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ABSTRACT: We focus on the role of functional terminal group combinations for (X-PEO)2-(PS-Y),
heteroarm star copolymers with respect to their interfacial behavior and surface morphology. We
synthesized a series of star copolymers with combinations of bromine, amine, TBDPS, hydroxyl, and
carboxylic terminal groups. The study concluded that hydrophilic functional groups attached to
hydrophobic chains and hydrophobic functional groups attached to hydrophilic chains resulted in the
stabilization of the spherical domain morphology, rather than cylindrical morphology predicted for the
given chemical composition of star copolymers. The replacement of functional groups of hydrophobic
polymer chains was found to be even more effective in creating stable and very fine circular domain
morphology. In addition, for (COOH-PEO)s-(PS-NHy); star polymer the ionization of carboxylic terminal
groups at higher pH led to greater solubility of PEO chains in the water subphase, which along with
deionization of amine terminal group prevented the lateral aggregation of PS domains, further promoting

the formation of nanoscale circular morphology.

Introduction

Novel macromolecular architectures such as highly
branched and star-shaped block copolymers have been
found to exhibit novel aggregation behavior!=® and
complex intramolecular interactions® in solution, sur-
faces, and interfaces.””1* Unique morphologies were
found in branched and star block copolymers that were
not observed for linear block copolymers.1>=20 At the
air—water interface, the behavior of star-shaped copoly-
mer is qualitatively identical to linear systems; the
hydrophobic chain collapses into globules while the
hydrophilic chain spreads out to form pancake struc-
ture.21-22 At high surface pressure, nonetheless, recent
studies showed that crowding of hydrophobic PS chains
at a single junction point in asymmetric heteroarm
PEO-b-PS,, star polymer increased circular micellar
stability.23:24

Recent studies have extended toward more sophisti-
cated copolymer architectures ranging from H-shaped
to m-shaped,?26 Vergina-star,2” dumbbell-shaped,?® ABC
star-shaped,?® and dendrimer-like star block copoly-
mer3® motivated and made possible by recent rapid
development in controlled living polymerization (CLP)
techniques.?! Auxiliary to being amphiphilic, these
copolymers can contain multiple junction points and
degree of branching, can be symmetrical or asym-
metrical, and can contain multiple types of functional
terminal groups. To obtain polymers with such archi-
tectural intricacy, combining two or more polymeriza-
tion techniques is required. This approach often leads
to polymers with dissimilar end-functional groups whose
influence is often overlooked in the subsequent study.

A number of studies have shown that end-function-
alized homopolymers and block copolymers composed
of a combination of hydrophobic and hydrophilic termi-
nal groups have self-assembling ability.?223 Hydrophobic
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alkane (Ci2 and Ci¢) terminal groups attached to hy-
drophilic chains act as a constraint confining the end-
(s) at the surface, hence reducing the solubility in
water.3* The effect of the nature of terminal groups
(hydrophobic or hydrophilic) on the aggregation of PEO
homopolymers in solution has also been studied by
small-angle neutron scattering (SANS). It was found to
be significant even if it occupies only a small volume
fraction (<0.1%). For instance, hydrophobic methoxy
(—0—CHjy) terminal groups affected the clustering of
PEO, and the opposite was observed for hydrophilic
hydroxyl (—OH) functionalized PEO chains.?® Compared
to junction point functionalization, terminal function-
alization was found to result in larger aggregates due
to the stronger excluded-volume effect.?® Different
peripheral functional groups—proton (H), methyl (CHj),
tert-butyldimethylsilane (TBDMS), and hydroxyl (OH)—
attached to 4,6-bis(6-(2,2'-bipyridyl))pyrimidine resulted
in notable changes in the mean molecular area (MMA)
(also known as surface area per molecule) at the air—
water interface. For example, functionalization with
bulky TBDMS groups showed the largest MMA, i.e.,
about 3.5 nm? vs only about 1.5 nm? for proton func-
tionalized 4,6-bis(6-(2,2'-bipyridyl))pyrimidine.3? Theo-
retical calculation for PEO chain conformation in aque-
ous solution showed that the effect of the terminal
groups remains noticeable for molecular chains up to
250—500 monomer units long (molecular weight ca.
10 000—20 000).37

The surface behavior of amphiphilic copolymers at the
air—water interface had been explored largely for vari-
ous chemical architectures, such as AB, A, B,,, A,B,,, and
(AB), as a function of chain lengths and composi-
tions,3842 surface pressure,*? temperature, film thick-
ness,* and nature of the terminal groups.*® These struc-
tures are commonly visualized with atomic force micros-
copy (AFM) or transmission electron microscopy (TEM).
Depending upon whether the hydrophilic or the hydro-
phobic segment is dominant, a range of surface micro-
structures are usually observed for these amphiphilic
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Scheme 1. Synthesis of (Br-PS):-(PEO-TBDPS).
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Table 1. Properties of Heteroarm Star Block Copolymers®
NMR data
GPC data PEO arm PS arm
no. polymer M,, 103 My, 103 PDI M, 103 N ¢ M, 103 N total My, 10°
1 (Br-PS)2-(PEO-TBDPS), 14 18 1.31 7.5 170 0.32 14 135 43
2 (Br-PS)s-(PEO-OH), 17 20 1.20 7.5 170 0.32 14 135 43
3 (Br-PS)2-(PEO-COOH) 2 17 20 1.18 7.5 170 0.32 14 135 43
4 (NH,-PS)2-(PEO-TBDPS); 19 23 1.22 7.5 170 0.32 14 135 43
5 (NH;-PS)2-(PEO-OH). 17 21 1.22 7.5 170 0.32 14 135 43
6 (NH;-PS)2-(PEO-COOH), 16 19 1.20 7.5 170 0.32 14 135 43

@ M,, is number-average molecular weight, My, is weight-average molecular weight, NV is number of monomeric units, and ¢ is volume

fraction of PEO block.

copolymer systems. This includes ordered circular do-
mains, randomly oriented spaghetti-like or lamellar
morphology, mixed morphologies, and planar surface
structures. By changing the nature of the terminal
groups in amphiphilic block copolymer (PS-b-PVP/RX)
with R = C; to C;5 and X = I and Br, Zhu et al.
demonstrated that the surface morphology of diblock
copolymer is determined by the solubility of the hydro-
philic chains.*® A comprehensive study had been un-
dertaken by Fauré et al. on the structure and phase
transitions of PS—PEO diblock copolymer monolayers
at the air—water interface for variable PEO chain
lengths.46

It can be concluded that the changes in surface
microstructure obtained through variation in chemical
architecture, chain length, composition, surface pres-
sure, temperature, and terminal group are merely the
different ways of changing the arrangement of the
hydrophilic chains at the interfaces. If the hydrophilic
chains are not easily submersible in water phase,
circular domains are formed. Decreasing dominance of
hydrophilic chains leads to lamellar, mixed, and eventu-
ally planar microstructures. However, the role of the
hydrophobic chain arrangement in determining the
surface microstructure is not clearly understood. To
date, surface studies on amphiphilic copolymers with
variable terminal groups have mainly been limited to
linear systems, and no studies had yet been reported
on the effect of the terminal groups attached to different
arms of amphiphilic heteroarm star copolymers.

In this work, we investigate the role of different
terminal groups for both the hydrophilic and hydropho-
bic arms of A2By heteroarm star copolymer. We focus
on four-arm star copolymer (X-PEQO)2-(PS-Y)s introduced
in our recent studies.??-2¢ We report chemical modifica-
tion of these star copolymers and discuss their surface
behavior at the air—water interface and the surface
microstructure on a solid surface.

X{O/q * (0] Y

2
Figure 1. Chemical structure of 4-arm (X-PEO)s-(PS-Y):2
heteroarm star copolymers.

Experimental Section

Materials. Using 2,2-dimethyl-5,5-bis(hydroxylmethyl)-1,3-
dioxane as a core, amphiphilic heteroarm PEOy—PS; star
copolymers were initially synthesized by growing two PEO
arms by anionic polymerization of ethylene oxide, which was
then terminated with a tert-butyldiphenylsilane (TBDPS)
protecting group. Two polystyrene arms were then grown by
atom transfer radical polymerization (ATRP) to make star
copolymer (TBDPS-PEO).-(PS-Br); (1), shown in Scheme 1.
The detailed synthetic procedure for PEO,—PS,, heteroarm
star copolymers used here is described earlier.*’” These star-
block copolymers possess a low polydispersity index, as
confirmed by gel-permeation chromatography (GPC) and
nuclear magnetic resonance (NMR) (Table 1). (In the molecular
weight calculation using proton NMR, the TBDPS group was
used as the reference peak. Without the TBDPS reference
peak, molecular weights of the rest of the star copolymers are
assumed to be the identical.) Hydrodynamic behavior of star
copolymers in GPC measurement is responsible for the sub-
stantial difference in the measured molecular weight values
with respect to those measured by NMR.® Chemical modifica-
tion of polymer 1 yields a range of the 4-arm amphiphilic star
copolymers (X-PEQO)s-(PS-Y), with different terminal groups,
X and Y (Figure 1). Table 2 shows the different combinations
of terminal groups employed in this study. Here, “+” and “—”
notations are used to assign the hydrophilic and hydrophobic
groups or chains, respectively. To simplify the notation, we
use a shorter abbreviation (X)2-S-(Y)2 with S standing for the
star core and X and Y standing for different types of terminal
groups (two groups for each type of arms).
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Table 2. List of Functionalized (X-PEQ)sz-(PS-Y)2
Heteroarm Star Copolymers®

no. polymer abbreviations notation®
1 (Br-PS);-(PEO-TBDPS);  (Br).-S-(TBDPS); — —+ —
2 (Br-PS);-(PEO-OH). (Br)2-S-(OH)2 -—++
3 (Br-PS)-(PEO-COOH) » (Br)s-S-(COOH). - —++
4 (NHp-PS);-(PEO-TBDPS); (NHy)s-S-(TBDPS); + — + —
5 (NH2-PS)2-(PEO-OH): (NHz)2-S-(OH)g +—++
6 (NH2-PS):-(PEO-COOH);  (NHg)e-S-(COOH), + —+ +

@ Plus (+) is hydrophilic and minus (—) is hydrophobic.

The discussion in organized in the following manner: the
hydrophobic PS chains of polymers 1, 2, and 3 are function-
alized with hydrophobic Br functional groups, while the
hydrophilic PEO chains are functionalized with hydrophobic
TBDPS, hydrophilic OH, and hydrophilic pH-sensitive COOH
functional groups. On the other hand, the hydrophobic chains
of polymers 3, 4, and 5 are functionalized with hydrophilic,
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pH-sensitive amine functional groups, and the hydrophilic
PEO chains are functionalized again with hydrophobic TBDPS,
hydrophilic OH, and pH-sensitive hydrophilic COOH func-
tional groups (Table 2).

Chemical Modification of Terminal Groups. Scheme 2
summarizes the synthetic procedures as described in the
literature and presented briefly here. The treatment of polymer
1 (0.0154 mmol, 630 mg) with 1 M tetrabutylammonium
fluoride, TBAF (1.54 mmol, 401.8 mg), in THF (25 mL)
overnight gives polymer 2. TH NMR spectra demonstrate
successful removal of TBDPS protecting group as indicated
by the disappearance of peaks a and b in Figure 2a.

Polymer 2 (0.00266 mmol, 209 mg) was reacted overnight
with succinic anhydride (0.053 mmol, 5.3 mg) in the presence
of 4-(dimethylamino)pyridine, DMAP (0.00260 mmol, 0.32 mg),
in pyridine (1.5 mL) to give polymer 8.5%51 The CH; signal of
succinic acid is notated by letter i in Figure 2b. The 'TH NMR
spectrum of (Br);-S-(TBDPS); and 'H NMR spectrum of (Br)s-
S-(COOH); (6, ppm, CDCls): 7.3—6.3 (m, 20H, aromatic),

Scheme 2. Synthetic Path for Functional Group Modification of (Br-PS):-(PEO-TBDPS); and Conditions: (a)
TBAF/THF; (b) Azidation by NaNs/DMF; (¢) P(Ph)s/THF; (d) Hydrolysis by H:O/THF; (e) Succinic Anhydride,
DMAP/Pyridine

(S
OH
0 (6]
Br . 6\—‘[“0
@?%}Q -
0:><:O
(0] O,
LY (_\
o 3 %\o
o”“\\‘p
OH
b,c,dl
OH
o) ?ﬁ o
H,N 0]

;
NP Ay

%

1 N,
é(—

b,c,d



8768 Gunawidjaja et al.

c)

()

Macromolecules, Vol. 38, No. 21, 2005

O

120 100 80 60 40 20 0 -20 -40 -60 -80 -100
Chemical Shift (ppm)
2 X
HO i c o e
O [0 A%
n
(0]
f+
X X !
| — .,.j e
a) @
a AN )
Si—O ¢ nONV‘ £ o
Br
m
d x O
¢ a
b J k
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

Chemical Shift (ppm)
Figure 2. (a) (Br).-S-(TBDPS),, (b) 'H NMR spectrum of (Br);-S-(COOH)s, and (c) 3'P NMR of ((Ph)sP=N),-S-(OH), and P(Ph)s;

[

x” are solvent peaks.

3.6 (s, 4H, (CH2CH3—O)n, PEO block), 1.32 ppm (s, 6H), 1.05
(s, 18H, C(CHjy)3), 2.5—2.7 (t, succinic acid). “x” are solvent
signals.

The bromine functional groups of polymers 1—3 were each
converted into amine groups in three steps to give polymers
4—6, respectively, according to the procedure described in the
literature.’? The transformation of the bromine group into
azide (N3) and further to triphenylphosphine group was
confirmed by the presence of a peak at about 33 ppm in the
3P NMR spectrum (Figure 2¢). The signal for nonchemically
bonded triphenylphosphine occurs at about —10 ppm. The
absence of a peak at 33 ppm following hydrolysis of tri-
phenylphophine group yields amine functional groups. P
NMR of (NHg)2-S-(OH); (0, ppm, CDCls): —4.4 (s, triphenyl
phosphine) and 30.5 (s, chemically bonded triphenylphos-

phine). Purification of the polymers at every stage was done
by precipitation in methanol that resulted in an average yield
of 65—75%.

Substrate Preparation. High-quality and freshly prepared
silicon oxide surfaces of [100] silicon wafers (Semiconductor
Processing Co.) were obtained through chemical etching ac-
cording to the procedure adapted in our lab.?® These wafers
were chemically treated to remove any organic and inorganic
contaminants from the surface according to the standard
procedure: first, the wafers cut into rectangular pieces (1.5 x
1.5 cm?) were submerged in Nanopure water (o > 18.0 MQ
cm™!) and sonicated for 10 min at a room temperature. Next,
they were treated with “piranha solution” (30% concentrated
hydrogen peroxide, 70% concentrated sulfuric acid, hazardous
solution!) for 2 h to remove organic contaminants and to strip
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the original silicon oxide surface layer. Finally, the substrates
were abundantly rinsed with Nanopure water and dried with
nitrogen stream. This treatment resulted in a fresh silicon
oxide layer with a consistent thickness of about 1.2 nm with
a high concentration of silanol groups. Wafer preparation was
conducted in a clean room, class 100, to avoid any air
contaminations on active surfaces. The surface microroughness
did not exceed 0.1 nm within the 1 x 1 um? surface area.

Sample Characterization. The surface behavior at the
air—water interface and Langmuir—Blodgett (LB) monolayer
depositions onto the silicon substrate were conducted at room
temperature using an R&K 1 LB trough according to the usual
procedure.’ The 60—120 uL of dilute polymer solution (con-
centration less than 1 mg/L) in chloroform (HPLC grade) was
deposited dropwise (5—6 drops, uniformly distributed) onto the
Nanopure water surface and left to evaporate and spread
evenly over a period of 30 min at room temperature. During
LB deposition, the surface pressure was held constant as the
submerged silicon substrate was slowly lifted up at a velocity
of 3 mm/min. The LB monolayers were deposited onto the
silicon substrates at two different surface pressures: low, 5
mN/m, and high, 35 mN/m (on the verge of collapsed), at a
naturally occurring pH of 5.5. Additionally, polymers 3 and 6
were deposited at subphase pH of 3.2 and 8.8 at the surface
pressure of 5 and 35 mN/m. The desired pH level was obtained
by dropwise addition of NaOH (0.03 M) and HCI (1.3 M) and
monitored using an Orion pH-meter, model 410A.

The effective thickness of the monolayers was measured
with COMPEL automatic ellipsometer (InOmTech, Inc.) with
an incident angle of 70° and a wavelength of 634 nm according
to the well-known procedure.?® The average thickness of the
silicon oxide layer was measured prior to the monolayer
deposition and later used during the ellipsometry measure-
ment with a double-layer model was employed to calculate the
monolayer thickness. The refractive index for amphiphilic
copolymers was calculated by taking into account the chemical
composition with the refractive index for the different blocks
taken as 1.59 for PS and 1.53 for PEO.5¢ The results were
averaged over five independent measurements at different
locations on the substrate. The standard deviations of the
thicknesses measured with ellipsometry were 0.1 nm.

The LB monolayers deposited on the silicon substrates were
studied with a Dimension-3000 microscope (Digital Instru-
ments, Inc.) in the “light” tapping mode in accordance to the
usual procedure adapted in our lab.5"5¢ An amplitude ratio of
0.90 and higher was employed to avoid monolayer damage.?®
AFM characterizations of the deposited LB monolayers were
done after drying samples in a desiccator for 24 h. The AFM
scans were conducted at 1 Hz for surface areas ranging from
20 x 20 um? to 1 x 1 um? and for several randomly selected
locations with at least 40 different images collected for each
specimen. The tip radius was measured independently using
gold nanoparticles as a standard reference, and only the
sharpest tips were selected for scanning.%° The AFM tip radii
were between 20 and 35 nm, and the spring constants of these
cantilevers were in the range 40—60 N/m. The domain heights
were obtained from cross-sectional analysis, and the PS
domain surface area coverage was calculated from height
histograms using the bearing analysis.5!

Results and Discussion

Air—Water Interfacial Behavior. All six copoly-
mers demonstrated similar pressure—area behavior
typical for amphiphilic compounds (Figure 3a,b). Their
isotherms showed initially an almost horizontal region
followed by an abrupt pressure increase at a certain
surface area before reaching the collapsed region at a
smaller surface area.®? Polymers 1 and 4 showed a
prominent appearance of a pseudoplateau. In general,
the appearance of a significant pseudoplateau is associ-
ated with circular domain surface microstructure.?® The
surface areas per molecule, Ay, derived from the iso-
therms are summarized in Table 3. As clear from these
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Figure 3. Langmuir isotherms of (a) (Br).-S-(Y); and (b)
(NHs).-S-(Y)2. Y is TBDPS, OH, or COOH.

Table 3. Surface Area per Molecule and PEO Thickness
As Determined from Langmuir Isotherms

no. polymer Ay, nm? hpEo, NIM
1 (Br)2-S-(TBDPS), 13.1 1.6
2 (Br)2-S-(OH)q 11.3 1.8
3 (Br)s-S-(COOH), 10.4 2.0
4 (NHj3)2-S-(TBDPS), 16.9 1.2
5 (NHy) o-S-(OH)» 15.3 1.4
6 (NHz2)2-S-(COOH)2 14.2 15

data, star copolymers with Br-terminated PS arms
(polymers 1—3) exhibited smaller surface area per
molecule (by 25—30%) or more compact packing in the
condensed state as compared to star copolymers with
NH,-terminated PS arms (polymers 4—6). This differ-
ence indicates that fully hydrophobic PS arms can be
easier displaced from the air—water interface into
hydrophobic domains by lateral compression while the
presence of the amine terminal groups keeps hydropho-
bic PS arms more spread.

Changing the nature of the terminal groups of the
hydrophilic PEO arms from hydrophobic (TBDPS) to
hydrophilic (OH and COOH) decreased the surface area
per molecule in the condensed state by 25% irrespective
of the terminal groups of the PS arms (Table 3). This is
a clear sign of easier desorption of PEO arms with
hydrophilic terminal groups into the water subphase
which results in more compact overall packing of
molecules. In all cases, star copolymers with the bulky
TBDPS terminal hydrophobic groups occupy the largest
surface areas. The most compact packing of the star
molecules at the air—water interface is achieved when
compact hydrophobic Br groups at the ends of PS arms
are combined with hydrophilic and polar carboxylic
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Figure 4. AFM topography of (a) (Br);-S-(TBDPS)s, (b) (Br)2-S-(OH)s, (c) (Br)e-S-(COOH)s, (d) (NHj)s-S-(TBDPS)s, (e) (NHy)s-S-
(OH)s, and (f) (NHs)2-S-(COOH).. Monolayers were deposited at surface pressure, p = 5 mN/m. Scan area is 2 x 2 um?. Height is

10 nm.

5 Y

Figure 5. AFM topography of (a) (Br),-S-(TBDPS),, (b) (Br)s-S-(OH)s, (¢) (Br)s-S-(COOH),, (d) (NHy)o-S-(TBDPS)s,, (e) (NHy)s-S-
(OH)s, and (f) (NH2)2-S-(COOH),. Monolayer were deposited at surface pressure, p = 35 mN/m. Scan area is 2 x 2 um?. Height

is 10 nm.

terminal groups for PEO arms, thus making the ten-
dencies of different arms to escape from the interface
into water subphase (PEO-COOH) and air (PS-Br)
stronger (Table 3).

Surface Morphology. Surface morphology of am-
phiphilic star copolymers differs for different combina-
tions of the terminal groups despite that their overall
chemical composition remains very similar: PEO chains
of molecular weight of 7500 each are combined with PS
chains of 14 000 each, resulting in a volume fraction
PEO of 32%, which is favorable for cylindrical morphol-
ogy (Table 1).23 For amphiphilic copolymers of the type
A,B,, with a particular composition, the bulk morphol-
ogy can be predicted using a Milner’s phase diagram,
which takes into account an asymmetry of the molecular

architecture.%® This diagram predicts cylindrical mor-
phology for star copolymers studied here as was dis-
cussed in detailed earlier.2?

Larger area scans (10 x 10 um? and higher) show the
uniformity of all of the LB monolayers (not shown).
Figures 4 and 5 show higher-resolution AFM images of
LB monolayers transferred onto the silicon substrate
at different surface pressures. As expected from the
isotherm shape, circular domains were indeed observed
for some polymers. This is indicative of the hydrophilic
PEO chains being surface-anchored, a well-understood
phenomenon caused by the presence of bulky hydro-
phobic terminal groups (TBDPS).3% A replacement of
functional groups resulted in changing surface morphol-
ogy (Figure 4). The circular domains of polymer 1 are
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Table 4. Monolayer Thickness and Domain Heights at
Various Surface Pressures at pH = 5.5¢

monolayer thickness, nm

domain heights,
ellipsometry calculated nm
no. polymer P1 P2 P1 P2 P1 P2
(Br)s-S-(TBDPS); 2.3 39 28 36 4.3 6.0
(Br)2-S-(OH), 3.8 4.1 41 4.0 6.9 6.6

(Br),-S-(COOH), 3.4 45 41 44 5.4 5.4
(NHy)2-S-(TBDPS), 2.5 39 28 34 4.2 4.5
(NH2) 2-S-(OH)s 2.9 42 34 32 6.0 4.5
(NHy)-S-(COOH), 2.7 3.7 34 35 5.0 4.5

SO W

@ Surface pressure P1 is 5 mN/m and P2 is 35 mN/m.

not as uniform as those seen for polymer 4. Overall, the
domain morphology is much finer and uniform for all
star copolymers with NHy-terminated PS arms.

Mixed small-medium circular and circular-cylindrical
domain morphology was observed for all star copolymers
with Br-terminated PS arms (Figures 4 and 5). Lateral
domain sizes were widely distributed from 10 to 100 nm.
Effective monolayer thickness measured using ellip-
sometry was within 2.3—3.8 nm for all monolayers
studied at low pressure and increased to 3.7—4.5 nm
for higher compressions (Table 4). These values closely
resemble those measured by AFM affirming the ac-
curacy of the predicted micelle conformation on solid
substrates.?? The domain heights were much more
uniform and stayed within 4.3—6.9 nm for all surface
pressures applied here (Table 4). The domain heights
increased slightly with pressure for both star copolymers
with hydrophobic terminal groups of PEO chains but
remained unchanged for star copolymers with OH- and
COOH-terminated PEO chains (Table 4). The surface
coverage with domains was within 28—48% as esti-
mated from the AFM images taking into account the
tip convolution.

The replacement of the PEO hydrophobic end groups
with hydrophilic OH groups resulted in decreased stabil-
ity of the circular microstructure and the appearance
of mixed circular and cylindrical domains with a wide
distribution of lateral sizes within 10—200 nm. On the
other hand, the replacement of the Br terminal groups
with NHsy groups shifted the morphological pattern to
fine circular domains with an average diameter below
50 nm. This indicates that the hydrophobic—hydrophilic
combination enhances the phase separation leading to
stable circular domain morphology. Moreover, phase
separation driven by the contrasting nature of polymer
chains and end-functional groups is more effective in
controlling aggregation of the hydrophobic PS chains as
compared to the hydrophilic PEO chains. However, it
is worthwhile to note that the stability of a fine circular
domain can be easily disturbed by, e.g., the capillary
forces acting along the edges of the substrates as visible
from well-developed lamellar and cylindrical morphol-
ogies in these surface areas (Figure 6).

High-resolution imaging of the domain morphology
of star copolymers studied here showed very uniform
heights of circular and cylindrical domains (within 2—4
nm above the surrounding media) and diameters below
50 nm (Table 4, Figure 7). Considering that the sup-
porting substrate is hydrophilic, the general schematics
of the surface distribution of individual PS domains and
a surface layer composed mainly of PEO chains can be
presented as that in Figure 7, in agreement with the
known models for linear PS—PEO block copolymers
layers on solid surfaces.?243:6¢ This general model will
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Figure 6. AFM topography of (Br);-S-(OH)2 obtained at the
edge of the substrate. Scan area is 20 x 20 ym? for (a) and 2
x 2 um? for (b). Height is 30 nm.

be elaborated below into a specific model for star
copolymers with different functionalized terminal groups
considering current results.

Effect of Subphase pH. As described by Le Chét-
elier’s principle,® ionizable groups undergo reversible
protonation—deprotonation transition, which can sig-
nificantly affect interfacial behavior of the functional-
ized star copolymers. The two polymer samples studied
under varying pH are (Br)2-S-(COOH)s and (NHy)s-S-
(COOH)2. The pK, values of carboxylic and amine
functional groups at room temperature is estimated to
be about 5.6 (succinic acid) and between 4.6 (aniline)
and 10.6 (benzylamine), respectively.®6 Thus, Langmuir
isotherms were collected in the range of pH from 3.2 to
10.6 (Figure 8). However, compression at pH = 10.6
revealed a monotonic nonequilibrium isotherm, indicat-
ing hydrolysis of the ester linkages. The pH values
within pH = 3.2—8.8 covered the pK, values for both
star copolymers. Langmuir isotherms of polymer 3,
(Br),-S-(COOH)3, and polymer 6, (NHs)2-S-COOH)s, at
pH of 3.2, 5.5, and 8.8 are shown in parts a and b of
Figure 8, respectively. The shape of the Langmuir
isotherms is consistent for all pHs with overall stability
of the monolayers (pressure for a precollapsed state)
decreasing significantly for higher pH (Figure 8). High-
est stability (higher collapsed pressure) for both star
copolymers was observed for the lowest pH studied
here. The surface areas per molecule of the samples
showed a slight decrease (within 10%) with increasing
pH (Table 5).

The surface morphology underwent notable transfor-
mation for both star copolymers with changing pH level
of the subphase (Figure 9). The irregular mixed mor-
phology at low pH was replaced with a much finer
circular morphology in Br-terminated star copolymer
and an ideal uniform circular morphology for NHp-
terminated star copolymer for all surface pressures. The
monolayer thicknesses and domain heights did not
change significantly at various pHs (Table 6). These
results clearly demonstrate that the ionization of the
terminal groups can shift equilibrium and change the
domain morphology as follows: first, higher ionization
of the carboxylic groups results in higher solubility of
PEO chains, causing easier submergence in the water
subphase. Second, desorption of PEO chains from the
air—water interface into the subphase causes the reduc-
tion of the surface area occupied by a molecule, reduces
lateral compression resistance, and shifts a balance
toward circular morphology because of the reduced
content of the minor component (PEO) at the surface
as predicted by Milner’s diagram.%” Replacement of Br
terminal groups of PS arms to amine does change the
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Figure 7. A representative three-dimensional surface plot (a) with its corresponding profile (b) and cross-sectional analysis with
scan size 1 x 1 um (c) for (NHjy)e-S-(TBDPS); star copolymer deposited at p = 5 mN/m; cartoon representation of deposited PEO—
PS copolymer on the silicon wafer substrate: h-PS is height of PS domain, and A-PEO is height of PEO domain (d).
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Figure 8. Langmuir isotherms of (a) (Br).-S-(COOH); and (b)
(NHg)2-S-(COOH); at various pH levels.

overall pattern because the ionization of amine group
is modest within the pH range tested.

Micellization at the Air—Water Interface. Here,
we discuss how the microphase separation of dissimilar

Figure 9. AFM topography of (Br)s-S-(COOH)s (a and b) and
(NH2)2-S-(COOH); (c and d) at pH = 3.2 (a and ¢) and pH =
8.8 (b and d). Monolayers were deposited at surface pressure
p =5 mN/m. Scan areas are 2 x 2 um? Height is 10 nm.

Table 5. Surface Area per Molecule of (Br)2-S-(COOH)»
and (NH)2-S-(COOH); at Various pHs

Ao, nm?
polymer pH =32 pH=55 pH =8.8
(Br)2-S-(COOH): 11.2 10.4 10.4
(NHg2)2-S-(COOH)2 14.0 14.2 13.7

polymer chains at the air—water interface influenced
by the nature of their terminal groups governs their
surface morphology and microstructure. Generally, am-
phiphilic star copolymer residing at the air—water
interface adopts molecular conformation with PEO
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Table 6. Monolayers Thicknesses and Domain Heights at
pH = 3.2 and 8.8

ellipsometry, nm domain height, nm

P= P= P= P=
5mN/m 35 mN/m 5 mN/m 35 mN/m

polymer
(Br)e-S-(COOH), (pH = 3.2) 2.4 3.7 5.9 7.5
(Br)2-S-(COOH), (pH = 8.8) 2.6 3.5 6.5 8.3
(NH3).-S-(COOH)o (pH=3.2) 2.1 3.3 5.2 5.6
(NH2).-S-(COOH)2 (pH =8.8) 2.3 3.5 4.8 5.6

chains in a close contact with the water subphase and
PS chains forming individual domains above the air—
water interface. Two possible cases are illustrated in
Figure 10: case 1, in which the hydrophilic PEO chains
with modest water solubility are spread on the water
surface in randomly coiled conformation beneath PS
domains, and case 2, where the PEO chains are sub-
merged into the water subphase. An occurrence of one
of the two possible scenarios is defined by overall
chemical composition, the length of PEO chains, the
presence of specific terminal groups, and the surface
pressure. For example, as demonstrated by Zhu et al.,
hydrophobic terminal groups attached to hydrophilic
PEO chains anchor them at the water surface, prevent-
ing neighboring micelles from merging. Hydrophilic end-
functional groups, on the other hand, allow the hydro-
philic PEO chains to “sink” into the water subphase,
under even very low surface pressure.3?

Considering that the model presented in Figure 10a
can be applied to star copolymers with hydrophobic
terminal groups, the molecular arrangement at high

Case 1
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Barricrs\ o o255 PS domain
= e m

" PEO chain
b @ c ﬂ
00 900, 0904 000,
o 0 o o
- - -l
Case 2
d . 00_ 00
Barriers < o2 PS domain
- -
A A A A SPEO chain
e @ f
oO
FAY
o - R
= SA A Py

Figure 10. Amphiphilic copolymer micelles containing dif-
ferent terminal-functional groups at low (left) and high (right)
pressures; (a, d) uncompressed states. O and @ are hydrophobic
end groups, and A marks hydrophilic end groups. Case 1: end-
functional groups at hydrophilic chains. Case 2: end-functional
groups at hydrophobic chains.
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surface pressures is presented in Figure 10b. At low
surface pressure, the PEO chains are mainly located at
the water surface, thus preventing the aggregation of
PS domains into large surface areas. Forced submer-
gence of PEO chains at high surface pressure does not
change the PS domain morphology but results in dense
packing (Figure 10b). On the other hand, the presence
of the hydrophilic terminal groups in PEO chains causes
them to submerge into the water subphase even at low
surface pressure, followed by the aggregation of PS
domains at higher surface pressure (Figure 10c).

Adding hydrophilic amine terminal groups to the PS
chains changes the aggregation behavior and prevents
the lateral aggregation of PS domains. This along with
the reduction of the PEO content at the water interface
due to PEO desorption promotes the formation of fine
circular domain morphology (Figure 10f). This phenom-
enon is more pronounced in star block copolymer with
highly polar carboxylic terminal groups of PEO chains.
Generally, the alteration of the functional groups at-
tached to the hydrophobic PS chains plays a more
important role in the controlling lateral segregation and
the formation of stable circular domain morphology. In
addition, ionization of the carboxylic terminal groups
at higher pH results in a higher level of PEO chains
sinking in the water subphase, which further promotes
the formation of nanoscale circular morphology.

Conclusions

In conclusion, a series of end-functionalized het-
eroarm PEO—PS star copolymers were synthesized, and
their surface behavior was studied. We observed that
the opposite nature of polymer chains and its end groups
(hydrophobic chains—hydrophilic ends or hydrophilic
chains—hydrophobic ends) is substantial in the forma-
tion of stable circular morphology, rather than cylindri-
cal morphology expected for the given chemical compo-
sition of star block copolymers. The variation of end
groups of hydrophobic chains was found to be more
effective in creating stable and very fine, nanoscale
circular domain morphology. For carboxyl- and amine-
terminated star polymer, (COOH-PEQO)qs-(PS-NHy)s, the
subphase pH played an important role in the formation
of surface morphology due to the variable ionization of
end groups.
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