contribution of the PS and PEO chains intoA1

andAo areas, we estimated the theoretical limiting surface areas
per molecule using different models of chain conformations. In
the first model, we considered a situation when PS and PEO
chains in coiled conformation are the limiting factors in monolayer
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Figure 2. Graphic representation of the weight fraction of the PEO
and PS blocks for PEOnPSn heteroarm star polymers.

Figure 3. Langmuir isotherms of PEOnPSn star polymers with low
PEO content, S16-19, S18-23, and S16-39 (top); and high PEO
content, S38-78, S30-86, and S20-88 (bottom).
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compression. We calculated the surface area per molecule for
total individual PS and PEO chains from the known limiting
surface area for PS (0.06 nm2) and PEO (0.28 nm2) monomeric
unit reported for PEO-PS linear29 and star polymers18b with a
limited numbers of arms deposited at the air-water interface
(Table 2). Theoretical surface area per moleculeA′ was calculated
from the surface area per monomer,ao, number of monomers
in a single arm,N, and number of arms,n: A′ ) aoNn (Table
2).

The theoretical surface area per moleculeA′′ was alternatively
calculated using light scattering (LS), assuming PS and PEO
chains in coiled conformation in good solvent (second model)
(Table 2). Considering tetrahydrofuran (THF) and chloroform
are both nonselective solvents with comparable properties,30 for
coil dimensions we applied the Mark-Houwink-Sakurada
(MHS) equation by using LS data described earlier for these star
polymers.22 We assumed that MHS constantsK anda found for
S18-23 and S16-39 are the same for all PEOnPSn heteroarm star
polymers (Table 2).

The third model included corrections for the branching
introduced by Stockmayer and Zimm31 and later modified by
Birshtein and Zhulina to describe the conformation of the star
polymers inθ-solvent. The radius of gyrationRg for both PS and
PEO chains in a random coil conformation was calculated
according to32

The end-to-end distancer for this model was calculated as
described in the literature:r ) aNk

3/5.18b,33 a is the segment
length (Kuhn segment), andNk is the number of segments:Nk

) N/ns, wherens is the number of monomer units in one Kuhn
segment andN is the number of monomer units in the polymer
chain. The literature data are used for two blocks: for PS,a )
1.69 nm andns ) 6; for PEO,a ) 0.77 nm andns ) 2.34 The
total radius of a star polymer isRt ) 2Rg + Rc, whereRc is a
radius of a core. Apparently, the random coil approximation did
not account for the effect of the multiarm star architecture, but
models based on LS data and branching parameter (star shape)

assumed conformation of the star polymers in nonselective solvent
andθ-solvent, respectively, with all arms stretched out of a central
core.

All molecular area data were corrected by adding an area per
molecule occupied by the core as presented in Table 2.Rc of the
core was calculated based on the mole ratio,υ, of divinylbenzene
(DVB) to living PS ends:

whereVc is the core’s molar volume.22 The molar volume of
DVB core was calculated as follows:

whereMn is the molar weight of DVB (0.1302 kg/mol),Na is
Avogadro’s number, andd is the density of the DVB core assumed
to be equal to the density of bulk PS (1060 kg/m3).35

The theoretical surface areas per molecules estimated from
chemical composition under different scenarios and the experi-
mental surface area as measured in the condensed state of
Langmuir monolayer show similar trends (Figure 4). Dashed
lines correspond to the ideal calculations when experimental
data agree with theoretical values. For all star copolymers, the
experimental area per moleculeAo, corresponding to the collapsed
PS chains, is similar (ca. 70 nm2) (Figure 4). Significant
differences in theoretical and observed values ofAo for the star
polymers of group I could correspond to the collapsed PS arms
extensively stretched out of the air-water interface, which
drastically reduce the limiting surface areas for the PS monomeric
unit (Table 2 and Figure 4, top). On the contrary, small differences
in theoretical (A′′PSandA′′′PS, Table 2 and Figure 4, bottom) and
experimental values ofAo for the star polymers of group II allowed
us to suggest that their PS chains stayed mostly stretched out of
a core along the air-water interface upon compression.

Comparison of the experimental initial surface molecular area
A1 with theoretical values ofAPSandAPEOcalculated for all three
models led us to following conclusions. The PS chains of the
S16-19 and S18-23 star polymers mostly account for its initial
surface molecular area,A1 (Table 2). This observation can be
due to increased length of the PS arms which reduced its mobility,
influentially long PEO chains, and an effect of the crowding in
the arms that together forced multiple PS arms to remain expanded
and spread in lateral directions rather than stretching out of the
interface. However, for group II, the area per moleculeA1 mostly
depended on the length of the PEO chains. The surface areas per
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Table 2. Experimental and Calculated Surface Areas per Molecule of Amphiphilic PEOnPSn Star Polymers

area per molecule, nm2/molecule

calculated

experimental random coila LS datab star shapec

group sample Rg(core),b nm Ao A1 A′PS A′PEO A′′PS A′′PEO A′′′PS A′′′PEO

I S16-19 1.2 70 500 130 290 448 134 534 220
S18-23 1.6 81 320 123 381 391 171 489 292
S16-39 1.2 68 380 74 468 249 209 300 346

II S38-78 1.9 66 192 44 1728 78 363 123 665
S30-86 1.5 62 180 33 2155 67 525 99 953
S20-88 1.1 40 185 22 1595 57 548 76 962
L-86 8 165 2 130 8 91 11 214

a This model used limited areas of the PS (0.06 nm2) and PEO (0.28 nm2) monomeric units.18b b Parameters were calculated using experimental
data for the star polymers in solution (K ) 0.044 anda ) 0.706).22 c This model employed the molecular conformation with branching parameters.31,32

Rg ) [x(3n - 2)/n](r/x6)

Rc ) x3(3Vc)/(4π)

Vc ) (Mn(DVB)nυ)/(Nad)
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moleculeA1 values were drastically lower than theoretical values
of APEO due to a large number of arms (up to 38), which can
cause considerable steric difficulties for the PEO chains to arrange
at the interface. Therefore, we can suggest that, for the PEOnPSn

amphiphilic star copolymers, PEO arms surround the PS core
forming an intermediate dense PEO layer to protect it from water
subphase and, as a result, only partially stretch out from the
collapsed core. This would cause significantly lower values of
A1 of the star copolymers, which has been observed, especially
for the polymers of group II. A similar phenomenon was observed
earlier for the polystyrene-poly(2-vinylpyridine) (PS6P2VP6)
heteroarm star polymers in toluene.36Analysis of the LS data for
these polymers revealed that the corona composed from PS chains
was located closer to the core to protect the insoluble parts of
the micelles. This model was confirmed by computational
simulations of the heteroarm star polymers behavior in good and
selective solvents.37

Although S16-39 star polymer belongs to group I, it had an
unusually highA1 value due to an increasing content of the PEO
block (see Table 1). Comparison of all calculated models revealed
that the random coil model (involving the limiting surface areas
for both monomeric units) demonstrated the best agreement
between experimental values ofAo andA1 and theoretical values
of APS andAPEO, respectively. Thus, PEO and PS chains of the
S16-39 heteroarm star polymer are mostly phase separated at the
air-water interface, forming Janus structures, which have two
different sections of opposite philicity: hydrophilic PEO and
hydrophobic PS.

LB Monolayers at the Solid Surface: Group I.The role of
the number of arms and the weight fraction of the polymeric
blocks on surface domain morphology was elucidated with AFM
imaging. Two heteroarm star polymers with the lowest PEO
content (group I) formed cylindrical domains with random
orientation and a low degree of branching (Figure 5). The
continuous cylindrical domains of S16-19 had moderate height
(6.8 ( 0.2 nm) and apparent width (180( 40 nm) (Table 3).
The cylindrical domains were randomly looped, covering
approximately a quarter of the substrate surface at lower surface
pressure. At higher pressure, the surface coverage increased to
66% as the height increased to 9.0 nm (Figure 5d, left). The
cylindrical domains at the highest surface pressure became
oriented in the dip direction, suggesting that the microscopic
ordering is controlled by the capillary forces in the course of LB
deposition.

(36) Voulgaris, D.; Tsitsilianis, C.; Grayer, V.; Esselink, F. J.; Hadziioannou,
G. Polymer1999, 40, 5879.

(37) Havránková, J.; Limpouchova´, Z.; Procha´zka, K.Macromol. Theory Simul.
2003, 12, 512.

Figure 4. Comparison of experimentalAo and theoretical (APS)
molecular surface area for different conformational models. Dashed
line shows correlation between experimental and theoretical values.

Figure 5. Cylindrical structures of LB monolayers from heteroarm
star polymers with the lowest PEO content S16-19 (left) and S18-23
(right) deposited at 1 (a), 5 (b and c) and 25 mN/m (d). Height is
15 nm for all images. Arrow (image d) indicates the dipping direction.
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The S18-23 star copolymer with more PS and PEO arms and
slightly longer PEO arms formed densely packed cylindrical
domains (Figure 5, right column). The cylinder height and width
were lower than those for previous S16-19 star polymer at all
surface pressures (Table 3). In contrast, the effective thickness
of the LB monolayer for S18-23 was higher (2.1( 0.2 nm, at
low surface pressure). This was accompanied by an increase in
the surface coverage (44% at lowest surface pressure, 77% at
highest surface pressure). Higher resolution AFM imaging
revealed fine circular substructures of the cylindrical domains
for both star polymers (arrows, Figure 5c). This confirms that
the predominant type of aggregation for star copolymers with
the lowest PS content is circular domains, as expected for a
given chemical composition in the bulk state. However, unlike
heteroarm star polymers with a limited number of arms (<6),18

further aggregation of circular domains into continuous and
branched cylindrical domains occurs within the monolayer of
star copolymers with a large number of arms (32 and 36 arms).
A similar morphological transition from circular to branched
cylindrical, more stringlike, domains was observed for star block
copolymers upon compression.16c,eHowever, increasing surface
pressure caused a collapse of string domains into large circular
domains, which is quite the opposite of the high lateral stability
of the cylindrical domains of the heteroarm star polymers studied
here.

In some surface areas close to the edges of the LB films, a
hierarchical self-organization of the S16-19 and S18-23 heteroarm
star copolymers has been revealed (Figure 6). An internal
segregation of the different arms is likely to occur at the air-
water interface (i.e., PEO in water, PS in air), leading to stable
Janus unimolecular micelles of spherical morphology (top arrow,
Figure 6a). At higher surface pressure, a second level of
organization occurred which included larger circular structures
(multimolecular micelles of low aggregation number as expected
(bottom arrow, Figure 6a)). These micelles became the building
blocks, forming wormlike cylindrical structures (Figure 6a). A
similar aggregation has been observed for the S18-23 heteroarm
star polymer at moderate surface pressure (5 mN/m), where
spheres coexisted with cylinders and other morphologies (Figure
6b). Some very interesting morphologies (i.e., Y-junctions,
circular cylinders, and cylinders+ circular structures, Figure
6a,b) have been found, resembling those observed by Bates for
PB-PEO diblocks in solution.38 To the best of our knowledge,
this is the first confirmation of Bates’s findings for star
copolymers. The ability of the symmetrical heteroarm polymers
to form unimolecular and polymolecular micelles has been shown
by Voulgaris et al.20c,36In this study, the PS6P2VP6star molecules
were observed to associate in polymolecular micelles in toluene.
Recent computational models of the heteroarm star polymers
showed that appropriate conditions of block compatibility or
selective solvents can lead to intramolecular segregation.37,39,40

Finally, at high surface pressure a nearly defect-free supramo-
lecular netlike structure has been observed (Figure 6c). A similar
pattern has been observed for the LB films of P2VP- and PEO-
containing polymers. In the case when P2VP-containing polymers
have been used, either another diblock copolymer (PS-b-FS)41

or surfactant molecules (3-pentadecylphenol)42 along with
solvent-assisted procedure have been utilized to initiate the
formation of the nanostrand network. Similar interconnected
spaghetti-like patterns of LB films have been examined as one
of a few characteristic (but not a prime morphology) features for
the asymmetric PS-PEO diblock17 and heteroarm star poly-
mers.18b By contrast, this kind of peculiar surface morphology
seems to be predominant for the PEOnPSnheteroarm star polymers
at elevated surface pressure.

(38) Jain, S. T; Bates, F. S.Science2003, 300, 460.
(39) Chang, Y.; Chen, W.-C.; Sheng, Y.-J.; Jiang, S.; Tsao, H.-K.Macro-

molecules2005, 38, 6201.

(40) Vanakaras, A. G.Langmuir2006, 22, 88.
(41) Seo, Y.-S.; Kim, K. S.; Galambos, A.; Lammertink, R. G. H.; Vancso,

G. J.; Sokolov, J.; Rafailovich, M.Nano Lett.2004, 4, 483.
(42) Lu, Q.; Bazuin, C. G.Nano Lett.2005, 5, 1309.

Table 3. Characteristics of LB Monolayers of PEOnPSn Star Polymers at Different Pressures (π, mN/m)

thickness, nm domain height, nm area coverage

group sample π ) 1 π ) 5 π ) 25 π ) 1 π ) 5 π ) 25 π ) 1 π ) 5 π ) 25

I S16-19 1.1 1.4 2.7 7.0 6.6 9.0 0.24 0.29 0.66
S18-23 2.1 2.2 3.6 5.5 5.4 6.7 0.44 0.64 0.77
S16-39 1.0 1.8 2.7 3.3 3.6 3.4 0.36 0.63 0.93

II S38-78 0.8 2.4 3.4 1.5 2.5 1.1 0.57 0.74 0.97
S30-86 2.4 2.8 4.3 1.2 2.6 2.3 0.59 0.94 1.00
S20-88 2.6 4.7 7.3 8.1 9.5 9.6 0.29 0.49 0.97
L-86 0.5 0.4 6.1 0.9 0.9 1.2 NA NA NA

Figure 6. Diverse morphologies at the edges of LB monolayers
from S16-19 (a) and S18-23 (b and c) deposited at 5 (a and b) and
25 mN/m (c). Height is 15 nm for all images.
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The star copolymer with a moderate PEO content (S16-39)
stands alone in group I (Table 1, Figure 2). Unlike the other two
group I copolymers, S16-39 formed a very uniform monolayer
at both low and high surface pressures (Figure 7a,c). Fine circular
domains formed a densely packed and partially ordered network
visible at higher resolution (Figure 7b,d). The network possesses
a short-range ordering of PS domains 3.5 nm high, as can be
concluded from two-dimensional fast Fourier transform and lattice
cross sections (not shown). The diameter of very uniform circular
domains was close to that observed for other polymers (60(
5 nm). The domain height remained relatively constant as the
surface pressure increased, thereby causing the effective thickness
of the monolayers to climb (Table 3). The formation of a relatively
ordered lattice in this specimen can be explained by a significantly
low PS content combined with a lower overall molecular weight
and the molecular weight of PS arms, which results in higher
mobility of the molecules, thus facilitating formation of a more
ordered lattice of circular domains.

Two-dimensional (2D) Janus-like structures can have either
circular or noncircular shapes depending upon the length of the
different polymer segments and the number of arms.39,40 The
Janus structures can facilitate further formation of multimolecular
micelles, which indeed was observed for all PEOnPSn heteroarm
star polymers studied here. Hence, we suggest that a significant
difference between PEO and PS chains length in S16-19 and
S18-23 star polymers caused noncircular structures, which later
assemble themselves into cylindrical micelles. Recent theoretical
calculations have shown that, for a 2D system of particles
consisting of a hard core and soft repulsive corona, repulsive
interactions may cause spontaneous formation of the stripe
morphology resembling those observed in this study.43 In the
case of S16-39 star polymer, formed spherical Janus particles
are organized into ordered supramolecular structures.

LB Monolayers at the Solid Surface: Group II. In contrast
with group I, the heteroarm star polymers with the larger number
of arms, higher molecular weight, and higher content of PEO

chains formed monolayers with bicontinuous PEO and PS phases
(Figure 8). The S38-78 star copolymer with 38 arms formed a
uniform monolayer with a fine texture: a bicontinuous network
at low surface pressure and dense packing of circular domains
as the surface pressure increased. However, the S30-86 heteroarm
star polymer formed a coarser network of PS domains at low
surface pressure and a uniform monolayer at 25 mN/m (Figure
8c,d). The uniform surface morphology of these star copolymers
is similar to the morphology of the linear block copolymer L-86
with identical content of PEO phase (not shown). However, the
overall thickness of the monolayer from the linear block
copolymer at low surface pressure was much smaller than that
for the analogous star copolymer (Table 3). This difference
indicates that the presence of the spatial constraints of the multiple
arms attached to a single core facilitates easier vertical phase
separation under lateral compression. Moreover, the effective

(43) (a) Malescio, G.; Pellicane, G.Nat. Mater.2003, 2, 97. (b) Malescio, G.;
Pellicane, G.Phys. ReV. E 2004, 70, 021202.

Figure 7. AFM images of LB monolayers from star polymer with
moderate content of PEO (S16-39) at 1 (a and b) and 5 mN/m (c
and d). Height is 10 nm for all images.

Figure 8. AFM images of LB monolayers from: S38-78 (left) and
S30-86 (right) deposited at 1 (a and b), 5 (c), and 25 mN/m (d)
surface pressures. Height is 3 nm for all images of S38-78 star
polymer (left column) and 5 nm for all images of S30-86 star polymer
(right column).
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thickness of LB monolayers increased significantly for higher
surface pressure, indicating that the PEO phase formed a thicker
layer underneath the PS blocks, ultimately allowing the PS phase
to form the uniform topmost layer (Table 3, Figure 8).

Very peculiar surface morphology was observed for the star
polymer S20-88 with the highest PEO content but the lowest
number of arms (Table 1, Figure 2). This polymer formed well-
defined dendritic structures at all surface pressures (Figure 9).
At low surface pressure, highly branched dendritic morphologies
merged into long branched two-dimensional structures oriented
transverse to the dipping direction (Figure 9a,b). The height and
width of the dendritic structures were very comparable, suggesting
that a rise in surface pressure was causing a uniform growth
(Table 3). The higher resolution AFM imaging revealed internal
domain structures, indicating that the dendrites are assembled by
the aggregation of deformed fine circular domains merging into
larger aggregates upon compression (Figure 10).

The rise in surface pressure to 5 mN/m resulted in the increased
surface coverage from 29% to 49% and domain height growth
from 8.1( 0.2 nm to 9.5( 0.2 nm. Denser and more regular
dendritic structures were oriented along the dipping direction at
this pressure (Figure 9c,d). The length of the backbones reached
tens of microns with the length of branches averaging 2.5( 0.5
µm.

At the highest surface pressure, the dense dendritic structure
merged into a continuous texture with remnants of the merging
and compressed branched structures still evident (Figure 9e,f).
The effective thickness rose to 7.3( 0.2 nm as the surface
coverage exceeded 90%. The surface microroughness of the
irregular domains decreased at the highest surface pressure. The
overall shapes of the compressed structures followed the initial
highly branched morphology with branches squashed in the
transverse direction. An interesting feature is the appearance of
straight ridges along the former dendrite backbones (Figure 9f).
The ridges were 1.5 nm higher than the surrounding monolayer,
suggesting the dominating PEO phase thickened as the molecules
were compressed along the backbone region. Therefore, the star
polymer with the highest PEO content formed dendritic structures
at the air-solid interface, indicating that the longer PEO arms
were capable of crystallizing at the interface despite star
architecture and confinement under PS aggreagtes.

Suggested Models.Generally, the overall behavior of am-
phiphilic heteroarm star polymers with a large number of arms
follows general trends observed for PEO-PS star copolymers
discussed before except for some unexpected features as will be
discussed below.18From the collected data, we suggest different
types of molecular organization for amphiphilic heteroarm star
polymers studied here (Figure 1). Cartoons of corresponding
structural organizations are presented in Figure 11. First, the
molecular ordering of star polymers with low PEO content is
controlled by the predominant PS arms, thus forming circular
domains aggregated into continuous cylindrical morphology
(Figure 5). The shorter PEO chains limit contact between PEO
arms of neighboring molecules, thus allowing the PS chains to
form continuous one-dimensional structures via lateral aggrega-
tion (Figure 11a). An interesting and unique netlike nanostructure
was observed for the first time at elevated surface pressure. A
2-fold increase in molecular weight of the PEO arms and the
decreasing length of PS arms result in the collapsed cylindrical
structure and the formation of densely packed circular micelles
(Figure 7). This type of molecular ordering is consistently
observed for star polymers with moderate PEO content (Figure
11b). The star polymer with the highest PEO content (88%)

Figure 9. AFM images of dendritic supramolecular nanostructures in LB monolayers from S20-88 at 1 (a, b), 5 (c, d), and 25 mN/m (e,
f). Height is 15 nm for all images. Arrows (images a, c, e) indicate the dipping direction.

Figure 10. High-resolution AFM images of dendritic structures in
LB monolayers from S20-88 at 5 mN/m. Height (left) is 15 nm;
phase (right) is 25°.
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forms virtually uniform morphology with an underlying PEO
layer covered with PS phase (Figure 11c). A concurrent increase
in a number of dissimilar arms attached to a single core (up to
38 for S38-86) prevents microphase separation and the formation
of individual circular domains expected for this chemical
composition. Instead, upon compression the PEO chains covered
segregated PS chains, forming a smooth hydrophilic carpet (Figure
8).

However, reducing the crowding of PS and PEO chains
(decreasing the number of arms from 38 to 20) for the S20-88
compound with the highest PEO content promotes in-plane
microphase separation with the formation of peculiar dendritic
surface morphology. This type of surface morphology is an
indication of monolayer growth via diffusion-limited aggregation
with preferential directional addition of the components (Figure
11d).44This growth combined with lateral compression eventually
leads to the directional growth of PEO monolayer with PS phase
vertically segregated in the form of circular domains and 2D
dendritic features (Figure 9). Such a unique morphology has
never been observed for heteroarm star polymers, but it is known

for PEO-containing linear block copolymers. Formation of
dendritic-like morphologies of PEO-PS45,46and PEO-PMPCS47

either from solution or upon isothermal crystallization has been
reported. By controlling the crystallization rate, several different
patterns ranging from developed dendritic-like to platelets can
be formed at isothermal conditions. Therefore, we suggest that
PEO crystallization upon solvent evaporation plays a significant
role in the formation of interconnected circular domains, which
aggregate into larger dendritic interconnected structures.

Recent studies of self-assembly of diblock copolymers
suggested that changing experimental condition such as a
concentration of deposited polymer solution,17b,48addition of a
surfactant,41,42or method of deposition might provide a new tool
to control surface morphologies. Therefore, by applying the same
methods we may expect the discovery of the new unusual surface
morphologies from the heteroarm star polymers.

In conclusion, the ability of PEOnPSn star copolymers with
different numbers of arms and arm lengths to form ordered domain
nanostructures at the air-water and air-solid interfaces was
investigated. Monolayers of the star polymers have been
transferred onto silicon substrate and examined by AFM. The
formation of the peculiar stripe and netlike patterns has been
observed for the star polymers with long PS and short PEO
chains. These structures have never been observed either in
concentrated solutions or in the bulk and seem to be formed only
in LB monolayers. Star polymer with 30% PEO and similar PEO
and PS chain lengths exhibited a highly ordered 2D assembly
of fine circular domains. For the PEO-rich star polymers we
observed a strong influence of the number of arms on the
morphology of the monolayers. The formation of the very smooth
monolayers at a wide range of surface pressures has been
examined for the star polymers with 78 and 86% PEO and 38
and 30 arms, respectively. The 20-arm star polymer with the
highest PEO content formed peculiar dendritic superstructures
(branched textures) upon compression. These structures have
never been observed for multiarm PEO-PS star block copoly-
mers. We suggest that the microphase segregation at the air-
water interface and PEO crystallization are both triggered by
reduced constraints due to the lowered number of arms in the
molecules. These processes cause the formation of the spherical
or nonspherical core-shell micellar structures followed by
spontaneous formation of dendrite patterns.
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Figure 11. Schematics of molecular ordering in LB monolayers
from PEOnPSn heteroarm star polymers with low (a), moderate (b),
high (c), and the highest (d) PEO content.
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