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ABSTRACT: We report on the “core-first” synthesis of asymmetric three- and four-arm poly(ethylene
oxide) (PEO)—polystyrene (PS) star polymers with functional terminal groups of a general formula PEO,-
b-PSm with n =0, 1, and 2 and n + m =< 4. The synthesis was conducted by anionic polymerization of
ethylene oxide and followed by atom transfer radical polymerization (ATRP) of styrene. The properties
of asymmetric star-shaped macromolecules with different numbers of arms (n = 1; m = 2 and 3) and
similar lengths of the PEO arm were compared with homoarm star polymers (PEO, and PS,) and
corresponding linear polymers. All star polymers obtained here possessed well-defined architecture with
a relatively narrow molecular weight distribution as confirmed by NMR, FTIR, and arm-disassembling
techniques. Star polymers showed suppression of melting temperature and lower crystallinity PEO phase
due to the presence of a junction point. Preliminary studies demonstrated surface activities of these block
copolymers with a rich polymorphism of micellar surface structures expected for amphiphilic block
copolymers despite the presence of the bulky terminal functionalized groups.

Introduction

In the past years, much attention has been paid to a
variety of star shaped polymers with different chemical
compositions and well-defined chemical architectures
which were synthesized using sophisticated approaches
such as anionic polymerization and atom radical trans-
fer polymerization (ATRP).22 New star block copolymers
composed of similar arms (homoarm) and different arms
(miktoarm or heteroarm) with different molecular
weights and architectures have been synthesized.34
These polymers are expected to exhibit unique phase
behavior and properties due to a combination of het-
erogeneity of chemical structure and chain branching.>6
They can be used as polymeric surfactants, electrostatic
charge reducers, compatibilizers in polymer blending,
phase transfer catalysts, and solid polymer electrolytes.
Amphiphilic star—block copolymers, which combine
hydrophilic and hydrophobic arms, have been a subject
of special attention in surface-related applications.
Among them, star copolymers containing hydrophilic
poly(ethylene oxide) (PEO) and hydrophobic polystyrene
(PS) arms stand apart because of the nonionic and
highly crystalline nature of the hydrophilic PEO blocks.
The amphiphilic nature of these copolymers with in-
compatible arms gives rise to special properties not only
in selective solvents, but also at surfaces and interfaces.”

The formation of surface micelles or well-defined
surface aggregation at air—water and air—solid inter-
faces and in solution has been observed for a number
of linear PEO—PS diblock copolymers.”8 In contrast,
very few papers have been published to date on the
interfacial properties of PEO,-b-PSy, and (PEO-b-PS),
star polymers.® Such heteroarm star polymers have
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been synthesized by anionic polymerization where the
number of arms varied from 2 to 19. As an example, a
star polymer with a large number of arms, PEO;9—PS;,
with the molecular weight of the arms equal to Mpgo =
25000 and Mps = 2300 was synthesized and character-
ized and its lyotropic liquid crystalline structures were
investigated.1® Another amphiphilic heteroarm PEO—
PS star polymer having a low molecular weight of the
PEO block (M, < 2500) and symmetrical architecture
was reported.1112 The synthesis of other related types
of PEO—PS block copolymers, such as (PS),n(PEO),-
(PS)2n,12 gemini-like PEO,-b-PS,!* and Janus-type,®
have also been discussed. While previous attempts at
synthesizing heteroarm star polymers with various
architectures have been successful and significant
progress has been achieved in the understanding of the
bulk microstructure and properties, only limited input
on the role of chemical architecture on interfacial
properties can be found in the literature.

To date major attention has been paid to star block
copolymers with chemical compositions close to sym-
metrical, which favors the formation of lamellar phases
with asymmetrical composition but has been tested only
on a few occasions. On the other hand, all star block
copolymers synthesized to date possess “dead” terminal
groups (e.g., methyl groups) which are not capable of
further modification and chemical reactions such as,
e.g., those involving grafting of these star polymers to
solid substrates and at interfaces. Even in situation
when the PS arms possess bromine terminal groups
which can be used for further reactions, the PEO arms
are completely blocked. This design, thus, prevents any
further developments by placing star block copolymers
at asymmetrical interfaces and allowing dissimilar arms
to be chemically grafted on both sides of the interfaces.
This kind of interfacial design can be of interest for
various, stress-prone applications, and star polymers
can be explored as potential adhesives, reinforcing
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Scheme 1. General Schematics of Star Polymers
Synthesized in This Work: Series I, Homoarm Linear
and Star Polymers; Series Il, Three- and Four-Arm
PEO-b-PS,, Star Polymers

Series I

PEO PS

Series 11

VY

additives, and components for multilayered protective
coatings.1617 Considering this far-reaching target, in our
research we focus on synthesis and comprehensive
characterization of a series of heteroarm star block
copolymers with both dissimilar arms functionalized
with terminal groups capable of further modification and
reaction.

The goal of this particular study reported is the
synthesis of a novel series of asymmetric, heteroarm
star polymers of the PEO,-b-PSy, type with both types
of arms possessing different terminal functionalities.
These functional terminal groups of the both different
types of arms can be selectively transformed later in
reactive groups suitable, e.g., for grafting the solid
substrates or on an asymmetrical interface. Here, we
focus on asymmetric, heteroarm star polymers PEO-b-
PS, and PEO-b-PS; with a single PEO arm of modest
molecular weight and a variable number and molecular
weight of PS arms (Scheme 1). We also synthesize star
polymers, PEO3, PEQ,4, and PS,, as well as symmetric
PEO,-b-PS; star polymer for comparative purposes
(Figure 1). In this paper, we describe the synthesis of
these star block copolymers and the results of the
characterization of their chemical composition and
bulk properties and include preliminary data on their
surface behavior. The detail discussion of their surface
properties, morphologies, and microstructures in rela-
tionship with their chemical architecture will be pub-
lished elsewhere.1®

Experimental Procedures

Chemicals. Tetrahydrofuran (THF) was purified by drying
over sodium—benzophenone before distillation. Styrene (St)
was stored over calcium hydride and then vacuum distilled
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Figure 1. Molecular models of heteroarm star polymers.
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Scheme 2. Chemical Structure of Initiators Used for
the Synthesis of the Polymers
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before use. Ethylene oxide (EO, Aldrich) was purified by
stirring over CaH, for 3 h before being distilled into a reaction
flask. Methylene chloride was distilled over CaH,. 2-(Benzoxy)-
ethanol, 1, was distilled from calcium hydride. 2,2'-Bipyridine
(Bipy, Acros), triethylamine (TEA, Fisher), 2-ethyl-2-hydroxy-
methyl-1,3-propanediol (trimethylolpropane (TMP), Aldrich),
2, and pentaerythritol, 3, were purified according to the
literature.'® Potassium naphthalide (K—Naph) was prepared
according described procedure.?® (1-Bromoethyl)benzene, 4,
was distilled under vacuum prior to use. 4-(Dimethylamino)-
pyridinum-4-toluenesulfonate (DPTS) was prepared according
to a known procedure.?* Copper(l) bromide (CuBr) was purified
according to a reported procedure.?> Methanol (Fisher), hy-
drochloric acid (aqueous, 12 M, Fisher), 2-bromoisobutyryl
bromide (Alfa Aesar), tert-butyldiphenylchlorosilane (TBDPS—
Cl, Aldrich), tert-butyldimethylchlorosilane (TBS—CI, Aldrich),
potassium hydride, potassium, and 4-(dimethylamino)pyridine
(DMAP, Acros) were used as received. The initiators, 1,1,1-
tris(2-bromo isobutyryloxymethyl)propane (3Bri-Pr), 5,23 pen-
taerythritol tetrakis(2-bromoisobutyrate) (4Bri-Bu), 6,7?? 4-(hy-
droxymethyl)-2,6,7-trioxabicyclo[2.2.2]octane (HTBO), 7,24 2,2-
dimethyl-5-hydroxymethyl-1,3-dioxane, 8,?° and 2,2-dimethyl-
5,5-bis(hydroxyl methyl)-1,3-dioxane, 9,26 were synthesized as
described in the corresponding references. The 2-(tert-butyl-
dimethylsilanyloxymethyl)-2-ethylpropane-1,3-diol, 10, was
synthesized using a well-known procedure that will be briefly
presented below. The chemical structures of all initiators are
shown in Scheme 2.

Synthesis of 2-(tert-butyldimethylsilanyloxymethyl)-
2-ethylpropane-1,3-diol, 10 (Scheme 2). Dry triethylamine
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Scheme 3. Synthetic Path Used for the Synthesis of
Homoarm Linear and Star Polymers
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Table 1. GPC Molecular Characteristics of Linear and
Homoarm Star Polymers

polymer structure Mn Mw PDI
linear PS 1 7200 9300 1.29
2 8800 10700 1.22
linear PEO 1 6330 6840 1.08
2 8690 9250 1.06

3-arm star PEO 25120 30220 1.2
4-arm star PEO 50130 63320 1.26
3-arm star PS 1 17440 19840 1.13
2 49000 52950 1.08
3 58500 64220 1.09
4-arm star PS 1 20310 22050 1.08
2 45560 48950 1.07

(13 g, 17.5 mL, 130 mmol) and a catalytic amount of (dimeth-
ylamino)pyridine (2.8 g, 98 mmol) were added to a solution of
TMP (2) (15.7 g, 117 mmol) in 120 mL of dry THF. TBS—CI
(2 M solution in THF, 40 mL, 40 mmol) was added, and the
mixture was stirred for 48 h at room temperature. The reaction
solution was diluted with 200 mL of CH,Cl, and washed with
200 mL of saturated NH4CI (4x) and 200 mL of water (2x).
The organic phase was dried over MgSO,4 and concentrated to
yield 26 g of a transparent orange liquid. The crude product
was purified by column chromatography on silica gel with ethyl
acetate/hexane (3:7) to yield 10 as a transparent colorless
liquid (11.6 g, 40% vyield). *H NMR (CDCls, ¢0): 0.00 (s, 6H,
—SiCHj3), 0.74 (g, 3H, —CH,—CH3), 0.92 (s, 9H, —CHj3), 1.41
(t, 2H, -CH,—CHg), 2.96 (m, 1H, —OH), 3.41 and 3.54 (d, 2H,
—CH;0-), 3.48-3.69 (d, 2H, —CH,0-).

Synthesis of Linear and Star PEO Polymers. Linear
and star PEO polymers were synthesized by deprotonation of
hydroxyl groups of the initiator followed by polymerization of
ethylene oxide in THF at 45 °C (Scheme 3) according to well-
established procedures.?”?2 'TH NMR of the linear PEO (6, ppm,
CDClg): 7.3—6.3 (m, 5H, aromatic); 3.6 (s, 4H, (CH.CH:0),,
PEO block). The molecular characteristics of the linear and
homoarm star polymers synthesized at this stage are pre-
sented in Table 1.

Synthesis of PEO Blocks of Heteroarm Star Polymer.
The PEO\-b-PSy, star polymers were obtained in four steps
using the protected initiators presented in Scheme 2. The
general synthetic route is presented in Scheme 4. Step a is
anionic polymerization of EO. Step b is removing protecting
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Scheme 4. A General Routine for the Synthesis of
Heteroarm Star Polymers Used in This Work: Step a,
Anionic Polymerization of EO; Step b, Deprotection;
Step c, Synthesis of Br-Terminated PEO Precursor;

Step d, ATRP of Styrene

a b
Y-R-(OH), —» (Z-PEO),-R-Y —>
Initiator 7-10

(Z-PEO),-R-(OH),,

c

(Z-PEO),-R-(Br),,

Macroinitiator
R -the core; n+m=3or4

Z,Y -protecting group d l
(Z-PEO),-R-(PS),

groups of the polymer under mild acidic condition in methanol.
In step c, the w-bromo-PEO precursors were obtained after
reaction with 2-bromoisobutyryl bromide in THF. Step d is
atom transfer radical polymerization (ATRP) using styrene as
a monomer in the present of CuBr/bipyridyl system as a
catalyst.

Deprotonation of the hydroxyl groups of the initiator using
potassium naphthalide was followed by the polymerization of
ethylene oxide in THF at 45 °C as described in the literature.®
Instead of using an acidic solution, the anionic polymerization
was terminated by adding the TBDPS—CI (1.5 equiv), TEA (2
equiv), and DMAP (0.2 equiv) to the reaction flask. The
reaction mixture was stirred for another 24 h at 40 °C. After
cooling, the mixture concentrated on rotor evaporator, than
precipitated in diethyl ether (three times), dried and store in
the refrigerator at +2°. The final yield was 85—90%.'H NMR
results of synthesized PEO blocks of PEO,-b-PS,, macroini-
tiator (6, ppm, CDCls): PEO-b-PS;, 7.3—6.3 (m, 10H, aro-
matic), 5.5 (s, 1H), 3.6 (s, 4H, (CH,CH,0),, PEO block), 1.05
(s, 9H, C(CHg3)3); PEO-b-PS;,, 7.3—6.3 (m, 10H, aromatic), 3.6
(s, 4H, (CH,CH;0),, PEO block), 1.43 (g, 2H, -CH,—CHg), 1.32
ppm (s, 6H), 1.05 (s, 9H, C(CHy3)3), 0.78 (t, 3H, —CH,—CHy);
PEO,-b-PS;, 7.3—6.3 (m, 20H, aromatic), 3.6 (s, 4H, (CH,CH,-
O)n, PEO block), 1.32 ppm (s, 6H), 1.05 (s, 18H, C(CHz3)3);
PEO;-b-PS, 7.3—6.3 (m, 20H, aromatic), 3.6 (s, 4H, (CH,CH,-
O)n, PEO block), 1.43 (g, 2H, —CH,—CHs), 1.05 (s, 27H,
C(CHs)3), 0.78 (t, 3H, —CH,—CHy), 0.05 (s, 6H, —Si(CHz)y).

Deprotection of the PEO Block. First, 1 g of PEO
macroinitiator was dissolved in 3 mL of the 80% acetic acid
solution in THF. The reaction mixture was stirred for 2 h at
room temperature. The polymers were precipitated twice in
ether and dried under a high vacuum for 12 h (yield was 80%).
Cleavage of the protecting groups was monitored by the
changing intensity of the peak in the *H NMR spectra at 5.5
ppm for PEO-b-PS; macroinitiator, at 1.32 ppm for PEO-b-
PS, and PEO;-b-PS;, and at 0.05 ppm for PEO,—PS macro-
initiator.

Synthesis of Macroinitiators for Heteroarm Star Poly-
mers. The w-bromo-PEO precursors were obtained after
reacting of the deprotected PEO block of the heteroarm star
polymer with 2-bromoisobutyryl bromide in THF. The last step
was performed using ATRP of styrene as a monomer in the
presence of the CuBr/bipyridyl system as a catalyst.

Under typical reaction conditions, the polymer with depro-
tected OH groups was chemically modified by 2-bromoisobu-
tyryl bromide in the presence of TEA. First, 1 g (0.14 mmol)
of bromo-functionalized PEO macroinitiator (M, = 7300) was
dissolved under an argon atmosphere in a solution of 1 mL of
TEA in 50 mL of anhydrous THF. After this, 0.2 mL (54 mmol,
10 equiv) of 2-bromoisobutyryl bromide was added dropwise
at 0 °C (ice bath) over 15 min with vigorous stirring. The
mixture was than stirred overnight at room temperature. The
triethylamine hydrobromide was precipitated, and after filtra-
tion, the solution was concentrated by evaporation and poured
in 10-fold excess of diethyl ether. After filtration, the precipi-
tate was dissolved in a small amount of dry THF, centrifuged
to remove residual salt, and precipitated one more time. The
final yield was 80%. The degree of functionalization was
monitored by the appearance of *H NMR signal at 1.9 ppm,
which corresponds to the OOC(CHj3),Br group.



7500 Peleshanko et al.

Synthesis of Linear, Star PS and PS Blocks of Star
Polymers. Linear and star PS polymers were synthesized by
the reaction of the hydroxyl groups of the polyols with
2-bromoisobutyryl bromide in THF, followed by ATRP of the
obtained initiator with styrene as a monomer in the presence
of CuBr/Bipyridine (Bipy) catalyst at 100 °C (Scheme 2).1229
A Schlenk flask was charged with tris(2-bromoisobutyrate)
PEO macroinitiator 3 (0.2 g, 3.33 x 10~° mol), CuBr (13.2 mg,
1 x 10~* mol), and Bipy (46.8 mg, 3 x 10~ mol). Styrene (2.1
mL, 2.2 x 1072 mol) was added, and the mixture was degassed
and heated at 100 °C for 6 h. Dichloromethane was added to
the crude product, and the mixture was filtered over a column
of neutral alumina. The resulting solution was precipitated
twice in a large excess of hexane. The polymer was dried under
vacuum at 30 °C. *H NMR results for PEO-b-PS; and PEO,-
b-PS star polymers (6, ppm, CDCl3): 7.3—6.3 (m, PS block,
aromatic),3.6 (s, 4H, (CH,CH0),, PEO block), 2.5—1.1 (m, 3H,
PS block, aliphatic main chain), 1.0 (s, 9H, C(CHjs)s3).

Hydrolysis of the PEO,-b-PS,, and PS, Copolymers.
The character of the branched architectures was verified by
the cleavage of ester functions linking the PEO moiety to PS
arm and analyzing the molecular weight of cleaved arms. The
procedure was conducted in accordance with that described
in the literature.®® Typically, the star polymer (50 mg, 7.2 x
1075 mol of ester) was dissolved in THF (10 mL). Then, KOH
(2 mL, 1 M in methanol solution) was added via a syringe.
The solution was refluxed overnight. After this, the solution
was concentrated by the evaporation of THF and precipitated
in pure methanol (yield of 40%).

Characterization. 'H NMR spectra were recorded with a
300 MHz Bruker spectrometer with a solvent proton signal
as the internal standard. The number-average molecular
weight (M,) of the PS and PEO chains were calculated from
1H NMR spectra using the ratio of the aromatic protons (6 =
6.2—7.2) and the oxirane (—OCH,—) protons of the ethylene
oxide unit (0 = 3.6) against tert-butyl protons (6 = 1.05),
respectively. Gel permeation chromatography (GPC) measure-
ments in THF were performed in HPLC-grade THF at a flow
rate of 1 mL/min using a Waters Breeze GPC system equipped
with a Waters 1515 pump, Waters 717/plus auto-sampler, and
Waters 2414 Rl-detector. A set of two columns (PL-Gel Mixed
C 5 um, Polymer Lab., Inc.) with gradient of pore sizes from
100 to 105 A was used for these measurements. The column
calibration procedure used PS standards (Polymer Lab., Inc.)
having a narrow molecular weight distribution. A polymer
sample was dissolved in THF with concentration around 0.5—
1.5 mg/mL and filtrated through a Teflon 0.2 um filter into a
sample vial.

The solid substrates used for the deposition of the block
copolymers were freshly cleaned, atomically smooth, [100]
silicon wafers of high quality used in our previous studies of
various monolayers and grafted polymers.3132 Wafer prepara-
tion was conducted in a class 100 Cleanroom to avoid air
contaminations in accordance with the standard procedure
adapted in our laboratory.®® Polymers adsorbed onto bare
silicon surfaces were prepared by submerging a solid substrate
in the polymer solution with concentration about 1076—10~"
mol/L for 24 h. After the substrate was washed twice with the
solvent used for the preparation of the polymer solution,
sample was dried under the stream of nitrogen. Langmuir—
Blodgett (LB) monolayer deposition was conducted using an
LB trough (R&K 1, Germany). Then 45—-60 uL of dilute
polymer solution (concentration about 0.1 mmol/L) in chloro-
form was deposited onto the Nanopure water surface of the
LB trough, and the solvent was left to evaporate for 30 min.
After this, the monolayer was compressed to a specific pressure
and deposited onto a silicon substrate while simultaneously
keeping the surface pressure constant. The surface morphology
was observed with atomic force microscopes (AFM) Dimension-
3000 and Nanoscope Il Multimode microscopes (Digital
Instruments, Inc.) in the tapping mode according to the usual
procedure adapted in our laboratory.3435

DSC analyses were performed on an MDSC Q100 instru-
ment and a Perkin-Elmer 7 series thermal analysis system
with a heating rate of 20 °C/min. Approximately 5 mg of
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polymers was used for these measurements. The X-ray mea-
surements of bulk polymers were performed on a Scintag XDS-
2000 X-ray diffractometer. Scans were collected in the 20 range
from 5 to 35°, with a step of 0.05°, and a scan rate of 0.5°/min.
The generator parameters were set at 45 kV with the current
of 35 mA. Monochromatic Cu Ka, radiation with a wavelength
of 1.54 A was used for all measurements. All peaks observed
in diffraction pattern were fit using a Lorentzian function. The
degree of crystallinity was calculated by dividing the area
beneath all crystalline peaks by the sum of the area beneath
all crystalline and amorphous peaks. The molecular models
of all molecules were built with the Materials Studio 3.0
software package by using the combination of molecular
dynamics and energy minimization routines.

Result and Discussion

Synthesis of the Polymers. Figure 1 shows molec-
ular models generated for all block copolymers synthe-
sized here. The molecular models visualize spatial
distribution of two different blocks in molecules with
different chemical compositions including those with
predominant content of PS blocks and close content of
both blocks.

The 'H NMR spectra of the heteroarm PEO-b-PS;3-2
star polymer collected during end functionality trans-
formations are used here for the illustration of con-
trolled chemical step-by-step synthesis procedure imple-
mented in this study (Figure 2). All characteristic peaks
expected for the chemical groups of PEO and PS are
clearly marked, according to the literature value.3® The
appearance of appropriate peaks for various functional
groups at different stages of the synthetic procedure is
clearly marked at these plots (Figure 2). The relative
content of PEO and PS chains was calculated by the
integrating of the aromatic signal for the PS backbone
and a signal at 1.05 ppm which is related to the tert-
butyl protons of the TBDPS-protecting group. The
calculated parameters for the chemical composition of
the star polymers from NMR data are presented in
Table 2. As seen from the data, the molecular weight of
PEO arms was kept virtually constant and close to 7000
(the degree of polymerization (DP) of about 180) for all
star polymers. In contrast, the molecular weight of the
PS block varied widely from as low as 9800 to as high
as 24000 (DP from 94 to 240). Resulting total molecular
weight of the star polymers ranged from 23000 to 67000
(Table 2). This covers the entire range of molecular
weights of the selected reference linear blocks (from
6000 to 34000) and homoarm PS and PEO star—block
copolymers (from 17000 to 180 000) (Tables 1 and 2).

FTIR was used for independent confirmation of the
chemical composition in the bulk state after precipita-
tion from solution. As an example, the spectrum of PEO-
b-PS3-2 heteroarm star copolymer is presented in Figure
3. The peak at 2850 cm~1 corresponds to CH, and CH
stretching vibration of PS backbones.®” The presence of
the phenyl groups of PS chains is confirmed by strong
peaks at 700 and 3000—3200 cm™%, which correspond
to the deformational and stretching vibrations of the
aromatic C—H bond. That also is confirmed by two
strong peaks at 1450 and 1500 cm™?! corresponding to
the deformation vibration of C—C bonds of the aromatic
ring. A strong peak at 2900 cm~! and a broad peak
around 1100 cm~! confirmed the presence of CH, and
C—0O-C ether group of PEO units (Figure 3). The
variation of the peak intensities for CH, and CH(ar)
groups was used for independent qualitative control of
the chemical composition for heteroarm star copolymers.
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Figure 2. 'H NMR spectra of end functionality transformations for all major intermediate steps in the course of the synthesis
of PEO-b-PS;3-2 heteroarm star polymer with the assignment of major peaks.

Table 2. Chemical Composition® and Molecular Weight of Heteroarm Star Polymers

GPC data NMR data
PEO arm PS arm (after cleavage) total PEO arm PS arm total
polymer [\ PDI Mn PDI Mn PDI Mn @pe0? Mn Mn

PEO-b-PS;-12 7100 1.09 10200 11 23300 1.16 7500 0.18 9800 37000
PEO-b-PS3-2° 7100 1.09 18300 1.13 38200 1.19 7500 0.10 20000 67000
PEO-b-PS,-12 7200 1.05 7900 1.16 19200 1.29 7100 0.26 8900 25000
PEO-b-PS,-2° 7200 1.05 26900 1.15 47400 1.18 7100 0.11 23900 54800
PEO,-b-PSP 5600 1.13 9400 117 20000 1.2 6300 0.53 9800 22500
PEO;-b-PS,¢ 6300 1.1 14300 1.23 19200 1.16 6300 0.31 13900 40900

aTime =6 h. P Time = 12 h. ¢ Time = 8 h. 9 ¢ is the volume fraction of a PEO block. & Styrene:—Br group:CuBr:Bipy = 300:1:1:3.

The progress in synthesis of the linear and star
homopolymers and the quality of the final molecular
weight distribution were also controlled by GPC (Figure
4). As expected, the PEO linear chains possessed very
narrow molecular weight distribution (PDI < 1.1) and
the PEO star polymers showed only slightly higher PDI
around 1.1-1.2 (Table 1). PDI for PS linear and star
polymers obtained with ATRP were in the same range
varying from 1.1 to 1.3. All heteroarm star polymers
showed a relatively low polydispersity (usually below
1.2) (Table 2). Although, the absolute value of the
molecular weight cannot be directly determined from
GPC because of the specific solution properties caused
by nonlinear architecture of the polymer chains,®38 but

the GPC data showed an important general trend
consistent with the NMR data with fairly close but
underestimated absolute values (Table 2). The differ-
ence between GPC and NMR data is usually observed
for highly branched polymers and is related to the
different conformational of star polymers as compared
to linear chains from calibration standards.3°

The GPC curves were obtained for all intermediate
products to control even subtle changes in the molecular
structure at different synthetic stages. For example, a
control for the synthesis of the PEO-b-PS;3-2 star
polymer (Table 2) is shown in Figure 4. As can be clearly
seen from the data, the polydispersity remained low and
unchanged during the deprotection of the initially
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Figure 3. FTIR data for the heteroarm PEO-b-PS;-2 star
polymer with the assignment of all major peaks.

synthesized PEO chains and their quenching with
2-bromoisobutyryl bromide in the presence of triethyl-
amine. The GPC plot after the polymerization of styrene
showed the formation of PS arms as confirmed by the
proportional shift of the peak (Figure 4). The initial peak
corresponding to the precursor disappeared completely,

PEO-b-PS,-2 —

115 12.5 135
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which indicated that all PEO macroinitiator molecules
were consumed in the course of the reaction. The
presence of a new peak, which appeared after at a much
shortened elution time, confirmed the formation of the
star polymer.

The final independent and critical confirmation of the
actual architecture of the star polymers came from the
star disassembling technique widely used for these
polymers.12 The hydrolysis of the star polymers and
following GPC analysis of the cleaved arms were
conducted as recommended by Gnanou et al. (Figure
4).12 The results presented in Table 2 for the cleaved
PS chains provided crucial confirmation of the actual
star architecture. The molecular weight of both PEO
chains obtained independently before synthesis of star
polymers and PS arms cleaved from the star structure
were very close (usually within +10%) to that estimated
from NMR data for the original star polymers (Table
2). GPC data also demonstrated a narrow molecular
weight distribution of the cleaved arms with PDI below
1.2 for PS chains. Therefore, a combination of several
chemical characterization techniques and cleavage tech-
nique provided clear evidence of the formation of the
star architecture as intended for these polymers.

Thermal Properties. It is well-known that the
suppression of the melting temperature is usually
observed for the PEO phase in star polymers. This

R ;ﬁmq.m
°ooo
- X

145 155 16.5 175

Elution time, min

PEO-b-PS,-2

b)

1110 115 120 125 13.0 135 140 145 150 155 16.0 165 17.0 17.5 18.0
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‘Bl
\

_PS chains after
cleavage

Elution time, min

Figure 4. GPC data for of intermediate steps in the course of the synthesis of PEO-b-PS3-2 heteroarm star polymer: (a) (1)
PEO-block after polymerization; (2) PEO-block after deprotection; (3) PEO—(Br); macroinitiator; (4) resulting PEO-b-PS;-2 star
polymer; (b) resulting heteroarm PEO-b-PS;-2 star polymer (solid line) and PS fragments after cleavage (dash line).
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Table 3. Thermal Data of Selected Heteroarm Star

Polymers?2
Ty(PS), Tm(PEO), AH, overall PEO phase
polymer °C °C Jlg o, % o, %
PEO-b-PS3—2 94 61 45 2.4 24
PEO-b-PS,—2 91 62.5 9.1 4.5 40

a AH is the enthalpy of melting of the polymer. The overall o is
the degree of crystallinity, calculated from DSC: o = (AH/AHy) x
100%, where AH¢ = 188 J/g° is the enthalpy of melting of PEO.
PEO phase a = overall o/gpeo and is characteristic of the PEO
phase itself.

phenomenon is attributed not only to the lower molec-
ular weight of the PEO arms but also to the presence
of the core, which makes a more defective crystal
structure where the central core is excluded from the
PEO crystal lattice.*%4! In fact, our data confirmed a
similar trend for the heteroarm star polymers synthe-
sized in the course of this work. DSC experiments
performed on several selected samples in the temper-
ature range from —80 to +150 °C showed very similar
results for different architectures (see typical data in
Table 3). The peak melting temperature, T, of PEO
chains was shifted to lower temperatures as compared
to the T, = 66 °C observed for a linear polymer.*2
Overall, this shift was fairly similar for all star polymers
studied here and varied from 3 to 6 °C. The melting
peak of the PEO-enriched phase in the star polymer
exhibited a modest broadening, which may be attributed
to the higher polydispersity of the star polymers.

We calculated the apparent overall degree of crystal-
linity in star polymers from the DSC data and obtained
very low values ranging from 2.4% to 4.5% (Table 3).
This is partially due to the low fraction of PEO blocks
usually present in these materials. However, these
values were well below the expected values estimated
from the volume fraction of the PEO arms. In fact, the
estimated degree of crystallinity of the PEO phase itself
calculated by taking into account the PEO content in
the material was relatively modest and not exceeding
40% (Table 3). This is well below usual values obtained
for linear PEO polymers. As is known, linear PEO shows
excellent crystallization properties with the degree of
the crystallinity reaching 90—95%.4344

The DSC results also confirmed that a well-defined
microphase separation between PEO and PS arms takes
place in the heteroarm star polymer, as expected for a
bicomponent system in a strong segregation limit.> In
addition to the exothermic peak corresponding to the
melting of the PEO phase discussed above, the glass
transition of the PS chains was detected at elevated
temperatures. Again, the glass transition temperature
was slightly lower (10—20 °C) than that seen for linear,
high molecular weight PS.42 The lowering of the glass
transition temperature of the PS chains observed here
is in agreement with the known trends for linear
polymers with lower molecular weight. This phenom-
enon can be enhanced by the presence of the branch
points as was suggested for star-shaped PS polymers
with different cores and the number of PS arms.46-48

Crystalline Structure. The crystalline structure of
the PEO phase was modestly affected by the molecular
architecture in a similar way as the thermal properties
discussed above. The X-ray data for the linear PEO
polymers synthesized here were similar to those ob-
served earlier for the high molecular weight PEO with
only a slight reduction in intensity being observed for
the major peaks. This indicates a slightly reduced
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Figure 5. Top: X-ray diffraction data for linear PEO polymer
M, = 8690 (a) and 4-arm PEO star polymer (b). Bottom: peak
fitting of the XRD data of the four-arm PEO star polymer:
XRD data of the star polymer (solid); crystalline and amor-
phous peak fitting (dash); calculated fitting (dash dot dot);
difference between calculated and initial XRD data (dot).

Table 4. Parameters of the Unit Cell and the Degree of
Crystallinity of Selected Polymers

polymer aA DbA cA dA o%
PEO, lit. data*? 8.05 13.04 195 92
linear PEO, M;, = 8690 8.03 13.06 194 67
4-arm PEO star polymer 7.98 13.1 17.9 55
PS, literature data*? 0 0 0 4.54 0
4-arm PS star polymer 0 0 0 4.79 0
PEO-b-PS;—1 0 0 0 4.55 <5
PEO-b-PS;—2 0 0 0 4.43 <5
PEO-b-PS,—2 0 0 0 4.48 <5

crystalline order in the shorter PEO chains. In fact, the
comparison of literature data and the calculated values
of unit cell parameters in the monoclinic crystal struc-
ture and the degree of crystallinity, a, showed virtually
unchanged unit cell parameters but a lower degree of
crystallinity of the linear, low molecular weight PEO
(Table 4). This change can be associated with a slightly
increased polydispersity seen for PEO chains synthe-
sized here and the presence of the bulky terminal groups
(see Scheme 3).

A relatively high degree of crystallinity is usually
observed for PEO homoarm star polymers as well.#
Indeed, an X-ray plot for the 4-arm PEO homoarm star
polymer synthesized here displayed a number of sharp
peaks (Figure 5).4° Two major peaks with the highest
intensities at 20 = 19 and 23° correspond to the
reflections from [120] and [032] + [112] crystallographic
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Figure 6. X-ray diffraction data for linear PS chain (top) and
heteroarm star polymers PEO-b-PS;-1 (bottom, a) and PEO-
b-PS;-2 (bottom, b).

planes of the monoclinic unit cell, respectively.> In this
unit cell, the PEO macromolecules assume a helical
conformation consisting of seven monomer units per the
identity period of 19.48 A (Figure 4).5!

The peak fitting was used for the separation of
crystalline and amorphous contributions and the cal-
culation of the degree of crystallinity as demonstrated
in Figure 5. The homoarm star polymer with the same
molecular weight of the individual PEO chains dis-
played the reduced degree of crystallinity to 55% as
compared to the linear PEO chains synthesized here
(Table 4). This known effect is due to the presence of
the junction point in the star polymers and the re-
stricted mobility of the PEO arms as was suggested
earlier.52 It is worth noting that the parameters of the
PEO crystal lattice strongly depend on sample thermal
history and crystallization conditions; however, this was
not the focus of the current study.53-55

For linear PEO-b-PS diblock copolymers it has been
shown that the confinement of crystalline lamellae
between amorphous phases frequently results decreased
crystallinity.5® Similar behavior was in fact observed for
the PEO—PS star polymers synthesized here. X-ray
diffraction data for the PS star polymer showed two
diffuse maxima around 10 and 20° that corresponded
to the amorphous structure of linear PS materials with
short-range ordering of the backbones and side groups
(Figure 6).57 The similar d spacing and diffuse character
of the diffraction maxima indicated unchanged amor-
phous structure of the PS chains in star polymers.

Very similar diffraction data with two diffuse maxima
were obtained for two different PEO-b-PS, heteroarm
star polymers (Figure 6). No signs of sharp peaks
indicating the presence of the PEO phase were detected
for either polymer (we estimated the low limit of the
detectable degree of crystallinity under our experimen-
tal conditions to be close to 5%). Considering the high
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PSs-2 from toluene. Top: topographical (left) and phase (right)
images. Scan size is 1 x 1 um?; height scale is 40 nm, phase
scale is 10°. Middle: adsorbed PEO-b-PS,-2 from chloroform
(right, scan size 1 x 1 um?, height scale 6 nm) and dendritic
crystalline structures of PEO, cast from THF (left, scan size
15 x 15 um?, height scale 50 nm). Bottom: lamellar and
circular micellar structures Langmuir monolayer of PEO-b-
PS;-2 formed at different surface pressure (left, 5 mN/m near
meniscus, scan size 10 x 10 um?, height scale 10 nm; right, O
mN/m near center, scan size 5 x 5 um?, height scale 5 nm).

intensity and the large width of the diffuse maxima
caused by predominant PS phase (the volume fraction
of 74—90%), we estimated that the content of crystalline
PEO crystal phase did not exceed 5%. Thus, we can
conclude that the crystallinity of the PEO phase itself
in these heteroarm star polymers should not exceed 20—
50% according to X-ray data. This is consistent with the
DSC evaluation discussed above (Table 3). Apparently,
the presence of several PS arms attached to the same
core resulted in even more pronounced suppression of
the PEO crystallization than that observed for the
homoarm star polymers. On the other hand, the pres-
ence of the bulky functional groups attached to the very
ends of the PEO chains (Figure 2) could disturb crystal-
lization process and slightly lower the degree of crystal-
linity of relatively short PEO chains.

Surface Behavior: Preliminary Results. Prelimi-
nary studies of the surface behavior of the PEOu-b-PS,
star polymers synthesized here revealed a strong trend
to form micellar structures while cast from a solution
onto the silicon wafer and the air—water interface
(Langmuir monolayers) (Figure 7). We observed the
formation of dendritic crystalline structures for the PEO
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star polymers and stable spherical nanoscale micelles
on a hydrophilic surface even when a nonselective
solvent is used (Figure 7). The height of the micellar
structures usually did not exceed 10 nm and lateral
dimensions were below 80 nm indicating the formation
of micellar structures formed from a limited number of
molecules (Figure 7). Moreover, the amphiphilic hetero-
arm star polymers synthesized here formed stable
Langmuir monolayers with a variety of intralayer
micellar structures of lamellar and circular types, which
was controlled by the initial solution concentration and
the surface pressure at the air—water interface (Figure
8). A strong trend to micellar structure formation has
been already reported for PEO-b-PS star copolymers
and other amphiphilic linear block copolymers.58:59
However, we observed some peculiar behavior on sur-
face morphologies and microstructures of heteroarm
star copolymers as will be discussed in detail in a
separate publication.'®

Conclusions

A combination of the anionic polymerization of eth-
ylene oxide and ATRP of styrene was exploited to
synthesize novel asymmetrical, amphiphilic PEO-b-PS
star block copolymers of various architectures with
terminal functional groups. Both arms of these star
copolymers unlike the known examples are capable of
further chemical reaction if placed at asymmetrical
interfaces. Most star copolymers synthesized here pos-
sessed a single PEO arm of the same molecular weight
and a variable number of PS arms with different
molecular weights. The synthetic pathway followed to
prepare such copolymers enabled us to control both the
functionality and the amphiphilic balance with high
accuracy. The well-defined character of these branched
architectures was verified upon the cleavage of the ester
functions linking the PEO moiety to the PS arms. The
PS arms obtained as a result of hydrolysis and disas-
sembling of star polymers had low polydispersity and
their molecular weights were in a good agreement with
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the values calculated by NMR for the corresponding
heteroarm star polymers.

For heteroarm star polymers synthesized here, we
observed depressed melting temperature and reduced
crystallinity of the PEO phase, lower glass transition
temperature of the PS blocks, and micellar structure
formation at surfaces, all expected for the amphiphilic
block copolymers with several arms attached to a single
junction point. The presence of the bulky functional
groups as terminal groups of PEO blocks can be hold
as responsible for further reduction of the degree of
crystallinity of these molecules. Furthermore, selective
modifications of two different end groups of the dis-
similar arms in the heteroarm star polymers can cause
a broad variation of the chemical and physical properties
without any changes of the polymer chain or molecular
weight as will be pursued in further studies. This is an
interesting aspect for the selective absorption and
grafting of heteroarm star polymers placed at the
asymmetric interfaces.
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