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ABSTRACT: This study investigates the use of homogeneous reverse atom transfer radical polymerization for the synthesis of polysty-

rene (PS) initiated by conventional radical peroxide with copper bromide in the lower oxidation state and a 2,20-bypyridine complex

as the catalyst. In a second stage, an amphiphilic block copolymer containing methyl methacrylate (MMA) was synthesized via nor-

mal atom transfer radical polymerization in two steps, followed by partial hydrolysis of the methyl ester linkage of the MMA block

under acidic conditions. The block copolymer PS699-b-P(MMA232/MAA58) obtained had a narrow molecular weight dispersity (Ð <

1.3). The structure of the precursor, PS-b-PMMA, and resultant polymer, was characterized and verified by FTIR and 1H-NMR spec-

troscopy as well as size exclusion chromatography. The self-aggregation of PS699-b-P(MMA232/MAA58) in organic solvents was moni-

tored by UV spectroscopy, whereas the morphology and size of the formed microaggregates were investigated by transmission electron

microscopy and dynamic light scattering. The results indicate that this copolymer formed regular spherical reverse micelles with a

core–shell structure. The atomic force micrographs of PS699-b-P(MMA232/MAA58) showed a rough surface morphology owing to

microphase separation of the block copolymer. In addition, thermal characterization was performed by differential scanning calorime-

try and thermogravimetric analysis. The glass transition temperature of PS699-b-P(MMA232/MAA58) decreased significantly (65�C),

when compared to PS and PMMA, suggesting that an enhanced movement of the polymer chains resulted by the segregation of the

hydrolyzed P(MMA232/MAA58) block. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 2076–2085, 2013
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INTRODUCTION

During the last decade, significant advancement has been made

in the area of controlled free-radical polymerization, including

atom transfer radical polymerization (ATRP), offering new syn-

thesis routes to obtain well-defined polymers with low disper-

sities1 for applications ranging from next-generation separation

media2,3 to controlled release vehicles,4,5 catalyst supports,6 and

nanoreactors.7 ATRP has been successfully employed for the po-

lymerization of a variety of monomers, such as styrene and its

derivatives,8 acrylates and methacrylates,9–11 using a copper-

based system and producing well-defined polymers in a

relatively short period of time. There are several reports on the

synthesis of amphiphilic block copolymers and the study of

their properties, as these copolymers are important materials in

the several fields of natural science, for example, colloid science

and biochemistry, as well as in industrial fields.12–15

In a normal ATRP reaction, the initiating radicals are generated

from an alkyl halide in the presence of a transition metal in its
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lower oxidation state; however, conventional radical initiators,

such as azobisisobutyronitrile (AIBN) or benzoyl peroxide

(BPO), can also be employed. The latter approach is known as

reverse ATRP and has been successfully used for copper-based

heterogeneous and homogeneous systems.16,17

It has also been observed that reverse ATRP initiated by perox-

ides sometimes proceeds quite differently than in cases when

using azo compounds. The differences between the BPO and

the AIBN systems have been ascribed to an electron transfer

and the formation of copper benzoate species.17,18 For instance,

the polymerization of the homogeneous BPO/CuBr2/(dNbpy)2

system cannot be controlled.19 In contrast, a controlled living

polymerization has been observed when BPO was used in con-

junction with CuBr/(dNby)2.20 In a heterogeneous system,

where 2,20-bipyridine (Bpy) is employed as the ligand, both

CuBr and CuBr2 lead to a controlled polymerization of styrene.

On the other hand, the controlled polymerization of metha-

crylic acid (MAA) by ATRP is challenging owing to acid mono-

mers poisoning the catalysts by coordinating to the transition

metal. In this way, poly(methacrylic acids) can be prepared by

polymerization of protected monomers such as trimethylsilyl

methacrylate, tert-butyl methacrylate, tetrahydropyranyl methac-

rylate, and benzyl methacrylate.21

In this context, the purpose of this study has been to investigate

the use of homogeneous reverse ATRP for the synthesis of poly-

styrene (PS) initiated by the conventional radical initiator per-

oxide BPO, copper bromide complexes in the lower oxidation

state (CuBr), and with Bpy as the ligand. Then, a block copoly-

mer containing methyl methacrylate (MMA) was synthesized

via normal ATRP initiated by PS-Br/CuBr/Bpy. In this proce-

dure, the activator species (R–X) were generated in situ by

reactions triggered by the decomposition of conventional free-

radical initiators.16,17

The block copolymer was synthesized by a two-step ATRP, and

hence the molecular weight could be controlled by varying the

feeding ratio or monomer conversion. The ATRP process exhib-

ited a good control of the polymer molecular weights, giving

high conversion and a dispersity of <1.3. Finally, the hydrolysis

of MMA block was performed under acid conditions. The use

of MMA as the monomer to build the poly(methacrylic acid)

backbone was explored (Scheme 1). The reasons for employing

this methodology include the synthetic advantages of this sys-

tem: components that are less sensitive to air, and the possibility

to obtain diblock copolymers with controlled molecular weights

and low dispersity. In addition, the precursors of the catalyst

system are easier to handle and the procedure is compatible

with commercial processes.

The block copolymers were characterized by FTIR and 1H-NMR

spectroscopy as well as size exclusion chromatography (SEC).

Subsequently, the self-assembly behavior of these copolymers in

organic solvents was investigated by the absorption probing

method, whereas the size and morphology of the formed aggre-

gates were studied by transmission electron microscopy (TEM)

and dynamic light scattering (DLS). The results indicated that

the amphiphilic diblock copolymer self-assembled into reverse

micelles, depending on the length of both blocks.

EXPERIMENTAL

Materials

Styrene (Sigma-Aldrich Chemicals, Germany) was washed with

5% aqueous NaOH solution to remove any inhibitor, and was

then distilled under reduced pressure prior to use. Methyl meth-

acrylate (Merck-Schuchardt Chemicals, Germany) was purified

by distillation under reduced pressure.

BPO (Merck-Schuchardt, with 25% H2O, Germany) was used as

received. Copper(I) bromide (Aldrich, 98%) was purified by

Scheme 1. Synthesis of the PS699-b-P(MMA232/MAA58) copolymers by ATRP: (a) reverse ATRP and (b) normal ATRP.
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stirring overnight over acetic acid at room temperature, fol-

lowed by washing the solid with ethanol and diethyl ether prior

to drying at 50�C under vacuum for 1 day. 2,20-Bipyridyl

(Sigma-Aldrich, 99%) was used as received.

Characterization of the Block Copolymers

FTIR spectra were recorded on a Bruker Vector 22 spectrometer

(Bruker Optics GmbH, Ettlingen, Germany). 1H-NMR spectra

were recorded in solution at room temperature with a Bruker

AC 250 spectrometer (Bruker, Karlsruhe, Germany) using deu-

terated chloroform (CDCl3, 99.8%) as the solvent.

Determination of the Molecular Weight

The number average (Mn) and weight average (Mw) molecular

weight were determined by SEC under the following conditions:

WATERS 600E instrument equipped with UV and RI detectors,

using tetrahydrofuran (THF) as the solvent (flow rate: 1.0 mL

min�1). The samples were measured at 30�C at a concentration

of 6 mg mL�1, and the calibration was performed using PS

standards. From these data, the molecular weight distribution

or dispersity, Ð ¼ Mw/Mn was calculated.

Thermal Behavior

The thermal stability and glass transition temperatures (Tg) of

the copolymers were determined by thermal gravimetric analysis

(TGA) and differential scanning calorimetry (DSC) (Mettler

Toledo Star System 822e). Thermograms were recorded under a

nitrogen atmosphere at a heating rate of 10�C min�1. Samples

of 3–4 6 0.1 mg were used in each experiment. To eliminate

the effect of thermal history on the phase transitions, all sam-

ples were heated to 150�C, held at that temperature for 5 min,

and then cooled to 30�C.

Morphological Properties of the Polymer Aggregates

The morphology of aggregates formed in organic solvents was

investigated by TEM and scanning electron microscopy (SEM).

The samples of PS699-b-P(MMA232/MAA58) were dissolved in

THF at concentrations of 0.15 and 0.1%, and these solutions

were subsequently spin-coated (RC5, Suess Microtec, Garching,

Germany). TEM (JEOL JEM 1200EX, operating at 120 kV, with

a point resolution of approximately 4 Å) and SEM (JEOL, JSM-

6380LV) were performed on the dispersed samples. The TEM

images were captured by placing a drop of the THF solution

onto a carbon-coated copper grid. The surface characterization

of block copolymers was carried out by employing atomic force

microscopy (AFM) (Digital Instruments NanoScope IIIA Series

employed in ‘‘tapping’’ mode at a scan rate of 10.0 mm s�1).

DLS Measurements

The size dispersion (effective diameter, nm), and size distribu-

tion (dispersity) of the polymer aggregates in THF were deter-

mined by DLS measurements (Particle Size Analyzer, Nano

DLS, Brookhaven Instruments, Holtsville, NY, USA, equipped

with ‘‘90 Plus Particle Sizing Software ver. 3.74’’). Samples with

a concentration of 1 mg mL�1 were prepared by direct dissolu-

tion of the block copolymer in THF. The DLS measurements

were performed at 25�C at a scattering angle of 90�, employing

nanospheres of PS with an effective diameter of 90 nm.

Absorbance Measurement

The absorbance spectrum of methylene blue (MB,

C16H18N3SCl) in toluene, in the presence of different concentra-

tions of PS699-b-P(MMA232/MAA58) (range, 0.04–0.4 mg mL�1)

was recorded at 25�C between 400 and 800 nm in a Shimadzu

UV-1700 spectrophotometer.

Synthesis of PS–Br Macroinitiator by Reverse ATRP

The macroinitiator, PS–Br, was obtained by reverse ATRP in

the bulk using BPO/CuBr/Bpy as the catalyst system. In a typ-

ical polymerization experiment, a mixture of 49.8 mg BPO

(0.206 mmol), 29.6 mg CuBr (0.206 mmol), and 64.5 mg Bpy

(0.413 mmol) was added to a Schlenk flask. The oxygen was

removed by three freeze–vacuum–thaw cycles (1.33 � 10�4

kPa). Then, 5 mL of styrene (43.3 mmol) was added under a

nitrogen atmosphere, and the mixture was heated at 85�C for

3 h. The polymerization was terminated by immersing the

flask into liquid nitrogen. The product was dissolved in THF,

and the solution was passed through a silica column to

remove the copper catalyst. The resulting solution was precipi-

tated in methanol, and then dried at 60�C under vacuum to a

constant weight. The product was PS–Br (yield: 40%, Mn ¼
7.3 � 104 g mol�1, Ð ¼ 1.28), and its 1H-NMR spectra

(CDCl3; d ppm) exhibited the following signals: 1.2–2.0 [2H,

ACH2; and 1H, ACH from the backbone]; and 6.2–7.3 [5H,

AAr] [Figure 1(a)]. The FTIR spectrum (KBr, cm�1) for PS–

Br illustrated the following absorption bands: 3024 and

2921cm�1 [t(CH, CH2)]; and 754–699 cm�1 [t(CHA, aro-

matic ring)] [Figure 2(a)].

Synthesis of PS-b-PMMA by Normal ATRP

PS-b-PMMA copolymer was synthesized using MMA/PS-Br /

CuBr/BPy, in a mole ratio of 100/1/1/2. In a typical experiment,

6080 mg of the macroinitiator (0.0833 mmol Mn ¼ 7.3 � 104)

was charged to a Schlenk flask and dissolved in THF, after

which 833 mg of MMA monomer (8.33 mmol) and 26.0 mg of

BPy (0.166 mmol) were added. The mixture was degassed by

three freeze–vacuum–thaw cycles. Under agitation, 11.9 mg

CuBr (0.0833 mmol) was added to the system over a time pe-

riod of 20 min, and placed in an oil bath at a controlled tem-

perature of 80�C. After 2 h, the reaction was stopped by

immersing the polymerization flask into liquid nitrogen. After

the completion of the polymerization, the polymer solution was

diluted with 10 mL THF, and then precipitated into methanol

after passing through a silica column to completely remove the

catalyst. The white powder obtained was purified by redissolu-

tion in THF and reprecipitation in methanol, and then dried at

60�C under vacuum. The product was dried until a constant

weight was reached. The yield was found to be 68.8%, and the

molecular weight and dispersity of PS-b-PMMA were 10.2 �
104 g mol�1 and 1.30, respectively. The 1H-NMR spectra

(CDCl3; d ppm) of this polymer showed the following reso-

nance signals: 0.7–1.2 [3H, ACH3]; 1.2–1.6 [2H, ACH2]; 1.7–

2.2 [2H, ACH2, 1H, ACH]; 3.6–3.7 [3H, ACH3 from the

ester]; and 6.2–7.3 [5H, AAr] [Figure 1(b)]. The weight con-

tents of PS (65%) and PMMA (35%) in the block copolymer

were calculated by 1H-NMR from the ratio of the peak area of
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the ACH3 protons (a) at 0.8 ppm and aromatic protons (f, g)

at 6.6 and 7.1 ppm [Figure 1(b,c)]. The FTIR spectrum

(KBr, cm�1) of PS-b-PMMA exhibited the most characteristic

absorption bands: at 3007.3 and 2921.7 cm�1 [t(CH, CH2)]; at

1731 and 1633.7 cm�1 [t(AC¼¼O, ester)], and at 754.1 and

697.2 cm�1 [t( aromatic ring)] [Figure 2(b)].

Figure 2. FTIR spectra of (a) PS–Br, (b) PS699-b-PMMA290, and (c) PS699-b-P(MMA232/MAA58).

Figure 1. 1H NMR spectra in CDCl3 for (a) PS–Br, (b) PS699-b-PMMA290, and (c) PS699-b-P(MMA232/MAA58).

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38923 2079



Hydrolysis of the PMMA Block

PS-b-PMMA (0.500 g) was dissolved in THF (20 mL) and

treated with an aqueous solution of HCl (25 mL) at 60�C for

48 h. Following the reaction, the solution was neutralized with

an aqueous solution of NaOH. The organic phase was washed

with water and dried over MgSO4 overnight. After filtration, the

solution was concentrated and precipitated into hexane. The hy-

drolysis product was dried under vacuum.

RESULTS AND DISCUSSION

A diblock copolymer of PS and PMMA was obtained in a two-

step ATRP synthesis. Then, a hydrophilic poly(methacrylic acid)

backbone was introduced to the polymer chain by hydrolysis of

the PMMA block under acidic conditions. The synthetic route

is shown in Scheme 1.

Synthesis of Macroinitiator and Block Copolymer

In the first stage, the macroinitiator PS–Br was prepared in bulk

by reverse ATRP using BPO/CuBr/Bpy as the initiating sys-

tem.8–10 The obtained PS–Br was soluble in THF, with Mn ¼
7.3 � 104 g mol�1 and a relatively small dispersity, Ð ¼ 1.28,

indicating a slow exchange between active and dormant species.

In the second stage, a block copolymer, PS-b-PMMA, was pre-

pared by normal ATRP with molecular weight equals to 10.2 �
104 g mol�1. By using the molecular weight determined previ-

ously for PS (73,000 g mol�1), the molecular weight of the sec-

ond block was obtained to be 29,000 g mol�1. Thus, the degree

of polymerization determined by SEC is DPn ¼ 699 for PS and

DPn ¼ 290 for PMMA. The weight contents of PS (65%) and

PMMA (35%) in the block copolymer were confirmed by
1H-NMR.

These results confirm that a polymer with a controlled molecu-

lar weight and narrow molecular weight distribution, PS699-b-

PMMA290, had been obtained by ATRP.

Finally, an amphiphilic segment was introduced into the PS699-

b-PMMA290 polymer chain by partial hydrolysis of the methyl

ester linkage in the PMMA block under acidic conditions. The

resulting copolymer was characterized by FTIR and 1H-NMR

spectroscopy. The formation of carboxylic group was confirmed

by a broad absorption band at 3424.3 cm�1 in the FTIR spec-

trum [Figures 1(c) and 2(c)]. On the other hand, the NMR

spectra (CDCl3; d ppm) of the hydrolyzed block copolymer

showed a 20% decrease of the intensity of the signals appearing

Table I. Thermal Behavior and Weight Loss for the Macroinitiator and Block Copolymersa

Samples
Copolymer composition
(%) PS/PMMA/MAA

TDT1

TDT2

(�C)

Weight loss (%) at different temperatures (�C)

100 200 300 400 500

PS–Br 100 418 0.7 1.0 2.9 26.4 98.7

PS699-b-PMMA290 65 : 35 290–350 0.1 1.4 5.4 37.8 99.3

PS699-b-P(MMA232/MAA58) 65 : 29:6 180–388 0.7 8.4 15.6 38.6 99.8

a TDT, extrapolated thermal decomposition temperature.

Figure 3. TGA thermograms of (a) PS–Br, (b) PS699-b-PMMA290, and (c) PS699-b-P(MMA232/MAA58). Heating rate: 10�C min�1.
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at 3.5–3.6 ppm [ACH3 ester protons of the PMMA block],

which corresponds to the hydrolysis percentage of the methyl

ester (leading to the formation of ACOOH groups). This hy-

drolysis percentage indicates that 58 repeat units of the MMA

units have been randomly transformed into MAA units. Accord-

ing to this, the structural formula of the resulting copolymer is

PS699-b-P(MMA232/MAA58).

Thermal Behavior

The thermal decomposition of the macroinitiator, precursor co-

polymer, and PS699-b-P(MMA232/MAA58) was studied by TGA

and DSC. The TGA results are summarized in Table I. The

block copolymers exhibited a two-step degradation starting at

220 and 350�C. These thermal decomposition temperatures

(TDTs) were lower than that of the macroinitiator (Figure 3).

The PS–Br demonstrated a pronounced one-step degradation

with TDT1, equals to 418�C, whereas the block copolymer,

PS699-b-PMMA290, exhibited a less significant two-step degrada-

tion. The first step, appearing between 250 and 300�C, was

attributed to the decomposition of the PMMA segment, whereas

the second step, over 390�C, may have been owing to the PS

segment of the backbone chain. Furthermore, PS699-b-

P(MMA232/MAA58) displayed a two-step degradation (Figure 3)

but was less stable than the precursor copolymer. The first step,

Figure 4. DSC thermograms of (a) PS–Br, (b) PS699-b-PMMA290, and (c) PS699-b-P(MMA232/MAA58). Heating rate: 10�C min�1.

Figure 5. Absorbance spectra of MB in THF in the presence of different

concentrations (mg mL�1) of PS699-b-P(MMA232/MAA58). A: 0.00; B:

0.04; C: 0.06; D: 0.14; E: 0.20; F: 0.24; G: 0.28; H: 0.32.

Figure 6. Plot of the ratio A2/A1 against the concentration of PS699-b-

P(MMA232/MAA58). The breaking point is attributed to the CMC.
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attributed to the decomposition of the PMAA segment, was

observed in the range of 100–150�C, whereas the second step

was observed above 380�C.

The Tgs of PS–Br and both copolymers were examined by DSC

under a nitrogen atmosphere. DSC curves obtained over the

second heating cycles are shown in Figure 4. The curves reveal

that all polymers presented a phase transition behavior corre-

sponding to that of amorphous polymers. For PS–Br, a single

Tg was observed at 85�C, whereas for PS699-b-PMMA290 at least

two transitions are observed in the range of 105–115�C. The

most important signal appearing at 106�C should correspond to

the PS block and the small one to the PMMA block. These val-

ues are slightly shifted compared to the Tg values reported for

PS (calculated, 99–102; experimental, 85–102) and PMMA (cal-

culated, 85–105; experimental, 104–105).22 This behavior could

be attributed to the length of each block in the copolymer.

Interestingly, for PS699-b-P(MMA232/MAA58), where 20% of

MMA groups have been hydrolyzed to MAA, the value of Tg

was shifted to a much lower value, that is 65�C. As a compari-

son, the Tg value of PMAA is 228�C. This huge difference,

induced by a small structural change, can be explained in terms

of bulk segregation of the modified block, P(MMA232/MAA58).

The microstructure of the amphiphilic copolymers became

affected by the presence of microdomains that were chemically

distinct. The chemical link between different blocks prevented

phase separation on the macroscopic scale, but allowed micro-

phase separation of the two blocks, leading to self-assembled

morphologies of the minority polymer block.

Self-aggregation and Morphological Behavior of

PS699-b-P(MMA232/MAA58)

One of the most interesting properties of amphiphilic block

copolymers is their ability to self-assemble into a large variety

of micellar structures.23 In this case, the formation of reverse

micelles by PS699-b-P(MMA232/MAA58) in organic solvents was

driven by the repulsive interaction between the nonpolar solvent

and the MAA groups in the hydrolyzed PMMA block. The size

of the resultant micelles could be determined by structural pa-

rameters of the block copolymer.23

The self-aggregation of PS699-b-P(MMA232/MAA58) in organic

solvents has been monitored by UV spectroscopy using MB as

the absorption probe. MB is a cationic dye whose absorption

spectrum in polar solvents exhibits a maximum at 666 nm and

a shoulder at 615 nm.23,24 The latter absorption is attributed to

Figure 7. TEM micrographs PS699-b-P(MMA232/MAA58) (a, b).

Figure 8. SEM micrographs of PS699-b-P(MMA232/MAA58) (a, b).
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a dimeric ion which is formed in solvents of high dielectric con-

stant. In aqueous solution, it has been shown that the dimer

formation is enhanced by cooperative binding of MB to nega-

tively charged polyelectrolytes, and consequently the maximum

of the dimer band shifts from 610 nm to lower wavelengths (up

to 570 nm).24

In nonpolar solvents, the solubility of MB is quite low, but in

the presence of nonionic surfactants, at concentrations above

the critical micelle concentration (CMC), a new absorption

band appears at 525 nm. This large blue shift has been attrib-

uted to the formation of a complex between the MB and the

surfactant molecule.25 Thus, MB has been used as an absorption

probe in the study of nonionic reverse micelles,24–26 and ionic

liquid microemulsion.26,27 As shown in Figure 5, the absorption

spectrum of MB in THF, which appears only in the presence of

PS699-b-P(MMA232/MAA58), exhibits a maximum in the range

of 510–547 nm (A1) and a small absorption at 658 nm (A2).

These absorption bands can be attributed to a dimer formed by

cooperative stacking of the dye onto the hydrophilic or polar

segment of the copolymer (A1)28 and to monomer MB dis-

solved in the polar environment provided by the block copoly-

mer (A2). The ratio between monomer and dimer absorbances

(A2/A1) is a measure of the relative concentration of these two

MB forms. A plot of A2/A1 against concentration of PS699-b-

P(MMA232/MAA58) is shown in Figure 6. As both absorbances

increase with polymer concentration, the increase of the ratio

A2/A1 reflects the increases of the monomer form of MB. This

behavior can be explained in terms of polymer aggregation, and

therefore the plot in Figure 6 can be used to determine the

CMC of the copolymer. The CMC obtained from the intersec-

tion of the linear parts of this plot is 0.20 mg mL�1. The CMC

determines the thermodynamic stability of the micelles.

The morphological properties of the micelles formed by this co-

polymer were investigated by DLS, TEM, SEM, and AFM. DLS

Figure 9. AFM images of PS699-b-P(MMA232/MAA58). The scanning area

was 30 lm � 30 lm, and the concentration was 0.1 mg mL�1 (a,b).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. AFM images of the PS699-b-P(MMA232/MAA58). The scanning

area was 5 lm � 5 lm, and the concentration was 0.1 mg mL�1 (a,b).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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measurements of copolymer solutions in THF (1 mg mL�1)

showed that the size dispersion of the polymer micelles was rel-

atively narrow (Ð ¼ 0.436) with an effective particle diameter

of 79.9 nm. This size range suggests that these micelles tended

to aggregate, thereby forming larger structures. On the other

hand, TEM images of PS699-b-P(MMA232/MAA58) in THF (with

drops of methanol) showed that large spherical aggregates with

an average size of �120 nm, probably consisting of a

P(MMA232/MAA58) core surrounded by a PS corona were

formed [Figure 7(a,b)]. Similar results were obtained by SEM of

the polymer micelles formed by PS699-b-P(MMA232/MAA58) in

THF. In this case, large spherical aggregates were observed in

the micrographs [Figure 8 (a,b)]. The driving force for aggrega-

tion was attributed to the amphiphilic nature of the block co-

polymer that raises repulsive interaction between the solvent

and the more polar block.

The size dispersion of observed nanoparticles by DLS at a

higher concentration was found to be relatively narrow (Ð ¼
0.436) with an effective particle diameter of 129.9 nm. These

results suggest that the self-assemble copolymer form larger

compound micelles, which finally predominated.22

The AFM micrographs of PS699-b-P(MMA232/MAA58) showed

that its surface morphology was a rough and ordered nano-

structure in which nano-islands of various sizes (range, 96.8–

159.2 nm) coexisted (Figure 9). This morphology suggests that

phase segregation of amphiphilic copolymers induced the for-

mation of large-scale phase nano-aggregates (Rq ¼ 124.3 nm)

(Figure 10).

CONCLUSIONS

An amphiphilic diblock copolymer, the PS699-b-P(MMA232/

MAA58), with a well-controlled structure has been synthesized

through a two-stage ATRP method followed by partial hydroly-

sis of the MMA block. PS–Br, obtained in bulk by reverse

ATRP, was used as a macroinitiator to polymerize MMA, and

thus yielding PS699-b-PMMA290. Both the macroinitiator and

the block copolymer were obtained with relatively low dispersity

(Ð ¼1.28 and 1.30, respectively). The thermal behavior showed

that PS–Br decomposed in a single step, whereas the block

copolymers exhibited a two-step degradation. In any case, the

amphiphilic copolymer was less stable than its precursor. The

first step observed in the range of 100–150�C was attributed to

the P(MMA/MAA) segment.

Moreover, single Tgs were found for PS–Br (85�C) and for

PS699-b-P(MMA232/MAA58) (65�C), whereas for PS699-b-

PMMA290 at least two transitions are observed in the range of

105–115�C. The decrease in Tg of the amphiphilic block copoly-

mer was attributed to a change in its microstructure induced by

segregation of the modified PMMA block.

The aggregation behavior of PS699-b-P(MMA232/MAA58) in or-

ganic solvents has been monitored by UV absorption probing,

and the CMC in THF was found to be 0.20 mg mL�1. Both

self-assembled and aggregated substances, in solution as well as

in the form of films, were confirmed by TEM, SEM, and AFM.

In solution, large spherical aggregates, consisting probably of a

P(MMA/MA) core surrounded by a PS corona, were formed

with an average size of �120 nm. The increase in the surface

roughness, observed by AFM, indicates a large-scale phase segre-

gation under these conditions. The driving force for aggregation

was attributed to the repulsive interaction between the nonpolar

solvent and the methacrylic acid groups in the PMMA/MAA

block.
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