
INFORMATION TO USERS

This manuscript bas been reproduced from the microfilm master. UMI

films the text directly from the original or copy submitted. Thus, sorne

thesis and dissertation copies are in typewriter face, while others may be

frOID any type ofcomputer printer.

The quality of tbis reproduction is dependent upon the quality of the

copy submitted. Broken or indistinct print, colored or poor quality

illustrations and photographs, print bleedthrough, substandard margins,

and irnproper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete

manuscript and there are missing pages, these will be notOO. Also, if

unauthorizOO copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand corner and

continuing from left to right in equal sections with smaI1 overlaps. Each

original is a1so photographed in one exposure and is included in reduced

forro at the back ofthe book.

Photographs inc1uded in the original manuscript have been reproduced

xerographically in this copy. Higher quality 6" x 9" black and white

photographic prints are available for any photographs or illustrations

appearing in tlùs copy for an additional charge. Contact UMI directly to

order.

UMI
A Bell & Howell Information Company

300 North Zeeb~ Ann AIbor Ml 48106-1346 USA
313n61-4700 800/S21..Q600





"- CREW-CUT AGGREGATES OF

POLYSTYRENE-b-POLY(ACRYLIC ACID)

nmLOCK COPOLYMERS IN SOLUTIONS

By

Lifeng Zbang

A thesis

submitted to the Faculty ofGraduate Studies and Research

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

.,
~.

:.

Department of Chemistry
McGill University
Montreal, Quebec
Canada
H3A2K6

©Lifeng Zhang, 1996 October 1996



1+1 National Ubrary
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1A ON4
Canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1 A ON4
Canada

The author bas granted a non­
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts frOID it
May be printed or otherwise
reproduced without the author' s
permISSIon.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire~ prêter~ distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/fil.m, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-30429-9

Canad~



:-.­
':.~

':.a.

Abstract

The morphological characteristics of crew-cut micelle-like aggregates of highly

asymmetric polystyrene-b-poly(acrylic acid) copolymers PS-b-PAA, was studied by

transmission electron microscopy and light scattering. The insoluble PS block contents in

the copolymers ranged from 80 to 98 wt. %. The aggregates were fonned by the water

addition to the copolymer solution in N,N-dimethylfonnamide, and then were isolated in

aqueous solutions.

Spherical micelles were fonned when the PAA content in the copolymers was

relatively higher. The PS core radii scaled as Rcore - Nps 0.4 NpA."'..0.15, where Nps and

NPAA are the lengths of the PS and PAA blocks, respectively. The PAA corona shell

dimensions were aIso studied. As the PAA content in block copolymers decreased, the

morphology of the aggregate changed progressively from spheres to cylinders, to vesicles

and lamellae, and eventually to compound micelles. The effects of the initial copolymer

concentration and the addition of homopolystyrene on the aggregate morphology were

a1so examined. The aggregate morphology appears to be controlled by a force balance

mainly involving three aspects, i.e. the stretching of the PS chains in the core, the surface

tension between the PS core and the solvent, and the inter-corona chain interactions.

The aggregate morphology can be controlled by adding ions in micro-molar (Hel,

NaOH, CaCl2 or Ca(Ach) or milli-molar (NaCI) concentrations. In addition to the various

morphologies obtained by changing the copolymer composition, large compound

vesicles, a new morphology, cao be obtained from a single block copolymer. The

morphogenic effect of different added ions on the crew-cut aggregates can be ascribed to

the changed inter-corona chain repulsive interactions, due to neutralization, protonatil)~

ion-binding, and screened electrostatic field, etc. The range of morphologies obtained in

this study is believed to be unprecedented for a block copolymer self-assembly system in

low molecular weight solvents.
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Résumé

La morphologie et d'autres caractéristiques des aggrégats, sous fonne de l.l.crew­

cut micelles" (littéralement micelles coupées en brosse), du copolymère hautement

asymétrique Polystyrène-b-Poly(acide acrylique) (pS-b-PAA) ont été étudiées par

microscopie électronique par transmission et par diffusion de lumière. La portion du bloc

de PS insoluble dans le copolymère était de 80 à 98% en poids. Les aggrégats ont été

fonnés par addition d'eau au copolymère en solution dans du N,N-diméthylfonnamide,

puis ont été isolés dans l'eau.

Les micelles étaient sphériques lorsque la proportion de PAA dans le copolymère

était relativement élevée. Les rayons du coeur de PS obéissaient à la loi suivante :

Rcore-NpsO-~PAA .~:us, où Nps et NpAA sont respectivement les longueurs des blocs de PS et

de PAA. Une étude a aussi été menée sur les dimensions de l'enveloppe de PAA. La

morphologie des aggrégats passait progressivement de sphère, à cylindre, à vésicule, à

lamelle et finalement à des micelles complexées au fur et à mesure que la proportion de

PAA dans le copolymère diminuait. Les effets de la concentration initiale en copolymère

et de l'addition d'homopolystyrène sur la morphologie des aggrégats a aussi été

examinée. Cette morphologie semble être contrôlée par l'équilibre des forces mettant

principalement en jeu l'extension des chaînes de PS dans le coeur, la tension de surface

entre le polystyrène du coeur et le solvent, ainsi que les interactions entre les chaînes de

la couronne.

La morphologie des aggrégats peut être contrôlée par l'ajout d'ions à des

concentrations micro-molaires (HCI, NaOH, CaCl2 ou Ca(Ac):J ou bien milli-molaire

(NaCI). Les mêmes morphologies que celles décrites ci-dessus ont été obtenues à partir

d'un copolymère mono-bloc grâce à cette technique. Une nouvelle morphologie, de

grandes vésicules complexées, a été obtenue. L'effet morphogène de l'ajout d'ions aux

aggrégats coupés en brosse peut être attribué aux changements intervenus dans les

interactions répulsives entre les chaînes de la couronne. Ces changements ont pour cause

la neutralisation, la protonation, les liaisons ioniques, le pouvoir d'écran des champs

electrostatiques, etc. Le nombre de morphologies obtenues dans cette étude doit être à ce

jour sans précédent en ce qui concerne l'auto-assemblage de systèmes de copolymères en

blocs dans des solvents de faible poids moléculaire.
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FOREWORD

In accordance with Thesis Specifications of the "Guidelines for Thesis Preparation"

(Faculty ofGraduate Studies and Research), the following text is cited:

"Candidates have the option of including, as part of the thesis, the text of

one or more papers submitted or be submitted for publication, or the

clearly-duplicated text of one or more published papers. These texts must

be bound as an integral part of the thesis.

If this option is chosen, conoecting texts that provide logical bridges

between the different papers are mandatory. The thesis must be written

in such a way that it is more than a mere collection of manuscripts; in

other words, results of a series od papers must be integrated.

The thesis must still conform to aIl other requirements of the "Guidelines

for Thesis PreparationH
• The thesis must ioclude: A table of Contents, an

abstract in English and French, an introduction which clearly states the

rationale and objectives of the study, a review of the literature, a final

conclusion and summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in

appendices) and in sufficient detail to allow a clear and precise judgement

to be made of the importance and originality of the research reported in

the thesis.

In the case of manuscripts co-authored by the candidate and others, the

candidate is required to make an explicit statement in the thesis as to

who contributed to such work and to what extent. Supervisors must

attest to the accuracy of such statements at the doctoral oral defense. Since

the task of the examiners is made more difficult in these cases, it is in the

candidate's interest to make perfectly clear the responsibilities of aIl the

authors of the co-authored papers."
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Foreword

This dissertation is written ln the form of seven papers. The papers each

comprise one chapter, with a introduction of this work in a tirst chapter and general

conclusions contained in a ninth chapter. FoHowing nonnaI procedure, the papers have

been either published or submitted for publication in scientific joumals. A list of the

papers is given below:

Chapter 2: Macromolecular Chemistry and Physics (accepted)

Chapter 3: Macromolecules 1995,28,6055 - 6066.

Chapter 4: Science 1995, 268, 1728 - 1731.

Chapter 5: J. Am. Chem. Soc. 1996, 118, 3168 - 3181.

Chapter 6: Science 1996, 272, 1777-1779.

Chapter 7: Macromolecules 1996,29, in press.

Chapter 8: Macromolecules 1997, 30, in press.

AH of the papers include the research director, Dr. Adi Eisenberg, as co-author. Chapter 3

CL. Zhang, R. J. Barlow and A. Eisenberg) includes Dr. Raymond J. Barlow who did the

OLS experiments and co-wrote this paper. Chapter 6 (L. Zhang, K. Yu and A. Eisenberg)

includes Ms. Kui Yu, recognizing that sorne of the results from PS-b-PEO copolymers

were used in the paper. Chapter 8 CL. Zhang, H. Shen and A. Eisenberg) includes Mr.

Hongwei Shen as a co-author, recognizing that he did sorne of the light scattering

experiments. Other than the supervision, advice and direction of Dr. Eisenberg and the

aforementioned contribution to the chapters, all of the work presented in this dissertation

was perfonned by the author.
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1.1. INTRODUCTION

The self-assembly of block copolyrners in selective solvents ta form micelles is a

phenomenon of considerable interest to a wide range of scientists. Extensive experimental

and theoretical studies have been perfonned over the past four decades. 1-3 Studies have

been focused on the phenomenon of micellization in the solutions of various block

copolymers~ the developments of new experimental techniques and new theories of

micellizatio~ and the recognition that black copolymer micelles may be used in a wide

range of industrial and technological applications. The focus of this thesis is on the

formation and characteristics of crew·cut micelle-like aggregates of highly asymmetric

polystyrene-b-poly(acrylic acid) diblock copolymers~ formed in solvents composed of

mixtures ofN~N-dimethylformamide and water and then isolated in water. It emphasizes

the effect of various factors~ e.g. the copolymer composition and concentration~ added

electrolytes, etc., on the morphology of the aggregates. The insoluble polystyrene black

contents of the black copolymers used in this study range from 80 ta 98 wt. %, i.e. the

composition region for crew-cut aggregate formatio~ which has not been investigated

before. The principal experimental techniques employed are transmission electron

microscopy and light scattering. This chapter begins with a generaI introduction to

polymers, followed by sections dealing with phase separation and aggregate

morphologies in various self-assembled systems. The final section is a summary of the

aims of this thesis.

1.1.1. Some basic definitions.4 Polymers or macromolecules are giant

molecules with molar masses ranging frOID severa! thousands to millions.

Macromolecules cao he natura! and synthetic. Natural po/ymers usually have more

complex structures than synthetic po/ymers. A polymer is usually constructed from maoy

smaller units called monomers, covalently bonded together in many conceivable patterns.

Ta qualify as a mODomer, a small Molecule has to have two or more bonding sites,

through which it can be linked to other monomers to forro the polymer chain. The number

2
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ofbonding sites is referred to as thefunctiona/ity of a monomer. Bifunctional monomers fonn

linear macromolecules. If the monomers are polyfunctional, branched polymers can be

produced.

When only one species of monomers is used to make a polymer, the product is

called homopolymer. If the chain is built from two types of monomer unit, the material is

known as a copo(vmer. Copolymers prepared from bifunctional monomers can be

subdivided further into four main categories according to the arrangements of the

monomer units in the chain. Different structures composed of two monomers, A and B,

are shown in Figure 1.1. For random copolymers, the distribution oftwo monomers in the

chain is essentially random~ but influenced by the reactivities of each monomers during

the synthesis. In alternating copolymers, the A and B monomers are distributed with a

regular altemating pattern along the chain. Bloek copolymers consist of substantial

sequences or blocks of each monomers. When one sequence of A monomers is attaehed

to a sequence of B monomers, the copolymer is called diblock. Copolymer with a central

B block attaehed to tenninal A monomer blacks is called a triblock. In graft copolymers,

blocks of one monomer are grafted on to a backbone of the other as branches. In this

thesis., we deal only with synthetic diblock copolymers.

ABAABBABBBAABBAAAB

ABABABABABABABABAB

AAAAAAAAABBBBBBBBB

B
B
B
B
B

B
B
B
B

Random copo(vmer

Alternating copo(vmer

Block copolymer

Graft copolymer

Figure 1.1. Types ofcopolymers synthesizeè from monomers A and B.
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1.1.2. Synthesis of block copolymers. Block copolymers can he synthesized

by sequential addition reactions using: (1) ionic initiators where an active site is kept

"alive" on the end of the initial bloc~ which is then capable ta initiating chain growth of

a second monomer on the end of the tirst chain, or (2) coupling of different blacks with

functional terminal units. Ionic reactions are found to he particularly useful since they

can provide copolymers of well-detined compositions. Sequential ionic polymerization

usually involves three steps: initiation, propagation and tennination.5 As a typical

example, the synthesis of polystyrene-b-poly(tert-butylacrylate) diblock copolymer by

sequential anionic polymerization is described below.

In the initiation step, sec-butyllithium can he used as an initiator. a-Methylstyrene is

used as an indicator and an end-capping agent. sec-Butyllithium tirst titrates any active

hydrogen in the reaction system, and then reacts with a-methylstyrene to yjeld short chain

living anions with a deep red color. At room temperature, a-methylstyrene monomer at low

concentration does not polymerize because it is above its ceiling temperature.

sec-BuLi +
-20°C .,
UCl/IHF

CH]
1

sec.Bu-C~- C- ü+

©
After the styrene monomer is added, the living anions produced in the initiation step initiate

the polymerization of the styrene monomer and the anion propagates. The red color of the

solution changes to an orange-yellow one. Since the active centers are regenerated at the

chain ends of the growing polymers, the process continues until all the styrene monomer is

consumed, while the carbanions remain active, indicated by the reappearance of the deep red

color due to the end-capping of polystyryllithium anion by a-methylstyrene.

•78 oC •
+ 5tyrene

The polymerization is resumed when the second monomer, tert-butylacrylate, is added.

4
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+ ,·BuA

ÇH3 ~ COOC(CH3)3

S«-B_©~©©~-~)3bw U·

Finally, the polymerization is tenninated by adding a small molecule with a labile proton, such

as methanol, to kill the living chain end. Thus, one obtains Ûle desired polystyrene-b-poly(tert­

butylacrylate) diblock copolymer. Sorne technical aspects ofthis polymerization method should

he noted. It is essential 10 remove aIl active impurities such as water and oxygen from the

reaction medium te keep the amonic chain living. When the initiation step is rapid compared to

that of propagation, polymers with a low degree of molecular weight polydispersity cao he

obtained In order to avoid a tenninating side reaction or chain transfer reaction of the living

anionic chains, a stabilizer such as LiCl is usually added to the reaction system.

1.1.3. Some relevant features ofpolymen.4 1.1.3.1. Average molar masses.

One of the most important features which distinguishes a synthetic polymer from a

simple Molecule is the impossibility to assign an exact molar mass to the polymer. This is

a consequence of the fact that in the polymerization reaction, the length of the chain

formed is determined entirely by random events. The polymer is characterized best by a

~olar mass distribution and the associated molar mass averages. The typical distributio~

as shown in Figure 1.2, can be descnbed by a varlet}' of averages, i.e. number-average,

weight-average and z-average molecular weight.

-

t
1
1.
'0

J

.- Figure 1.2. Typical distribution ofmolar masses for a polymer sample.4
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The number-average molecular weight (Mn) is defined by

M = riNiMi = LiWi
n riNi Li(Wi/Ni)

where Ni and W i refer to the number and weight of the molecules of species i of molar

mass Mi, respectively. Mn can be obtained by methods which measure colligative

properties such as osmotic and vapor pressure. A weight average molecular weight (Mw)

can be obtained from light scattering measurements, a method depending on the size

rather than the number ofMolecules. It is defined as

The z-average molecular weight (Mz) is defined by

It can be obtained by methods such as sedimentation equilibrium. The molecular weight

distribution is also characterized by the polydispersity index (p.l.), which is defined as

PI = Mw.. Mn

when P.1. is equal to unity, the sample is said to be monodisperse. A range of

polydispersity indices can be obtained depending on the methods ofpolymerization.

1.1.3.2. Chain dimensions. The prediction of sorne average dimension for

polymer chains remains a central theme in polymer science. RealisticaIly, a polymer

chain is better represented by a flexible chain, which can assume Many confonnations,

6
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loosely coiled into a ball than an extended rode The random nature results from rotation

about the covalent bonds forming the chain backbone. The tenn '''conformation'' has been

used when referring to a three dimensional geometric arrangement of the polymer, which

changes easily when the bonds are rotated.

One of the fundamentaI problems is to deduce the relations between the end-to­

end distance and the chain length. Based on a called "freely-jointed chain model", the

most useful statistical result of the dimensions of a linear random coil chain is the Mean

square end-ta-end distance, given by

<r2> = nf2

where n and 1 represent the number and the length of monomers in polymer chain. The

freely-jointed chain model assumes that the bonds act like universal joints, and that

complete freedom of rotation about the chain bonds exists. For a real polymer chain, the

covalent bonds are not universal joints. The dimensions of the chain will be restricted by

the covalent bond angles between each chain atome For free rotation about a fixed bond

angle e, the expression of the mean square end-ta-end distance becomes

<r2> =nf2 (l-cos8 )
f (l+cosS)

For a carbon backbone with tetrahedral bonds, e = 109°28', cose = -1/3, and

Furthermore, because the rotation about most bonds is not free, steric repulsions impose

restrictions ta bond rotation. Further modifications are needed. Severa! other models have

been suggested, such as the scaling concepts of de Gennes and co-workers.6 The

parameter <r2>0 is the average mean square of the unperturbed dimension, which is a

characteristic parameter for a given polymer chain. For a polystyrene chain, it is known

7
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from experimental measurement that

<r2>0 = 6.76 NpS f2.

where NpS is the degree of polymerization of PS chain, and 1 is the length of styrene

monomer.

1.2. PHASE SEPARAnON OF POLYMERS IN BULK PHASE.

Block copolymers with their unique mechanical, optical, and structuraI properties

are fmding increasing applications in many fields. 7 An important factor contributing to

their widespread popularity is the occurrence of phase separation in most block

copolymer systems.8,9 The phase separation and the domain morphology are determined

by a number of factors, such as the incompatibility of the blocks, as weil as the molecular

weight and composition of the copolymers. In this section, we discuss the phase

separation phenomena of black copolymers in bulk and of homopolymer/copolymer

blends.

1.2.1. Thermodynamic considerations of phase separation. When two PQlymers

are blended, the most likely result is a two phase materials. The reason why two polymers

are not usually miscible can be understood frOID simple thennodynamic considerations. A

necessary (but not sufficient) criterion for miscibility is that the free energy of mixing

~Gm be negative. This is given by

where Mim is the enthalpy of mixing, L\Sm is the entropy of mixing and T the absolute

temperature. According to the lanice theory ofdeveloped by Flory and lfuggins,lO the 6Sm is

very small for high molecular weight polymers, and the Mim, for most polymer mixture, is

expected ta be positive. Therefore, polymers are not expected to nille However, mixing can be

8
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predicted to occur under three circwnstances. (a) If the polymers are not of very high

molecular weight, then the entropy will not be negligible and May outweigh an unfavorable

enthalpy of mixing. (b) If the enthalpy is positive but very small, then a small entropy of

mixing may be sufficient. (c) If the enthalpy of mixing is negative then two polymers would

be expected to be miscible. This might occur, for example, if there is a favorable interaction

such as hydrogen bonding between the polymers. 11

1.2.2. Morphology of phase separated microdomains in block copolymer

bulk phases. For a mixture oftwo homopolymers, where the chains of the two polymers

have no spatial constraints, and when the enthalpy of mixing is positive, the phase

separation may take place on a macro-scale to minimize the unfavorable interfacial

energy. 12,13 By contrast, in block copolymers, since the blocks are chemically bonded,

even the complete segregation can not lead to a macroscopic phase separation. Phase

separation is restricted to small domains, which are referred to as microdomains. The

repulsive interaction between A and B blocks in the diblock copolymers tends to increase

the domain size. This is opposed by two restrictions; one is uniform segment density

requirement, and the second is the stretching (defonnation) penalty. The morphology of

the system is a result of a balance ofthese two factors, as described below. Furthennore,

the microdomains are not located at random but they May fonn a regular arrangement

giving rise to a periodic structure (macrolattice).8,9

Transmission electron microscopy of microtomed samples coupled with heavy­

metal staining techniques l4,15 and small angle X-ray scatteringl6,17 are useful techniques

for the study of block copolymer structures. Many experimental studies have shown that

the structures of phase-separated microdomains strongly depend on the: copolymer

composition, and that a minimum molecular weight is necessary, in general, for the

microdomain formation to take place. The microdomains cao be spherical, cylindrical,

ordered bicontinuous double diamond (OBDO), gyroid or lamellar.8~9,14-23 The exact

composition at which the domain changes shape depends on the copolymer molecular

9
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weight and the Flory-Huggins interaction parameter, lAS' between two blocks. As a

typical example, Figure 1.3 shows different structures of microdomains in polystyrene-b­

polyisoprene (PS-b-PI) as a function of the copolymer composition. 9.17 In this figure, it

can be seen that up to a volume fraction ofpolystyrene (cpps) of 0.17, polystyrene spheres

are arranged on a body centered cubic lattice in the polyisoprene matrix. From a CPps of

0.17 to 0.28, the structure is an hexagonal array fonned by cylinders of polystyrene; the

OBOO (or gyroid) morphology is observed for a narrow range of CPPS from 0.28 to 0.34.

From a <pps of 0.34 ta 0.62, a lamellar structure is fonned by alternating layers of

polystyrene and polyisoprene. Above this CPPS, similar structures of microdomains made

up of the polyisoprene blocks in a matrix ofpolystyrene blocks are fonned.

PS PS
Spheres Cylinders

PS
oeco

PS. PI PI PI PI
lamellae OSOO C,Hnders Sph.t••

0.17 0.28 0.34 0.62 0.&6 0.77

Figure 1.3. Equilibrium morphologies of polystyrene-b-polyisoprene diblock copolymer

as a function of the volume fraction of the polystyrene. The white domains represent the

polystyrene block.

Many theories have been developed which attempt 10 predict the morphology in

tenns offundamental parameters of the black copolymers.9,12,18 The two most important

parameters are the product XN (N is the degree of polymerization) and the volume

fractions of the blocks in each copolymer chain (f). Figure 1.4 shows a typical phase

diagram for diblock copolymer structures. At present there is no theory capable of

10
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predicting the existence of the GBDD or gyroid phase. Furthennore, under the \\'eak

segregation liroit (XN - 10 for a order-to-disorder phase transition), the microdomain

dimensions are predicted to depend on the molecular weight of the domain fonning block

to the power of 1/2, while the predicted exponent is 2/3 for the strong segregation limit

(xN» 10).

disorder

o Copolymer composition (f) 1

Figure 1.4. Leibler's phase diagram for a diblock copolymer in mean field theory. The

regions of the stable equilibrium structures for parameters (XN, fi are indicated in the

figure. (Leibler, L. Macromolecules 1980, 13, 1602)

1.2.3. Phase separation in block copolymerlhomopolymer blends. Binary

or temary mixtures of block copolymers with homopolymers can fonn various

microstructures including spherical and cylindrical micelles, vesicles, ordered

bicontinuous double diamond (OBDD) and lamellae.23-31

11
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The microdomain structures of copolymers are a function of the composition of

the blends. 25-27.30,31 For example, for the blends of polystyrene-b-polyisoprene (PS-b­

PI) block copolymers and PS homopolymer, where the PS-b-PI copolyrners are the major

component and form an altemating lameHar microdomain structure in bulk,2S-27 it was

found that as the content of PS homopolymers in the blends increases, the morphology of

PI microdomain in the matrix of PS changes progressively from lamellar to OBDD, to

cylindricaI, and to spherical. The morphological transitions are caused by an increased

volume fractions of PS blocks due to the solubilization of PS homopolymers. By

contrast, when PI homopolymers are added to the PS-b-PI copolymers, as the added PI

homopolymer content increases, the morphology of PI block domains changes from

cylindrical to OBDD, to lameHar, i.e. the opposite direction ta that seen for the addition

of PS homopolymer, because the volume fraction of the PI blocks is increased.

The microdomain structures of the copolymers are aiso a function of the

molecular weight of homopolymers. 24-27 As a typical example, it is shown that blending

polystyrene-b-polybutadiene diblocks with a large amount of PS homopolyrners results

in the formation of the microdomains of the butadiene blocks of different structures.24

For a certain composition of the blends, the morphology of the butadiene black domains

changes from spherical to cylindrical and eventually to vesicular by increasing the PS

homopolymer molecular weight in the blends. The effect of the homopolymer molecular

weight on the domain morphology is ascribed ta the different miscibility of the

homopolymers and the PS blocks of the copolymers. Since the miscibility decreases as

the molecular weight increases, the effective volume fraction of the PS blocks of the

copolymers decreases as the homopolymer molecular weight increases, i.e. the PS blocks

become less swollen by the PS homopolymers.

1.3. Micellization of SmaU molecule surfactants.

Because the micellization of amphiphilic block copolymers in solutions is often

12
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eompared to that of small molecule amphiphiles., a brief introduction to mieellization of

small molecule amphiphiles is presented in this section. small molecule Amphiphiles

consist of a hydrophobie tail (alkyl chain) and a hydrophilic (ionic or non-ionic) ~ead

group. The abrupt change in many physicochemical properties of solutions of

amphiphilic molecules when a critical concentration is reached is attributed to the

formation of micelles.32,33 The concentration at which the molecules start to form

micelles is called the critical micel1ization concentration (CMC). Because of the

relatively high CMC and the liquid-like core of the micelle at room temperature, chain

exchange is usually very fast (of the order of ms). Therefore, a dynamic equilibrium

exists between the micelles and the single molecules.

It has been known for many years that the micelles of small molecule amphiphiles

can be spherical, cylindrical, lamellar or even assume severa! other morphologies.34,35

Because the inter-head group repulsion is strong and the surface tension of the core is big,

the hydrophobie chains in the cores are highly extended and the core radius is aImost

equal to the contour length of the alkyl chain. The formation ofvarious morphologies has

been explained in tenns of a dimensionless packing parameter, v/ao1c' where ao is the

optimal surface area of the hydrophilic head, and v and le are the volume and the critical

length of the hydrophobic tai!. The value of the parameter v/aole detennines the geometry

of the aggregates. In particular, if v/ao1c ~ 1/3, spherical structures are fonned. When 1/3

< v/aolc < 1/2, the structure of the micelles is cylindrical. If 1/2 < v/ao1c < 1, vesicles or

lamellar micelles are observed. Finally, when v/ao1e > 1, inverted spherical micelles

form.34•35 Because ao is found experimentally ta be dependent of the nature of the head

group, but aImost independent of the hydrophobie chain length, and le can be estimated

from semi-empirical equations, the parameter v/aole can also be used to predict the

morphologies of the micelles. For example, most single-chain surfactants form spherical

micelles, while most double-chain surfactants form bilayers because ofthe higher value ofvile.

The addition of inert salt has strong effect on the morphology due to a reduction
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of the thickness of the electron double layer of the head group on addition of salt.35-41

Consequently, the optimal surface area of the hydrophilic head, ao, is decreased. The

importance of electrostatic interactions among head groups in detennining the micelle

structure is demonstrated in the studies of micelle formation of mixtures of anionic and

cationionic surfactants, in which the optimal area of the head groups is greatly reduced

due to the attractive interaction between anionic and cationic heads.42 Similarly,

changing the pH of the solution also affects the aggregation behavior of the amphiphiles,

if the ionization of the head group is pH dependent.43

1.4. Micellization of Block Copolymers in Two Dimensions.

Another area in which multiple morphologies form is the self-assembly of block

copolymer at water surface, i.e. quasi two dimensional micelles.44-S 1 The two

dimensional micelles were prepared by spreading a solution of the block copolymers in a

good solvent at the air-water interface on a Langmuir trough. Langmuir-Blodgett (LB)

films of those surface micelles were transferred onto a silicon wafer by dipping. Atomic

force microscopy (AFM) 50,S 1 and TEM 44-51 were used to characterize the micelles. It

was shown that the micelles of various morphologies were fonned by changing the

copolymer composition. The morphologies includes circular micelles, ribbons, large

'l'ancakesu and foams. Both AFM and TEM show that the circular micelles are highly

ordered over large distances (severa! microns). Two dimensional micelles have been

prepared from a number of diblock copolymers, such as polystyrene-b-poly(4­

vinylpyridine), polystyrene-b-poly(dimethyl siloxane), polystyrene-b-poly(n-butyl

methacrylate) and polystyrene-b-poly(t-butyl methacrylate). This suggests that two

dimensional micellization is a very genera1 phenomenon for hydrophilic-b-hydrophobic

diblock copolymers at the air-water interface.

A typical example,47 for the polystyrene-b-poly(4-vinylpyridine) (pS-b-P4VP)

copolymers ofa constant PS black length (480 units) but a variable P4VP block (quatemized
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with decyl iodide), is shown in Figure 1.5. When the P4VP block lengths are 200, 34 and 13,

circular micelles, ribbon-like structures and large hpancakes" are fonne<L respectively. For this

particu13r group of samples, the circular micelles are -35 nm in diameter and 7 nm high. The

ribbons and pancakes have the aImost same height but are much larger.

Figure 1.5. Various morphologies of Langmuir-Blodgett films of two dimensional

aggregates from PS(480)-b-P4VP.C 101 copolymer: Pancakes (top); Ribbons (middle);

Circular micelles (bottom). The P4VP black length (VP) and the shadowing angle (a) are

indicated on each picture.
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Two dimensional micelles have been studied with X-ray reflectivity as a function

of surface pressure used in the preparation of the Langmuir-Blodgett (LB) films.50 It was

confmned that long range order in the circular micelles was not an artifaet caused by the

dipping process when producing LB films. Also, it was found that the hydrophilie chains

fonned a dense, melt-like layer on the surface of the water, rather than being submerged

in the water. The solvent from which the films are cast has an important influence. For

example, a phase-inverted forro of the circular morphology, i.e. a two dimensional

nanofoam, can be produced by changing the casting solvent so that the hydrophobic part

forros the continuous phase. 49 Addition of homopolymer to the spreading solution, and

of salt to the subphase also have an effect on the micellization process. 48

1.5. MiceUization of Block Copolymers in Solution.

1.S.1. Formation of micelles. For the past four decades,52 it has been

known that when block copolymers are dissolved in a selective solvent, Le. a solvent

which is good for only one of the blocks, micelles or aggregates can fonn as a result of

the association of the insoluble blocks. 1-3 Micelle formation requires the presence oftwo

opposing forces, i.e. an attractive force between the insoluble bloeks which leads to

aggregation, and a repulsive force between the soluble blocks which prevents unlimited

growth of the micelle size into a distinct macroscopic phase. Therefore, each micelle

consists of a certain number of copolymer chams, which is called the aggregation

number, an important parameter of micelle fonnation. Micelles are stabilized in the

solution due to the interaction of the soluble blacks and the solvent.

There are two types of block copolymer micelles. In a polar solvent, such as

water, regular micelles are fonned, which have a hydrophobie core and a hydrophilie

corona. In an apolar (or low polarity) solvent, the locations of the blocks are reversed, i.e.

the hydrophilic segments forro the core surrounded by a hydrophobic corona shell. In this

case, the micelles are referred to as reverse micelles. Depending on the composition of

the block copolymers, each type ofthe micelles are further divided into star and crew·cut
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micelles. Star micelles are made from block copolymers in which the corona-fonning

blacks are much longer than the core-fonning blacks. However, in crew-cut micelles, the

corona-fonning blocks are much shorter than the core-fonning blocks. Therefore, crew­

cut micelles are characterized by a bulky core and a relatively thin corona. In the past

four decades, star micelles (bath regular and reversed) have received much attention, and

a considerable amount of information has been accumulated. 1-3 By contrast, crew-cut

micelles have been receiving attention experimentally only very recently.53.54 The

concept of crew-cut micelles was proposed by Halperin et al,55 based on an earlier

theoretical study of de Gennes.56

1.5.2. Dynamics and thermodynamics. Block copolymers can micellize, in

principle, by one of two mechanism, i.e. open (or step-wise) or c10sed association. t Open

association is characterized by a series of consecutive equilibria involving all possible

sizes of aggregates starting with dimers. The closed association assumes that there is a

single-stage equilibrium between unimers and micelles with a certain aggregation

number. In general. it has been found that micellization of the block copolymers obeys

the closed association mechanism. The c10sed association model implies the existence of

a critical micellization concentration (CMC), from which the free energy of micelle

fonnation (~G) can be evaluated by

~G = -RT In(CMC)

where R and T are the gas constant and the temperature. Assuming the association

number is independent on temperature, the enthalpy (dH) of micel1ization can be

determined from the temperature dependence of the CMC,

MI = R dln (CMC)/d(lff)

The entropy (ôS) of micellization can he calculated by
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~S = (MI - ~G)rr

Based on the above equations, the thermodynamics of micellization in severa! block

copolymer/solvent systems have been studied. 57-59 It was found that in organic solvents,

the driving force for block copolymer micellization is the enthalpie contribution to the

free energy.57 The negative enthalpy of micellization results from the replacement of

unfavorable polymer(insoluble segment)-solvent interactions by polymer-polymer and

solvent-solvent interactions. On the other hand, in aqueous solutions, the driving force

becomes entropic.58 This is ascribed to the change in the structure of water surrounding

the hydrophobie segments. That the driving force shifts from enthapic to entropic is

demonstrated in a recent study of thermodynamics of block copolymer micellization in

DMF/water mixtures with increasing water content. 59

In a system of micelles of copolymers, an important aspect is the dynamics of the

chain exchange between the micelles. An equilibrated system must be in adynamie

equilibrium, in which the micelles can exchange chains with one another. For small

molecule amphiphilies, the chain exchange is very fast. However, the chain exchange of

copolymer micelles are usually slow due to a number of reasons, such as the high

molecular weight, the entanglement and low mobility of the chains in the core, the low

CMC, etc. The dynamic process of chain exchange between micelles has been studied by

fluorescence,60,61 sedimentation velocity experiments62,63 and by theoretical

approaches.64,65 The process was found to depend on the incompatibility of the solvents

and the insoluble black. For example, for the micelles of the polystyrene-b­

poly(methacrylic acid) (pS-b-PMAA) copolymers in dioxane/water mixtures,62 the chain

exchange is significant in the time scale of hours when the solvent composition is 80/20

(v/v) for dioxane /water. In this case, the high rate of the chain exchange is due to the fact

that the PS core is swollen with dioxane and that the CMC is relatively high. However,

when the water content in the solvent mixtures is increased to above 30 %, chain

exchange between the micelles is negligible over a period of severaI days, and the micelle
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structures are considered ta be "'irozen" since the chain exchange has become extremely

slow. The decreased rate of chain exchange at higher water contents is ascribed to a

decreased CMC and less swollen PS cores.

1.5.3. Structural characteristics of block copolymer micelles. Due to a wide

range of potential applications of block copolymer micelles in areas such as drug

delivery, as catalysts and as microreactors, studies of the structures of the micelles and of

their properties have been progressing continuously. Many publications on these subjects

exist, which deal with morphology,66-69 CMC,70-74 size distribution of the micelles,75-77

dimensions of both the core and corona shell as a function of the block copolymer

composition,78-80 order-disorder transitions in micellar solutions,81 etc. Techniques used

for the characterization include both dynamic and static light scattering, 75-80 size

exclusion chromatography, 82-83 viscosity, 84,85 ultracentrifugation (or sedimentation

velocity), 78.86 small angle X-ray (or neutron) scattering, 80,81 fluorescence, 70-74

transmission electron microscopy, 66,68 nuclear magnetic resonance, 87-90 etc.

In general, it was found that the CMC of block copolymer micelles is usually

much lower than that of small Molecule amphiphilies. The CMC depends on bath the

insoluble block and the soluble block of the copolymers. In particular, the influence of the

insoluble block length is much stronger than that of the soluble block lengili. The micelle

sizes and the aggregation numbers depend on the copolymer composition. The higher the

insoluble block length, the larger the aggregation number and the micelle size. The

soluble block has an opposite effect. The distributions of the micelle sizes are usually

narrow, and are influenced by the polydispersity of the copolymer blocks.

In block copolymer solutions, micelles of spherical geometry are fonned in most

of the systems studied. A spherical micelle consists of a core surrounded by a spherical

corona shell. The micelles take on this structure in a very broad range of the compositions

of the block copolymers, especially, where the soluble blocks are the major component.

Non-spherical micelles in solutions of block copolymers have been reported in a number

of systems. 54, 67-69, 79, 91-96 In light scattering studies of block copolymer micelles,
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based on the infonnation of gyration radius~ hydrodynamic radius, and rotational

diffusion coefficient~ it was reported that rod-like or cylindrical micelles exist in severa!

systems,69,79,81,95 depending on the black copolymer composition. In synchrotron SAXS

study on solutions of polystyrene-b-polyisoprene (pS-b-PI) in aniline, where the PI

blocks associate to fonn aggregates, it was found that the vesicle model describes the

experimental system much better than the spherical micelle model for the block

copolymer with relatively short PS block length.67 AIso, regions of stability of spherical

and cylindrical micelles in poly(ethylene oxide)-b-poly(propylene oxide) triblocks were

identified by SAXS.96 While the formation of non-spherical aggregates is based on

indirect evidence in most cases, in two cases, the existence of wonn-like micelles92 and

of platelet aggregates with copolymer cylinders extending frOID the edges68 has been

proved by direct TEM observation.

1.5.4. Theoretical approaches to micelle structure. A number of theories

deal with spherical block copolymer micelles.55,97.102 Although those theories were

developed using different approaches, they all deal with the relations between structural

parameters of the micelles and the molecular characteristics of the constituent block

copolymers.

In general, the theories can he divided into two categories, i.e. star and mean-field

theories. The star models consider that the density of the core region is unifonn, but that

the density of the corona decreases with increasing distance from the core. 97.98 The

mean-field models assume that each region of the core and the corona shell has a uniform

concentration of polymer segments, independent of the distance from the micelle center.

55.99-102 A simple micelle model was tirst proposed by de Gennes,55 which analyzed the

fonnation of diblock copolymer micelles in a selective solvent by minimizing the free

energy of an isolated micelle with respect to the aggregation number. On this basis,

scaling relations were developed for the core radius, Reore- For the case in which the

interfacial energy between the core and the solvent is large, it is found that
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where NB is the degree of polymerization of the core-fonning block. When the interfacial

energy is low, the micelle core radius Rcore is related to the core-forming block by

1) oc N 112
~"Core B

The model proposed by de Gennes was refined by Leibler, Orland and Wheeler

(LOW) for a system ofblock copolymers in a homopolymer matrîx. 100 It was found that

when the two blocks of the copolymers show weak incompatibility, the following scaling

relation is obtained

Rcore ex: NBo.53

One of the important aspects of the de Gennes and LOW theories is that the free energies

of the micelle core-solvent interface and of stretching of the core-fonning blocks

influence the micellization behavior.

Based on the theoretical treatment of the conformation of star-branched

polymers,103.104 an improved model bas been suggested by Zhulina and Birshtein,97 in

which the segment concentration in the micelle shell is allowed to decrease with

increasing distance from the core center. Scaling relations are developed relating the

micelle characteristics to the lengths of both the core-fonning and the corona-fonning

blacks. Scaling relations for the core radius, the corona shell thickness and the

aggregation number are obtained for four different ranges of block copolymer

composition. In particular, the micelle core scales ooly with the insoluble block length

when black copolymers are highly asymmetric. In the intennediate region of the

copolymer composition, the core size becomes dependent on both the insoluble and the
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soluble blocks. Halperin98 aIso developed a star model of block copolymer micelles. For

the case of NA » NB' where NA and NB are the lengths of the soluble block and the

insoluble block, the model predicts that the core radius scales as aNB
3
!S, a being the

typical monomer size; the exponent is in agreement with that ofZhulina and Birstein.

Whitmore and Noolandi 101 extended the theory of Noolandi and Hong 100 to

micelles of an A-b-B diblock copolymer in homopolymer A. A relationship between the

core radius and the copolymer composition, Rcore ce Nan NAî, was obtained, where NB

and NA represent the degrees of polymerization of the insoluble and soluble blocks,

respectively. In their study, qualitative agreement between experiment and theory was

obtained for the system of polystyrene-b-polybutadiene copolymer micelles in

polybutadiene homopolymer. Theoreticai values for the exponents lay in the range 0.67

~ a ::; 0.76 and 0::; y::; 0.1, showing that the soluble block has a relatively weak influence

on the size of the micelle core. Bluhm and Whitmore10S aIse refined the model of

Noolandi and Hong for a particular system, i.e. micelles with polystyrene core and

polybutadiene shell in heptane. They obtained

1) ce N 0.67 N -0.01.L"Core B A

Nagarajan and Ganesh 102 aIso predicted that the soluble block could have a large

influence on the micelle structure, specifically if the soluble block is in a good solvent. In

their model, the Gibbs energy change in tenns of standard chemicai potential is expressed

by considering ail relevant physicochemical changes accompanying the transfer of a

copolymer Molecule from the unimer state ta a micelle. General expressions for the core

radius and aggregation number were derived as a function of block copolymer

conlposition, interfacial tension and corona-solvent 1.. parameter. They found that for

polystyrene-b-polybutadiene block copolymers in heptane, Rcore - NBO.70NA-O.08; for

poly(oxyethylene)-b-poly(oxypropylene) copolymers in water, R.core - NBo.73NA -0.17.
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The larger dependence of Rcore on NAin the latter system is attributed to the fact that

water is a good solvent for poly(oxyethylene) under the conditions of the measurement.

While most of the theoretical studies on block copolymer micellization focus on

the foonation of spherical micelles, sorne papersl06-lll explored theoretically the

stability of block copolymer bilayers, 106-108 and the transition between two different

morphologies,109-111 e.g. from spherical to rod-like, in tenns of changes of the molecular

parameters of the polymers, such as the degree of polymerization of the component

blocks of the copolymer and the size of the solvent molecules. Munch and Oast l09

concluded that the block copolymer will form lamellar micelles in the composition region

where the core-fonning block is much longer than the corona-fonning block. The size of

the solvent molecules has a significant effect on the boundary of the morphologicaI

transition between the lamellar and the spherical micelles. Specifically, for symmetric

copolymers, lamellar micelles are favored as the solvent size increases. The fonnation of

the cylindrical micelles versus spherical micelles in block copolymerlhomopolymer

blends was studied by Mayes and de la Cruz. 1la As the core-forming block fraction of the

copolymers and the homopolymer (solvent) molecular weight increase, cylindrical

micelles are favored, and spherical micelles are precluded because of the higher CMC for

their formation compared to that for cylindrical micelles. NagarajanIII aIso studied the

morphological transitions of black copolymer aggregates. Transitions from spherical to

cylindrical, and to bilayer are predicated to occur with increasing insoluble block content

of the copolymers. Furthermore, while the core dimensions of the preferred geometry

increase with increasing insoluble block content, the core dimensions are predicted to

decrease discontinuously in para11el with morphology changes.

1.6. Focus and Purpose of the Present Thesis

Although extensive experimental and theoretical studies of the self-assembly of

block copolymers in selective solvents have been conducted over the past four decades,
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the block copolymers used in the studies had corona fonning blacks which were usually

much longer than the core-forming blocks. Therefore, the micelles were essentially the

star type, with a sphericaI core-shell structure. The formation of non-spherical micelles,

e.g. rods, vesicles, was encountered only on occasion. It was predicated that the fonnation

of non-spherical aggregates of block copolymers in solutions may occur when the major

component of the block copolymers is the insoluble block, i.e. for block copolymers

which yield crew-cut micelles. This cao aIso be deduced by extrapolating the results of

the microdomain structures in block copolymer/homopolymer bends as a function of the

homopolymer molecular weight to a small molecule solvent. However, to our knowledge,

studies of crew-cut micelles are very limited, in that ooly two papers deaIing with these

structures have been published.

This thesis focuses on the formation and characteristics of crew-cut micelle-like

aggregates of highly asymmetric polystyrene-b-poly(acrylic acid) diblock copolymers.

The aggregates are prepared in N,N-dimethylformamide-water mixtures, and are then

isolated in water. The contents of the insoluble polystyrene blocks of the copolymers

range from 80 to 98 wt. %. The experimental studies presented in this dissertation

describe for the frrst time the preparation of block copolymer aggregates of various

morphologies in the low molecular weight solvents.

Chapter 2 is a review of the studies of the crew-cut aggregates presented in the

subsequent chapters of this thesis.

Chapter 3 deals with the formation of the spherical crew-cut micelles, the scaIing

relation between the micelle core size and the copolymer composition in aqueous

solutions, and the hydrodynamic radii and the corona shell dimensions of the micelles as

a function of added NaCI concentration and pH of the solutions.

Chapters 4 and 5 describe the formation and characteristics of the crew-cut

aggregates of various morphologies. The morphologies include small spheres, rods,

lamellae, vesicles and the large compound spherical micelles. Specifically, chapter 4 is a
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brief announcement of the preparation of crew-cut aggregates of various morphologies.

Chapter 5 presents the detailed experimental results for the fonnation of various

morphologies. A range of characteristics of the aggregates and their dependence on the

compositions of the block copolymers, as weIl as on the effect of added homopolystyrene

on the morphologies of the aggregates is discussed.

Chapters 6 and 7 describe the studies of the morphological transitions induced by

added ions. Again. chapter 6 is a brief description of the morphogenic effect of the

addition of ions in micromolar (CaCI2 or HCI) or millimolar (NaCI) concentrations. In

addition to the morphologies described in chapters 4 and 5, an unusual large compound

vesicle (LCV) morphology can be formed from a single black copolymer. The gelation of

a dilute spherical micelle solution induced by ions due to the formation of a cross-linked

"pearl necklace" morphology is also described. Chapter 7 cliscusses the detailed study of

the morphogenic effects of added ions on the crew-cut aggregates along with sorne

considerations of the causes of added ion effect and the possible mechanism for the

fonnation ofLeVs.

Chapter 8 deals with two related tapies. One is the phase separation behavior of

PS-b-PAA block copolymer in DtvIF/water mixtures as a function of the copolymer

concentrations and compositions, as weIl as the presence of added electrolytes. because

the crew-cut aggregates are prepared by adding water to a homogeneous copolymer

solution, a phase separation process is involved during micellization. Thus, the study of

the phase separation behavior is essential for an understanding of the formation of the

aggregates in this system. The second topic deals with the relationship between the

lability of the micelle structure and the added water content, ta ascertain the conditions

under which the formed micelles become structurally frozen aggregates and to bring the

consideration of kinetics mto the formation of the aggregates.

The final chapter includes the conclusions to the thesis, the contributions ta

original knowledge and suggestions for the future work.
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ABSTRACT

"Crew-cut" aggregates of polystyrene-b-poly(acrylic acid) block '.::opolymers can

be prepared by dissolving the copolymers in N,N-dimethylfonnamide (DMF) and adding

water to the solution to induce aggregation of the styrene segments of the copolymer

chains. The aggregates are formed at near-equilibrium conditions, and their structures are

subsequently frozen by isolating them into aqueous solution by dialysis. Aggregates of a

number of different morphologies have been prepared. The morphologies, identified by

transmission electron microscopy, consist of spheres, rods, vesicles, lamellae, large

compound vesicles, large compound micelles, etc. The fonnation of aggregates of

different morphologies can be controlled by varying the copolymer composition, by

changing the initial copolymer concentration in D:MF, by adding ions (e.g. NaCI, CaCI2,

HCI and NaOH, etc), or by adding homopolystyrene.
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2.1. INTRODUCTION

It is well-known that small molecule amphiphiles fonn self-assembled aggregates

of various morphologies. 1 The manipulation of the aggregate morphology involves

ehanging the nature of the head group, varying the lengili and the number of tails, adding

electrolytes, etc. The fonnation of different morphologies is weIl explained in terms of a

dimensionless packing parameter, v/aolc, where ao is the optimal surface area of the polar

head, and v and le are the volume and the critical length of the hydrophobie part (tail) of

the surfactant molecule. As the value ofparameter v/aole increases, the aggregates ehange

from spherical, to rod-like, to vesicular or lamellar, etc. Thus, most single-chain

surfactants commonly fonn spherical micelles, while most double-chain surfactants,

because of a higher value of vile, form bilayers.

Apart from aggregates in solutions, the phase-separated domains of block

copolymers in bulk can be spherical, cylindrical, planarllamellar, and ordered bi­

continuous (double diamond or gyroid), depending on the copolymer composition. 2-5

The formation of different structurai domains is mainly detennined by the relative

volume fraction of the copolymer blocks. Specifically, highly asymmetric copolymers

form spherical domains by aggregation of the short blocks, while symmetric copolymers

usually yields lamellae. In bulk block copolymerlhomopolymer blends, depending on the

composition of the black copolymer, the molecular weight of the homopolymer and the

block copolymer to homopolymer ratio, aggregates of different morphologies have also

been observed. 6,7 Four morphologies (starfish, rod, planar and foam) were observed for

two dimensional or surface aggregates of polystyrene/decylated poly(vinylpyridinium)

block polyelectrolytes of different compositions. 8,9 Very recently, it was found that

amphiphilic dendrimers of different generations with an attached polystyrene tail form

aggregates ofdifferent morphologies. 10

In contrast to the above, micelle-like aggregates of block copolymers in solutions

are usually spherical over a very broad range of the compositions of the copolymer. 11-15
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Non-spherical micelles in solutions of block copolymers have been observed ooly rarely

by transmission electron microscopy (TEM); their structures were mostly deduced from

studies by other techniques. 16-20 For example, the existence of worm-like micelles 16

and ofplatelet aggregates with copolymer cylinders extending from the edges 18 has been

proved by direct TEM observation. On the other hand, synchrotron SAXS measurements

on solutions of polystyrene-b-polyisoprene in aniline suggested that vesicles were very

probably fonned as the content of the soluble polystyrene (PS) block decreased. 17

Recently, it was found that aggregates of various morphologies can be prepared

from amphiphilic block copolyrners in solutions of small molecule solvents. 21-25 These

aggregates are made from one family of highly asymmetric polystyrene-b-poly(acrylic

acid) (pS-b-PAA) or polystyrene-b-poly(ethylene oxide) (PS-b-PEO) diblock

copolymers, in which the lengths of the insoluble PS blocks are much longer than those

of the soluble PAA (or PEO) blacks. The aggregates are therefore described as "crew­

cutU
• The observed morphologies include spheres, rods, vesicles, elongated vesicles,

lamellae, large compound vesicles, large compound micelles, and severa! others.

Basically, the fonnation of the aggregates of different morphologies depends on the

copolymer composition, the initial copolymer concentration in solution, and the type and

concentration of added ions (as salt, acid or hase). This chapter reviews the fonnation of

PS-b-PAA black copolymer "crew-cut" aggregates with various morphologies in low

molecular weight solvents.

2.2. PREPARATION OF AQUEOUS SOLUTIONS OF BLOCK

COPOLYMERAGGREGATES

The PS-b-PAA copolymers were syntbesized by sequential anionic

polymerization. A detailed description of the procedures cao he found elsewhere. 22 The

core-forming black (PS) contents ranged frOID 80 to 98 wt.-%. The polymers are

identified by the notation used previously, e.g. PS(410)-b-PAA(16) represents a diblock
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copolymer with a degree of polymerization of the PS block of 410 and the PAA block of

16, respectively.

To prepare stable aqueous aggregate solutions, the diblock copolymers were first

dissolved in N,N-dimethylformamide (DMF), a common solvent for both PS and PAA

blocks. Deionized water was added to the copolymerlDMF solution to induce

micellization. The aggregates were isolated in aqueous solution by dialysis to remove the

DMF. For studies of the effects of added ions or of added homopolystyrene on the

morphology, additives in different amounts were rnixed with the copolymerlDl\1F

solution before the addition of deionized water. At the point of micellization, the cores of

the aggregates are swollen by a DMF-rich solvent. Thus, the mobility of copolymer

chains iota and out of the aggregates may be still high, and a dynamic equilibrium

between micelles and unimers undoubtedly exists. The plasticizing effect is lost as DMF

is removed from the core during further addition of water and subsequent dialysis.

Therefore, the structures of the aggregates in the final aqueous solutions are kinetically

locked because of the glassy nature of the PS chains. However, the morphologies are still

a manifestation ofthermodynamics ofmicellization under equilibrium conditions. 15.22

2.3. FACTORS CONTROLLING MORPHOLOGY
2.3.1. Copolymer composition.

Usually, the PS-b-PAA copolymers with relatively high contents of PAA blocks

form spherical micelles, as shown in Figure 2.1-A. The micelle sizes are measured

directly from the prints. Because the corona-fonning block cPAA) contents in the

copolymers are low in general, the corona layer on the core surface of the dry micelles

must be thin (its thickness cao be calculated from the copolymer composition and the

aggregation number). The observed particle size thus represents the core dimension to a

very good approximation. The number-average core radii depend on the chain lengths of

both the insoluble PS block (Nps) and the soluble PAA block (NpMl, and scale in the

manner of a power law: 15
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Figure 2.1. (A) spherical micelles from PS(500)-b-PAA(60), (B) rod-lil(e micelles from

PS(180)-b-PAA(15), (C) vesicles from PS(41O)-b-PAA(20), and (D) large compound micelles

from PS(200)-b-PAA(4). The initial copolymerconcentration in DMF is 2 wt.-%.
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D _ N OA N -0.15
I.'-core PS PAA (2.1 )

Equation (2.1) shows that the dependence of Rcore on PS block length is weaker than that

suggested from theoretical studies. 26-31 The difference is not surprising because the

present scaling law only applies to the dry micelles, while theoretical predictions are

based on thennodynamic equilibrium conditions.

It was found that as the block length ratio of PAA to PS decreases, the aggregates

become rod-like. 21.22 The rod-like micelles have a relatively narrow distribution of

diameters, but a widely variable length (Figure 2.1-B). As the ratio of PAA to PS block

lengths drops further, vesicular aggregates are formed, as shown in Figure 2.I-C. The PS

wall thicknesses of the vesicles are very uniform and independent on the overall sizes of

the vesicles. Lamellar aggregates are found on occasion. Although it has been known for

a long time that sorne small molecule surfactants form vesicles, it is believed to he the

frrst time that the glassy vesicles of block copolymers have been isolated into water and

observed directly by TEM.

When the PAA block length becomes very short, the copolymers form highly

polydisperse spheres, with diameters exceeding one micron, as shown in Figure 2.1-0. A

study of their internai structure by TEM of rnicrotomed embedded specimens reveals that

these polydisperse spheres consist of a large number of reverse micelles with the polar

P.~ cores in a PS matrix. The outer surface of these spheres should be hydrophilic

because of the presence of the short PAA chains. This gives them considerable stability,

and allows even those which have settled to the bottom of the container to be

resuspended. These aggregates are called large compound micelles (LeMs), and appear

to be a new morphology. 21,22

The morphology of the aggregates is detennined by many factors. An important

aspect is believed to be the force balance among three factors, i.e. the deformation

(stretching) of the PS blacks in the core, the surface tension between the core and the
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solvent, and the repulsion among the corona chains. 22 In order to decrease the interfacial

energy between the core and the solvent, the aggregates increase the core size, which is

opposed by increases of both PS chain stretching and repulsion among the corona chains.

Clearly, the strength of the interactions among the corona chains is related to the PAA

block lengths (or coil dimensions). As the length of PAA blocks decreases, the repulsion

among the PAA corona chains decreases, and the core size increases. As a result, the

stretching of the PS chains in the cores should încrease. However, the increase of the

stretching cannot continue indefmitely due to the penalty from the decreased entropy of

the PS chains in the micelle core. Thus, in order to minimize the total free energy of the

system with decreasing the PAA chain length, the aggregates change their morphology

progressively from spherical to rod..like, to bilayer and to large compound micelle.

2.3.2. Added ions.

The morphology of the aggregates can also be controlled by the addition of either

acid or base in different amounts. Thus, from a block copolymer with a certain

composition, one cao produce aggregates of severa! different morphologies. 23.24 For

example, when a 1 wt."% PS(41O)-b-PAA(25) copolymerlD~ solution is used, the

addition ofwater to the solution yields small spherical micelles of the copolymers with an

average diameter of29 nID. When HCI is added to a concentration of 190 J.LM (or a molar

ratio, R, of added HCI to acrylic 8Cid repeat units of 0.035), the aggregates are still

spherical, but with an average diameter of 38 nm. As the HCI concentration is increased

to 210, 240 and 270 ~M (R = 0.04, 0.045 and 0.05), the dominant aggregates become

rads, vesic1es, and large compound vesicles (LCVs), respectively. The LCVs are

aggregates of many single vesicles, and their structure bears sorne resemblance to that of

aggregated soap bubbles.

The effect of added HCI on the morphology is parallel to that of a decrease in the

PAA block length of the copolymer. Thus, it can be ascribed to a decreased repulsion

among the PAA chains. The repulsion among the PAA chains is believed to arise not
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only from steric repulsion associated with the chain dimensions. but also from

electrostatic interactions due to partial ionization of the PAA chains. 23 Because Hel is a

strong acid and the PAA is a weak acid, the addition of HCI may protonate the PAA"

leading to a lower degree of ionization. Thus, the repulsion among the PAA chains is

decreased, and the morphology changes progressively from spheres, to spheres with

increased sizes, to rods, to vesicles, and eventuaIly to LCVs. When NaOH is used" the

morphology is found to change in the opposite direction with increasing NaOH

concentration, i.e. from vesicles, to spheres, and to spheres of smaller sizes. This is not

surprising, since the added NaOH neutralizes the PAA segments, increases the degree of

ionization, and therewith increases the repulsion among the corona chains.

Added salt also has a morphogenic effect on the aggregates. 23,24 Table 2.1 gives

sorne of the results for PS(4l0)-b-PAA(13). One can see that changes in the aggregate

morphology can be achieved with rnuch lower concentrations of CaCl2 than of NaCI. The

remarkably strong effect of CaCl2 on the morphology is ascribed to strong Ca2T binding

to PAA segments. The effect ofadded NaCI on the morphology is ascribed to a weak NaT

binding to the PAA segments and possibly a screened electrostatic field of the weakly

charged PAA segments in the presence ofNaCl.

Table 2.1. Swnmary of the effect ofadded salt concentration (molesllitre) on aggregate

rnorphology of the PS(4l0)-b-PAA(13) copolymer. In the table, the numbers in

brackets represent the molar ratio ofadded salt or acid to acrylic acid repeat units.

Added salt
NaCl

Dominant Morphology

Spheres Vesicles LCVs
< 2.3 x 10-3 2.8 - 4.2 x 10·'> 5.6 X 10-3

(0.80) (1.0 - 1.5) (2.0)

< 8.5 x 10-5 9.0-11 x 10·s -4
1.3 - 1.7 x 10

(0.03) (0.032 - 0.04) (0.045 - 0.06)
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2.3.3. Other factors.

Under certain conditions, homopolystyrene can be solubilized into the core during

micellization. 22 Upon addition of homopolystyrene, the block copolymers which give

spherical micelles without added homo-PS, still form spherical micelles. However, the

addition of homopolystyrene changes the vesicular or rod-like aggregates to spherical

micelles. For example, vesicles are formed from 2 wt.-o/o PS(410)-b-PAA(l6)

copolymerlDrvfF solution, but spherical micelles are obtained upon addition of 10 wt.-%

PS( 180) homopolymer to the copolymer. One of the reasons for the morphological

change caused by the addition of homopolystyrene may be the reduced degree of

stretching of the PS blocks due to the accumulation of even a small amount of the

homopolystyrene in the center of the core.

The morphology of the aggregates also depends on the initial copolymer

concentration in DMF. Figure 2.2 shows different morphologies of the aggregates

prepared from the same copolymer, PS(410)-b-PAA(25), but at different initial

concentrations. When the concentration is 2 wt.-%, spherical micelles are fonned (Figure

2.2-A). Rod-like micelles are formed from a 2.6 wt.-% copolymerlDMF solution (Figure

2.2-B). When the concentration is 3.0 wt.-%, rod-like micelles and vesicles coexist in the

solution (Figure 2.2-C). As the copolymer concentration increases to 4.0 wt.-%, most of

the aggregates are vesicles, while the rod-like micelles are seen ooly rarely (Figure 2.2­

0). At this point, the sizes of the vesicular aggregates are highly polydisperse, ranging

from 50 to 500 nm outer diameters.

2.4. STRUCTURAL CHARACTERISTICS OF VARIOUS MORPHOLOGIES

2.4.1. PS chain extension in the cores.

For a compact micelle core, sorne of the core-fonning blocks must span the

distance from the core/corona interface to the core center. The degree of PS chain

stretching, Sc, is defined as the ratio of the micelle core radius to the PS chain end-ta-end
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Figure 2.2. Aggregates of various morphologies made from PS(41 O)-b-PAA(25) copolyrners

with different initial concentrations in DMF: (A) 2.0, (B) 2.6, (C) 3.0, and (D) 4.0 wt.-%.
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distance in the unperturbed state. Clearly, not aIl chains are stretched to the full extent

(i.e. from the core center to the surface), but sorne must be. Because the end-ta-end

1''''distance of a polymer chain in the unperturbed state is proportional to Nps '-, the

dependence of Sc on the copolymer composition is given by ~2

S N -0.1 N -0.15
c - ps P~ (2.2)

It is clear that the degree of stretching decreases as the PS ancIJor the PAA black lengths

ïncrease. Equation (2.2) applies only to spherical micelles in aqueous solution. However,

it has to be pointed out that, at the moment of the formation of the micelles, the cores are

expected to be swollen by a DMF rich solvent mixture. The degrees of stretching of the

PS blocks at the anset of micellization are, therefore, higher than those of the micelles in

aqueous solution. Since the micelle cores become totally deswelled in aqueous solutions,

the degrees of stretching of the PS blocks decrease.

While the value of Sc in the spherical micelle cores depencls on the composition of

the copolymers, it is found that it decreases as the morphology changes from sphere to

cylinder, and to vesicle. Table 2.2 gives sorne typical data For example, the block

copolymers 200-b-21, 200-b-15 and 200-b-8 have the same PS black, and yield,

respectively, spherical micelles, cylindrical micelles and vesicles. The degrees of

stretching of the PS chains are 1.41, 1.26 and 0.99, respectively. If the last two

copolymers were to fonn spherical micelles, the stretching would be expected to increase

as PAA block length decreases. According to equation (2), the values of Sc would be 1.47

and 1.62, respectively (rather than 1.26 and 0.99).
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Table 2.2. Sorne characteristics of the rod-like micelles and the bilayer aggregates of the

block copolymers

Dimension of A dc

Morphology PS core (nm) b S c
'")

c (nrn-)

spheres 26 1.41 S

rods 23 1.26 5.8

vesicles 18 0.99 4.2

spheres 33 1.79 6.4

PS-b-PANPS

200-b-21

200-b-15

200-b-S

200-b-8/38

(95 : 5)3

410-b-46

410-b-16

410-b-16/180

(90 : 10)

spheres

vesicles

spheres

30

22

37

1.14

0.84

1.42

14

6.6

12

a The numbers in the brackets indicate the ratio of the copolymer and the

homopolymer(w/w).

b Average diameter of the spherical and cylindrical micelles or wall thickness of the

vesicles.

C Degree of stretching of the PS blacks; for the sphere and rod, it is defined as a

ratio of the radius to the end-to-end distance of the PS black in the unperturbed

state; for the vesicle, halfof the wall thickness is used.

d Surface area per corona chain at the core/corona interface.
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2.4.2. Area per corona chain at the core surface.

The area per corona chain on the core surface appears to be an important factor

among those controlling the aggregation number and the structure of the micelles because

it is related inversely ta the strength of the repulsive interactions among the corona

chains. Because of the chemical bond between the two blocks of the copolymer, one can

calculate the Ac value from the average core diameter and the density of the core. 22 For

spherical micelles, it can be shown that

A. N 0.6 N 0.15
.~ - PS PM (2.3)

-.-.. -;

i

Thus, Ac increases with the PS black length, and for a constant PS black length, it aIso

increases as the PAA black length increases. The large dependence of Ac on the PS black

length is related to low degrees ofPS chain stretching in the cores.

The dependence of Ac on the PAA black length is related ta the strength of the

repulsive interaction among corona chains during micellization. The major contributions

ta the repulsion can be both steric and electrostatic since the PAA blocks are ionizable. In

order to estimate the relative importance of the two repulsive components, a

dimensionless parameter, O'NpAA
6

/
5

, is used to evaluate the density of the corona chains on

the core surface. 22 0' is defined as the number of corona chains per unit area times a2
,

where a is the length of the repeat unit. The condition for low surface dens'~ty is crNpAA6/5

< 1. When crNpAA6/5 becomes greater than 1, the corona chains have ta adopt

confonnations which are extended in the direction perpendicular to the surface due ta

steric repulsion between the corona chains. 22 A calculation shows that the values of cr

Np.A.A6
/
5 for most of micelles faH in the range 0.2 to 0.6, except for a few samples with

relatively long PAA blocks, where the values of crNPAA6/5 are near or slightly higher than

unity. This suggests that the surface density of the corona chains is low. Thus, the

repulsion among the corona chains may come mainly from the electrostatic interactions.
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While the Ac value depends on the lengths of both the PS and the PAA blocks~ it

also decreases as the morphology changes from spherical to cylindrical~ and to vesicular

(Table 2.2). The Ac value is undoubtedly determined by the force balance arnong several

factors during the aggregation. However, it can he shown 22 that the Ac value is also

related to the geometric shapes of the aggregates of the different morphologies. A more

detailed discussion can be found in Ref. 22.

2.S. CONCLUDING REMARKS

The formation of PS-b-PAA block copolymer aggregates of different

morphologies has been explored by transmission electron microscopy. Spherical

micelles, usually monodisperse in size, are formed when the copolyrners have relatively

high soluble block (PAA) contents. As the content of the soluble black (PAA) in the

block copolymer decreases~ the morphology of the aggregates changes progressively

from spheres to cylinders, to vesicles or Iamellae, and eventually to large compound

micelles. The morphology of the aggregates can also be controlled by using solutions of

different copolymer concentrations, or by adding homopolystyrene, or by adding ions

(e.g. NaCI, CaCI2, HCI and NaOH~ etc). The effect of added salt or acid on the

morphology is parallel to that of a decrease in the PAA block length of the copolymer. In

addition, aggregates of a new morphology, consisting of large compound vesicles, have

been prepared. The large compound vesicles may be useful as possible drug delivery

vehicles, and as models of stable microstructured biomaterials. The morphology of the

aggregates appears to be detennined mainly by the force balance among three

components, i.e. the stretching of the PS blocks in the core, the surface tension between

the core and the solvent~ and the repulsion among the corona chains.
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ABSTRACT

Polystyrene-b-poly(acrylic acid) block copolymers, PS-b-PAA, prepared by

sequential anionic polymerization, were found to associate to fonn spherical, water

soluble micelle-like aggregates. The micelle core radii were measured by transmission

electron microscopy (TEM). It was found that the PS core radii scaled as R.core - NB 0.4

NA-O.l5 (where NB and NA are the length of the insoluble and soluble blacks,

respectively), illustrating that the soluble block exerted a considerable influence on the

colloidal structure of the micelles. The micellar solutions were aIso studied by dynamic

light scattering (OLS), yielding values of the micelle hydrodynamic radius, rh. These

studies showed that, in the absence of salt, the ionized fonn of the poly(acrylic acid)

chains in the coronal layer of the micelles had a highly extended conformation.
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3.1. INTRODUCTION

The self-assembly of block copolymers in selective solvents is a phenomenon of

considerable interest to a wide range of scientists. The ability of block copolymers to

undergo self-assembly in selective solvents imparts them with a number of unique

properties, and extensive experimental and theoretical work has been perfonned over the

past two decades. The proliferation of studies in the field has had severa! impetuses,

including: the advent of new experimentai techniques, which enable the micelle structure

to be determined and the micellization phenomenon to be investigated; the development

of new theories of micellization; and the recognition that block copolymer micelles may

be used in a wide range of industrial and technological applications. The field is reviewed

in a number ofpublications. 1-4

In a recent paper, we reported on the preparation and characterization of a new

type ofmicelle-like structure formed by the association ofblock copolymers composed of

relatively long polystyrene blacks and relatively short poly(4-vinyl-pyridinium methyl

iodide) blocks.5 It was found that the copolymers associated to fonn spherical micelle­

like structures with a polystyrene core and an ionic corona which renders the system

water soluble. The description "erew-cut" was applied to these eopolymers on aceount of

the fact that the length of the core-fonning block was mueh longer than the length of the

corona-forming block. One of the novel features of these colloids was that the micelles

had large hydrophobic cores (40-65 nrn in diameter) because of the large number of

polystyrene repeat units in the copolymer. Preliminary results indicated that the

distribution of core radii was narrow, and that the average aggregation numbers and

average core radii scaled as a function of the hydrophobie bloek length, NB, in a manner

predicted by theory.4

More recently, we have studied the association of black copolymers composed of

long polystyrene blocks and short poly(acrylic acid) bloeks. These systems have proven

to he extremely interesting, and a number of aspects of their colloïdal behavior will be
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reported in the near future.6.7 In this chapter, we describe the colloidal structure of

spherical micelles fonned from these copolymers. In particular, we have studied the

relationship between core size and the relative lengths of the polystyrene and poly(acrylic

acid) blocks. Furthennore, by measuring the hydrodynamic diameter of the micelles, it

was possible to obtain infonnation about the conformation of the poly(acrylic acid)

chains in the coronae of the micelles. The major results of this study are that the water

soluble poly(acrylic acid) block has a large effect on the micelle fonnation process and on

the structure of the resulting micelles, and that, in the absence of salt, the ionized fOnIl of

the poly(acrylic acid) chains in the coronaI layer of the micelles have a highly extended

conformation.

3.2. EXPERIMENTAL

3.2.1. Syothesis ofblock copolymers.

The anionic polymerization method used to synthesize the polystyrene-b­

poly(acrylic acid) block copolymers has been previously reported in detai1.8 A complete

list of the copolymers studied in this paper is presented in Table 3.1. In Table 3.1, NB is

the number of styrene repeat units and NA is the number of acrylic acid repeat units. In

the text, block copolymer samples are differentiated by the notation developed

previously, Le. the copolymer SOO-b-60 is copolymer containing 500 styrene repeat units

and 60 acrylic acid repeat units. All copolymers had a relatively narrow distribution of

molecular weights, with polydispersity indices (MwlMn), estimated by gel permeation

chromatography (GPC), in the range 1.04 - 1.10 (see Table 3.1).

3.2.2. Preparation of miceUes.

Aqueous solutions of the block copolymers were prepared by dialysis. To a

solution of the copolymer in DMF (20 cm3, 2 %-wt.) was added deionized water at a rate

of 1 drop every 10 seconds. Addition ofwater was continued until 25 %-wt. water had
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Table 3.1. Molecular and micellar characteristics of polystyrene-b-poly(acrylic

acid) copolymersa

PS-b-PAA Copolymer Micelles in water

NB(S) NA(AA) (MvlMn) (Rcore)n /nm s.d.lnm Nagg Adnm2

170 33 1.08 13 0.7 268 7

180 28 1.05 12 1.1 217 8

390 40 1.06 16 1.6 246 13

390 80 1.07 14 1.2 175 15

410 46 1.06 15 1.0 190 14

500 60 1.04 15 1.2 160 17

740 55 1.08 20 1.3 268 19

740 180 1.08 16 1.2 125 24

1140 170 1.06 20 1.1 188 30

1400 120 1.09 21 2.9 159 34

1400 310 1.10 18 1.7 87 43

1400 310b 1.10 19 2.0 105 42

a. The error in NA and NB is approximately 5%; the error in R.core is approximately 1 nm.

b. Prepared by dialysis against deionized water, all other samples prepared by dialysis

against distilled water.
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been added. The resulting miceUar solution was placed in a dialysis bag (SpectraIPor.

molecular weight eut-off 8,000) and dialyzed against distilled (and, in one case,

deionized) water for at least 4 days.

3.2.3. Transmission electron microscopy (TEM).

TEM was perfonned using a Phillips EM410 electron microscope operating at an

acceleration voltage of 80 kV. Samples were transferred to copper EM grids which had

been coated firstly, with a thin film of Formvar™ (lB. EM services Inc., Que., Canada),

and then with a thin film of carbon. Water was evaporated from the grid over 1 day at

atmospheric pressure, and the grids were then shadowed with a palladiumJplatinum alloy

at a shadowing angle of ca. 33°. Number-average micelle core radii, <:Rcore)n' the

distribution of core radii, <RconJw'<RconJn), and the standard deviation of core radii

about the mean, s.d., were obtained for each sample, by measuring the micelle size

directly from prints of the microscope negatives. It was assumed in data analysis that the

measured micelle radius corresponded to the radius of the core, Le. in the dried state, the

thickness of the collapsed poly(acrylic acid) corona was negligible in comparison to the

core radius. Simple calculations showed that in the extreme case of the sample with the

longest poly(acrylic acid) block, 1400-b-310, the thickness of the collapsed corona was

equal to 6°10 of the total radius. The accuracy of the microscope magnification was

assessed by using a polystyrene latex standard (1.09 Ilm, Dow diagnostics). The

measured number-average core diameter and the manufacturers quoted number-average

core diameter were the same within the error of the measurement.

3.2.4. Dynamic Iight scattering (DLS).

DLS experiments were performed on a Brookhaven Instruments Corporation

photon correlation spectrometer fitted with a Brookhaven Instruments BI-2030 digital

correlator and a Spectra Physics 120 HeINe laser, which operated at a power of 50 mW
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and supplied vertically polarized light with a wavelength of 632.8 nm. AlI experiments

were performed at a temperature of 25.0 ± 0.1 oC. The angle of detection could be varied

between 350 and 1500 , enabling the determination of r(s-l) [the relaxation rate of the

nonnalized intensity autocorrelation function, g2(t) ] over a range of angles. r was

determined a total of five rimes, for each angle and concentration, using the single

exponential and cumulant methods of data analysis; further details are given in Section

3.3.4.1. From these measurements it was possible to obtain the average z·average

relaxation rate~ (r)z .

Great care was taken to ensure that the DLS measurements were not affected by

dust. AlI glassware was cleaned thoroughly with filtered (0.2 mm, x 5), reagent-grade

acetone, which had been condensed frOID the vapor. AlI solvents and micelle solutions

were filtered through surfactant-free, aqueous filters (0.2 flm and 0.45 J.lm;

Chromatographie Specialties Inc., Ont., Canada). Any data which showed the presence of

dust were discarded. The concentrations of the micel1ar solutions were determined

gravimetrically after filtration by evaporation ofwater.

3.3. RESULTS AND DISCUSSION

The Results and Discussion section of this paper is organized in the following

manner. In the fIfSt section (Section 3.3.1), a qualitative discussion of the micelle

fonnation process is presented. In Section 3.3.1, the physical conditions which are

applicable during copolymer association are discussed, as weIl as a discussion of the

colloidal structure of the resulting micelles. In Section 3.3.2, results obtained by TEM

are presented, including the average core radii and the distribution of core radii of the

different copolymer samples. In Section 3.3.3, the dependence of the core radii on the

length of the insoluble block and the length of the soluble block is discussed, using an

empirically determined scaling relationship. As part ofthis discussion, brief comparisons

are made between the empirical scaling relation obtained here, and a number of
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theoretical scaling relations.

In Section 3.3.4, results obtained by DLS are presented and discussed. This

section includes a brief introduction ta the basic theory of DLS (Section 3.3.4.1) and a

presentation of the experirnental DLS results (Section 3.3.4.2). In Section 3.3.4.3, resu1ts

obtained by DLS are compared with results obtained by TEM. From this comparison, it

was possible to determine the coronal thickness and the degree of extension of the

coronal chains for a number ofdifferent micellar samples.

In Section 3.3.5, the factors which are known to affect the confonnation of

polymer chains in the coronae of micelles are discussed. An integral part of this

discussion is a comparison of experimental results obtained here with experimental and

theoretical results obtained previously by other workers. Section 3.3.5 begins with a

selective summary of the previous literature on the stretching of chains in the coronae of

non-ionic micelles in organic solvents (Section 3.3.5.1). This section is followed by a

discussion of the effect of various parameters on the stretching of coronal chains. The

parameters discussed are the following: the effect of the surface density of coronal chains

(Section 3.3.5.2); the effect of the curvature of the micelle core to which the chains are

attached (Section 3.3.5.3); the effect of the chemical nature of the coronal chains (Section

3.3.5.4); and the effect of the quality of the solvent for the corona! chains (Section

3.3.5.4). Finally, in Section 3.3.5.5, a comparison is made between the experimental

results obtained here and a number of theoretical and experimental studies of colloids

which contain ionic polymer chains attached to the colloid surface.

3.3.1. The micelle formation process and the structure of the resulting micelles.

Before presenting specifie results, it is necessary to consider the conditions under

which the block copolymer molecules associate. It was not possible to prepare stable

micellar solutions by direct dissolution of the copolymer molecules into water. This is a

consequence of the large weight-fraction of polystyrene in the copolymer samples, which
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renders them insoluble in water. In order to form stable micelles in a completely aqueous

environment, it was necessary to fust dissolve the copolymer samples in DMF (which is a

good solvent for both polystyrene and poly(acrylic acid) blocks), and then gradually

decrease the quality of the solvent for the polystyrene blocks by adding deionized water

very slowly. Graduai addition of deionized water was continued until 25 %-wt. ofwater

had been added. Micelle formation, as indicated by turbidity in the solution, typically

occurred at 3-6 %-wt. water addition, i.e. weIl before dialysis was started. DMF was then

removed from the system by dialysis against distilled (and, in one case, deionized) water

over a period ofat least 4 days.

Under the experimental conditions outlined above, it is reasonable to assume that,

in the early stages ofwater addition, the micelle formation process is a reversible process,

i.e. at a given DMF/water concentration, there will be a true equilibrium between the free

chain form of the copolymer and the associated fonn of the copolymer in the micelle. We

outline our reasoning below.

AB copolymer samples formed clear, molecularly dispersed solutions in D~.

The fact that copolymer molecules were unassociated in DMF was confirmed by light

scattering: the molecular weight of the copolymer SOo-b-60, determined by light

scattering in DMF, corresponded to the molecular weight detennined by GPe. As the

quality of the solvent for polystyrene is decreased fiuther, by adding more water, the

solubility of the copolymer decreases an~ in order for the free energy of the system to be

minimized, association of free chains occurs.

At this stage of the discussion, it is useful to introduce the concept of a critical

water concentration, i.e. the concentration of water at which micelles are tirst fonned. At

the critical water concentration, different copolymer chains begin to associate reversibly

to fonn micelles, and there is an increase in the turbidity of the solution which can be

monitored by light scattering. In a future publication we will present detailed

experimental results on the phase behavior of solutions of these copolymers.7 The various
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factors investigated in that study include the dependence of the critical water

concentration on the polystyrene and poly(acrylic acid) block lengths, the dependence of

the critical water concentration on the pH of the precipitating solvent~ the dependence of

the critical water concentration on the polymer concentration, and an NMR. study of the

micro-environment experienced by the water molecules during the initial stages of water

addition.

At concentrations of water close to the critical water concentration, association of

polymer chains is an equilibrium process, i.e. there is a dynamic equilibrium between the

single-chain fonn of the copolymer molecules and the associated fonn, such that the

associated copolymer would become molecularly dispersed if the quality of solvent for

the polystyrene blocks were to be improved. Because of the presence of an appreciable

amount ofDMF in the solution (in the region of 95%), it is expected that the hydrophobic

micelle cores will be highly swollen.

As the concentration of water in the solution is increased weIl above the critical

water concentration, the solvent becomes worse for the relatively long polystyrene

blocks. As a result, the continuous medium becomes an extremely poor solvent for the

free-chain form of the copolymer, and the dynamic equilibrium between the associated

micelle fonn and free-chain form of the copolymer will be shifted in favor of the micelle.

The thennodynamics of the system will he such that the lowest free energy state will be

the associated state. As the water content is inereased further, the micelle core will

become less swollen with D~, and May even become glassy. Once most of the DrvIF is

removed from the system, the micelles will have a kinetically frozen structure, i.e. the

copolymer chains will be "locked" ioto the micelle, and there will no longer be a dynamic

equilibrium between micelles and free-chains. The frozen micelle stl11cture is a

consequence of the strong hydrophobie interaction between different polystyrene chains,

the relatively high glass transition temperature of polystyrene, and the low solubility of

the copolymer in water. Furthermore, once the micelle has been transferred to a
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completely aqueous solvent, it is reasonable to assume that the polystyrene core will not

be swollen with solvent.

One aspect of this micellization process that needs to be addressed is at what stage

ofwater addition is there a transition from an equilibrium micelle system (an associate) to

a non-equilibrium system (an aggregate). If the micelle structure becomes frozen

instantaneously at one equilibrium state, then the structure of the micelles in the frozen

state will reflect the structure of the micelle in that equilibrium state. However, the

instantaneous freezing of the micelle may not be entirely realistic. For example, during

the addition of water, there may be a change in the kinetics of micellization, which is a

consequence of the progressive removal of DMF from the micelle core with increasing

water content. Therefore, it is possible to propose that as more and more solvent is

leached from the micelle core, there will be a graduai slowing down of the rate of

micellization. Therefore, as the water content is increased there is a simultaneous change

in the kinetics of micellization and the thermodynamics of micellization. If the rate of

micellization approaches, or becomes slower than, the rate at which the equilibrium

constant changes with the addition of water, then it will no longer be possible for the

micellar solution to adjust to a new equilibrium state. In this situation, we would expect

that the fmai frozen structure of the micelle will be a function of the change in the

micellization kinetics, aIong with the state of the micelle equilibrium near the freezing

point.

We are, at present, attempting to resolve the question of what conditions pertain

during micellization using various quenching techniques. The detennination of the actual

thennodynamic and kinetic conditions which are operative, at the point at which the

micelle structure becomes frozen, may be a difficult task. We have not attempted to

resolve this question in the present study. We do, however, note two things associated

with this aspect of the work. Firstly, at most stages of the micelle formation process, the

associated copolymer molecules were equilibrium micellar associates; we use the word

micelle to describe the final frozen aggregates because of this facto Secondly, the
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distribution ofcore radii in the rmal micellar solutions is narrow (see Section 3.3.2). This

fact indicates that relatively few micellization equilibria are operative at the point at

whicb the micelle structure becomes frozen. One fortunate aspect of the frozen structure

of these micelles, from an experimentalist's viewpoint, is that systems of this type are

readily characterized, i.e. their aggregation number is flXed and not influenced by

dilution, or by changjng the temperature below the glass transition temperature of the

polystyrene block.

Of importance to the second part of this study is the extent of neutralization of the

poly(acrylic acid) chains in the coronaI layer of the micelles. As mentioned in Section

3.2, most samples were dialyzed against distilled, but not deionized, water. The pHs of

the resulting micellar solutions after dialysis were in the region 6.5-7.1 (see Table 3.2).

From literature data on the acid-base behavior of poly(acrylic acid) 9,10 it is possible to

estimate that the degree of ionization (a) of the poly(acrylic acid) chains in the coronae

of these micelles is in the region of 0.8> a >0.5. The high pHs of the micellar solutions

suggest a processes of cation-exehange during the extended dialysis. This ion-exchange,

between cations in the distilled water and protons on the polymer chain (obviously

subject to a Donnan equilibrium), produces neutralized polyelectrolyte chains in the

coronae of the micelles. That cation-exchange oceurs during extended dialysis against

distilled water can be corroborated by the fact that a micellar solution of the polymer

1400-b-310, prepared by dialysis against deionized water, had a pH of 4.5.

It is reasonable to assume that cation-exchange occurs after the micelles have

been formed, and that the polymer chains in the corona do not become charged until after

the micelle structure bas been established. It is thus assumed that neutralization of the

polymer chains does not influence the micelle formation proeess. This assumption is

upheld by core radius measurements (see Table 3.1). The average core radii of micelles

fonned from the polymer 1400-b-310 in distilled and deionized water were essentially

identical (18 and 19 nID, respectively) even thought the pHs of the micellar solutions

were, respeetively, 6.8 and 4.5.

61



-

Chapter 3. Sca/ing Relations and Coronal Dimensions in Aqueous Block Po(velectro(vte Micelles

Table 3.2. Micelle hydrodynamic and structural infonnationa

Sample pH [( lIrh)Z ]-1 [( l/rh)Z ] -1_ CRcore)z extension

(nm) (nm) %

500-b-60 6.6 23 9 60

1140-b-170 7.0 52 32 75

1400-b-120 7.1 50 29 97

1400-b-310 6.8 90 72 96

1400-b-310b 4.5 38 20 25

1400-b-31Oc 5.3 48 30 39

Q. The error in rh is approximately ± 5%; the error in Rcore is approximately ± 1 nm

b Prepared by dialysis against deionized water, ail other samples prepared by dialysis

against distilled water

c. NaCl added ta this sample, total concentration ofNaCl equal to 1.0 M.
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3.3.2 Distribution of core radü.

AIl of the copolymer sarnples prepared in this study associated to fonn completely

spherical micelle-like structures. A typical micrograph of micelles fonned from the

copolymer 1140-b-170 presented in Figure 3.1. The use of electron microscopy to

measure micelle core radii directly a11eviates many of the problems associated with the

use of other methods of measuring core radii, such as small-angle X-ray scanering

(SAXS). For example, in order to obtain the core radius it is not necessary to use any

particular theoretical model to fit the experimental data The number-average core radii,

<Rcore>n of the different copolymer s3Clples are presented in Table 3.1, along with the,

standard deviation of core radii about the mean (s.d), and the aggregation numbers

(Nagg) calculated frOID the core radii, assuming an unswollen core. It is c1ear that the

majority of samples had a relatively narrow distribution of micelle core radii, with

standard deviations frOID the Mean (s.d) in the range 0.7 to 2.9 nm (5-14%).

3.3.3 Dependence of the core radü 00 the leogth of the insoluble block (NB) and the

leogth of the soluble block (NAl.
One of the goals of this work was to compare experimentally determinable

quantities (e.g. number-average core radü, aggregation numbers and hydrodynamic radii)

with the predictions from the various scaling theories which are now in place.4•1l- 17

Because of the versatility of the copolymer synthesis and the relatively large range of

samples, it was hoped that the effect of the lengili of the polystyrene and poly(acrylic

acid) blocks on the micelle structure could be investigated in detai!. It should he noted,

especially in relation to Section 3.3.1, tbat the micelles studied here are non-equilibrium

structures. However, the micelles were fonned under equilibrium conditions, and as such

the structure of the micelles should retlect the structure which pertained under

equilibrium conditions. This study is in the spirit of an earlier study by Qin et al., in

which the aggregation numbers and hydrodynamic diameters of micelles, formed from a

relatively wide range of polystyrene-b-poly(methacrylic acid) copolymers in a

water/dioxane mixture, were investigated.18
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Figure 3.1. Transmission electron micrograph showing micelles formed from the

copolymer 1140-b-170.
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It was found that none of the theoretical scaling relations used., nor a variety of

empirical scaling relations 18,19 could scale the core radius and aggregation number data

cleanly. In particular., it was found that those scaling relations in which only the length of

the insoluble black is considered to influence the structure of the micelle could not be

used to scale the data Therefore, in order to scale the average core radii data, we had ta

fit the data empirically. The results of this fitting are shown in Figure 3.2., where the

measured nurnber-average core radii are plotted against NB 0.4 NA-o.IS. The value of the

exponents was detennined by trial and error: the values were altered relative to each other

and the combination which gave the best linear regression fit to the experimental data

(0.4 and -0.15) was chosen.

Included in Figure 3.2 are weight-average core radii for block ionomer micelles in

toluene, obtained by Nguyen et a/. 20 using small-angle X-ray scattering (open circles).

Tbese copolymers are composed of a polystyrene block and either a poly(cesium

acrylate) or poly(4-vinyl pyridinium methyl iodide) ionic block, and associate in organic

solvents ta fonn reverse micelles with ionic cores. From Figure 3.2, it is clear that there is

a linear relationship between the core radius and NB 0.4 NA,-O.IS for bath sets of data.

We do not consider the scaling relation obtained here to he universal in nature.

The fact that the core radii data from these two very different micellar systems scaled

weIl with NB 0.4 NA,-O.IS May illustrate that the various energy contributions for the

different copolymer/solvent systems balance in a way to Iead to an apparent similarity in

the numerical value of the exponents. The proposition that the dependence of Rcore on

NA and NB may he system specific, is corroborated by the fact that we could not use the

empirical scaling relation obtained here to scale cleanly the weight-average core radii data

obtained by McConnell et al.21 The core radii of polystyrene-b-polyisoprene micelles in

decane, obtained by McConnell et al. using small-angle neutron scattering (SANS), are, to

the best of our knowledge, the ooly other comprehensive data on the dependence of the

core radii on the length ofthe soluble and insoluble blocks, other than those presented here.
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Figure 3.2. Plot of average core radius <Rcore"nm) versus NB 0.4 NA-o·1S for difÏerent

micelle systems. NB is the length of the insoluble block and NA is the length of the soluble

black. Filled circles are number-average data for polystyrene-b-poly(acrylic acid) micelles

in water obtained by TEM. Open circles are weight-average data obtained by Nguyen et al.

using small-angle X-ray scattering.20 to study polystyrene-b-poly(cesium acrylate) and

polystyrene-b-poly(4-vinyl pyridinium methyl iodide) reverse micelles in toluene.

66



....

-

Chapter 3. Sca/ing Relations and Coronal Dimensions in Aqueous Block Po(velectrolyte Micelles

We found that the data of McConnel et al. did not fit our empirical scaling relation in a

quaT'ltitative sense, i.e. the measured core radii did not coincide exactly with the data

points shown in Figure 3.2. However, it was found that their core radii data did show a

soluble block dependence. In particular, we found that their data scaled better when the

length of the soluble block was considered.

Whilst it is recognized that the empirical scaling relation obtained here is not

applicable to every block copolymerlsolvent system, our results do illustrate that the

micelle core radius depends on both the length of the insoluble block and the length of

the soluble block, scaling in the manner:

a -yRcore - NB NA

The fact that samples of very different chemical composition (which associate in very

different solvent media) show a linear relationship between the average micelle core radii

and a quantity of the type NBaNA-1 suggests that the soluble block plays a role in the

micelle formation process and influences the structure of the resulting micelles. This

further suggests that in any theoretical treatment of the micellization of block copolymers

the influence of the soluble block should be considered.

Theoretical expressions relating the core radius to a quantity of the type NBa. NA­

Y were frrst obtained by Whitmore and Noolandi using a free energy minimization

approach. 14 Their theory is based on micelle formation in block copolymer­

homopolymer blends and was applied specifically to experimental data obtained on

polystyrene-b-polybutadiene copolymer micelles dissolved fi polybutadiene

homopolymers. In their study, qualitative agreement between experiment and theory was

obtained. Theoretical values for the exponents lay in the range 0.67 S; a S; 0.76 and 0 S; 1

~ 0.1, showing that the soluble black has a relatively weak influence on the size of the

micelle core. This conclusion is in contrast to the theory of Nagarajan and Ganesh. 17
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They predicted that the soluble block can exert a large influence on the structure of the

micelle, particularly in the case of copolymer molecules in which the soluble block is in a

good solvent. Generalized scaling relations were developed for Rcore and Nagg , as well

as the molecular properties of the solvent and copolymer. To facilitate quantitative

calculations, two model systems and three specific block copolymer/solvent systems were

chosen. They scaled the data in tems of the etTective nwnber ofrepeat units, mB and mA

[ms =(NBVa/Vs)' where VB and Vs are the molecular volume of the insoluble copolymer

block repeat unit and solven~ respectively]. The values of the exponents which they

obtained depended on the copolymer/solvent system. For polystyrene-b-polybutadiene

block copolymers in heptane they found Rcore - mBo.70 mA-O·08; for poly(oxyethylene)-b­

poly(oxypropylene) copolymers in water they found Rcore - mBo.73 mA-O.l7 . The larger

dependence of Rcore on NAin the latter system was attributed to the fact that water is a

good solvent for poly(oxyethylene), under the conditions of the measurement. Zulina and

Birshtein15 also proposed an expression for Rcore in a specifie copolymer composition

region, roughly corresponding to the composition of dle polystyrene-b-poly(acrylic acid)

copolymers studied here, in which the micelle core radius scaled as NaNA-Y. The value

of g depended on the quality of the solvent, being equal to 0.5 in a esolvent and equal to

0.545 in a good solvent.

The basic difference between our empirical fit and the theoretical expressions of

Whitmore and Noolandi, Nagarajan and Ganesh, and Zulina and Birshte~ is

quantitative, i.e. the experimental values of the exponents are different to the theoretical

values. In particular, our experimental data suggest that the dependence of the core radius

on the length of the insoluble block is weaker than predicted by theory. The difference in

the value of the exponents obtained here to those predicted by theory is probably due to

the interplay of severa! different contributions. As already mentioned, differences in the

physicochemical nature of the specific interactions in different block copolyme=-/solvent

systems may lead to ditTerent values of the exponents. Differences in the manner in
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which block copolymers systems associated may also he of importance. For example. it

has been noted that in order for equilibrium micellar structures to be formed it is

necessary to ensure that micelles associate under conditions in which there is a dynamic

equilibrium between the free-chain fonn of the copolymer and the associated micellar

fonn.22 Furthennore, most theoretical predictions of the core radius Rcore are obtained for

a constant value of the interaction parameter, x. However, in present system, the vaIues of

1. at which the micelles fonned were to decrease with increasing NB, then the values of

Rcore may scale more slowly with NB than at fixed x. Finally, the influence of

experimental error on the values of the exponents should not be underestimated. For

example, in their study Whinnore and Noolandi 14 estimate that an uncertainty of ± 0.2

nm in the measured values of Rcore produced an uncertainty of - ± 0.05 in g and - ± 0.1

in a At this point of our study it is not clear whether there is a discrepancy between

experiment and theory, or an agreement. Future work with other copolymer systems, or

different procedures for the micelle preparations may help resolve this question.

3.3.4 An investigation of the micelle structure by DLS.

3.3.4.1 Basic DLS theory. The basic quantity measured in the DLS experiment

is the intensity autocorrelation function, G2(t), which, in a dilute solution of

monodisperse particles, is an exponentially decaying function of the decay time, T(S).

G2fT) is related to the normalized electric field autocorrelation function, gl (T). via the

Siegert relationship:

(3.1 )

where B is the measured baseline of the decaying autocorrelation function and J3 is the

coherence factor which can be used as an adjustable parameter in data analysis. In the

simplest case of monodisperse non-interacting particles, gl (t) is a simple, single
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exponential function:

gl (T:) = exp -fT: (3.2)

where f is the relaxation rate of the decaying autocorrelation function (s-I). f is related

to the diffusion coefficient, D (m2 s~l). by:

f=D q2

where q is the scattering vector:

q=(4rtnÎA.) sin (8/2).

(3.3)

(3.4)

Here n is the refractive index of the scattering medium (water), À. is the wavelength of the

incident light (m), and e is the scattering angle.

It is often found that the experimental autocorrelation function is not a single

exponential function, and that there is a distribution of relaxation rates. The analysis of

experimental data in these circumstances can become much more complicated and is, in

many respects, a developing field. Various methods of data analysis have been

developed; a review of the field is given by Stêpanek.23 In the present study, data were

fitted by a single exponential method and by the method of cumulants developed by

Koppel,24 using the Brookhaven correlator software. Because of the more reliable fitting

of the experimental data by the cumulant method, ail subsequent quantitative analyses

were perfonned using values of the mean z-average relaxation rate Cr}z obtained by this

technique.

In the method of cumulants the correlation function is expanded about a z~average

relaxation rate, Cf )z, The result is a polynomial expansion in the sample time with

cumulants (moments about (f)z ) as the parameters to he fitted. For polydisperse, point

like, isotropic particles without intermolecular interactions the expansion may be written:
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- 1 g /(r:) 1= exp {- r't +(J.1I2!)r:2+.... } (3.5)

where r is the intensity (I)-weighted mean relaxation rate, sometimes referred to as the

initial slope: r = L fi(r; - r); and Il is the second moment of the distribution of the
i

relaxation rates about the mean: L li(r; - r) 2. The logarithm of equation 3.5 can be

fitted by a non-negative least squares routine. The ratio J.1I(r )z2 is a measure of the

width the intensity distribution of relaxation rates, which can be used to give an

indication of the polydispersity of the sample under investigation.

3.4.2 DLS results. In the present study, all micelle samples gave values of

J.1I([ >z2 in the range of 0.07 - 0.20, illustrating that there was a distribution of relaxation

rates contributing to the correlation function. These results also suggest that a more

sophisticated data analysis technique, such as the CONTIN method due to Provencher,25

should be used to extraet infonnation on the distribution of relaxation rates. It should be

noted that correlation curves obtained in the present study were exponential, and did not

have any bi-exponential character. Therefore, we feel that the polydispersity observed in

the concentration ranges studied here is due mainly to polydispersity in micelle size,

rather than to the fonnation of ordered structures in solution (as has been previously

observed for ionized polystyrene-b-poly(methacrylic acid) micelles26) or because of

strong electrostatic interactions between micelles.27 This assertion is corroborated by the

fact that the sample 1400-b-310, which was prepared by dialysis against deionized water,

also exhibited appreciable micelle polydispersity by DLS. This sample should have the

lowest degree of ionization of all samples, and therefore should be least affected by

strong electrostatic intermicellar interactions. A number of explanations can be proposed

for the observed polydispersity in micelle size. For example, the micelle polydispersity

may be due to compositional polydispersity in the corona-forming blocks. However, we
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prefer to await results obtained by the CONTIN method before discussing this

observation further. These studies are currently underway in our laboratory.

Angular dependence data obtained on the present micellar solutions also suggest

that strong intennicellar interactions did not influence the DLS results. Data for micelles

fonned from the sample 1400-b-310, prepared by dialysis against distilled water, are

shown in Figure 3.3. This pH of this sample was 6.5, illustrating that the acid groups in

the coronal layers of the micelles were ionized. The different plots of (f )z versus q2 are

straight lines which, within the variation of (f )z, pass through the origine This illustrates

that the relaxation mode was diffusive in nature, Le. free diffusion of the micelle was

investigated in the concentration range studied. The simple angular dependence of the

measured relaxation rate suggests that long-range interactions were not probed in the

experiments.

From the slopes of the plots of (r}z versus q2, it is possible to obtain a value of

the diffusion coefficient, D. We define the diffusion coefficient thus obtained as the

effective diffusion coefficient, D ejJ . It is clear that the value of D eff obtained depended

on the concentration of the solution. In particular, as the concentration of the solution

was increased, the value of DejJ increased. This is shown more clearly in Figure 3.4,

where a plot of Deff versus polymer concentration (C/g.cm-3) is presented for different

miceUar systems. The data in Figure 3.4 clearly illustrate that, within the variation ofDeff

(- ± 5%) and the error in C (± 3%), there is a linear variation of Deff with respect to

concentration, in the concentration ranges studied. From theory, it can be shown that the

mutual diffusion coefficient, D.28 obtained at fmite concentration, is characterized by the

concentration coefficient, kD, in the expansion:29

D=Do{l+kD C+....) (3.6)

where Do is the diffusion coefficient, obtained by extrapolating vales of D obtained at

finite concentrations to infmite dilution.
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Figure 3.3. Plot of the average z-average relaxation rate [(r)z / rad s-l] versus the

square of the scattering vector (q2Im-2) for different concentrations of micellar solutions

of the block copolymer 140o-b-310. The concentrations shown are: ( • ) 3.1e-3 g cm-3; (

• ) 9.0e4 g cm-3; ( 0 ) 6.1e-4 g cm-3; ( 0 ) 2.6e-4 g cm-3; ( 6 ) 1.8e-4 g cm-3; and ( V )

9.5e-s g cm-3.
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Figure 3.4. Plot of the effective diffusion coefficient (Dejflm2s- l ) versus concentration

(C/g cm-3) for different micellar solutions: ( • ) 1400-b-310 prepared by dialysis against

distilled water; ( • ) SOo-b-60; ( 0 ) 140o-b-310 prepared by dialysis against deionized

water; and ( D) 114o-b-170.
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For dilute solutions, kD contains thermodynamic and hydrodynamic (frictional)

components: 29

(3.7)

where A2 is the second virial coefficient, Mw is the weight-average molecular weight of

the diffusing species, KI is the frictionaI coefficient and v is the partial specific volume

of the polymer in the solvent.

One quantity that is readily obtained from the plots of Deff versus C is the

diffusion coefficient at infinite dilution, Do. Furthennore, by substituting the

experimentally detennined values of Do into the Stokes-Einstein equation, it is possible

to obtain the hydrodynamic radius of the micelle, rh :

(3.8)

where k is the Boltzmann constant (JK-l), T is the absolute temperature (K), and II the

viscosity of the solvent (Nm-2s). Values of the hydrodynamic radii of different samples

are listed in Table 3.2. The notation used, i.e. [( lIfh)z]-I, illustrates that the average

radius obtained by DLS is the inverse reciprocal z-average hydrodynamic radius.

3.3.4.3 coronal thickness and the degree of extension of coronal chains. One

of the major reasons for accumulating these data was to gain an estimate of the thickness

of the coronal layer in micelles of this type. From these data, it is aIso possible ta

calculate the degree of extension of the poly(acrylic acid) chains in the corona, by

comparing the thickness of the corona with the fully extended contour length of the

poly(acrylic acid) chains. The thickness of the corona may be obtained by subtracting

the z-average core radius [<RcorJzl from the inverse reciprocal z-average hydrodynamic

radius. The percentage extension can be calculated from equation 3.9:
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-1
% extension =

100 {[(lIl'}})z ] -1 -( RconJz }

(3.9)

.... ,'

•

where a is the length of one fully extended acrylic acid repeat unit (assumed to be 0.25

nm). Values of the coronaI thickness, (l/fh}z ]-1 - ~onJz ], and the % extension of

poly(acrylic acid) chams are presented in Table 3.2.

Before discussing these results, it is necessary to consider the various factors

which influence the magnitude of the coronal thickness and % extension values. As

already mentioned, the average radius obtained by DLS is the inverse reciprocal z­

average hydrodynamic radius, which, in the case of polydisperse samples, is larger than

the weight- and number-avera~e hydrodynamic radius. Whenever possible, the same type

of averages should be compared. It is possible to calculate the z-average core radius,

<Rcore)z' from the distribution of measured core radii; however, since the distribution of

core radii is relatively narrow, the calculated z-average radius is not very different than

the number-average radius. Unfortunately, in the present experiments, we did not have

access to data analysis software from which we could calculate the number-average

hydrodynamic radius. As a consequence, the intensity (I) -weighted values of the coronai

thickness and % extension quoted in Table 3.2 represent the upper limit to the possible

values.

Other factors which influence the magnitude of the values in Table 3.2 are the

variation and errors in the different parameters. Obviously [(l/qJz ] -1, CRconJz and NA

are averages which are subject to experimental uncertainty: the uncertainty in [(l/fh}z ]-1

is approximately equal to the variation in Deff(- ± 5%), the error involved in measuring

Rcore is around ± lom (5-8%), and the error in NA is around ± 5%. It must he recognized,

therefore, that a combination of all these errors leads to a rather large errer in the value of

the corona! thickness and the value of the % extension.
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Having recognized the factors which influence the values in Table 3.2, it is now

possible to state, with confidence, that the poly(acrylic acid) chains in the coronae of

micelles fonned at high pH and at low ionic strength have an extremely extended

confonnation.

3.3.5 Factors affecting the stretching of coronal chains.

In this section, we discuss the various factors which are known to influence the

confonnation of chains in the coronal layer of micelles. The confonnation of chains in

the corona of a micelle is known to be affected by a variety of parameters, including the

curvature of the micelle core to which the chains are attached, the concentration of chains

in the corona, the chemical nature of the coronal chains, the quality of the solvent for the

coronal chains, and the macroscopic concentration of micelles.4,11-17, 48-60 How each of

these variables may contribute to the stretching of the coronal chains observed in the

present experiments is discussed below. As part of this discussion we present results

obtained on the present micellar systems, as weil as a comparison of our results with

results available for other micellar systems.

3.3.5.1 Stretching of coronal chains: a selective summary of the available

literature. We begin our discussion by briefly overviewing sorne of the literature

.{
;

relevant to this study. Whilst there have been quite a few studies of the dimensions of

micelle cores,20.21,30-37 direct detennination of the coronal thickness in micellar

aggregates is more difficult,21,33,34,38-40 since it involves the measurement of both the

core and micelle radii. One study of this type was performed by McConnell et al. on

polystyrene-b-polyisoprene micelles in decane, using a combination of small-angle X-ray

scattering (SAXS), small-angle neutron scattering (SANS) and DLS experiments.21 By

subtracting core radii, obtained using SAXS and SANS, frOID hydrodynamic radii, they

were able to obtain coronal thicknesses for a range of samples. Their experiments

showed that the confonnation of chains in the coronal layer of micelles is perturbed in
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comparison to the free homopolymer, i.e. the coronal thickness is larger than the root­

mean-squared end-to-end distance of equivalent free homopolymer chains of the same

molecular weight in the same solvent. This result has also been obtained by other

authors.33.34.38,39 For the polystyrene-b-polyisoprene micelles in decane studied by

McConnell et al. , the chains in the micelle coronae were much less extended than those

in the present study, with 0..10 extension values in the range 16%-35%, depending on the

sample.21

The results obtained by McConneII et al. were consistent with results obtained by

Cogan et al. in an earlier study of micelles formed from polystyrene-b-poly(oxyethylene)

black copolymers in cyclohexane.39 In the study of Cogan et al., the degree of stretching

of the coronal chains in the micelles was found to depend on the relative balance between

the composition of the copolymer, the size of the micelle core, the aggregation number

and the length of the coronal chains. For example, micelles formed from copolymers

consisting of relatively short core-fonning blocks and relatively long corona-fonning

blocks formed micelles which resembled star polymers, e.g. their scattering profiles were

consistent with a concave coronal density profile. 16 Micelles formed from copolymers

consisting of relatively long core-forming blacks and relatively short corona-fonning

blacks had a very different structure which could not be described by the star model. For

those systems, it was found that as a consequence of the higher concentration of chains in

the corona, the coronal chains had a highly extended conformation. Using experirnental

values of rh and NA obtained by Cogan et al. for this sample, and an estimated value of

Rcore, we calculated that the coronal chains in micelles of a poly(oxyethylene)-b­

polystyrene black copolymer (65-b-SO) were approximately 70% extended.

In other studies of the micelle structure, a structural parameter of the micelle was

measured, e.g. rh, and a structural model was invoked to calculate the unknown

parameter, e.g. R.core.1 S,31,33,41,42 Two examples ofthis approach are outlined below. In

a recent SANS study of block copolymers micelles formed from triblock copolymers of
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poly(oxyethylene)-b-poly(oxypropylene)-b-poly(oxyethylene) micelles in water, Pospisil

et al. used the spherical core/shell micelle model to estimate micelle structural

parameters.42 From SANS measurements, the authors were able to show that the micelle

core was swollen. One controversial result that was obtained was that the shell thickness

was 200/0 bigger than the fully extended length of the poly(oxyethylene) chain. The

authors attributed this result to micelle and compositional polydispersity, or to the

existence of a poorly defmed core-shell interface.

In another study, Qin et al. studied micelles fonned from polystyrene-b­

poly(methacrylic acid) copolymers in a mixed solvent of 80%-vol. dioxane and 20 %-vol.

water by a wide range of experimental techniques. 18 The micelles were found to behave

thermodynamically and hydrodynamically as impenneable spheres. By modeling their

micelles as hard spheres, they were able ta calculate the micelle core radii for two

different cases: a completely unswollen core and a core with extensive swelling.

Furthennore, from the measured values of rh and the calculated values of Rcore, they

were able to estimate the degree of extension of chains in the corona The results

depended on whether it was assumed that the core was swollen or unswollen, and varied

for different samples. For a dry core, the % extension varied between 39%-94%; for the

more realistic case of a swollen core, the authors calculated that the % extension varied

between 32 -58%.

3.3.5.2. Surface area per coronal chain (Aclnm2). The confonnation of

chains adsorbed a~ or tethered to, a surface is known to be influenced by the density of

chains at the surface. The influence of surface density on the conformation of chains has

received both theoretical43 ,44 and experimental45 attention in recent years. The density

of anached chains is considered 10w if the attaehed chains do not overlap. We can obtain

an estirnate of the surface (interface) area per coronal chain (Adnm2) from the equation:

.. (3.10)
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A complete list of values ofAc is given in Table 3.1 .

It has been argued that the surface area per coronal chain may be an important

factor among those controlling aggregation number and the structure of the micelles. 18.19

In particular, it has been suggested that in micelle formation, the interface energy

between the core-fonning block and solvent, and the osmotic force acting on the corona­

forming chains, balance in a way so that a constant interface area per chain is maintained.

This is clearly not observed in the present experiments. Our results suggest that the value

of Ac increases as the total length of the block copolymer is increased. However, it must

be remembered that the aggregation numbers contained in Table 3.1 were calculated

from the micelle core radius. As such, we prefer to await results obtained from static

light-scattering, which will give a direct measure of Nagg" before discussing this

observation further.

Using the approximate values of Ac contained in Table 3. Lit is possible to gain an

estimate of the surface density of coronai chains for different miceUar systems. Using

the approach of Hadziioannou et al.,45 the dimensionless surface density for a planar

surface, cr , is defined as: cr = Ac-i a2, where a2 is the area taken up by a single monomer

segment (0.252 nm2). For a polymer in a good solvent, the condition for low surface

density is cr< NA-615. As cr becomes greater than NA-6/5, chains adopt confonnations

extended in a direction perpendicular from the surface, in order to accommodate the higher

lateraI packing of anchored chains at the surface. For the samples studied in the present

experiments, the calculated value of the ratio cr /NA-6/5 was greater than unity ooly in

three cases, i.e. for micelles fonned from the polymers 740-b-180, 1140-b-17Q and 1400­

b-3l0; aIl micelles with relatively small core radii and relatively long corona! chains.

However, the density of coronal chains obtained for all the micelles in the present study

were low in comparison ta micelles fonned by other black copolymers, for example, the

ratio cr/NA-6/51ies in the range 9-200 for the star-like micelles studied by Nguyen et a1.20

The high degree of extension observed in the present experiments cannot, therefore, he
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attributed to a high density of coronaI chains at the micelle core. If anything, the surface

density of coronal chains is rather low.

3.3.5.3 curvature of the micellar surface. Another factor which influences the

thickness of the coronal layer is the degree of curvature of the surface to which the

coronal chains are attached. Dan and TireU46 have treated this effect theoretically using

a self-consistent field model to compute the segment density profiles, layer thicknesses

and the distribution of chain ends, for chains tethered by one end to a curved

impenetrable surface. The influence of geometry of the surface, the length of the

tethered chain, the surface density of chains, and the radius of curvature cao be seen in

the relation for the average brush height, <L>:

(3.11)

~­,;

where R is the interface radius (Rcore for spherical micelles). D is related to the

dimensionality of the curvature for a particular geometry, and is equal ta 0 in planar

geometry, 1 for cylinders and 2 for spheres. From this relation, it can be seen that a

spherical micelle with a large core (large value of Ria) will have a larger average brush

height than a spherical micelle with a small core (small value of Ria). In the limit of very

large spherical micelles, the curvature of the core becomes small and the average brush

height approaches that of the planar brush attached to a flat surface. From

experimentally determined values of Rcore it is possible to calculate an approximate

value of the ratio (Ria) for different micellar systems. These calculations show that as a

consequence of their relatively large core radii, the micelles in the present study have

(Ria) values in the range of 48-84, comparable ta the calculated range of values of (Ria)

obtained by McConnell et al.21 for polystyrene-b-polyisoprene micelles in decane (30­

82), but bigger than the range of (Ria) values obtained by Nguyen et al.20 for

polystyrene-b-poly(cesium acrylate) and polystyrene-b-poly(4-vinyl pyridinium methyl

iodide) reverse micelles in toluene (7-24).
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3.3.5.4 Chemical nature of the eoronal chains and the quality of the solvent

for the coronal chains. Whilst the surface density of coronal chains and the core

i·

curvature undoubtedly affect the confonnation of chains in the coronae of micelles, it

seems that, considering the high degree of extension observed in the present experiments,

the most important factors have not been addressed, i.e. the chemical nature of the

coronaI chains and the quality of the solvent for the coronaI chains. It has already been

noted that in the present experiments, as a consequence of the way the micelle systems

were prepared, different micellar solutions had different pHs (see Table 3.2). This aspect

of the study is rather unfortunate, since the pH of the solution determines (and gives an

indication of) the degree of ionization, a, of the poly(acrylic acid) chains. It is, in

principle, possible to calculate the degree of ionization of the coronaI chains from data on

the acid-base behavior of poly(acrylic acid) in water.9,lO However, the acid-base

behavior ofpoly(acrylic acid) in the corona of a micelle is undoubtedly different from the

behavior of the free homopolymer in solution;47 an unambiguous estimate of a is

therefore difficult. We can, however, make the general statement that the chains in the

coronae of the micel1ar samples prepared by dialysis in distilled water are neutralized by

counterions introduced during the diaIysis, an~ as a result, have an appreciable degree of

polyelectrolyte chameter.

The principal difference between grafted neutral polymer and grafted

polyelectrolyte layers is related to the difference in the nature of the interpolymer

interactions in the two system, i.e. short-range excluded volume type interactions in the

case of neutral polymers, and long-range electrostatic interactions in the case of ionic

polymers. As a consequence of long-range electrostatic repulsion, the chains in adsorbed

or tethered polyelectrolyte adopt a highly extended conformation at relatively low surface

densities.48

82



....

Chapter 3. Sca/ing Relations and Corona! Dimensions in Aqueous Block Po(ve/ectrolyte Micelles

3.3.5.5 Comparison of experimental results to other theoretical and

experimental studies of polyelectrolyte coUoids. 3.3.5.5.1 Theoretical studies. There

are a number of theoretical studies of polyelectrolytes adsorbe<L or attachecL to a planar

surface 48-55 or attached to the surface of a spherical colloid particle.48,53,55-61 In the

case of a polyelectrolyte grafted to a flat surface with no added electrolyte, Pincus found

that the brush thickness, L, was detennined by a balance between the swelling effect of

the counterions trying to increase their entropy by mixing, and the chain elasticity.48 He

also found for this case that the chains were highly stretched for low degrees of

ionization, and that the brush thickness was independent of the grafting density. For the

case of polyelectrolyte chains attached to a spherical colloidal particle, Many theoretical

treatments predict that the polymer chains will be strongly stretched radially. Using a

self-consistent mean-field Monte Carlo approach to probe the conformational equilibria

of chains in the corona of spherical polyelectrolyte micelles, Ronis predicted that the

chains in the coronal layer do not adopt a single conformation.57 Rather, the coronal

layer is composed of three subregions: a rigid rod-like region near the core, followed by a

flexible-rod region and a continuum region at the end of the chain. He also showed that

the extent of rod-like or coil-like confonnational behavior depended on the length of the

chain, the core size, the aggregation number and the screening length.

The high degrees of extension of coronal chains which we observed

experimentally in samples prepared by dialysis against distilled water (which have a high

degree of neutralization) are therefore reasonable. In water, the intramolecular repulsion

between chains in the corona causes the chains to adopt a highly extended conformation.

Using the tenninology ofPincus,48 the coronal chains resemble porcupine quills.

Another feature of sorne of the theoretical models is that the confonnation of the

polymer chains attached to spherical colloidal particles is strongly affected by the

presence of added electrolyte, and by changes in the degree of ionization of the

polyelectrolyte chains.48,52,53,55,S7,58 These studies are allied with a substa'ltial body of
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literature on the confonnation of polyelectrolytes,27 which shows that, in the presence of

salt, the range of electrostatic repulsion is reduced and the chains adopt a more random

coi! confonnation. In a recent paper Ranis also considered the effect of micelle-micelle

interactions at finite colloid concentrations.58 For the concentrations and surface

coverage studied, he found that the conformation of chains was mainly affected by intra­

aggregate interactions; inter-aggregate interactions did not perturb the confonnation

appreciably. It is worthwhile to note that all hydrodynamic radii were calculated from the

extrapolated value of the diffusion coefficient at infmite dilution. At the limit of infmite

dilution, inter-aggregate interactions should not influence the size of the micelle.

The data presented in Table 3.2 provide a test of the theoretical studies outlined

above. For example, by studying the variation of the hydrodynamic radius with respect

to salt concentration, or degree of neutralization, it should be possible to investigate the

balance of physical forces which influence the conformation of polyelectrolyte chains

attached ta a colloidal surface. We have recently compared our experimental results to the

theoreticaI model developed by Ronis.57,58 Preliminary results suggest that theoretical

predictions of the degree of chain extension are in agreement with experiment. Future

work will involve probing the conformation of the chains in the coronae of a wider range

of samples, spanning a broader range ofcopolymer compositions. It should be noted that

in water, or in aqueous salt solutions, the micelles have a frozen structure, and that

changes to the ionic strength or degree of neutralization should not influence parameters

which depend on the dimensions of the core; therefore, Rcore and Nagg will not change.

As part of a preliminary study of the effect of the salt concentration and degree of

neutralization of the coronaI chains on the degree of extension of coronal chains, we

present results obtained on micelles formed frOID the copolymer 1400-b-310. This

copolymer was chosen since it contains micelles which have the longest coronal chains.

The micelles fonned from this copolymer aIso have largest hydrodynamic radius of ail

the different samples studied here; any effects due to the dimensions of the coronal chains
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should be most easily measured in this sample. When the micelle sample was prepared in

deionized water't the resulting micellar solution had a pH of -4.5. This indicates that the

degree of ionization of the polymer chains was low. For this sample the micelle

hydrodynamic radius was 38 IUn't which is two times smaller than that at pH 7. The

corresponding value for the % extension of coronal chains was 25 %, comparable to the

values ohtained by McConnell et aI. for polystyrene-b-polyisoprene micelles in decane.21

The influence of the degree ofneutralization is thus clear: introducing ionic charges to the

polymer chain results in an appreciable expansion of the coronaI chains. The resemblance

of micelles fonned from copolymers with essentiaIly unionized poly(acrylic acid) to

neutral polymers is aIso apparent.

Another way of influencing the conformation of polyelectrolyte chains is to add

an inert electrolyte to the solution. Preliminary data for the sample 1400-b-310 in lM

NaCI aIso show that the hydrodynamic radius of the micelle decreases in the presence of

an electrolyte. One interesting aspect of this study is that the hydrodynamic radius in the

presence of salt (48 nm) was smaIler than the hydrodynamic radius in the absence of sait

(90 nm), but larger than the hydrodynamic radius of the sample at pH 4.5 (38 nm) (it

should be noted that the hydrodynamic radius for the sample with .added salt was

obtained by extrapolation through only three data points; this is because on dilution of

this sample flocculation occurred: see below). This result suggests that ionized corona!

chains, in the presence of salt, are more stretched than coronai chains with a low degree

of ionization. This effect has been predicted theoretically by Pincus,48 who suggested that

the addition of electrolyte (Debye screening) reduces the counterion osmotic pressure,

which stretches the polymer chains.

The effect of the addition of salt on the dissociation equilibrium of the carboxylic

acid groups and the neutralized carboxylic acid groups is aIso of importance. For

example, it is weIl known that the addition ofa salt to a polyelectrolyte solution leads to a

decreases in the pKa of the polyelectrolyte. 10 This effect, reflected in the lower pH of the
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sample in the presence of salt (see Table 3.2), illustrates that the activity of the proton is

increased in the presence of NaCl. The addition of salt to a solution of an ionized

polyelectrolyte micelle thus leads to a number of component effects: Debye screening and

a change in û,e acid-base equilibria. This result also illustrates that in order to study the

effect of the addition of salt on the degree of stretching of the coronal chains, it is

necessary to ensure that the ionic strength and degree of ionization of the initial

polyelectrolyte solution are known.

Another interesting observation for the sample in the presence of salt was that

flocculation occurred on dilution of this sample with lM NaCl. It was possible to re

disperse the flocs by placing the sample in a sonic bath, but the flocculated structure was

formed again when the sample was left to stand for a few hours. After an extended period

of standing (10 days), the cloudy solution eventually settled to form a two phase system.

It was not possible to form a one-phase system by increasing the pH of the continuous

medium. We consider the loss of colloidal stability observed for this sample to be a

consequence of the relatively low density of coronal chains at the surface. This effect,

noted in our previous study of micelles formed from polystyrene-b-poly(4-vinyl­

pyridinium methyl iodide) block copolymers,S has also been predicted by theory.48 The

critical dimension in detemtining the degree of screening is the density of chains at the

surface, i.e. the grafting density: the lower the grafting density, the more sensitive the

colloid is to added electrolyte.

3.3.5.5.2 Experimental studies. Whilst the direct determination of the

..(

thickness of the coronal layer in spherical polyelectrolyte micelles is certainly one novel

aspect of this work, the observation that the structure of black copolymer micelles

composed of a hydrophobie core and ionogenic corona depends on the pH and the ionic

strength is not new. The fact was recognized early in the development of the field,62,63

but was not studied systematically. fvlore recently Tuzar, Munk: and co-workers26,47,64

have studied micelles formed from polystyrene-b-poly(methacrylic acid) block
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copolymers by a variety of experimental techniques, including DLS. In the flfSt ofthese

studies, they found that the apparent hydrodynamic diameter of the micelles increased as

the degree of neutralization increased.26 They attributed this result to the expansion of the

poly(methacrylic acid) blocks in the shell of the micelle. Core dimensions were not

determined in this study, but from a knowledge of the black lengths and the aggregation

number we estimate that the % extension of coronaI chains at a degree of neutralization a.

= 1 was - 450/0-700/0, depending on the concentration. For ionized micelles at

concentrations > 5x10-3 g cm-3 , DLS experiments were affected by order foonation in

solution. The distribution of apparent hydrodynamic radii became broad, and the

autocorrelation curve became non-exponentiaI.

In another study, the hydrodYnamic radius of micelles was measured as a function

of pH for polystyrene-b-poly(methacrylic acid) block copolymer micelles in various

buffer solutions.64 Again, the authors found that as the pH of the solution was increased,

the hydrodynamic radius increased. The coronal dimensions were not detennined in this

study. However, we estimate that the degree of expansion of the coronaI chains observed

in these experiments was smaller than that observed in our experiments. For example, as

the pH was changed from 5 to 7.8, using buffers, the % extension increased from -25 %

to -32% for one sample, and from -25% to -38% for another sample. We consider the

lower values of the % extension observed in these studies to be a consequence of the fact

that buffer solutions contain an appreciable concentration of sait. It is thllS difficult to

separate the effect of an increase in pH on the extension of coronaI chains froID the effect

of an increase in the ionic strength. The different chemical nature of the coronaI chains

will aIso be of influence. In particular, it is known that poly(methacrylic acid) has very

different acid-base and solubility behavior than poly(acrylic acid).lO
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3.4. SUMMARY

In this study, we have been able to gain vaIuable information about the structure

of polystyrene-b-poly(acrylic acid) micelles in water. Because of the versatility of the

synthetic method, it was possible to synthesize a wide range of different copolymer

samples, and study the effect of the length of the insoluble black (Na) and the length of

the soluble black (NA) on the structure of the micelles. One of the important aspects of

this work is that the micelle core radius, R.core, appears to depend not only on the length

of the insoluble polystyrene block , but also on the length of the soluble poly(acrylic acid)

black. Although an extensive comparison of our experimental data with theory was not

attempted, our experimental results suggest that the length of the soluble black is an

important parameter among those detennining the structure of micel1ar associates. It is

worthwhile to note that the inverse dependence of the core radius on the coronaI black

length has been observed previously,35 and that the value of the exponent, y, describing

this dependence is similar to that predicted by sorne theories. 14

From values of the core radius, R.core' and the hydrodynamic radius, rh, it was

possible to obtain an estimate of the thickness of the coronallayer of the micelles, and the

degree of extension of the coronal chains. It was found that the poly (acrylic acid) chains

were highly extended in samples at a pH of -7. A brief overview of sorne of the current

literature on coronal dimensions in micelles was presented, as was a discussion of the

various parameters which are know to influence the dimension of chains in the coronae of

micelles. Results obtained here were compared with various data from other experimental

studies of micelle structure, and a discussion of results in relation to a number of

theoretical studies was presented. We consider the high degree of extension of corona!

chains observed in the present experiments to be due to the charged nature of the

poly(acrylic acid) chains, the low degree of curvature of the surface to which the chains

are attached, and the relatively low macroscopic concentration of micelles in the DLS

experiments. In many ways the corona! chains resemble the polyelectrolyte brushes
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which currently excite much interest.55

Data of these type provide a test of many of the theoreticaI models available in the

literature. We have recently compared our results with a theoreticaI model developed by

Ronis,57.58 which uses a self-consistent mean-field Monte Carlo approach to probe the

conformationaI equilibria of chains in the coronaI layer of sphericaI polyelectrolyte

micelles. Preliminary results suggest that theoretical predictions of the chain

conformation are in agreement with experiment. Future work will involve probing the

conformation of the chains in coronae of a wider range of samples, spanning a broader

range ofcopolymer compositions. The influence of the degree of ionization and the pH of

the micellar solution on the confonnation of the coronaI chains will aIso he investigated.

These studies are currently underway in our laboratory, and results will be reported in the

near future.
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ABSTRACT

The observation by transmission electron microscopy of six different stable

aggregate morphologies is described for the same family of highly asymmetric

polystyrene-b-poly(acrylic acid) block copolymers prepared in a low molecular weight

solvent system. Four of the morphologies consist of spheres, rods., lamellae, and vesicles

in aqueous solution, whereas the fifth consists of simple reverse micelle-like aggregates.

The sixth consists of up to micrometer-size spheres in aqueous solution that have

hydrophilic surfaces, and are filled with the reverse micelle-like aggregates. In addition, a

needle-like solid, which is highly birefringent, is obtained on drying of aqueous solutions

of the spherical micelles. This range of morphologies is believed to be unprecedented for

a block copolymer system.
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4.1. INTRODUCTION

Small molecule amphiphile surfactant systems can form aggregates or micelles of

various morphologies. l Also, depending on the block copolymer composition, multiple

morphologies exist in the bulk phase of block copolyrners, 2,3 in block

copolymerlhomopolymer blends, 4 and in two-dimensional micelle systems of

amphiphilic block copolymers on water surfaces. 5 In block copolymer solutions,

spherical micelles have been identified in Many studies. 6,7 However, nonspherical

micelles in solution have been observed only rarely and mostly indirectly. 8,9 To our

knowledge, multiple morphologies, that is, spheres, rods, and vesicles or lamellae, have

not yet been seen for the same block copolymer family in solutions of low molecular

weight solvents. In this chapter, we describe the preparation and observation of six

different morphologies. AlI of these were prepared in a low molecular weight solvent

system from block copolymers of the same type differing ooly in the relative block

lengths. This factor May allow for more precise modeling studies of the dependence of

the morphologies on the molecular architecture in such system in solution. Four of the

morphologies consist of spheres, rods, lamellae and vesicles in aqueous solution, while

the fifth consists of simple reverse micelle-like aggregates in organic solvents. The sixth

is new and consists of large spheres in aqueous solution which have hydrophilic surfaces,

and are filled with the reverse micelle-like aggregates. In addition to these six different

morphologies, a needle-like soHel, which is highly birefringent, was obtained by drying

aqueous solutions of the spherical micelles of the block copolymers. This range of

morphologies is unprecedented for block copolymer systems.

4.2. RESULTS AND DISCUSSION

The polymers used in this studyare diblocks ofpolystyrene (PS) and poly(acrylic

acid) (PAA), which we synthesized by anionic polymerization as described before. 10 The

polydispersity indices of the copolymers, estimated by gel penneation chromatography,
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were between 1.04 to 1.05. To prepare the colloidal aqueous solutions, deionized water at

a rate of 1 drop every lOs was added with vigorous stirring to a solution of the

copolymer (2 wt.%, 10 ml) in N,N-dimethylformamide (DMF). Addition of water was

continued until 25 wt.% of water had been added. The quality of the solvent for the PS

block worsened as the addition of water progressed. Micellization occurred when the

water content reached ca 5 wt.%. The resulting solution was placed in a dialysis bag

(SpectraIPor; molecular weight MW eut-off of 8000) and dialyzed against distilled water

for 4 days to remove DMF. Transmission electron microscopy (TEM) was perfonned

with a Phillips EM410 microscope operating at an acceleration voltage of80 kV. 11

Several of the morphologies described here (with the exception of the vesic1es)

resemble micelles; however, they should be referred to as micelle-like aggregates (m/as)

because, after preparation under equilibrium conditions and subsequent isolation in water,

they are no longer in thermodynamic equilibrium; once the organic solvent is removed,

the PS cores are below their glass transition temperature, Tg. However, much of the block

copolymer literature refers to the non-equilibrium block copolymer m/as as micelles, in

recognition of the structural similarities to equilibrium micel1ar associates. This

convention is adopted in this report. The name "crew-cut" 12,13 was suggested for the

system under study because the length of the corona-forming black (PAA) of the

aggregates is very short compared to that of the core-fonning block (PS). The

compositions of the blocks are indicated by x-b-y, where x is the number of styrene units

and y is the number of acrylic acid units in the chain.

Figure 4.1 shows the four morphologies of the aggregates prepared from block

copolymers of different compositions that contain the same polystyrene block. The least

as)'iMletric diblock copolymer (2DO-b-21) gives spherical micelles of low polydispersity

(Figure 4.1-A). They consist ofa PS core (26 nm average diameter) with the surface covered

by the PAA chains forming the corona This is the most common morphology reported

for block copolymer micelles in which, in contrast with the present system, the corona is
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Figure 4.1. Multiple morphologies of the crew-cut aggregates from block copolymers of

(A) 200-b-21, (B) 200-b-15, (C) 200-b-8, and (0) 200-b-4.
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normally larger than the core. Very recently, the preparation of spherical "crew-cut"

micelles of the type encountered here but made from polystyrene-b-poly(4­

vinylpyridinium methyl iodide) was reported. 13 As the PAA black length decreases ta 15

(200-b-15), the morphology changes from spherical to rod-like (23 nm in diameter)

(Figure 4.1-8). The morphology changes again from rod-like to vesicular (Figure 4.1-C)

when the PAA black length decreases still further (200-b-8). The vesicular nature is

evidenced frOID a higher transmission in the center of the aggregates than around their

periphery, coupled with height measurements (from shadowing) which show the

aggregates to he spherical. The sizes of the vesicles are quite polydisperse, with diameters

up ta 100 nID. However, the PS wall thickness of the vesicles is very unifonn (18 ± 2

nm). Finally, Figure 4.1-D shows the micelles from the block copolymer with the shortest

PAA block length (200-b-4). These micelles are spherical, solid, highly polydisperse and

contain sorne very large specimens (up to 1200 Dm diameter in this image). A micrograph

of a section of one of the smaller spheres, along with a schematic picture (Figure 4.2),

shows that the sphere has an internai structure similar to that of black copolymers cast

from a solution in a solvent in which the blocks fonn reverse micelles, with the polar

cores on the inside and the styrene in the corona 2 These inverse micelles are, in

principle, the phase-inverted versions of the aqueous crew-cut micelles. Such reverse

micelles in salt fonn are soluble in a range of organic solvents and retain their identity in

solution indefinitely at room temperature. 14 Because this block ionomer reverse micelle

morphology has been explored extensively in bulk and in solution, 14,15 it will not be

described further. The large spheres with hydrophilic surfaces, which makes them stable

in aqueous solution, however, are new. Note that the schematic shows a superficial

resemblance to a mammalian cell, as weIl as to the structure of high im9act polystyrene

(HIPS).16

Examination ofmicrographs of the aggregates in the range ofcompositions that give

vesicles oceasionally reveals lamellar micelles. An example is shoW!' in Figure 4.3 for the

black copolymer 410-b-16. The thickness of the lamella (24 nm) is of the same arder as the

wall thickness of the vesicles (22 nm), as evidenced from the length ofthe shadowed region.
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lOOnm

B

PAAchain
~incorona

PS chains

Core of
reverse micelle
(PAA chains)

Figure 4.2. (A) The internai morphology of the large complex micelle made from the

block copolymer (200-b-4) in Figure 4.1-D. The elongation of the particle shape in one

direction is probably caused by the strong shear forces during microtoming. (B) A

schematic structure of the large complex micelle filled with bulk reverse micelles.
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100nm

Figure 4.3. The morphologies of the aggregates made from the diblock copolymer 4l0-b­

16. One lamellar micelle can be seen among the vesicles. The lamellar nature is

evidenced by the unifonnity of the light intensity over the entire feature. The wall

thickness of the vesicles and the thickness of the larnellar micelle are consistent (22

versus. 24 nm). The arrow indicates he direction of shadowing.
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Although the existence of vesicles made of block copolymers in low molecular

weight solvents has been postulated individually on the basis of indirect evidence, 9 these

structures have been observed directly by electron microscopy. Furthermore, we are not

aware of any method ofpreparing glassy CTg :::: 1000 e) vesicles of this type (that is, size,

wall thickness, and composition) by techniques other than that described here. The

preparation of all of the morphologies (except the lamellae) is very reproducible.

Furthennore, depending on the soluble chain length, the same morphologies can be

observed for block copolymer series with different PS chain lengths. The boundaries, in

terms of percent by mole of PAA block content between the different morphological

regions, do not appear to change with PS block length for the samples we have studied.

For blends ofpoly(styrene-b-butadiene) diblocks with homopolystyrene (in which

the butadiene forms the discontinuous phase), Kinning et al. 4 reported that the

morphology can change from spherical to cylindrical and eventually to vesicular, by

increasing either the insoluble butadiene block content in the block copolymer or the

homopolystyrene molecular weight. By extrapolating the reported trends, nonspherical

morphologies of block copolymer aggregates can be expected in low molecular weight

solvents ooly if the soluble block of the copolymer is very short, with the long block

remaining insoluble. However, for these very short block lengths, differential solubility in

non-aqueous block copolymer systems may be very difficult to achieve. Furthermore,

even if it is achieved, the isolation of the aggregates ioto a fonn in which they can be

stabilized and dried may be even more difficult. Therefore, it has not been possible to

make stable block copolymer vesicles (which can he isolated and dried), either in water or

in other small molecule solvents. In the present system, however, it is possible ta do so

because of the large difference in the solubilities of the hydrophilic and hydrophobie

blocks. Once formed in their various morphologies at equilibrium, the aggregates can be

deswelled in water, which makes them very stable because of the strong interactions

between the acidic or ionic aqueous corona-forming PAA blacks and the water. Also, at
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room temperature, the deswelled cores are probably weB below the Tg of bulk

polystyrene.

Thermodynamically, the present system in aqueous solution is not an equilibrium

system. However, the multiple morphologies, as weB as the dimensions, are a result of a

thennodynamic equilibrium which prevailed while the equilibrium micelles or vesicles

were being formed in DMF at low water contents during water addition. The different

morphologies are thus a manifestation of the theffilodynamics during the aggregation

process. During aggregation, the cores (styrene rich regions) would be expected to be

swollen by a DMF-rich solvent mixture. As the solvent is removed from the swollen PS

cores during the addition of water and the subsequent dialysis, the cores pass the glass

transition at room temperature, at which point the core structures become locked. In view

of the above, it seems reasonable to think that the morphologies and dimensions seen in

Figure 4.1 are directly related to those of the swollen cores in the equilibrium state,

although they are obviously not identical.

In the block copolymer micelles, the major contributions to the thermodynamics

of aggregation are considered to originate mainly from three sources, namely, the core,

the interaction between the corona and the solvent, and the core-solvent interface. 7

Among these, the contribution of the core, which is influenced by a number of factors,

may be the most variable, considering the range of core dimensions and morphologies

seen here. The PS chains in the spherical core are stretched in the radial direction

compared with their dimensions in the unperturbed state. The degree of stretching is

probably proportionaI to the radius of the micelle core. Therefore, from the dimensions of

the various structures in Figure 4.1, it is of interest to estimate how the degree of the

stretching of the core-fonning PS chains (in the unswollen state) changes as the

morphologies change. The stretching of the PS chains is greatest in the spherical micelles

(the ratio of the core radius to the chain end-to-end distance in the unperturbed state being

1.4); the stretching decreases as the shape changes from sphericaI to rod-like (ratio =
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1.25), and decreases still further as vesicles or lamellae are fonned (ratio = 1.0). These

ratios are expected to be related to a comparable stretching parameter while the micelles

are fonned under equilibrium conditions. It has been found experimentally, 17 and also

suggested on theoretical grounds, 18 that the radius of the spherical core increases with a

decrease of the corona-fonning block length at a constant PS block length, implying a

corresponding increase of the degree of stretching of the PS block. Because the stretching

results in a decrease in the entropy of the PS chains in the micelle core, it cannot continue

indefmitely as the soluble block (PAA) length decreases. At sorne point, the system

becomes unstable. 18 This might explain qualitatively the behavior of the present system.

Beyond a certain degree of stretching, the morphology changes tirst from spherical ta

rod-like, and eventually to lamellar or vesicular, presumably to reduce the

thermodynamic stretehing penalty.

It is of interest to study theoretically the relations between structural parameters

ofblock copolymer micelles, 7,18,19 the transition between the different morphologies 20

and the molecular characteristics of the constituent block copolymers. The present system

can serve as an experimental reference point for these studies because all of the

transitions have been identified. From a practical point of view, it is anticipated tha~

because of the size and the degree of control which can be exercised over the organic

core, the crew-cut micelles may adsorb or release organic chemicals (such as drugs) from

or into aqueous solutions with a range of rates. They may thus be useful in the treatment

of waste water, or serve as controlled delivery vehicles for hydrophobic drugs. In

connection with the latter, the large spheres filled with inverse micelles might be most

interesting. They are hydrophilic; however, depending on the composition of the long

block, they might be expected to break down into their constituent reverse micelles in a

hydrophobie environment, such as in lipids, thus providing a possible targeting

mechanism. The intravesicular cavities might aIso be useful in drug delivery. Finally, the

formation of vesicles and especially of the large complex micelles which have a
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superficial resemblance to cells~ not only in appearance but also in size~ may be of sorne

interest in the life sciences~ since hydrophilic regions fonn in a hydrophobie matrix

whieh, in tum~ is surrounded by a hydrophilic surface.

In addition to the six morphologies deseribed above, we have aIso prepared a

needle-like soli~ whieh forms at the glass-air interface when a solution of the spherieal

micelles is dried. An optical rnicrograph (Figure 4.4-A) of the appearance of the crack

pattern in the dried layer shows that the arrangement of these features is very regular.

Soaking the cracked film in water results in a desorption of the needles~ which are now

highly birefringent (Figure 4.4-8). The frrst-order birefringence colors (yellow and blue)

can be observed by using a first-order red plate, which indicates that the needles have

either a strained or ordered structure, possibly similar to that encountered in crystals. An

important aspect here is that the repeat unit is a large micelle ball, which is several tens

of nanometers in diameter. Although, both latex particles and block copolymer micelles

in solution show a tendeney to order into erystal-like structures in certain ranges of

temperature and concentration, 21 we are not aware any micelle or latex systems which

spontaneously forms macroscopic needles on drying.
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200 IJm

Figure 4.4. The needle-like solid formed by drying an aqueous solutions of the spherical

micelles of the l80-b-28 diblock copolymer at 60 oC. (A) An optical micrograph shows

the crack pattern which fonus the needles. The arrows indicate the dimension of a single

needle. (B) An optical micrograph (taken using crossed polarized light) of the needles

after soaking in water.
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ABSTRACT

Crew-cut micelle-like aggregates of various morphologies prepared trom

polystyrene-b-poly(acrylic acid), PS-b-PAA, diblock copolymers under near-equilibrium

conditions, were studied by transmission electron microscopy (TEM). The insoluble

block (PS) contents in the copolymers ranged from 80 ta 98 wt. %. In spherical micelles,

the micelle cores, formed by aggregation of the PS blacks, were generally monodisperse.

A comparison between star and crew-cut micelles showed that the latter are distinguished

by a low density of corona chains on the core surface, and a low degree of stretching of

the PS blacks in the cores. As the PAA content in black copolymer decreased, the

morphology of the aggregates changed progressively from spheres to cylinders, to

bilayers (both vesicles and lamel1ae), and eventually ta compound micelles consisting of

an assembly of inverted micelles surrounded by a hydrophilic surface. The compound

micelles are believed to he a new morphology for block copolymers. The addition of

homopolystyrene ta the diblocks changed the morphologies from bilayers or cylinders to

spheres. The present system provides the tirst instance in which all these multiple

aggregate morphologies have been observed directly in black copolymers in a low

molecular weight solvent with changing copolymer composition. It is believed that this is

the only way sa far to prepare stable nanosize glassy vesicles ofblock copolymers which

fonn spontaneously, and can he isolated in water and studied directIy by electron

microscopy.
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5.1. INTRODUCTION

It has been known for Many years that when diblock copolymers are dissolved in

a solvent which is selective for one of the blocks, colloidal size aggregates or micelles

can form as a result of the association of the insoluble blocks. l-3 Depending on the

composition of the block copolymers, the polarity of the solvent, and the relative

solubilities of the blocks in the solvent, the materials can form regular micelle-like

aggregates (in aqueous media), which have a hydrophobic core and a hydrophilic

corona,4-9 or aggregates resembling reverse micelles lO-12 when the amphiphilic block

copolymers are dissolved in a solvent of low polarity. Because of the range of relative

block lengths of most of the block copolymer systems which have been studied to date,

either as regular or as reverse micelles, the aggregates have a core which is much smaller

than the corona; such assemblies are sometimes referred to as star micelles. Micelles of

another kind, namely crew-cut micelles, have been receiving attention ooly recently.l3-l5

The concept of crew-cut micelles was proposed by Halperin et al,16 based on an earlier

theoretical study ofde Gennes. 17 Crew-cut micelles are characterized by a bulky core and

a relatively short corona

In block copolymer solutions, micelle-like aggregates of spherical geometry have

been identified in Many studies.1-1S The structure of a spherical micelle consists of a core

of radius Rcore, formed by the aggregated insoluble blocks of the copolymers, surrounded

by a spherical corona shell formed by the soluble blocks. The aggregates take on this

spherical geometry in a very broad range of the compositions of the block copolymer.

Non-spherical micelles in solutions of block copolymers have been observed only

rarely, and mostly indirectly.7,14,18-26 On the basis of light scattering studies, it was

reported that rod-like or cylindrical micelles existed in systems of polystyrene-b­

poly(methyl Methacrylate) in mixed solvents l8 and polystyrene-b-poly(4-vinylpyridine)

in dilute solution,23 depending on the block copolymer composition. Synchrotron SAXS

measurements on solutions of polystyrene-b-polyisoprene in aniline suggested that

vesicles were very probably formed as the content of the soluble polystyrene (PS) block
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decreased.20 Very recently, studies of crew-cut micelles from an asymmetric black

copolymer, in mixed selective solvents for the short block, also suggested the possible

existence of block copolymer vesicles, although that possibility was discounted on the

basis of other evidence.l4 The existence of wonn-like micelles 19 and of platelet

aggregates with copolymer cylinders extending from the edges22 has been proved by

direct TEM observation. AIso, regions of stability of spherical and cylindrical micelles in

poly(ethylene oxide)-b-poly(propylene oxide) triblocks were identified by SAXS and

other indirect methods.25•26

The existence of various morphologies in block copolymers in bulk has been

known for many years. Originally, the three most common morphologies were spherical,

cylindrical and planar/lamellar, depending on the block copolymer composition.27,28

Later, a new one, the ordered bi-continuous double diamond or gyroid morphology, was

added.29-32 Multiple morphologies have aIso been observed m block

copolymerlhomopolymer blends in bulk.33•34 Depending on the compositions of the

block copolymers and the molecular weight of the homopolymer, the aggregates of

copolymers can be spherical, cylindrical, lamellar and vesicular. Three morphologies

(starfish, rod, and planar) adopted by two dimensional or surface aggregates were

observed in polystyrene/decylated poly(vinylpyridinium) block polyelectrolytes within

well-defined composition ranges.35,36 Very recently, three different morphologies, i.e.

sphere, rod, and vesicle, have been observed in a polystyrene amphiphilic dendrimer

system.37 Furthermore, it is well-known that small Molecule amphiphile surfactant

systems fonn self-assembled aggregates ofmultiple morphologies.38-41

To our knowledge, multiple morphologies of block copolymer aggregates, i.e.

spheres, rods and vesicles or lamellae, have not been observed for the same block

copolymer family in solvents of low molecular weight. In a very recent preliminary

report,42 we described the preparation and observation of various morphologies of

aggregates made from the diblock copolymers of polystyrene-b-poly(acrylic acid), PS-b­

PAA. Aggregates of severa! different morphologies were prepared in a low molecular
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weight solvent system frOID the black copolymers of the same type differing only in the

relative block lengths. Four of these morphologies are spheres, rods, lamellae and

vesicles in aqueous solution. The fifth is new and consists of large spheres in aqueous

solution which have hydrophilic surfaces of PAA blacks, and are filled with reverse

micelle-like aggregates of the copolymers. Regular reverse micelles would, of course,

exist in solvents of low polarity. The PS-b-PAA system in aqueous solution is believed to

provide the fIfSt instance in which the existence of all of these aggregates formed from

the same block copolymer family in low molecular weight solvents has been proven by

direct electron microscope observation. In that report, the preparation of a needle-like

solid, which was obtained by drying an aqueous solution of the spherical crew-cut

micelles, and which is highly birefringent after soaking in water, was also described.

In this chapter, we present the detailed experimental results concerning the

general preparation of the "crew-cut" aggregates and the formation of the various

morphologies of the diblock copolymers of polystyrene-b-poly(acrylic acid) in low

molecular weight solvents. In particular, we report on a range of characteristics of the

aggregates and their dependence on the compositions of the block copolymers, as weIl as

on the effect of added homopolystyrene on the morphologies of the aggregates. Finally, a

possible mechanism underlying the formation of the different morphologies is discussed.

5.2. EXPERIMENTAL SECTION

5.2.1. Synthesis of the Block Copolymen.

The polystyrene-b-poly(tert-butyl-acrylate) diblock copolymers were synthesized

by sequential anionic polymerization of styrene monomer followed by tert-butyl-acrylate

(t-BuA) monomer. sec-Butyllithium was used as an initiator. Styrene, a-methylstyrene,

and t-BuA monomers were pre-dried ovemight using calcium hydride (CaH2), distilled

under vacuum, and stored under nitrogen at -20 oC. Before polymerization, styrene was

treated with fluorenyllithium for 15 min and distilled under vacuum (mechanical pump).

t-BuA was diluted with toluene and then treated with 10% triethylaluminum solution in

hexane until a persistent greenish-yellow color was observed; then, it was distilled under
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vacuum prior to polymerization. The polymerization was carried out in tetrahydrofuran

(THF) at -78°C under nitrogen gas. a-Methylstyrene was used as the end-capping agent

for the polystyryllithium anion. A 5 to 10 fold excess of LiCI relative to the number of

the living anionic chains was added to serve as a stabilizer for the poly(tert-butyl­

acrylate) living end. After the polystyrene block was fonned, an aliquot of the reaction

medium was withdrawn to obtain a sample of the homopolystyrene for characterization.

After the PS was polymerized and end-capped with a-Methylstyrene, a series of diblocks

with that polystyrene black length was obtained by withdrawing aliquots of the reaction

mixtures after each t-SuA monomer addition. A more detailed description of the

procedures cao be found elsewhere.43

Gel Permeation Chromatography (GPC) was used to measure the degree of

polymerization and the polydispersity of the polymers. AlI the homopolystyrenes and

their diblock copolymers in the fonn of t-butyl-acrylate gave one narrow GPC peak. The

degree ofpolymerization of the poly(t-butyl-acrylate) block was measured by FTIR.43

S.2.2. Hydrolysis.

The poly(t-butyl-acrylate) block in the block copolymers was hydrolyzed to its

acid fOml, poly(acrylic acid), by using p-toluene sulfonic acid as the catalyst (10 mol%

relative to the t-butyl acrylate content). For this procedure, the copolymers were dissolved

in toluene, and the solutions were heated at reflux (110 OC) overnight. Finally, after

cooling, the block copolymers were precipitated into methanol, washed with methanol

severa! times, and dried ovemight under vacuum at 60 oC. FTIR studies43 showed that

the hydrolysis was essentially complete. The polymers are identified by the notation used

previously, i.e. PS(180) is homopolystyrene with 180 repeat units (number average). The

diblock copolymer samples are denoted as x-b-y, where x and y represent the degrees of

polymerization of the PS block and the PAA block, respectively. For example, 200-b-4

represents a diblock copolymer containing 200 styrene repeat units and 4 acrylic acid

repeat units (number average). The homopolystyrenes and the block copolymers used in

this study, along with their molecular characteristics, are given in Table 5.1.
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Table 5.1. Molecular characteristics ofhomopolystyrene and ofpolystyrene-b­

poly(acrylic acid) diblock copolymers.

PS-b-PAAa MwlMnb PS-b-PAAa MwlMnb

170-b-33 1.08 SOO-b-58 1.04

180-b-15 1.05 630-b-18 1.05

180-b-28 1.05 70S-b-22 1.05

200-b-4 1.05 740-b-55 1.09

200-b-S 1.05 740-b-lS0 1.09

200-b-15 1.05 1140-b-165 1.06

200-b-21 1.05 1400-b-120 1.08

390-b-41 1.06 1400-b-306 1.10

390-b-79 1.07 PS(38) 1.08

410-b-16 1.06 PS(l80) 1.05

410-b-46 1.06 PS(500) 1.04

a. Degree of polymerization of the polystyrene from SEC measurements. Poly(acrylic

acid) chain length determined by FTIR..43

b Polydispersity index, measured by SEC, of the whole diblock copolymer in the form

ofPS-b-P-t-BuA, and of the homopolystyrene.
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5.2.3. Preparation of the Aqueous Solutions.

GeneraIly, star type micelles can be prepared directly by dissolving a highly

asymmetric block copolymer in a solvent selective for the long block. During the

dissolution of the block copolymers, the insoluble (short) blocks fonn the core while the

long blocks fonn the corona of the micelles. However, because the black copolymers in

the present study have a very large weight-fraction of polystyrene, it is impossible to

prepare stable solutions by direct dissolution of the block copolymer molecules in water.

Therefore, in order to prepare stable aqueous solutions, the diblock copolymers were frrst

dissolved in N,N-dimethylfonnamide (DMF), which is a common solvent for both

polystyrene and poly(acrylic acid) blocks. Subsequently, deionized water was added to

the polymerlDMF solutions (ca. la ml) at a rate of 1 drop every 5 - la seconds with

vigorous stirring. As the addition of water progressed, the quality of the solvent for the

PS block decreased gradually. The aggregations of the PS blocks of the copolymers, as

indicated by the appearance of turbidity in the solution, typically occurred when the water

content reached 3-6 wt.%, depending on the composition of the block copolymers. The

addition of water was continued until 25 wt.% ofwater had been added, i.e. weB after the

aggregations occurred. The resulting colloidal solutions were placed in dialysis bags and

dialyzed against distilled water to remove the DMF. In the present studies, the initial

polymer concentration in DMF (before the addition of water) was 2 wt.% unless specified

otherwise.

5.2.4. Transmission Electron Microscopy.

Transmission electron microscopy (TEM) was performed on a Phillips EM410

microscope operating at an acceleration voltage of80 kV. For the observations of the size

and distribution of the copolymer aggregates, samples were deposited from aqueous

solutions (about 0.5 mg/ml) onto copper EM grids, which had been pre-coated with a thin

film of Fonnvar (J.B.EM services Inc) and then coated with carbon. Water was allowed
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to evaporate from the grids at atmospheric pressure and room temperature. Finally, the

grids were shadowed with palladiumlplatinum alloy at a shadowing angle of about 33°.

The sizes of the copolymer aggregates were measured directly from prints of the

microscope negatives. For the observation of the internaI morphology of the compound

micelles, a powder sample of the compound micelles was embedded in epoxy resin

(Epon), and sections of about 60 nm thickness were obtained by microtoming the resin

sample at room temperature. In order to increase the contrast between the PAA and the

PS regions, the sections were stained with CsOH(aq), and washed with deionized water to

remove excess CsOH.

5.3. RESULTS AND DISCUSSION

The Results and Discussion section consists of six parts. In the tirst, TEM pictures

are presented which illustrate the multiple morphologies of the aggregates made from the

block copolymers of different compositions. In parts two and three, two characteristics of

the crew-cut aggregates are addressed, Le. the degree of stretching of the PS block in the

core region and the surface area per corona chain at the interface of the core/corona shell.

These two aspects are thought to be very important in controlling the fonnation of

aggregates. Part four deals with the effect of added homopolystyrene on the

morphologies; this is followed by a comparison of multiple morphologies in the present

system with those in other systems. Finally, in part six, sorne additional considerations of

the fonnation of the aggregates are presented.

When block copolymers are dissolved in a solvent selective for one of the blocks,

thennodynamic equilibrium may not be operative between the unimers and the

aggregates, especially if the glass transition temperature, Tg, of the core fonning blocks is

above room temperature. Under those circumstances, the structures should he ca1led

micelle-like aggregates (rn/as). This point is relevant to the present discussion. In the
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course of preparation of the aggregates in the present system~ the copolymers are uni­

molecular in the DMF before the addition of water. While deionized water is added to the

polymerlDl\1F solution, the solvent becomes progressively worse for the PS block. At a

certain water content, the PS blocks start to associate. It appears that there is a true

equilibrium between the aggregates and the copolymer unimers at that stage of the

aggregation. However, after the formation of the polymer aggregates aI!d subsequent

isolation into water, the structures of the aggregates become locked because the PS chains

are below their Tg. Thus, they are no longer in thermodynamic equilibrium. Because

several of the morphologies described here (with the exception of the vesicles) resemble

micelles, and much of the block copolymer literature refers to the non-equilibrium block

copolymer m/as as micelles, this convention is adopted in the present work aIso.

5.3.1. Varions Morphologies of the Crew-cut Aggregates.

5.3.1.1. Spherical MiceUes. The spherical morphology for crew-cut micelles has

been described recently for polystyrene-b-poly(4-vinylpyridinium methyl iodide) in

aqueous solutions13 and for poly(a-methystyrene)-b-poly(vinyl-p-phenethyl aIcohol) (pa

MS-b-PVPA) in a mixed solvent consisting of m-chlorobenzyl chloride and m­

chlorobenzyl aIcohol. 14 In present systems, the aqueous solutions of the micelles show a

pale blue color because of the sizes of the micelles (25 - 45 Dm, see below). The

aggregates are readily observable by TEM because of the high Tg of polystyrene, and

their sizes are measurable directly from the prints. Most of the block copolymers studied

to date yield spherical micelle-like aggregates. Very recently, we reported that the core

radii of these spherical micelles have a narrow size distribution. 15 The dimensions of the

core radii depend on the chain lengths ofboth the insoluble (core-fonning PS) block and

the soluble (corona-forming PAA) black, and scale in the manner afa power law: 15

(5.1)

119



-. 'i
'..

Chapter 5. Multiple Morphologies and Characteristics ofCrew-Cut Micelle-Li/ce Aggregates ofPS-b-PAA
Diblock Copo(vmers in Aqueous Solutions

where Rcore is the core radius, and Nps and NpAA are the degrees of polymerization of

the PS and the PAA blocks, respectively.

Figure 5.1 shows a micrograph of the spherical micelles of a typical sample of the

block copolymer, 500-b-58, along with a graph of the size distribution which yields an

average diameter of 30.3 nm with a standard deviation of 2.4 nm. The dotted line

represents a Gaussian fit with the same average diameter and standard deviation.

Because the corona-fonning block content in the copolymers is low, and because the

contrast in the electron density between the copolymer blocks is low, it is not possible to

distinguish the micelle corona layer from the core region. However, in view of the

composition, it is clear that the corona layer on the core surface must be very thin, and its

thickness can be calculated from the composition and the density. In this case, it is 0.3

nm. The observed particle size thus represents the core dimension to a very good

approximation. From the size distribution of the micelles, one can readily obtain the

average and the standard deviation of the core sizes, the polydispersity index of the

micelle molecular weight, etc. The values ofthese parameters are summarized in Table 5.2.

5.3.1.2. Rod-like Micelles. As the block length ratio ofPAA to PS decreases, it

is found that, below sorne value of the ratio, the block copolymers associate to form rod­

like micelles. Figure 5.2 shows one example for 180-b-15. Most of the micelles appear to

be bent rather than straight cylinders. AIso, the micrograph suggests a relatively narrow

size distribution of the cylindrical micelle diameters, but a widely variable length.

Hemispherical caps form at the cylinder ends. The cylindrical micelles are usually found

to coexist with aggregates of other morphologies. Preliminary results suggest that the

cylindrical micelles are formed only in a relatively narrow range of copolymer

compositions. Sorne characteristics of the cylindrical micelles are listed in Table 5.3. In

the calculations of the surface area per corona chain, the number-average diameters were

used, with the lengths of the cylindrical micelles assumed to be infinite.

120



Chapter 5. Multiple Morphologies and Charaeteristies ofCrel'f,'-Cur Micelle-Like Aggregates ofPS-b-PAA
Dib/ock Copo(vmers in Aqueous Solutions

20
B

16
en
~
ai
.~ 12
:i
~

0
.... 8
CD
.0
E
:::J
Z 4

24 27 30
Diameter (nm)

33 36

Figure S.1. (A): TEM picture of the spherical micelles from the block copolymer 500-b­

50; (B): The size distribution of the spherical micelles in (A); the dotted line represents a

Gaussian fit (average diameter: 30.3 nID and standard deviation: 2.4 nm).
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Table 5.2. Sorne characteristics of the spherical micelles.

PS-b-PAA PAA na s.d. b AC S d P.1. ec c

(rnol)% (nm) (±nm) (nm2) (MwlMn)

170-b-33 16.3 25 1.4 7 1.47 1.02

180-b-28 13.5 24 2.2 8 1.38 1.07

200-b-21 9.5 26 2.0 8 1.41 1.04

390-b-41 12.4 32 3.2 12 1.25 1.09

390-b-79 16.8 28 2.4 14 1.13 1.05

410-b-46 10.1 30 2.0 14 1.14 1.04

500-b-58 10.4 30 2.4 17 1.01 1.04

630-b-18 2.8 43 3.8 15 1.32 1.07

705-b-22 3.0 41 3.6 17 1.20 1.06

740-b-55 6.9 40 2.6 19 1.13 1.03

740-b-lS0 19.6 32 2.4 24 0.90 1.05

1140-b-165 12.6 40 2.2 30 0.91 1.03

1400-b-120 7.9 42 5.S 34 0.86 1.18

1400-b-306 17.9 3S 3.4 43 0.72 1.08

a. Number average diameter of the cores frOID TEM.

b. Standard deviation of the distribution of the core diameters.

c. Surface area per corona chain at the core/corona interface.

d. Degree of stretching of the PS blocks in the core, taken as a ratio of the core radius to

the end-to-end distance of the PS block in the unperturhed state, (6.76 Nps)O.S/, where

Nps is the degree ofpolymerization ofPS chain, and 1is the length ofstyrene monomer.

e. Polydispersity index of the micelle molecular weight.
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Figure 5.2. TEM picture of the rod-like micelles from the black copolymer 180-b-15.
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Table 5.3. Sorne characteristics of the rod-like micelles and the bilayer Aggregates

of the black copolymers.

Cylinder diameter

PS-b-PAA PAA Morphology or wall thicknessa A b S cc c

(mol)% (nm) (nm2)

180-b-14 7.2 rods 23 5.2 1.32

200-b-15 7.0 rods 23 5.S 1.26

410-b-25 d 5.9 rods 36 7.5 1.39

200-b-S 3.8 vesicles 18 4.2 0.99

410-b-20 4.7 vesicles 22 6.3 0.83

410-b-16 3.8 vesicles 22 6.6 0.84

410-b-16 3.8 lamellae 24 5.7 0.91

a. Average diameter of the cylindrical micelles or wall thickness of the vesicles.

b. Surface area per corona chain at the core/corona interface.

c. Degree of stretching of the PS blocks; for the cylinder, it is defmed as a ratio of the

radius ta the end-ta-end distance of the PS black in the unperturbed state; for the

vesicle, half of the wall thickness is used.

d. The initial èopolymer concentration in DMF is 2.8 wt.%.
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5.3.1.3. Vesicles and LameUar Micelles. As the ratio of PAA ta PS block

lengths drops further, vesicular aggregates can fonn from the block copolymers. Figure

5.3 shows the morphology of the vesicular aggregates made by the black copolymer 410-

b-20. The vesicular nature is evidenced from a higher transmission in the center of the

aggregates than around their periphery, coupled with height measurements (from

shadowing) which show the aggregates ta be spherical. The overall sizes of vesicles are

found to be sensitive ta the initial copolymer concentration in D~. For example, the

vesicles, formed from 2 wt.% 410-b-20 copolymerlDrvIF solution, are quite unifonn

(Figure 5.3). For vesicles formed from 3 wt.% solution of this copolymer, the sizes are

very polydisperse (with the outer diameters ranging from 50 to 500 nm). However, the PS

wall thicknesses of the vesicles are very uniform and independent of the overall size of

the vesicles. Sorne structural properties of the vesicles are listed in Table 5.3. The wall

thickness of the vesic1es increases with the PS black length.

In examining micrographs of the aggregates in the range of compositions which

give vesicles, one also sees lamellar micelles on occasion. The lamellar nature is

evidenced by the unifonnity of the light intensity over the entire feature. From the

measurement of the length of the shadowed region, the thickness of the lamella is found

to be the same as the wall thickness of the vesicles in same picture. This is not surprising

because both vesicles and lamellae are bilayer aggregates.

Although it has been known for a long time that sorne small molecule surfactants

faon vesicles, the formation of black copolymer vesicles was suggested ooly rarely and

on the basis of indirect evidence. ln one case, it was reported20 that when poly(styrene-b­

isoprene), PS-b-PI, black copolymers were dissolved in aniline, the PI blocks associated

to forro aggregates. In an analysis of the small angle X-ray scattering experimental results

using different models, it was found that the vesicle model described the experimental

system much better than the spherical micelle model for the black copolymer with

relatively short PS block length. Very recently, static and dynamic light scattering has
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Figure S.3. TEM picture of the vesicles from the block copolymer 410-b-20.
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been used to study the system ofpoly(a-methystyrene)-b-poly(vinyl-p-phenethyl alcohol)

(PaMS-b-PVPA) in mixed selective solvents14. The block copolymer had a composition

of [paMS]/[pVPA] = 90/10 in molar masse When the solvent is selectively good for the

short block (PVPA), the copolymer formed crew-cut micellar aggregates. Because the

measured radius of gyration of the core part was much larger than expected, severa!

possible structures of the aggregates were suggested, including vesicles. However, the

authors pointed out that the vesicle structure, while possible, was mast unlikely for a

number of reasons. By contrast to the above reports, the copolymer vesicles in the present

study are observed directly and clearly by TEM. Thus, it is believed that this is the frrst

direct observation of the existence of glassy block copolymer vesicles prepared in

solution.

5.3.1.4. Compound Micelles. When the PAA block length becomes very

short, it is found that the solutions are extremely turbide Figure 5.4 shows the morphology

of the micelle-like aggregates (m/as) made from the block copolymer with the shortest

PAA block lengili (200-b-4). Tbese m/as are solid, highly polydisperse spheres. Because

of the very large size of sorne of these micelles, they are subject to settling due to gravity.

In order to study the internai morphology of these compound micelles, thin

sections of about 60 nm were prepared by microtomy at room temperature of specimens

embedded in epoxy resin. To increase the contrast between the PAA and the PS regions,

the sections were stained with CsOH(aq), and washed with deionized water to remove

excess esOH. A micrograph of a section of the spheres along with a schematic picture

(Figure 5.5) shows that the spheres have a structure similar ta that of the block

copolymers cast from a solution in a good solvent for the PS blocks, in which the blacks

fonn reverse rn/as with the polar cores on the inside and the styrene in the corona The

difference in the degrees of darkness of sorne of the ionic aggregates (reverse micelle

cores) is probably related to difference in the degree of neutralization as consequence of

differences in the distances of the aggregates from the surface of the cut. It is likely that

the carboxylate groups near the surface (close to the neutralization solution) May he more

completely neutralized than those in the interior. The outer surface of these large
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compound micelles is hydrophilic because of the presence of the short PAA chains. This

gives the micelles considerable stability~ and aIlows even those which have settled to the

bottom of the container to be resuspended. The micelles do not coalesce at room

temperature. We believe that this micellar morphology has not been reported before.

Figure 5.4. TEM picture of the compound micelles from the block copolymer 200-b-4.

128



-

.~
'-.

Chapter 5. l\tfu/tip/e Morph%gies and Characteristics ofCr~'-CutMicelle-Like Aggregates ofPS-b-PAA
Diblock Copo(vmers in Aqueous Solutions

PS chains

Core of reverse
micelle (PAA chains)

Figure S.S. (A): The internaI morphology of the large compound micelles in Figure 5.4.

The elongation of the particle shape in one direction is probably caused by the strong
shear forces during microtoming; (B): A schematic structure of the large compound

micelle filled with bulk reverse micelles. The different degree of darkness of the PAA
cores of the reverse micelles represents differences in the degrees of neutralization for
different distances from the neutralizing solution.
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5.3.2. PS Chain Extension in the Aggregates.

5.3.2.1. Spherical miceUes. For a compact micelle core.. sorne of the core­

fonning blocks must span the distance from the core/corona interface to the core center.

Therefore, it is of interest to see to what extent the PS chains in the spherical core are

stretched in the radial direction compared with their dimensions in the unperturbed state.

Because stretching results in a decrease of the entropy of the PS chains, this feature is

believed to be important during the formation of the aggregates since it most likely

influences the fmal morphologies.

Table 5.2 gives the values of the degree of stretching, which is expressed as the

ratio of the micelle core radius ta the PS chain end-to-end distance in the unperturbed

state. Clearly, not all chains are stretched to the same extent, but sorne must be. Because

the end-to-end distance of a polymer chain in the unperturbed state is proportional to

square root of the degree of polymerization, NpS 112, the degree of stretching, Sc, cao be

given by

(5.2)

It is easy to obtain the dependence of Sc on the composition of the copolymers by

inserting equation 5.1 into 5.2 as

(5.3)

...

It is clear that the degree of stretehing decreases as the PS and/or the PAA block lengths

increase. Equation 5.3 bas been used to fit the data of Sc in Table 5.2. A linear relation is,

indeed, fOWld between Sc and Nps-o.lNpAA-0.15, with a linear correlation coefficient of0.96.

The above considerations apply to micelles in aqueous solution. However, it has

ta be pointed out that, at the moment of the formation of the micelles, the cores are

expected to be swollen by the DMF rich solvent mixture. The degrees of stretching of the
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PS blocks at the onset of micellization are therefore higher than the corresponding values

given in Table 5.2. Since the micelle cores are totally deswelled in aqueous solutions, the

degrees of stretching of the PS blacks are decreased. These arguments may explain why

sorne values of the degree of stretching in Table 5.2 are less than unity.

The degree of stretching is proportional ta the dimension of the core region,

which, in turn, is determined by the aggregation number (Nagg). It has been found that

Nagg depends on the solvent quality for the blacks of the copolymers.23 Thus, it is

expected that the degree of the stretching should be related to the solvent quality during

micellization. At this point, it is useful to introduce the concept of the critical water

content (cwc), i.e. the water content at which micelles start ta fonn. At the cwc, PS blocks

of the copolymers begin ta associate reversibly to form micelles. A study of the phase

behavior of polymerlDMF/water systems has shown that the critical water content

decreases with increasing PS black length.44 This means that the copolymers with longer

PS blacks form aggregates at a lower water content than those with shorter blocks. From

a thermodynamic point of view, the micelles form at values of the X parameter which

decrease with increasing PS block length, since water is non-solvent for the PS blocks.

When the value of X parameter is relatively low, the core, at the onset of

micellization, would be expected ta be swollen ta a higher degree, which implies a lower

volume fraction of the PS blocks in the swollen core region. Given the PS block volume

fraction in the swollen core region, !Ps, and the radius of the swollen core, R'core' the

radius of the unswelled core in the aqueous solutions, R.core' can be given as

R -fi 1/3 R'core - PS . core (5.4)

-

Equation 5.4 shows that a lower volume fraction of the PS blacks will give a smaller core

size after the core becomes deswelled in aqueous solution. For the copolymer with shorter

PS chain length, the micellization occurs at a higher water content. The core is expected
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to be less swollen compared to that of the copolymers with longer PS chain lengths. A

higher polymer fraction in the swollen core will give a larger compact micelle core after

the micelles are isolated into aqueous solutions. This may expIain, in part, why the degree

of stretching of the PS black decreases with increasing PS black length.

5.3.2.2 Aggregates with Other morphologies. While the degree of PS chain

...

stretching in the spherical micelle cores is dependent on the composition of the

copolyrners, it is found that the degree of stretching decreases as the morphology changes

from sphere ta cylinder, and to vesicle. For example, the black copolyrners 200-b-21,

200-b-15 and 200-b-S have the same PS block, and yield, respectively, spherical micelles,

cylindrical micelles and vesicles. The degrees of stretching of PS chains are 1.41, 1.26

and 0.99. If the last two copolymers were to fonn spherical micelles, the stretching would

be expected to increase as PAA block length decreases. According ta equation 5.3, the

values of Sc would be 1.47 and 1.62, respectively (rather than 1.26 and 0.99). Thus, the

decrease of the degree of stretching accompanying the morphological transitions must be

related to the geometric shapes of the aggregates.

The discussion of the effect of aggregate geometIy on stretching can start from a

consideration of the balance between two relevant contributions to the free energy of

micellization, i.e. the surface tension between the core and the solvent, and the stretching

force of the PS blacks in the core. From a thennodynamic point of view, an increase of

the aggregation number is favored because it decreases the interface area between the

solvent and the aggregating blocks. For the case of spherical micelles, the core radius

Rcore has to increase in order ta increase the aggregation number. As a result, the degree

of stretching of the PS chains has to increase correspondingly, which IS

thermodynamically unfavorable. For the cylinder, however, the additional degree of

freedom along the axis allows many chains to be incorporated into the structure without

significant changes in their confonnation. The same applies to vesicles and lamallar

micelles. Another factor which affects the degree of the PS black stretching may be the
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interaction between the corona chains, i.e. the repulsion between the corona chains on the

surface of the core. This will be discussed in section 5.3.3.2.

5.3.3. Area Per Corona Chain al the Core/corona Interface.

It has been suggested that the area per corona chain on the core surface is an

important factor among those controlling the aggregation number and the structure of the

micelles.9•23 Obviously., a small surface area per corona chain means a lower interfacial

energy between the core and the solvent., but a stronger steric repulsion among the corona

chains. Thus, it is useful to know the relation between the density of the corona chains on

the surface of the core, the polymer compositio~ and the dimension of the PS core

region.

5.3.3.1. Spherical MiceUes. For spherical micelles in the present system., the

weil defmed micelle core sizes determined by TEM allow the calculation of the average

surface area per corona chain, Ac. Assuming that the micelle core is a compact sphere and

that the density of the polystyrene blocks in the core is homogeneous, Ac is given by

Nagg, in~ can be calculated as

3
Nagg = (4/3)1tRcore NsNps

(5.5)

(5.6)

where Vs is the volume per polystyrene repeat unit (0.167 nm3). A combination of

equations 5.5 and 5.6 yields the relationship between Ac and the core radius as

(5.7)

-
The calculated values of Ac are given in Table 5.2. For the present system, because Rcore

oc NpSOANpAA-O.1S, it can be shown that
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-
(5.8)

One cao see that Ac. increases with PS black length, and that for a constant PS black

length, the area also increases as PAA black length increases, although not as strongly.

Figure 5.6 shows a plot of the area per corona chain against the compositions of the

copolymers according to equation 5.8. The linear relationship is clear; the correlation

coefficient is 0.98.

For copolymers with a PS block of a constant length, equation 5.7 implies that the

Iarger the micelle core, the smaller the surface area per corona chain. Obviously, a small

Ac cao decrease the total surface energy of the micelle core. However, this will be

opposed by an increase of the defonnation energy of the PS blacks in the core and the

repulsive energy between the corona chams. Thus, the fmal value of Ac will be

detennined by the force balance among these factors. In the following sections, the

effects of the corona-forming and core-forming blocks on Ac will be discussed.

5.3.3.1.1. Effect of the Core-forming Block on Ac. In the micelle system

..

of polystyrene-b-poly(methacrylic acid) block copolymers in a mixed solvent of dioxane

and water, it was found that the values of the surface area per corona chain faIl in a

narrow range, \vhich was ascribed to the possible existence of an approximately constant

optimum value of that parameter.9 Furthermore, it was suggested that in micelle

formation, the interfacial tension between the core and the soIvent and the osmotic force

acting on the micelle-forming chains balance in a way that maintains a constant interface

area per chain.23 This is clearly not observed in the present crew-cut micelle system.

Equation 5.8 shows how the surface area per corona chain is dependent on the PS chain

length in this case. The dependence of Ac on the core-forming black can vary from

system ta system. However, whatever the dePendence of Ac on the insoluble black

length, equation 5.7 must hold. TItree cases cao be distinguished by considering different

degrees of stretching of the PS chains in the core.
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Figure 5.6. A plot of the surface area per corona chain at the interface of the core/corona

shell versus NpsO.6 NPAA0.15, where NpS and NPAA are the degrees ofpolymerization of

the PS and the PAA blocks, respectively. Open circles represent data from the spherical

micelles with added homopolystyrene (cf. section 5.3.4.3.)
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First, when the core fonning chain is fully extended, equation 5.7 predicts that the

value of Ac will become independent of the length of core fonning chain. An example

may be the spherical micelles of small molecule surfactants. In those systems, the surface

area per head group is mainly determined by the balance between the surface tension of

the micelle core and the repuision between head groups. Because of the very strong

surface tension of the core, the radius of the micelle core is aimost equal to the length of

hydrophobic chain in the fully extended state, which means that

R.core oc Ne (5.9)

where Ne is the number of carbon atoms in the hydrophobic chain. In practice, it has been

shown that the surface area per head-group depends rnainly on the nature of head-group,

and is almost independent on the hydrophobic chain length. Second, when the degree of

stretching of the core fonning block is high, but the chains are not fully extended,

equation 5.7 predicts that a weak dependence exists between A<; and the PS black length.

This was, indeed, found ta be the case for sorne star type micelle systems, where the

corona-fonning blacks are much longer than the core-fonning blocks, and the core­

forming blacks are highly stretched.23 ,45 Last, when the Rcore is related ta NPS by an

exponent which is much less than one, the value of A<; will become strongly dependent

on the PS block length. This is the case in the present system.

5.3.3.1.2. Effect of the Corona-forming Black on Ac. According ta equation

5.8, the surface area per corona chain is also dependent on the soluble black length

(Npw. One possible origin of this dependence may be the steric repulsion between the

corona chains, i.e. in cases where the structure of the micelles is mainly detennined by

the cooperation of the repulsion between the corona chains, the surface tension of the

micelle core and the defonnation (stretching) of the PS blacks in the core. Obviously, the

strength of the steric repulsion between the corona chains is related ta the chain density
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on the surtace of the micelle core. Thus~ it is essential to know the density of the corona

chains. In the studies of polymers adsorbed on solid surfaces~46.47 a dimensionless

parameter~ cr, has been used to describe the chain density on the surface. Sînce similarities

exist between grafted polymer chains on a solid surface and corona chains on the surface

ofa micelle core~ it is of interest ta use this pararneter ta explore the density of the corona

chains on the surface of the micelle core in relation to various moiecular parameters.

cr is defmed as the number of tenninally grafted chains (corona chains in the

present system) per unit area times a2~ where a is the length of the repeat unit (- 0.25 nm

for styrene). Thus, its value can be calculated from the equation

(5.10)

When the surface density of the corona chains is low, i.e. the coii domains of the corona

chains do not overlap, each chain occupies roughly a hemisphere of radius Rg (the radius

of gyration of the corona chain).46 The low cr region can then be àefined by

cr < a2/R 2g

or

Since in a good solvent

Rg ::; aNA3/5

(5.11)

(5.12)

(5.13)

where NA is the degree of polymerization of the corona block, the condition for low

surface density of the corona chains can he obtained by inserting equation 5.13 into

equation 5.12. This yields

(5.14)
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Equation 5.14 implies that as aNA6/5 becomes greater than 1, corona chains have to adopt

conformations which are extended in the direction perpendicular to the surface due to

stenc repulsion between the corona chains.

It is interest to calculate the values of aNA6/5 for the spherical micelles of the

present system. The results are given in Table 5.4. For comparison, the values of aNA6/5

for sorne other systems reported in literature are aiso calculated and given in Table 5.4. It

is found that the value of aNA6/5 depends on the composition of the copolymers, and

generally increases in proportion to the content (mol %) of the corona-forming blocks in

the copolymers. For the present system, the values of aNA6/5 fall in the range 0.2 to 1.4.

They are less than unity for most of the micelles, except for three samples with relatively

long PAA blocks, where aNA6/5 is slightly higher than unity. This indicates that the

surface density of the corona chains is low. It is notOO that the values ofaNA6/5 are aIso

low in the crew..cut micelles of polystyrene-b-poly(4-vinylpyridinium methyl iodide)

copolymers in aqueous solutions,13 as weIl as in the micelle system of polystyrene-b­

poly(methacrylic acid) copolymers in the mixed solvent of dioxane and water.9 However,

the values of aNA6/5 are very high for the micelles with relatively long corona-forming

blocks,23,45 irnplying that the densities of the corona chains are very high on the core

surface. In those systems with high surface densities of the corona, the chains are

expected to be highly expanded from the core because of the strong steric repulsion

between the corona chains. In the last two systems in Table 5.4, the core-forming blocks

were also found to be highly stretched. As a result, the surface areas per corona chain

showed a weak dependence on the lengths of both blacks of the copolymers. For the

present system, the steric repulsion between the corona chains is not strong because of the

low values of aNA6/5. Thus the value of Ac is mainly determined by the cooperation of

two factors, the interfacial tension between the core and the solvent and the force of

stretching of the core-forming blacks. As a result, Ac shows a weaker dependence on the

length of the corona-forming (PAA) black, but a stronger dependence on the length of the

core-forming (PS) black.
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Table 5.4. Density of corona chains on the surface of the core in several black

copolymer micelle systems.

Range of

Type of soluble black Range of

System Micelles Solvent content (mol%) aNA6/5 Ref.

PS-b-PAA crew-cut water 4 -20 0.2-1A Present

PS-b-P4VP.Mel crew-cut water 8 - 13 0.5 - 0.9 13a

PS-b-PMAA intermediate 80 % dioxane/ 20 - 53 0.6 - 2 gb

20 0A. water

PS-b-P4VP star toluene 70 - 85 13 - 20 23 c

PS-b-PACs star toluene 88 - 99 12 - 200 45d

a. Crew-cut micelles made from the polystyrene-b-poly(4-vinylpyridinium methyl iodide)

copolymers in aqueous solutions.

b. Micelles of polystyrene-b-poly(methacrylic acid) copolymers in 80 % dioxane and 20

% water mixture.

c. Micelles of polystyrene-b-poly(4-vinylpyridine) copolymers in toluene.

d. Micelles of polystyrene-b-poly(cesium acrylate) in toluene.
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5.3.3.2. Non-spherical Aggregates. It was shown above that for spherical

micelles, the surface area per corona chain (Ac) depends on the lengths ofboth the PS and

the PAA blocks. In this part, the values of Ac of non-spherical aggregates as well as their

relation to the dimensions of the PS regions will be discussed. It is noted that the values

of Ac for non-spherical aggregates are lower than those of the spherical micelles (cf

section 5.3.4.3.), and that Ac decreases as the morphology changes from spherical ta

cylindrical, and to vesicular (Tables 5.2 and 5.3). Since morphology changes occur when

the length (or content) of the PAA blacks decreases, one of the reasons for the decrease in

area can be a shortness of the PAA blacks in the cylindrical micelles and vesicles.

However, the geometric shapes of the different morphologies can also play an important

role. This is discussed below.

For an aggregate made frOID copolymers with a constant PS block lengili,

according to equations 5.5 and 5.6, the surface area per corona chain, Ac, is detennined

by the ratio of surface area to volume of an individual aggregate. An increase in the ratio

will increase the surface area per corona chain. For spherical micelles, Ac = 41tR2/Nagg;

since Nagg = (4/3)1tR3Nchain' Ac ex: 3/R. Similarly, for cylindrical and lamellar micelles,

Ac oc 21R and llR, respectively; in the latter case, R is half of the lamellar thickness.

Among these different structural aggregates, for a comparable dimension of the PS regic.n

(R), the spherical micelle gives the largest value of the surface to the volume ratio. The

ratios decrease for different morphologies in the arder of sphere, cylinder, vesicle and

lamella. This suggests that non-spherical aggregates will show a lower value of the

surface area per corona chain than spherical micelles. Certainly, for each morphology, the

value of Ac decreases as the dimension of the PS region (R) increases.

On the basis of discussion above, one can speculate on the dependence between

the surface area per corona! chain (Ac) and the degree of stretching of the core fonning

chain (Sc) for the different morphologies. One stans by considering an aggregate with the

PS dimension of R. For a spherical micelle, due to a larger surface ta volume ratio, and
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the consequently large exposure of the hydrophobic styrene surface to water. the micelle

tends to increase its core size, Rcore, thus decreasing the value of Ac" The increase of the

core size is mainly balanced by an increase of the degree of stretching of the PS blocks.

As a result, the PS blocks in the core will be more stretched. However, for non-spherical

aggregates, because of a lower surface to volume ratio, the steric repulsion between the

corona chains is increased. The increased stene repulsion will push the corona chains

away from each other, which is, in tum, mainly balanced by an increase of the surface

tension of the core. As a result, the aggregate will decrease û;e dimension of the PS block

region, for exarnple the wall thickness of the vesicles; the PS chains become more

relaxed, and their degree of stretching is decreased. This explains why the PS chains in

the spherical micelles are more stretched than that in the cylindrical micelles and the

bilayer aggregates (cfsection 5.3.2.2.).

5.3.4. Effects of Added Bomopolystyrene on the Morphologies.

It was shown above that the core radius of the spherical micelles depends on the

lengths of both the insoluble and the soluble blocks; moreover, as the content of soluble

block of the copolymers decreases, the morphology of the copolymer aggregates changes

from spheres to cylinders, to bilayers, and eventually to compound micelles. Since the

morphology changes as the PS black content in the copolymers increases, it is of interest

also to study of the effects of added homopolystyrene on the morphologies.

5.3.4.1. Relevant Published Studies. In order to understand the effect of

...
".

added homopolystyrene, it is useful review briefly sorne of the literature relevant to this

topie. Whitmore and Smith48 in a eombined theoretical and experimental study, reported

recently on temary mixtures of homo-polystyrene/polystyrene-b-poly(ethylene

oxide)/homo-poly(ethylene oxide), PS/PS-b-PEOIPEO. In that system, the major

component is the PS homopolymer, which forms the matrix, while the PEO blocks of the

copolymers form spherieal micelle cores which are swollen by the PEO homopolymer.
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That system is of interest because of its similarities to the present system. The authors

showed that the number of micelles per unit volume is controlled primarily by the

copolymer content. An increase of copolymer content in the mixture increases the

number density of micelles per unit volume. PEO homopolymer is solubilized essentiaBy

unifonnly in the micelle cores up to the solubility limit, which is directly proportional to

the existing volume fraction of the PEO blocks of the copolymer in the blends. In contrast

to the effect of increasing the copolymer content, the addition of PEO homopolymer only

sweBs the existing micelle cores but does not change their nurnber density or their

aggregation numbers. Within the limit of solubilization, all of the added PEO

homopolymer is solubilized. Therefore, the following relationship between the core radii

before (Ra) and after (R) the addition ofPEO homopolymer can be expected:

(5.15)

where <PhPEO and <PePEO are the volume fractions of PEO homopolymer and PEO blocks

of the copolymers in the micelle core, respectively.

It is believed 48that the solubilization of homopolymer into micelle core is due to

the entropy associated with the low homopolymer concentration localized within the

micelle core rather than the smaller volume associated with a separate homopolymer

phase in the core. The solubilization entropy is opposed by an increase in the stretching of

the core forming black as weB as the increase in the interfacial energy of the swollen

micelles. It was argued that if this were not the case, i.e. if the copolymer relaxed to a less

stretched conformation with the homopolymer accumulating towards the centers, the free

energy would be minimized by the formation of few very large domains. This would then

be a macrophase-separated system, with the surface decorated by copolymer acting as an

emulsifier.48 Characteristically for this case, the particles would be highly polydisperse.

The study of Whitmore and Smith48 is confined ta aggregates with cores of
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spherical shape. ln our case, we are dealing not oruy with sphericaI cores, but also with

cores of other shapes, i.e. cylinders and vesicles. Therefore, it would be very useful for

the present study ta benefit from an investigation of a paraUel system ta ours, i.e. a

system analogous ta that of Whitmore and Smith, but involving non-spherical aggregates.

Unfortunately, we are not aware of the existence of such a study. However, for binary

mixtures ofblock copolymers (A-b-B) and homopolymers (homo-A), or ternary mixtures

of A-b-B, homo-A and homo-B where the block copolymer is the major component, there

are a number of experimental49-S3 and theoreticaI54,55 studies, for exarnple, the swelling

polystyrene-b-polyisoprene (PS-b-PI) block copolymers by PS homop0lymer. When the

PS-b-PI capalymers form an altemating lamellar microdomain structure, two possible

extreme structures of the mixture can be encountered.50 In the flfSt case, the PS

homapolymer (homo-PS) is located in the PS microdomains of the copolymer. However,

the homo-PS chains are not unifannly distributed among the PS blacks, and tend to

aggregate in the central regions ofPS domains. In this case, the average distance between

the chemical junctions of PS-PI blocks is not affected at all by the solubilization of

homopolymer; the interfaces, on the other hand, move further apart. The other possible

extreme is represented by the case in which homo-PS is unifonnly distributed among the

PS blocks. The uniform solubilization willlead to a confonnational change of bath the

PS and PI blacks. The PS block will tend ta expand aIong the direction nonnaI to the

interface. AIso, the average distance between the chemical junctions of PS-PI blocks will

increase because of the incorporation of homo-PS chains into PS block micradomain. In

arder to maintain a constant density within the PI microdomain, the dimension of PI

micradomain will cantraet.

Experimentally,49-52 it was found that when the homo-PS content in the mixture

is relatively low, it is essentially distributed throughout the corresponding domains.

Although the conformational entropy decreases as a result of chain stretching due to the

solubilization of the homopolymer, this entropie penalty ean be compensated by the
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entropy gained from the mixing of the homo-PS and PS block chains. As the

homopolymer content in the mixture increases, the lateral expansion of the PS blocks will

reach its limit. Beyond that point, the addition of homopolymer induces asymmetric

swel1ing, Le. the homo-PS chains start to accumulate near the center of PS black

microdomain. Thus, the homopolymer concentration profile has a maximum in the center

of the PS layer. If the homopolymer content in the mixture increases further, swelling the

block copolymers by homopolymers May induce a morphology change of the

microdomains, even leading to the formation of an inverted phase. Morphology changes

or formation of inverted morphologies are mainly a result of the swelling of the minor

block of the copolymer to such an extent that its effective volume per chain is larger than

that of the unswollen major block of the copolymer.53

5.3.4.2. Spherical Crew-cut Micelles. On the basis of information above,

-

one can explore the behavior of added homopolystyrene in the present system. To

incorporate homopolystyrene into the spherical micelle cores, homo-PS was dissolved in

the copolymerlDMF solutions before the addition of water. During micellization of the

copolymers, the homo-PS solubilized into the micelle core. It was found that the

solubilization depends on a number of factors. Most importantly, the horno-PS should

have a higher value of the critical water content for precipitation than that of the block

copolymer. Otherwise, the homo-PS chains will precipitate tirst from the solution as the

water content increases, without becoming incorporated into the PS core of the

copolymer micelle.44

Upon addition of homopolystyrene, the block copolymers which fOnIl spherical

micelles without homo-PS, still yield spherical micelles. Sorne characteristics of the

swollen spherical micelles are given in Table 5.5. Taking the system of PS(500)-b­

PAA(58)/PS(l80) as an example, one can see that when the weight ratio of

homopolystyrene to copolymer is low « 10:90), the micelles are generally monodisperse

(standard deviation in the core radius: 6%). The core radius increases only slightly with
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the addition of homopolystyrene. As the ratio increases to 20:80, the increase of the core

radius becomes more pronounced, and the core size becomes more polydisperse (standard

deviation Il 0/0). When the ratio exceeds 30:10, the sizes of the micelles become even

more polydisperse and very large particles start to fonn in solutions (standard deviation

26 %). No morphological transitions are induced by the addition ofhomopolystyrene.

Table 5.5. Sorne characteristics of the spherical micelles with and without added

homopolystyrene.

Experimental Calculated Ac
Polymers Diameterb s.d. diameter c (nm2/per

PS-b-PAA & PS Composition (oro) (±nm) (nm) chain) Nagg

a

500-b-58 100: 0 30 2.4 30 11 160

SOO-b-58 & 180 95 : 5 30 2.3 30 18 152

500-b-58 & 180 90: 10 31 2.2 31 19 164

SOO-b-58 & 180 80: 20 36 3.8 32 17 231

SOO-b-58 & 180 70: 30 37 9.1 33 16 271

1140-b-165 100: 0 40 2.2 40 29 180

1140-b-165 & 500 90: 10 42 3.2 41 30 180

a. Weight ratio of the black copolymer to the homopolystyrene in the samples.

b. Measured micelle core size frOID TEM.

c. Calculated micelle core size (equation 5.15).
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It is of interest to compare the experimentally determined core radii with those

calculated from equation 5.15. One can see from Table 5.5 that when the weight ratio of

the homo-PS to the diblock copolymer is less than 10/90, the core radii from TEM are in

good agreement with the calculated values. The aggregation numbers remain aimast

constant. These suggest that most of the solubilized homo-PS chains are distributed

essentially uniformly in the micelle cores. As the ratio of the homo-PS to the copolymer

is increased to 20/S0, the experimentai core size is appreciably larger than that expected

frOID equation 5.15. The aggregation number is also increased. This implies that

progressively more homo-PS chains accumulate in the core center as the added

homopolYffier content is increased. The stretching entropy penalty for the PS blocks is

reduced as the homo-PS goes to the center. FinaIly, as the ratio of the homo-PS to the

copolymer is increased further to 30/70, very large particles are seeo. The very large

particles are, very probably, aggregates ofhomo-PS chains with the surface decorated by

the copolymers.

5.3.4.3. Non-spherical Crew-cut Aggregates. For the non-spherical

aggregates, it was found that the addition of homopolystyrene does change the

morphologies, in contrast to the behavior of the spherical micelles. Figure 5.7 shows that

the morphology changes from vesicles to spheres upon the addition of 5 wt.% PS(3S)

homopolystyrene to the 200-b-S diblock. The morphology aIso changes from cylinders to

spheres by the addition of 5 wt.% PS(38) homopolystyrene to the 180-b-14 diblock. The

characteristics of the aggregates before and after the addition of homo-PS are summarized

in Table 5.6. With the addition of homopolystyrene, the core dimensions of the resulting

spherical micelles increase considerably relative to the diameters or thicknesses of the

aggregates without added homopolystyrene; however, the polydispersity of the micelles

is stilliow. Because of the low content ofhomopolystyrene and the low polydispersity of

the core sizes of the resulting spherical micelles, it is thought that most of the homo-PS

chains are distributed essentially uniformly throughout the cores. Indeed, after the effect of
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Figure 5.7. The Morphologies of the aggregates fonned by the block copolymer

200-b~8, (A) without added homopolymer; (B) with 5 wt.% of added

homopolystyrene PS(38).
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Table 5.6. Sorne eharacteristics oforiginally non-spherical coPOlymer aggregates with and without added homopolystyrene.

Diameter or wall Calculated

Polymers Compositiona Morphology thickness from s.d. diameter ACc

PS-b-PAA & PS TEM(nm)b (±nm) (nm)c Scd (nm2
)

180-b-14 100 Rod 23 -- -- 1.32 5.2

180-b-14 & 38 9S: 5 Sphere 27 1.7 27 1.53 7.2

200-b-S 100 Vesicle 18 -- -- 0.99 4.2

200-b-8 & 38 95: 5 Sphere 33 2.8 31 1.79 6.4

410-b-16 100 Vesicle 22 -- -- 0.84 6.6

410-b-16 & 180 90: 10 Sphere 37 2.4 37 1.42 12

8. Weight ratio ofblock copolymer to homopolystyrene.

b. Diameter of cylindrical micelles or wall thiekness of vesicles.

e. Core diameter ealculated from the sealing relation Rcorc oc NpsO.4NpAA-O.15. The effeet of the addcd homopolystyrcnc

on the core size has been correeted by equation 5.15; the table gives Ro.

d. Degree of stretching of the PS blocks. Definitions are given in Tables 5.2 and 5.3.
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added homopolyrner on the core radius is corrected according to equation 5.15. it is found

that the corrected core radii, Ra, of the spherical micelles are in good agreement with the

values calculated by the scaling relation found for the present system, Rcore oc

Nps0.4NpAA-O.15 (equation 5.1). It should be noted that after the morphologies change

from non-spherical to sphericaI, the surface area per corona chain increases considerably,

implying that the surface area is mostly dependent on the conformation of the PS blocks

and the geometric shape of the aggregates, and not primarily on the length of the PAA

black itself. The surface area data for these spherical micelles are included in Figure 5.6

(open circles). It is clear that there is a linear relationship between the surface area and

NpsO.6NpAA0.15, as suggested in equation 5.8.

After the morphology changes frOID non-spherical to spherical, the increased

dimensions of the PS regions suggest that the degree of stretching of PS chain May be

increased. However, it is possible that the stretching of the PS blocks is not directly

related ta the dimensions of these partly filled spheres because of the possible slight

accumulation of some of the homopolystyrene chains in the core center. A small amount

of accumulated homopolystyrene cao have a major effect on the defonnation of the PS

blocks in the core region. This argument can be supported by considering, for example,

the mixture of 90 wt% 410-b-16 diblocks and 10 wt% PS(180) homopolystyrene. The

resulting spherical micelles have an average radius of 37 nm (Table 5.6). If all the added

homopolystyrene chains were distributed homogeneously in the core, sorne of PS blocks

of the copolymers would need to span the space from the surface to the center of the core.

The calculated degree of stretching of the PS block would be about 1.42. However, if

only 10% of the added homopolymer were ta accumulate in the core center and the rest ta

distribute homogeneously throughout the entire core region, the degree of the PS block

stretching would be reduced to 1.10. The detailed distribution in any particular case

would thus invalve a balance of the entropie contributions of homopolymer distribution

vs. chain stretching.
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One can speculate about the origin of the dependence of the morphological

transitions on the block copolymer composition. Without added homopolymer, as the

content of insoluble (PS) blocks in the copolymers decreases, the degree of stretching of

the PS block increases (cf equations 5.3); the change in morphology from spherical to

non-spherical can reduce the thermodynamic stretching penalty. With the addition of

homopolymer, the morphology change from non-sphericaI to spherical may be ascribed

to two possible aspects. One is the decreased degree of stretching of the PS blocks due to

the accumulation of a small amount of homopolystyrene in the center; another is the

entropy gained from mixing the homopolystyrene with the PS blocks in the cores.

5.3.5. Comparison of Multiple Morphologies to Those in Other Systems.

The main purpose of this section is to compare the present system to other

systems exhibiting multiple morphologies. As mentioned briefly in the introduction,

many examples of multiple morphologies have been observed in micro-phase separated

systems.27-41 The copolymerlhomopolymer blends and small molecule surfactants are of

particular interest here because of a range of similarities to the present system; most

importantly, both involve a low concentration of aggregating materiaI in a solvent or

homopolymer matrÎX.

5.3.5.1. Comparison with copolymerlbomopolymer blends. For the block

copolymerlhomopolymer blends, it was reported by Kinning et al33 that blending

poly(sryrene-butadiene) diblocks with a large amount of homopolystyrene results in the

formation of a micellar phase consisting of spherical domains of the butadiene blocks.

However, the morphology of the butadiene domains can change from spherical to

cylindrical and eventually to vesicular, by increasing the butadiene block content in the

block capolymers or the homopolystyrene molecular weight, or the volume fraction of

the black copolymer in the blends. The major difference between the blend systems and

micelle solutions of the present study is the size of the solvent Molecules. By

extrapolating the reparted trends for the styrene homopolymer ta the low molecular
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weight (i.e. solvent) region, multiple morphologies of black copolymer micelles can be

expected only if the block copolymer has a very short soluble block length, \vith the long

block remaining insoluble. This is consistent with the present results, since the

morphologically interesting regions occur only for small fractions of soluble blocks in the

copolymers. For a typical series of the block copolymers, e.g. 200-b-y, as the length of

the PAA (soluble) block decreases, the morphology of the fonned aggregates changes in

the order of sphere (200-b-21), cylinder (200-b-15), bilayers (vesicle and lamella) (200-b­

8), and the compound micelle (200-b-4).

While the morphology changes as the PAA black contents in the copolymers

decrease, it has been observed that the sphericai micelles exist in aImost all solutions, as

evidenced from their presence on a number of micrographs in which other morphologies

are dominant. This phenomenon was aIso found in the copolymer/homopolymer

blends.33 For the present system, the presence of sphericai micelles can be explained by

one of two possibilities. One may be that in the process of the addition of water to the

polymerlDill solution, boundaries of stabilities of various morphologies are being

crossed, depending on where exactly the region in the phase diagram for a particular

morphology was located for a specific run. The phase diagram in the present case is

obviously complicated by the multiplicity of factors, Le. the lengths of both the PS and

the PAA blocks, the water content in the DMF, and the total polymer concentration. AIl

of these factors influence the observed morphology. Thus, as water is added, sorne of the

micelles are precipitated, and the polymer concentration changes so that, at sorne point, a

morphological boundary may be crossed.44 In addition to the above, it should be borne in

mind that styrene hornopolymer is usually present in the copolymer, because with the

addition of tert-butyl-acrylate monomer during synthesis, sorne of homopolystyrene

chains may have been killed. The presence of homopolymer is known to affect the

morphology, as was shown in section 5.3.4. Thus, since the partitioning of hornopolymer

into copolymer may be dependent on the total polymer concentration and the water

content in Dill, it is entirely possible that the micelles that precipitated ftrSt in a
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particular run have a different homopolystyrene content than those prepared in the late

stages of the same run. Thus, it is conceivable that the spherical morphology due to the

presence of homopolymer may be favored either in the early or later stages of the

micellization nIn, depending on the relative solubility of the homopolymer in the block

copolymer as a function of the relevant parameters.

5.3.S.2. ComparisoD with small molecule surfactants. It has been known for

. i.

many years that aggregates with different morphologies can fonn in small molecule

surfactants systems.41 The fonnation of various morphologies is explained in tenns of a

dimensionless packing parameter, v/aolc' where an is the optimal surface area of the polar

head, and v and lc are the volume and the critical length of the hydrophobie part of the

surfactant molecule. The value of the parameter v/aolc determines the geometry of the

aggregates. For example, if v/aole 5 1/3, spherical structures are formed. As the value of

v/aolc increases, the morphology of the aggregates can change from spherical to

cylindrical, to vesicular and planar, and eventually ta inverted spherical.41 The critical

values of v/aole for different morphological transitions can easily be obtained by using,

for example, the micelle core radius, Rcore, instead of le in v/aolc.41 Because ao is found

experimentally to be dependent of the nature of the head group and almost independent

on the hydrophobie chain length, and le cao be estimated frOID semi-empirical equations,

the parameter v/aolc has been used to predict the morphologies of the aggregates

successfully. For example, most single-chain surfactants forro spherical micelles, while

most double-chain surfactants fonn bilayers because of a higher value of v/lc.

For the present system, the morphology changes as the length of the corona­

forming block decreases. Certainly, as the PAA black length decreases, the surface area

per corona chain aIse decreases. As a result, the value of v/acle will increase

correspondingly. However, this may not be the primary reason for the morphologicaI

changes from spherical ta non-spherical as can be seen by considering the balance arnong

a number of forces.
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For the micelles of small molecule surfactants, strong repulsion exists between

head groups. The surface area per head group is mainly detennined by the balance of

forces between head group repulsion and hydrophobie attraction of the core surface.

Changes in the stretching force of the hydrophobie chains is less important hecause the

chains are stretched already.

For the copolymer crew-cut micelles, the surface area per corona chain is largely

dependent on the confonnation of the insoluble block (PS) and the geometric shape of the

aggregates, not the length of PAA black itself. The repulsion between the corona chains

is relatively less important because the blocks are short and acidic. For example, the

vesicles fonned by the black copolymer 410-b-16 have an average surface area of 6.6

nm2/corona chain. However, with the addition of 10 % PS(180), the resulting spherical

micelles show an average surface area 12 nm2/corona chain (Table 5.6). It can he argued

that if the repulsion between corona chains were the primary factor which detennines the

value of the surface are~ one would not see sueh a big change in the surfaee area per

chain in going from one morphology to another. Coneeming the core regions, the

insoluble blacks are essentially random eoils, and are ooly stretched to a small extent

relative to the end-to-end distance in their unperturbed state. The degree of PS black

stretehing is a function of the length of PAA blocks. Thus, it is believed that the

geometric structures of the aggregates are mainly eontrolled by the balance of forces

between hydrophobie attraction (surface tension) and the stretching of chains in the core­

fonning block.

5.3.6. Additional Considerations of the Formation of the Aggregates.

5.3.6.1. Theoretical studies of spherical miceUes in the Iiterature. Theoretical

treatments of spherical block copolymer micelles, pioneered by de ùennes,17 have been

reported extensively in the literature.56-62 The main goals of these studies were to find

relations between structural parameters of the micelles and the molecular characteristics
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of the constituent black copolymers using a free energy minimization approach with

respect ta micel1ar structure parameters (i.e. the aggregation number or the micelle

radius)~ and then to compare the results of the calculations with the available

experimental results.

de Gennes l7 analyzed the fonnation of diblock copolymer micelles in selective

solvent by minimizing the free energy per molecule of an isolated micelle with respect to

the aggregation number. Within the framework of that treatment, the free energies of

fonnation of the micellar core-solvent interface and the free energy of stretching of the

core-forming blocks control the micellization behavior. On this basis, the treatrnent

predicts that the micelle core radius Rcore is related the molecular size NB of the core­

fonning block as R.core ex: NB213, when the interfacial energy is large, and as R.core oc

NB l/2 when the interfacial energy between the core surface and the solvent is low.

For the formation of diblock copolymer micelles in a homopolymer solvent

resulting from the minimization the total free energy of the whole system rather than the

free energy of an isolated micelle,56 Leibler et al found that for blocks that show weak

incompatibility, Rcore ex: NaO.53. The solvent compatible block was considered to have no

influence on the micellar characteristics. Later, a relationship between the core radius and

the copolymer compositio~ Rcore ex: NaŒ NA1, was obtained by Whitmore and

Noolandi58, where NB and NA represent the degrees of polymerization of the insoluble

and soluble blocks, respectively. In their study, qualitative agreement between

experiment and theory was obtained for the system of polystyrene-b-polybutadiene

copolymer micelles in polybutadiene homopolymers. Theoretical values for the

exponents lay in the range 0.67 5 a 5 0.76 and 0 5 Y~ 0.1, showing that the soluble

block had a relatively weak influence on the size of the micelle core.

Nagarajan and Ganesh61 fonnulated their theory of micellization of diblock

copolymer A-b-B in a solvent selective for A, on the basis of multicomponent solution

approach similar to that Leibler et al.56 The Gibbs energy change in terms of standard
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chemical potential was expressed on the basis of considerations of all relevant

physicochemical changes accompanying the transfer of a copolymer molecule from the

unimer state to a micelle. They predicted that the soluble block can exert a large influence

on the structure of the micelle, particularly in the case of copolymer molecules in which

the soluble block is in a good solvent. It was found that the core radius depended on the

copolymer composition in the manner Rcore oc NBnNA -y. The values of the exponents, n

and y, depended on the copolymer/solvent system. For polystyrene-b-polybutadiene

block copolymers in heptane, they found Rcore - NBo.70NA-O.OS ; for poly(oxyethylene)­

b-poly(oxypropylene) copolymers in water they found Rcore - NBO.73NA-O.17. The larger

dependence of Rcore on NA in the latter system was attributed to the fact that water is a

good solvent for poly(oxyethylene) under the conditions of the measurement.

5.3.6.2. Spherical Micelles. The present experimental data suggest that the

dependence of the core radius on the length of the insoluble block is weaker than that

predicted by the theories.57-61 The difference might be attributable ta the conditions

under which the micelles fonn. Generally, the theoretical predictions for the core radius

are obtained for a constant value of X. , the interaction parameter of the insoluble black

and solvent. However, in the present system, the micelles form and the structures "freeze"

at values of X. which decrease with increasing core-forming block length (cf section

5.3.2.1.).44 Since the aggregation number should also decrease with decreasing "1.., the

radius of the core should scale more weakly with the core-fonning black length than it

does at a fixed X..

Another reason which may explain the weaker dependence of the core size on the

length of the insoluble block can be the value of the surface tension of the core during

micellization. Originally, when the block copolymer, PS-b-PAA, is dissolved in D~,

the polymer disperses molecularly in the solvent. As water addition progresses, the

solvent becomes progressively worse for the PS blocks, until micel1ization starts at sorne

critical water content. The originally fonned micelle cores are probably highly swollen by
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a Dtv1F rich solvent. The interfacial energy between the core surface and the solvent must

be quite low. The low interfacial energy, which is associated with the process of the

micellization, is thought to be a very important parameter in the present system. A high

interfacial energy will force the micelle to increase its size in order to decrease the surface

area per corona chain, the increase in size being balanced by a higher degree of stretching

of the core forming block. Accordingly, a low interfacial energy system will result in a

weaker dependence of the core radius of the formed micelles on the length of the core­

forming black, as predicated by the theoretical study of de Gennes. 17 Finally, the stronger

dependence of the micelle core size on the corona-forming black may be ascribed to the

stronger interaction (compatibility) between the PAA block and the solvents, with the

influence of PAA block becoming relatively more prominent in the system of low

interfacial energy.

5.3.6.3. Non-spherical Micelles. While most of the theoretical studies on

block copolymer micellization focus on spherical micelle structures, sorne papers62-64

explored theoretically the fonnation of nonspherical micelles as weIl as the transition

between two different morphologies, e.g. from spherical to rod-like, in tenns of changes

of the molecular parameters of the polymers, such as the degrees ofpolymerization of the

component blacks of the copolymer and the size of the solvent molecules. Munch and

Gast62 considered the formation of lamellar micelles of block copolymer in solution. It

was found that the block copolymer will form lamellar domains in the composition region

where the core-fonning block is much longer than the corona-fonning block. Thus, the

lamellar micelles fonn at copolymer concentrations below the critical micellization

concentration found for spherical micelles. Studies aIso show a significant effect of the

size of the solvent molecules on the boundary for the formations of the lamellar and the

spherical micelles. Specifically, when the blocks of the copolymers are equal in length,

lamellar micelles are favored as the solvent size increases. Mayes and de la cruz63

studied cylindrical versus spherical micelle fonnation in block copolymerlhomopolymer
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blends. A trend toward cylinder fonnation was observed with increasing core-fonning

black fraction of the copolymers and increasing homopolymer (solvent) molecular

weight. By minimizing the total free energy of a system of micelles, it was found that

spherical micelles are precluded because of the higher critical micellization concentration

compared to that for cylindrical micelles. Nagarajan64 studied the shape transitions of

block copolymer aggregates. On the basis of model of an uniform deformation for the

copolymer blocks, changes in morphology progressively from sphere to cylinder~ and to

bilayer can be predicated as the insoluble block content increases. While the core

dimension of the preferred geometIy increases with increasing insoluble block content in

the copolymer, the core dimension is predicted to decrease discontinuously in parallel

with the morphology changes. This is qualitatively in agreement with the trend of

morphological changes as a function of the block copolymer composition found in the

present study.

The major contributions to the thermodynamics of the block copolymer

micellization are considered to originate mainly from three sources, i.e. micelle core, the

interaction between the corona and the solvent, and the core/corona interface. For the

crew-cut micelle system, the contribution of the micellar core and the interfacial tension

becomes more importan~ considering the very short corona block lengths.

Thermodynamically, large aggregates are limited for the spherical micelles by the

deformation energy of the core-forming blocks. Energy is needed to stretch the

copolymer chains from their unperturbed dimensions by confining them to a

characteristic micelle geometIy. Cylindrical and bilayer aggregates, however, allow more

chains to be incorporated into the structure without significant changes in chain

contiguration. Because of the low interfacial energy between the core and the solvent, the

stretching contribution to the free energy appears largely responsible for the transition

from spherical to non-spherical micelles. The present experimental results show that the

degree of stretching of the PS blocks decreases progressively .in parallel with changes of

the morphologies from sphere to cylinder and to vesicle.
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Because the morphological transitions occur in the composition regions of very

low fraction of soluble blocks in the copolymers, it seems likely that, for these very short

block lengths, the maintenance of differential solubility may be the crucial factor leading

to the formation of the various morphologies. In the present system, it is possible to

maintain differential solubility, even for the short blacks, because of the large difference

in solubility between the hydrophilic and the hydrophobie segments. Once formed, the

aggregates in their various morphologies can be deswelled in water, which makes them

very stable because of the strong interactions between the acidic or ionic aqueous corona­

fonning PAA blocks and water. AIso, at room temperature, the deswelled cores are weIl

below the glass transition temperature of bulk polystyrene. The latter feature is certainly

helpful, but not essential for stability.

5.4. CONCLUSIONS

Transmission electron microscopy was used to study crew-cut micelle-like

aggregates of polystyrene-b-poly(acrylic acid) (pS-b-PAA) block copolymers in low

molecular weight solvents. The aggregates were formed under conditions of near

thermodynamic equilibrium, and then isolated into water. Because of the large weight­

fraction of the PS blocks in the copolymers (from 80 to 98%), the aggregates are readily

observable by TEM and their dimensions are measurable from the prints directly.

For spherical micelles, it was found that the micelle cores are generally

monodisperse. A comparison between star and crew-cut micelles shows that the latter

structures are distinguished by a low density of corona chains on the core surface, and a

low degree of stretching of the PS chains in the cores. The core radius CRcore)' the surface

area per corona chain (Ac) and the degree of stretching of the PS blocks in the core (Sc)

depend on the copolymer compositions, and scale according to the following relations:

Rcore oc Nps0.4NpAA-O.15

Ac oc NpsO.6NpAA0.15

Sc oc NpS-O.1NpAA-O.15

These characteristics of the crew-cut micelles result mainly from effects of a low

158



Chapter 5. Multiple Morphologies and Characteristics ofCrew-Cut Micelle-Li/ce Aggregates ofPS-b-PAA
Diblock Copo(vmers in Aqueous Solutions

interfacial energy between the core region and the solvent during micellization, as weil as

the procedures used for the preparation of micelles, as a result of which the values of X.

decrease with increasing length of the core-forming black.

As the content of the soluble block (PAA) in the black copolymer decreases, the

morphology of the micelles (or aggregates) changes progressively from spheres to

cylinders, to bilayers (both vesicles and lamellae), and eventually to compound (inverted)

micelles with a hydrophilic surface. The compound micelle is believed to be a new

morphology formed by block copolymers in solution. The morphological transitions are

believed to be mainly due to changes of the degree of stretching of the PS blocks in the

core regions as the block copolymer composition changes.

Homopolystyrene can be solubilized in the core during micellization. The

homopolymer chains are generally distributed throughout the core when their content is

relatively low. As the content of added homopolystyrene increases, a trend of the

homopolymer accumulation in micelle core center can be inferred. The addition of

homopolystyrene changes the morphologies of the aggregates from bilayers or cylinders

to spheres. The change in morphology is ascribed mainly due to the reduced degree of

stretching of the PS blacks and possibly the mixing entropy, both of which are associated

with the solubilization of the homopolystyrene into the micelle cores.

While various morphologies of the micelles or aggregates of copolymers have

been observed in many other systems, it is believed that the present system provides the

tirst instance in which all these multiple aggregate morphologies, i.e. spheres, cylinders,

vesicles or lamellae, and large compound micelles, have been observed directly in block

copolymers in a low molecular weight solvent with changing copolymer composition. It

is also believed that this is the only way so far to prepare glassy vesicles of block

copolymers, which fonn spontaneously and which can be stabilized and isolated in water.
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Chapter 6. Ion-Induced Morpholog;cal Changes in Crew-CuI Aggregates ofAmphiphi/ic Block Copo(vmers

ABSTRACT

The addition of ions in micrornolar (CaCI2 or Hel) or rnillimolar (NaCI)

concentrations can change the morphology of crew-cut aggregates of amphiphilic block

copolymers in dilute solutions. In addition to spherical~ rodlike, and univesicular or

lamellar aggregates, an unusual large compound vesicle (LCV) morphology can be

obtained from a single block copolymer. Sorne features of the spontaneously fonned

LCVs may rnake them especially useful as drug delivering vehicles~ and as models of

biological cells. Gelation of a dilute spherical micelle solution can also be induced by

ions due to the fonnation of a cross-linked "pearl necklace" morphology.
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6.1. INTRODUCTION

Most aggregates fonned by the self-assembly of amphiphilic block copolymers in

selective solvents are spherical and consist of a core and a coronal shell. The core is

composed of the insoluble blacks, while the corona contains the soluble blacks which are

highly swollen by the solvent. Such structures have been explored in detail. l We have

described the formation of aggregates of multiple morphologies of one family of highly

asymmetric polystyrene-b-poly(acrylic acid), PS-b-PAA in dilute solution, 2 in which the

length of the insoluble PS blacks \vas much longer than that of the soluble PAA blacks.

They were therefore described as hcre\v-cuf' aggregates. As the length of the PAA block

decreased, the morphology changed from spherical to rodlike, to lamellar or vesicular,

and finally to large compound micelles (LCMs) consisting of an assembly of inverted

spherical micelles surrounded by a hydrophilic surface. A more detailed description of

the multiple morphologies and the characteristics of the crew cut micelle-like aggregates

is available. 3 More recently, it was sho\\n that PS-b-PEO diblocks [PEO, poly(ethylene

oxide)], in dilute solution, can also fonn aggregates with various morphologies from

block copolymers of different compositions. 4

Morphological changes can also be induced in an identical block copolymer by the

addition of ions in micromolar (CaCI:! or HCI) or millimolar (NaCI) concentrations. The

morphologies are the same as those produced by changes in the copolymer composition in

the absence of added ions, which suggests that the mOIJ)hological changes are probably

induced by decreased repulsion (both steric and electrostatic) among the hydrophilic

segments due to protonation of PAA (by Hel), or ion-binding or bridging (by Ca2
+). In

addition, aggregates of a new mOIJ)hology, consisting of large compound vesicles, have

been prepared and are described. The large compound vesicles may be useful as possible

drug delivering vehic1es, and as models of stable microstructured biomaterials. Finally, ion­

induced gelation can occur in which spherical micelles in aqueous solution forro a cross­

linked "pearl necklace" structure in the presence of 20 mM Hel. These results suggest that

the versatility of the crewcut aggregates is much greater than originally suspected.
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6.2. RESULTS AND DISCUSSION

The PS-b-PAA or PS-b-PEO diblocks were dissolved in N,N-dimethylformamide

(DMF) to give a stock solution of 1 weight %. Deionized water was then added to the

copolymer solutions with stirring; micellization took place between about 4 to 6 weight

% of water. However, the addition ofwater was continued until 25 weight % ofwater had

been added, in arder to make sure that the structure of the fonned aggregates is

kinetically frozen. The aggregates were isolated into water by dialyzing the resulting

solutions against distilled water ta remove the DMF. A dynamic equilibrium between

aggregates and unimers undoubtedly exists in the early stages of water addition during

micellization. At sorne point, however, as the DrvlF is forced out of the core, the

equilibrium is frozen because of the glassy nature of the PS chains.

A set of transmission electron microscopy (TEM) images 5 of the aggregates

prepared from the same diblock copolymer [PS(41 O)-b-PAA(25); the numbers in brackets

indicate the degree of polymerization of the blocks] at different concentrations of added

Hel is shawn in Figure 6.1. Without added acid, the aggregates are small spheres of low

polydispersity with an average diameter of 29 nID. When the HCI concentration is 190

~M (or a molar ratio, R, of added HCI to acrylic acid repeat units of 0.035), the

aggregates are still spherical (Figure 6.1-A), but with an average diameter of 38 om.

Ho\vever, for 210 J.lM HCI (R = 0.040), spherical, rodlike, vesicular, and lamellar

aggregates coexist in the solution (Figure 6.1-B), the predominant morphology being

rodlike. For 240 J.lM HCI CR = 0.045), most of the aggregates become vesicular, with

rodlike aggregates still observed occasionally (Figure 6.1-C), and for 270 JlM HCI (R =

0.050), the aggregates become large compound vesicles (LCVs) (Figure 6.1-D). The same

morphology was observed for 530 JlM Hel (R = 0.10); no further morphological change

was observed. Addition of salt can also induce morphological changes of the aggregates.

The effect of divalent ions, such as Ca2
+, is much stronger than that of univalent ions,

such as Na+ (Table 6.1).
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~

SOOnm

Figure 6.1. Aggregates of various morphologies made from PS(410)-b-PAA(25) by the

addition of Hel to different final concentrations: (A) 190 J.1M (R = 0.035), (B) 210 J.1M (R

= 0.040), (C) 240 J.1M (R =0.045), and (D) 270 J.1M (R = 0.050). R represents the molar

ratio ofadded salt or acid to acrylic acid repeat units.
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Table 6.1. Summary of the effect of added acid or salt concentration (mole/litre) on

aggregate morphology ofPS(410)-b-PAA(25) diblock copolymer. In the table, nurnbers

in brackets represent the molar ratio ofadded salt or acid to actylïc acid repeat units.

..

Additive

HCI

NaCI

CaCI,

Dominant morphology

Spheres Rods Vesicles LCV's

4 -4 -4 2.7 X 10-41.9 x 10 2.1 x 10 2.4 x 10

(0.035) (0.040) (0.045) (0.050)

2.1 x 10.3 3.2 X 10.3 1.1 X 10.2 2.1 X 10-2

(0.40) (0.60) (2.0) (4.0)

1.2 x 10-4 M -4 -41.4 x 10 2.8 x 10

(0.023) (0.026) (0.053)
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The usefulness of ions in controlling block copolymer morphology is also

demonstrated when HCI is added to spherical micelles of PS(SOO)-b-PAA(60) in pure

water, in which the PS cores are below their glass transition temperature. When Hel is

added to a 1 weight % aqueous solution of the spherical copolymer aggregates to an acid

content -20 rruV1 (R = 2), the solution gels over a very narrow acid content range.

Electron microscopy shows that a "pearl necklace" morphology is formed, with

occasional multifunctional "'beads" maintaining the gelled network, as shown in Figure

6.2 for a sonicated solution of the gel. The '''pearl necklace" morphology is, most likely, a

result of the acid driving the spheres to form rods. However, the glassy nature of the PS

cores of the beads makes it impossible to complete the transformation. The ~~pearl

necklace" thus represents an intermediate step between the sphere and the rod.

Figure 6.2. "'Pearl necklace" morphology of the aggregates in the gelled aqueous solution

of spherical micelles of PS(SOO)-b-PAA(60), induced by the addition of HCI (- 20 mM).

Sonication was used to break down the gel network structure for TEM sample preparation.
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Ion-induced morphological changes \vere also found in the PS-b-PEO. For

example, PS(240)-b-PEO(SO) gives rods in the absence of salt but gives lamellae and

vesicles in the presence of 1.3 mM LiCI (R = 0.10). Preliminary results suggest that the

PS-b-P4VP.MeI [p4VP.Mel, poly(4-vinylpyridinium methyl iodide)] also yields multiple

morphologies in the presence of salt. 6 The P4VP.Mel is ionic, the PAA is ionizable, and

the PEO is non-ionic. Thus, the control of aggregate morphology of amphiphilic block

copolymers by micromolar concentrations of ions seems to be general.

The LCVs appear to be a new morphology. They were also observed for PS(410)­

b-PAA(l3) with 255 JlM HCI (R = 0.09) (Figure 6.3-A), for PS(240)-b-PEO(15) without

any added salt (Figure 6.3-8) and for PS(240)-b-PEO(45) with 1.6 mM KF (R = 0.10). In

the PS-b-PAA system, the thicknesses of both the inside and outside walls of the

aggregates are uniform and equal. Their structure bears sorne resemblance to that of

aggregated soap bubbles, and their outer surface must be hydrophilic because of the

presence of the short PAA chains. The LCVs are irregular in shape in Figure 6.1-D but

are more nearly spherical in Figure 6.3. These differences may be due to the polydispersity

of the prirnary vesic1es, the softness of the wall, as well as the surface energy and the shear

conditions under which the LCVs were formed. The LCVs are subject to settling due to

gravity, but they are very stable, and do not coalesce at room ternperature. They cao also be

resuspended after sett1ing. This aggregation process may provide an easy way to trap

chemicals or drugs, and then separate them from the rest of the solution.

The self-assernbly ofvesicles has become a topic of current interest. 7 In that case,

chemical species, that is, bis-phospholipids, were incorporated into the vesic1e walls, to

aid their aggregation ioto higher order (multivesicular) structures. As is shown here, the

LeVs can he fonned spontaneously under a range of conditions. They are thus a

'''nonnaln aggregate morphology. These higher order structures might he of interest in

leading to new methods for processing artificial tissue-like composites and soft

biomaterials. 7 In addition, controlled drug delivery appears as a distinct possibility since

the multiple concentric layers might provide a convenient timing mechanism.
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Figure 6.3. Large compound vesic1es made from (A) PS(410)-b-PAA(13) in the presence

of 255 J.lM Hel (R = 0.09) and (B) PS(240)-b..PEO( 15) in the absence of salt.
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The aggregate morphology of small molecule amphiphiles can be changed by

added salt 8 but mueh higher salt concentrations are needed (usually ~ 10- l M) compared

to that for the present system (10.4 M for CaC12 or 10-2 M for NaCl).

Changing the salt or acid content has a parallel effect on the morphology as

changing the copolymer composition. 2,3 Thus, the morphological changes appear to be a

result of a graduai decrease in repulsion among the corona ehains as the concentration of

added ions inereases. Both stene and electrostatic repulsions are involved among the

partially ionized PAA chains. 9 The addition of the strong acid, HCI, protonates the

ionized earboxylic aeid groups, and shifts the PAA to a Iower degree of ionization; as a

result, the overall repulsion among the PAA chains is deereased.

For CaC12, at the onset of the morphological transition from spheres to vesicles

for PS(41 Q)-b-PAA(25), the CaC12 concentration is equivaient to 2.3 Cal'" per hundred

acrylic acid repeat units; thus, two PAA blacks share one Cal'" if aIl the added Ca:!'" ions

are near the PAA chains. When the aggregates are LeVs, the numbcr of Ca2
'" per PAA

block is about 1.S. Thus, the morphogenic effeet is believed to be due to Cal'" binding to

the carboxylic acid of the PAA. Both inter- and intra-molecular bridging appears

possible. As a result, the effective distance between the PAA blocks is greatly reduced,

which has the same effect on the morphology as a decrease in the black length. The

relatively weaker morphogenic effect of added NaCI can be ascribed to both wcak Na­

binding and a screened electrostatic field of the charged PAA segments. The

morphological changes in PS-b-PEO are, very possibly, also caused by ion-binding to the

PEO blocks.

6.3. ACKNOWLEDGMENT.

We thank H. Shen for his consent to report results of preliminary experiments of

PS-b-P4VP.MeI system, and C. J. Clarke, M. Moffitt, and L. Cuccia for useful

discussions. We also thank The Natural Sciences and Engineering Research Council of

Canada(NSERC) for continuing support of this research.

173



Chapter 6. lon-lnduced Morph%gica/ Changes in Crew-Cut Aggregates ofAmphiphi/ic Black
Copolymers

6.4. REFERENCES AND NOTES

1. C. Price, in Developments in Block Copolymers, I. Goodman, Ed. (Applied

Science, London, 1982), vol. 1, pp. 39-80; J. Selb, and Y. Gallot, ibid., I.

Goodman, Ed. (Applied Science, London, 1985), vol. 2, pp. 27-96; Z. Tuzar, and

P. Kratochvil, in Surface and Colloid Science, E. Matijevic, Ed. (Plenum, New

York, 1993), vol. 15, pp. L-83; M. D. Whitmore and J. Noolandi, Macromolecules

18, 657 (1985); A. Halperin, ibid. 20, 2943 (1987); R. Nagarajan and K. Ganesh,

1. Chem. Phys. 90, 5843 (1989); R. HilfIker, D. Q. Wu, B. Chu, J. Colloid

Interface Sci. 135, 573 (1990); A. P. Gas~ P. K. Vinson, K. A. Cogan-Farinas,

Macromolecules 26, 1774 (1993); I. Astafieva, X. F. Zhong, A. Eisenberg, ibid.

26, 7339 (1993); A. Qin, M. Tian, C. Ramireddy, S. E. Webber, P. Munk, ibid.

27, 120 (1994); M. Antonietti, S. Heinz, M. Schmidt, C. Rosenauer, ibid. 27,

3276 (1994); O. Glatter, G. Scherf, K. Schil1én, W. Brown, ibid. 27,6046 (1994);

L. Zhang, R. J. Barlow, A. Eisenberg, ibid. 28,6055 (1995) (chapter 3 ofthis thesis).

2. L. Zhang and A. Eisenberg, Science 268, 1728(1995) (chapter 4 ofthis thesis).

3. L. Zhang and A. Eisenberg,1. Am. Chem. Soc. 118,3168(1996) (chapter 5 ofthis

thesis).

4. K. Yu and A. Eisenberg, Macromolecules 1996, 29, 6359.

5. A Phillips EM410 microscope was used for the TEM studies. Samples were

deposited from aqueous solutions onto copper EM grids, which had been pre­

coated with a thin film of Formvar and then coated with carbon; then, the grids

were shadowed with palladium/platinum alloy. A detailed description of the

experimental conditions can be found elsewhere. 3

6.

7.

8.

H. Shen and A. Eisenberg, unpublished results.

S. Chiruvolu et al.., Science 264, 1753(1994).

S. Ozeki, S. Ike~ J. Colloid Interface Sei. 87, 424(1982); Y. Talmon, D. F.

Evans, B. W. Ninham, Science 221, 1047(1983); D. D. Miller, D. F. Evans, G. G.

174



Chapter 6. lon-Induced Morphological Changes in Crew-Cut Aggregates ofAmphiphilic Block
Copolymers

Warr, J. R. Belare, B. W. Ninham, J. Colloid Interface Sei. 116, 598(1987); F. J.

Schepers, W. K. Toet, J. C. van de Pas, Langmuir 9, 956(1993); B. J. Ravoo, J. B.

F. N. Engberts, ibid. 10, 1735(1994); A. Sein, J. B. F. N. Engberts, ibid. Il,

455(1995); S. Miyagishi, H. Kurimoto, T. Asakaw~ ibid. Il,2951(1995); L. L.

Brasher, K. L. Herrington, E. W. KaIer, ibid. 11,4267(1995).

9. L. Zhang, H. Shen and A. Eisenberg, Macromolecules 1997,30, in press (chapter

8 ofthis thesis).

175



Chapter 7

Morphogenie Effeet of Added Ions on Crew-Cut
Aggregates of Polystyrene-b-Poly(aerylic acid)

Bloek Copolymers in Solutions

176



-

Chapter7 Morphogenie Effeet ofAdded Ions on Crew-Cut Aggregates ofPS-b-PAA Black Copo(vmers
in Solutions

ABSTRACT

The morphology of crew-cut aggregates of amphiphilic block copolymers in

dilute solutions can be controlled by the addition of ions in micro-malar (HCI, NaOH,

CaCI2, Ca(Ach) or mini-molar (NaCI) concentrations. The copolymers are highly

asymmetric polystyrene-b-poly(acrylic acid) diblocks, PS-b-PAA, in which the lengths of

the insoluble PS blocks are much longer than those of the soluble PAA blocks. In

addition to spherical, rod-like and uni-vesicular or lamellar aggregates, large compound

vesicles (LCVs), a new morphology, can be obtained from a single block copolymer. The

morphogenic effect of different added ions on the crew-cut aggregates can be ascribed to

the changed repulsive interactions among the hydrophilic PAA segments, due to

neutralization by NaOH, protonation by HCI, ion-binding or bridging by Ca2
+, and

electrostatic screening by NaCI, respectively. The fonnation of the LCVs may involve a

secondary aggregation of individual vesicles and a subsequent fusion process. Sorne

features of the spontaneously formed LCVs may make them especially useful as drug

delivering vehicles, and as models ofbiological cells.
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7.1. INTRODUCTION

The self-assembly of highly asymmetric amphiphilic block copolymers in

solutions has been receiving much attention in this laboratory 1-5 and in others. 6,7 The

aggregates are "crew-cut" because their cores are made from long core-fonning blocks,

attached ta much shorter carona-shell farming blacks. 8 For polystyrene (PS) based

copolymers, 1-5 aggregates of this type were prepared by dissolving copolymers in a

common solvent for both of the blocks, then adding water to induce the aggregation of

the PS blacks. The aggregates were isolated inta water by dialyzing the resulting solution,

Due to the large fraction of the insoluble PS blocks in the copolymers and the resulting

extremely low critical micellization concentration (croc) as weIl as the glassy nature of

the PS cores at room temperature, the structures of the aggregates are kinetically frozen

and observable directly by electron microscopy. For polystyrene-b-poly(acrylic acid), PS­

b-PAA, diblocks, it \Vas found that in dilute solution aggregates of various morphologies

can be made depending on the copolymer composition} SpecificaIly, as the length of the

PAA block decreased, the aggregate morphology changed from spherical to rod-like, to

lamellar or vesicuiar, and finally to large compound micelles (LeMs) consisting of an

assembly of inverted spherical micelles surrounded by a hydrophilic surface. The

morphology of the aggregates is undoubtedly a result of the interplay of severa! different

factors during the fonnation of the aggregates. Most importantly is the force balance

involving three factors, i.e. the defonnation (stretching) of the PS blocks in the core, the

surface tension between the core and the solvent, and the interactions among the corona

chains. It was also shown that polystyrene-b-poly(ethylene oxide) diblocks, PS-b-PEO, in

dilute solution, can aIso forro aggregates of different morphologies from block

copolymers of different compositions.5

Very recently, in a short report,4 we described the phenomenon of added-ion­

induced morphologicaI changes in crew-cut aggregates of amphiphilic block copolymers.

It was shown that the morphology of the aggregates made from an identical block
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copolymer can be controlled by the addition of ions in micro-molar (CaCI;! or HCI) or

milli-molar (NaCI) concentrations ta the original solutions. Morphological changes at

such lo\v added ion contents are significant The morphologies are the same as those

produced by changing in the copolymer composition in the absence of added ions. For

PS-b-PAA copolymers, the morphogenic effect of added ions on the aggregates is

probably a result of decreased repulsion among the PAA segments due to protonation (by

Hel), or ion-binding or bridging (by Ca2
+). Ho\vever, the added ion effect seems to be

general because it has also been observed in systems of block copolymers in which the

hydrophilic blocks are ionic (p4VP.Mel) or non-ionic (PEO). That report also described

aggregates of a new morphology, i.e. large compound vesicles. These may be especially

useful as possible drug delivery vehicles, and as models of stable microstructured

biomaterials. In addition, an ion-induced gelation phenomenon was demonstrated in

\vhich spherical micelles in aqueous solution forrn a crosslinked '~pearl necklace"

structure in the presence of 20 mM HCL

In this paper, we present a detailed study of the morphogenic effects of added ions

on the crew-cut aggregates of polystyrene-b-poly(acrylic acid} diblocks in solutions of

lo\\' molecular weight solvents.

7.2. EXPERIMENTAL SECTION

The copolymers used in this study are polystyrene-b-poly(acrylic acid) diblocks,

PS-b-PAA. The anionic polymerization method used ta synthesize the PS-b-PAA

copolymers has been described previously in detai1.3 In the text, the copolymer samples

are differentiated by the previously developed notation, i.e. PS(410)-b-PAA(25)

represents a copolymer containing 410 styrene units and 25 acrylic acid uruts. AlI

copolymers had a relatively narrow distribution of molecular weights, with a

polydispersity index (MwIMn), estimated by gel penneation chromatography (OPC), in

the range of 1.04 - 1.06.
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To prepare aqueous solution of the crew-cut aggregates, the copolymers were tirst

dissolved in N,N-dimethylfonnamide (D~), a common solvent for both PS and PAA

blocks, to give a stock solution. The stock solution was divided into several portions.

Different amounts of salt, acid or base were added (as aqueous solutions) to each of the

containers. Subsequently, deionized water was added dropwise to the copolymer

solutions, with stirring. The increment ofwater content by each step of the water addition

was 0.3 wt. % per 10 seconds. As the addition of water progressed, the quality of the

solvent for the PS block decreased gradually. Micellization took place in the range of ca.

4 - 6 wt. % water in solution, as indicated by the appearance of turbidity. However, the

addition of water \Vas continued until 25 \\'t. % of water had been added, i.e. weIl after the

aggregation occurred in order to rnake sure that the structure of the fonned aggregates is

kinetically frozen.9 The aggregates were isolated into water by dialyzing the resulting

solutions to rernove the DMF. In the present studies, the initial polymer concentration in

DMF (before the addition of water) was 1 wt. % for most of studies unless specified

othenvise.

Transmission electron microscopy (TEM) was perfonned on a Phillips EM410

microscope operating at an acceleration voltage of 80 kV. To prepare TEM samples for

the study of the size and the morphology of the aggregates, a drop of the dilute aqueous

solution (about 1 mg/ml) was deposited onto a copper EM grid, which had been pre­

coated with a thin film of Fonnvar and then coated with carbon. Two minutes after the

deposition, the aqueous solution was blotted away with a strip of filter paper. Finally, the

grids \vere shadowed with a palladiumlplatinum alloy.

Proton NN1R spectra in solution were recorded on a Varian XL-200 spectrometer.

Deuterated N,N-dimethylfonnamide (DMF-d7, 99.5 % D; from Aldrich) was used as the

solvent. Water was added directly to the polymerlD~ solutions in the NMR sample

tubes with a microsyringe. Vigorous shaking homogenized the solution. AlI the

experiments were perfonned at 18 ±O.2 oC. Tetramethylsilane served as the internal
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reference for the zero point of chemical shift, and the residual proton resonance of the

solvent served as another internai reference, its chemical shift being set to 8.01 ppm. The

chemical shift of the water protons was an average over the different types of water

protons because of the fast exchange.

7.3. RESULTS

7.3.1. Effect of added acid on the aggregate morphology.

Figure 7.1 presents a set of TEM pictures which show aggregates of various

morphologies prepared from the same diblock copolymer but with different amounts of

added HCL The copolymer is PS(41 O)-b-PAA(l3) at an initial concentration 1 wt. % in

DMF. Without the added acid, this polymer yielded small spherical micelles of low

polydispersity with an average diameter of 31 nm (Figure 7.1-A). When the added HCI

concentration was 113 JlM (or a molar ratio, R, of added HCI to acrylic acid repeat units

of 0.04), the aggregates \vere still spherical (Figure 7.1-B), but with an average diameter

of 37 Ml. However, as the HCI concentration was increased to 141 flM (R = 0.05),

vesicular aggregates started to fonu; most of the aggregates were still spherical (Figure

7.1-C). As the added acid concentration was increased further (0 155 JlM (R = 0.055),

most of the aggregates became vesicular (Figure 7.1-0). When the HCI concentration

reached 170 J.lM (R = 0.06), the aggregates were still vesicular, but the average size

increased (Figure 7.1-E). When the Hel concentration was 200 JlM CR = 0.07), most of

the aggregates became tubular or elongated vesicles (Figure 7.1-F), with many small

vesicles seen in the background. At an Hel concentration of 225 J.lM (R = 0.08), large

compound vesicles (LCVs) were fotmed (Figure 7.1-G). The sarne morphology was

observed at an Hel content of 253 J.lM CR = 0.09), but the aggregates became more

spherical, the average size decreased, and the structure became more dense. A schematic

cross-section ofthese multi-vesicular aggregates is shown in Figure 7.1-1.

When acetic acid was used instead ofHe! as the additive fOï this block copolymer

solution, it was found that even an acetic acid concentration up ta 4 mM (R=O.8) showed

no effect on the morphology. The aggregates were still spherical.
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Figure 7.1. Aggregates from PS(410)-b-PAA(l3} without any additive (A), and with added

HCI to different final concentrations: (B) 113~ CR = 0.04), (C) 141~ (R = 0.05), (D) 155

J.lM (R =0.055), (E) 170 J.1M (R =0.06), (P) 200 J.lM (R = 0.07), (G) 225 JlM (R = 0.08), (H)

253 J..1M (R = 0.09), and (I) a schematic picture ofthe cross-section ofan LeV in (H).
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7.3.2. Effect of added NaOU on the aggregate morphology.

Addition of NaOH can also induce morphological changes. Figure 7.2 shows the

TEM pictures of the aggregates prepared without and with the addition of different

amounts of NaOH. The copolymer is still PS(410)-b-PAA(13), but at a 2 wt. %

concentration in DMF. As shown in Figure 7.2-A~ at that concentration and without any

added NaOH, the copolymer yielded vesicular aggregates. However, when the NaOH

concentration was 28 IlM (R = 0.005), Figure 7.2-8 shows that most of the aggregates

became spherical with an average diameter 38 nm, while vesicles were only observed

occasionally. As the NaOH concentration was increased to 56 f.LM (R = 0.01), the

aggregates were spherical with an average diameter 35 nm (Figure 7.2-C). At a NaOH

concentration of 115 IlM (R = 0.02), the average diameter decreased further to 33 nm.

Figure 7.2. Aggregates from PS(410)-b-PAA(13) without any additive (A), and with

added NaOH to different final concentrations: (B) 28 JlM (R = 0.005), (C) 56 JlM (R =
0.01), (D) 115 IlM (R =0.02).
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7.3.3. Effect of added salt on the aggregate morphology.

The aggregate morphology can also be changed by the addition of salt. It was

found that the effect of di-valent ions, e.g. Ca2T
, is much stronger than that of univalent

ions, e.g. Na.... Figure 7.3 shows that the morphology changes progressively as a function

of added NaCl concentration. The copolymer is PS(410)-b-PAA(25) with an initial

concentration of 1 wt. % in DMF. Specifically, without added salt, the copolymer fonned

spherical aggregates with an average diameter 29 nm (Figure 7.3-A). When the

concentration of added NaCI was 1.1 mM (R == 0.2), the aggregates were spherical with

an average diameter 33 nm (Figure 7.3-B). At a NaCI concentration of2.1 mM (R==0.40),

the average diameter of the aggregates increased further to 37 nm (Figure 7.3-C). When

the NaCI concentration was increased ta 3.2 mM (R == 0.6), the aggregates became

cylindrical (Figure 7.3-D). In the concentration range of 4.0 to 10.6 mM NaCl (R = 0.8 to

2.0), cylindrical and vesicular aggregates coexisted. However, as the NaCI concentration

\Vas increased, the majority of the aggregates shifted from cylindrical to vesicular and the

overall size of the vesicles increased progressively (Figure 7.3-E to G). When the NaCl

concentration was increased ta 16 mM (R == 3.0), the aggregates became large vesicles

\Vith diameters up ta 400 nm, while rod-like aggregates \vere observed only rarely (Figure

7.3-H). Finally, LCVs were fonned when the NaCI concentration was above 21 mM (R =

4.0) (Figure 7.3-1). Table 7.1 summarizes the given dominant morphologies of the

aggregates made from different copolymers vs. the added NaCI concentration.

When CaCl2 \vas acided instead ofNaCI, it was found that much lower concentrations

of the added salt were needed to induce morphological transitions. Figure 7.4 shows the

morphologies as a function of added CaC12 concentration. The copolymer is PS(410)-b­

PA.A(13). As mentioned earlier, without added ions, the aggregates were spherical with an

average diameter of31 nm (cf Figure 7.1-A). When the added CaC12 concentration was 71

JlM (R=0.025), the micelles were stiU filled spheres, but their average size increased to 39

nm (Figure 7.4-A). When the CaCl2 concentration was 85 J,JM (R=O.03), the copolymers

started to fOnIl vesicles, while most of the aggregates were still spherical (Figure 7.4-B).
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Figure 7.3. Aggregates from PS(41O)-b-PAA(25) without any additive (A), and with
added NaCl to different fmal concentrations: (B) 1.1 mM (R = 0.20), (C) 2.1 mM (R =

0.40), (D) 3.2 mM (R = 0.60), (E) 4.3 mM (R ::: 0.80), (P) 5.3 mM (R = 1.0), (G) 10.6
mM (R =2.0), (H) 16.0 mM (R =3.0), and (1) 21 mM (R =4.0).
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Table 7.1. Summary of the effect of added NaCl (mole/litre) on the aggregate

morphology. The initial copolymer concentration in DMF is 1 wt. %. The numbers

in parentheses represent the molar ratio ofadded NaCl to acrylic acid.

Copolymer Dominant Morphology

PS-b-PAA Spheres Rods Vesicies LCVs

4l0-b-13 < 2.3 x 10-3 2.8 - 4.2 x 10-3 5.6x 10.3

(0.80) (1.0 - 1.5) (2.0)

410-b-25 < 2.1 x 10.3 3.2 - 5.3 x 10-3 5.3 - 16 x 10-3 2.1 X 10.2

« 0.40) (0.60 - 1.0) (1.0 - 3.0) (4.0)

660-b-24 < 4.8 x 10.3 5.7 X 10.3 5.7 - 8.5 x 10.3 1.1 X 10-2

« 1.7) (2.0)* (2.0* - 3.0) (4.0)

* At this NaCI concentration, rod-like micelles and vesicles coexist aimost evenly.
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Figure 7.4. Aggregates from PS(410)-b-PAA(l3) with added CaC12 to different final

concentrations: (A) 71 ~M (R = 0.025), (B) 85 ~M (R = 0.03), (C) 90 JlM (R = 0.032),

(0) 99 J.1M (R = 0.035), (E) 115 fJM CR = 0.04), and (F) 130 J.1M (R = 0.045).
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When the CaCl2 concentration was between 90 and 115 JlM (R=O.032 and 0.04).. the

copolymer yielded vesicles (Figure 7.4-C to E); however, with increasing the CaCI.,

concentration, the average size of the vesicles increased rapidly, e.g. with outer diameters

up to 300 nm in Figure 7.4-E. Finally, spherical LCVs were formed when the CaCl!

concentration was between 130 and 170 JlM (R = 0.045 and 0.06). One example is given

in Figure 7.4-F, which also shows a range of aggregates, the structures of which are

intermediate between uni-vesicular and LeV. For the different copolymers, the observed

dominant morphologies of the aggregates at various concentrations of added CaCI2 are

summarized in Table 7.2.

Table 7.2. Summary of the effect of added CaCI! and Ca(Ach (molellitre) on the

aggregate morphology. The initial copolymer concentration in DMF is 1 wt. %.

The numbers in parentheses represent the molar ratio of added CaCI2 or Ca(Ach to

acrylic acid.

Copolymer Additive Dominant Morphology

PS-b-PAA Spheres Vesicles LCVs LeMs

410-b-13 CaCl! < 8.5 x IO·s 9.0 - Il x 10-5 -4
1.3 - 1.7 x ID

« 0.03) (0.032 - 0.04) (0.045 - 0.06)

Ca(Ach <2.8 x 10-4 4.0 x 10-4

« 0.10) (0.14)

410-b-25 CaCI2 < 1.2 x 10-4 -4 -4
1.4 - 2.0 x 10 2.4 -4.8 x ID

« 0.023) (0.026 - 0.038) (0.045 - 0.09)

Ca(Ach 6.5 x 10-4 8.1 X 10-4

« 0.12) (0.15)
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The effect of added Ca(Ac)1 on the aggregate morphology was also explored. For

the case ofPS(410)-b-PAA(2S) copolymers, it was found that when the concentration of

added Ca(Ach was 650 J-lM (R=0.12), the aggregates were still spherical with a slightly

increased average diameter 30 IUD (compared to an average diameter 29 nm of the

micelles prepared without added ions). However, when Ca(Ac)2 concentration was 810

JlM (R=O.lS), the aggregates became much more polydisperse and contained many

particles with the diameters over 100 IUD. As the added Ca(Ach concentration was

increased further, the aggregates became highly polydisperse, and spheres of severa!

hundred nID in diameter were fonned. These large spheres cannot possible be primary

spherical micelles. They appear to be large compound micelles (LeM) consisting of

many inverted spherical micelles surrounded by a hydrophilic surface. The results of

added Ca(Ach are also surnmarized in Table 7.2 for different copolymers.

7.3.4. Solution NMR study. Figure 7.S shows three typical NMR spectra

•

of PS( 180)-b-PAA(28)1D~ solutions. Spectrum A was recorded before the addition of

water. AIl three proton peaks originate from the residual protons in the DMF. From the

relative intensities of these peaks, the doublet peaks between 2.5 and 3 ppm can be

ascribed to the methyl protons in DMF. The single peak at 8 ppm is due to the single

proton bonded to the carbon atom. Spectrum B was recorded when the added water

concentration was about 0.6 wt. %. Obviously, the new peak at ca 3.8 ppm is due to the

water protons. Spectrum C was obtained from the same solution, but with an added water

content of 6 wt. %. Compared ta spectrum B, the peak of the water protons narrowed and

its position shifted frOID 3.8 ta 4.0 ppm. Furthennore, splitting of the lines was observed

although the sicle peaks are very weak relative to the major peak.
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Figure 7.S. Three typical proton NMR spectra from PS(180)-b-PAA(28)/DMF solution

before the addition of water (A), and after the addition of water ta 0.6 wt. % (B) and 6 wt.

% (C). The copolymer concentration in DMF is 0.1 wt. %.
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7.4. DISCUSSION

7.4.1. Comparison of the morphogenic effect of added ions in amphiphilic diblocks

to those in smaU Molecule surfactants.

It is known that one can change the morphologies of aggregates of small Molecule

surfactants by adding electrolytes. lO,ll In ionic12- l4 and nonionic 15,16 surfactants, it was

reported that the addition of salt, e.g. alkaIi metal chloride, can change the aggregate

morphology from spheres to rods, or from rods to vesicles, etc. The changes of aggregate

morphology are a result ofreduced electrostatic repulsion among charged headgroups due

to counterion binding. In those surfactant systems, the added mono-valent salt

concentration is usually in the range of 10.1 moles to severa! moles per liter. The effect of

added electrolytes aIso depends on the structure of the surfactant head group, the length

of the hydrophobic chain, etc. Usually, the strength of the added salt effect increases as

the valence of the salt ions increases, but decreases with increasing length of hydrophobic

chain. 17-19 The importance of electrostatic interactions among head groups on the phase

behavior of surfactant system has been demonstrated in studies of the aggregate structures

made from mixtures of anionie and cationionic surfactants.20,21

Similarly, changing the pH of the solution can also affect the aggregation

behavior. In the monoalkyl disodium phosphates,22 thennaIly stable unilamellar vesicles

with diameters between 25 and 60 nm were fonned at room temperature. Lowering the

pH leads to partial protonation of the phosphate headgroup and to decrease of the

electrostatic repulsion among the headgroups. This results in large vesiele diameters (50

to lOO run). The effect of added CaCl2 was also described. 22 It was found that a large

increase in the tendency of the vesicles to aggregate was induced when the added CaC12

concentration was > 0.5 mM.

To our knowledge, ion-induced morphological changes have not been reported

before in solutions of block copolymer aggregates. For the present system, it bas been

shown that the addition of electrolytes can change the aggregate morphology
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progressively from spheres ta rods, ta vesicles, and to large compound vesicles. The

added electrolyte concentrations at the onset of the morphological transitions are ooly of

the order of 104 moles for CaCI2, NaOH and Hel, and 10-3 moles for NaCI. It should he

recalled that once the aggregates are fonned, the copolymer chains are no longer

unifonnly distributed in the solution. Thus, the acrylic acid units are confined to spherical

corona shells around the micelle cores in the spherical micelles; similar considerations

also apply to the ot.'er geometries. In the corona shell, the concentration of acrylic acid

repeat units are estimated to be - 1 M. Under these circumstances, if the microions are

distributed evenly in the whole solution, the acrylic acid concentration in the corona shell

is about two orders of magnitude higher than that of the NaCI, and about three orders of

magnitude higher than that of the CaCI2• Ion-induced morphological changes in the block

copolymer aggregates at such low ion contents are significant. As will be shown in the

following section, water preferentially accumulates to sorne extent around the PAA

segments during the formation of the aggregates, i.e. the water content in the PAA corona

shell is higher than that in the rest regions of the solution. Therefore, there may he sorne

enrichment of the added ions in the corona shell as weil, considering that the ions are

most likely more soluble in the water rich regions than in the water depleted regions. The

degree of enrichment of the added ions around the PAA segments is difficult to estimate.

However, even if ail the added ions were to accumulate around the PAA segments, the

effect is still very strong, especially in view of the fact that a concentration change by less

than 20 jJM of CaC12 or HCI can induce morphological changes, e.g. from spheres to

vesicles for the aggregates of PS(410)-b-PAA(13) copolymer. In the following section,

we will discuss the possible causes of the effect of the addition ofdifferent electrolytes on

the morphology ofthe block copolymer aggregates.

7.4.2. Cause of the added ion effect on the aggregate morphology.

The detailed causes of the effect of added ions on the aggregate morphology
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probably differ for different additives. However, in general, the effect must be related to

the influence of the added ions on the force balance during the fonnation of the

aggregates. Although many factors undoubtedly enter into the force balance, the

aggregate morphology is mainly controlled by three factors, i.e. the extension (stretching)

of the PS blocks in the core, the surface tension between the core and the solvent, and the

repulsion among the corona chains.3 Specifically, when the inter-chain repulsive

interactions become weaker, the aggregate sizes can increase in order to decrease the

interfacial energy between the core and the solvent. However, the increase of the core size

is restricted by an entropie penalty resulting from the stretching of the PS blocks. At

sorne point, as the strength of the repulsive interactions among corona chains decreases

and the stretching of the PS chains increases, the aggregates change their morphology

from spherical to rod-like, and from rod-like to bilayer in order to reduce entropie penalty

due to PS chain stretching. Therefore, the repulsion among the PAA corona chains,

especially if they are partially ionized, plays a considerable role in determining the fmal

morphology of the aggregates. Certainly, the added ions may aiso affect the surface

tension bet\veen the core and the solvent in the course of aggregate formation. However,

the strength and direction of this effect is not clear.

7.4.2.1. Micro-environments of the PAA chains during miceUization. Before

\ve discuss the influence of the added ions on the repulsion among the corona chains, it is

yery helpful ta explore qualitatively the change in the micro-environment of the PAA

segments in the course of water addition. The information about the distribution of added

water in the solutions can be obtained by analyzing the line widths of the water proton

NMR spectra. The study is based on the difference in mobility between the water

molecules and the polymer chains in solution. Usually, small molecules show a very

narro\v resonance peak because of their high mobility, while polymer chains give

relatively broad MvfR. peaks because of their high moleeular weight and low mobility.

Thus, if the added water molecules bond to (or interaet with) polymer chains, their
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mobility is decreased, and the NNIR peak will be broadened as a result of this interaction.

If, on the other hand, added water molecules distribute themselves evenly in the solution,

their mobility should not be affected at an because the major component of the solution,

DNtF, is also a small molecule. Figure 7.6 shows a plot of the full-width at half-height

(FWHH) af the water proton N11R. peak against the added water content in 50lutions. For

both the DMF solvent and the homopolystyrenelDMF solution, as the water content

increased, the FWHH of the water proton peak did not change very much, indicating that

the water molecules were generally distributed evenly in the solutions. There was

evidently no strong interaction benveen water molecules and homopolystyrene chains.

However, for the block copolymerlDMF solution, it was found that the FWHH of the

water proton peak: was very large at lo\v \vater contents, and then decreased as the water

content increased. The broadened peak of water protons in this case must be a retlection

of the interaction bet\veen water molecules and the PAA segments as a result of which

the mobility of \vater molecules is reduced. This suggests that, to sorne extent, the added

\Vater accumulated preferentially near the PAA blacks. Therefore, although the

micellization usually started at a water content around 5 wt. %, the local water

concentration around the PAA blocks could actually be higher than the overall water

concentration in the solution. On the basis of the above fact, we now address the question

ofhow the added ions affect the repulsion among the PAA blacks (corona chains).

7.4.2.2. Effeet of added aeid or base on înter-corona-ehain repulsion. Since

the \vater is preferentially distributed around the PAA segments, the PAA blocks

probably behave in a manner similar to that in aqueous solutions, i.e. they are partially

ionized. If the acrylic acid were distributed unifonnly in the solution, then the concentration

of acrylic acid units in a 1 wt. % copolymer solution would be about 3 to 5 mM, depending

on the copolymer composition. The degree of the ionization is about 10 -.. 13 % as calculated

from a pKa of 4.25 for propionic acid in water. However, we are dealing not with pure

water, but a Dill/water mixture. AIso, the PAA blocks are confined to the coronal shells.
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Thus, the dissociation of the PAA may be different, and is most likely lower. ln any case,

because HCI is a strong acid and the acrylic acid is a weak acid, the addition of HCI

protonates the ionized carboxylic acidic units of the PAA blocks, leading to a stilliower

degree of ionization. As a result, the charge density of the PAA blocks decreases, and the

overall (both electrostatic and stenc) repulsion among the corona chains decreases as

weIl. When acetic acid was added instead of Hel, it showed only a very weak

morphogenic effect on the aggregates. For PS(410)-b-PAA(25) copolymer, an addition of

210 JlM HCI (R=O.04) changed the aggregate morphology from spherical to rod-like.

However, \vhen acetic acid was added, the aggregates were still spherical even when the

concentration of added acetic acid was increased to 4 mM CR=0.8). This may be due to

the fact that acetic acid is a \veak acid (pKa = 4.74), and its effect on the ionization of the

PAA blocks is very weak.

When NaOH was used as an additive, the morphology was found to change in an

opposite direction i.e. from vesicles to spheres, and then to smaller spheres with

increasing NaOH concentration. This effect is not surprising, since the added NaOH

neutralizes the PAA segments. As a result, the degree of ionization and the coil

dimension of the PAA blocks and the repulsion among the PAA corona chains are

increased.

The effect of added HCI on the aggregate morphology was further explored by

using PS(41 O)-b-PAA(25) copolymers in which the PAA segments had been pre­

neutralized to a degree of 5 % by using NaOH. To neutralize the PAA blocks, the

copolymers were dissolved in tetrahydrofuran (THF), and a NaOHlmethanol solution was

added. The copolymers were then precipitated into methanol and dried under vacuum at

60 oC. The dominant morphologies of the aggregates for various added HCI

concentrations are sununarized in Table 7.3. Because neutralization increases the degree

of ionization of the PAA segments, a higher concentration of added Hel was needed. One

can see that the pre-neutralization of the PAA blocks by NaOH only shifts the

morphological transitions to a higher Hel contents, but that the overall amount of Hel

needed to change the morphology from spheres to LCVs remains practically the same.
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Table 7.3. Summary of the effect of added Hel (mole/litre) on the aggregate

morphology of a PS(41O)-b-PAA(25) diblock copolymer with and without pre­

neutralization. In the table, numbers in parentheses represent the molar ratio of

added HCI to acrylic acid.

MNaOH Dominant Morphology

MPAA Spheres Rods Vesicles LCVs

0
-4 2.1 X 10-4 -4 -41.9 x 10 2.4 x 10 2.7 x 10

(0.035) (0.040) (0.045) (0.050)

0.05
-4 4.9 x 10-4 5.1 X 10-4 -44.5 x 10 5.6 x 10

(0.085) (0.092) (0.095) (0.105)

7.4.2.3. Effeet of added salt on inter-corona-ehain repulsion. The effect of

added CaClz on the aggregate morphology is remarkably strong. From Table 7.2 and 7.3,

one can see that changes in the aggregate morphology can be achieved with much lower

concentrations of CaCl2 than of NaCl. At the onset of the morphological transition from

spheres to vesicles for PS(41 O)-b-PAA(25), the total amount of CaCl2 in the solution was

equal to 2.3 calcium cations per hundred acrylic acid repeat units. In that case, even if aU

the added Ca2
+ ions were to interact with the hydrophilic chains, on average two PAA

blocks would be sharing one Ca2~. When the aggregates are LCVs, the number of Ca2
'"

ions per PAA block is about 1.5. The morphogenic effect appears to be caused by strong

Cal. binding and bridging to the carboxylate groups of the PAA segments. Because of

this ion binding or bridging, a simultaneous HCI effect may also be involved. This

speculation is based on the following consideration: Ca2
+ binding is essentially a reaction

of the Ca2
+ with carboxylic acid groups of the PAA chains ta form calcium acrylate. In

the process, protons are released Because the counter anions are cr (rather than
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carboxylate), the released protons will suppress the dissociation of the PAA segments~ an

effect similar to that of added HCL Therefore, it is very possible that the strong

morphogenic effect of added CaCl2 on the aggregates is a combined result of calcium ion

binding and protonation.

For Ca(Ach, strong calcium ion binding and bridging are still operative.

Ho\vever, the protons produced as a result of the ion binding and bridging can combine

with the acetate anions to yield acetic acid molecules, the morphogenic effect of which is

very weak. From another point of view, the addition of Ca(Ach does not affect the

ionization (or charge density) of the PAA segments appreciably because acetic acid is a

weak acid. Therefore, the effect of added Ca(Ach on the aggregate morphology is mainly

a result of the Ca1
- binding and bridging to the PAA segments. As was shown in Section

3.3., when the added Ca(Ach concentration was 650 JlM (R=0.12), the aggregates were

still spherical and the average core diameter changed only very little. As the

concentration \Vas increased further, for example, ta 810 J-lM (R=O.15), the morphology

changed directly from small primary spherical micelles to large compound spherical

micelles (LCMs). No intennediate morphologies, i.e. rod-like or vesicular, were

observed.

The formation of LCMs can be related to the phase separation behavior of the

copolymer/Drv1F solution as the aqueous Ca(Ach is added. Light scanering studies 8

sho\ved that when the added Ca(Ac)2 concentration in a 1 wt.% PS(410)-b-PAA(25)

solution \Vas below 650 fJM (R=O.12), the copolymers were still dispersed as single

chains at a water content of 3 wt. %. Subsequent addition of more water (at constant

Ca(Ach concentration) induced PS block aggregation. However, when the added Ca(Ach

concentration was increased ta 810 J.lM (R=0.15) (at a water content of3 wt. %), the PAA

blacks of the copolymer started to self assemble to fonn reverse micelle-like aggregates;

adding more water at that point induced PS block aggregation also, which produced the

large compound micelles (LCMs). The degree of reverse micelle-like aggregation
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increased further as the added Ca(Ach concentration was increased, which resulted in the

fonnation of LCMs of increased size. The formation of reverse micelle-like aggregates is

thus most likely due to the interactions of the added Ca(Ac):! with acrylic acid units, i.e.

binding and bridging, leading to the formation of calcium acrylate. As the fraction of

calcium acrylate in the PAA segments increases, the PAA blocks become less soluble,

and fmally aggregate. Therefore, in view of the relationship between the aggregate

morphology and the added Ca(Ach concentration, the fonnation of LCMs can be

ascribed to the presence of reverse micelle-like aggregation, not an increased degree of

stretching of the PS blocks in the core. This possibility can also be deduced from changes

of the average core diameter of the spherical micelles before the morphological transition

occurs, which will be discussed in section 4.3.1. It is worth mentioning here that the

phase separation behavior of copolymerlDtvIF solutions accompanying the addition of

aqueous solutions of NaCl, or NaOH, or CaCl:! was also exarnined. 9 It was found that in

the additive concentration range employed in the present study, the addition of NaCl,

CaCI:!, or NaOH does not induce reverse micelle-like aggregation of the copolymers.

When compared to CaCl:! and Ca(Ach, the effect of NaCI is much weaker. The

\veaker effect on the morphology can he ascribed to a weak Na+ binding to the PAA

segments given that sodium acrylate is a strong electrolyte. The effect is possibly a screened

electrostatic field of the partially charged PAA segments in the presence ofNaCl.

7.4.3. Stability and characteristics of the various aggregates.

In this section, \ve discuss the regions of stability of the aggregates of different

morphologies in Drv1Fïwater mixtures as weIl as sorne oftheir characteristics in water.

7.4.3.1. Spherical micelles. In the absence of added ions, it was reported

ln previous papers 2,3 that the average core radii of spherical micelles vary with

copolymer composition according to

1) _ N 0.4 N -0.15
.I.""core A B
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where NA and NB are the degrees of polymerization of the PS and PAA blocks,

respectively. For copolymers with a PS block of constant length, equation 1 implies that

the shorter the PAA black, the larger the spherical micelle core. In the present system, for

a single block copolymer, the core sizes of the spherical micelles depend on the

concentration of added ions. Thus, changing the added ion concentration has a parallel

effect on the aggregate morphology as changing the copolymer composition. Figure 7.7

shows a plot of the average core diameters of the spherical micelles as a function of the

concentrations of the different additives. 23 Clearly, the changes of micelle core sizes are

not a linear function of the additive concentration. For HCI or NaCI, as the additive

concentration increases, the core size increases at tirst relatively slowly, then more

rapidly and finally the morphology of the aggregates changes. For NaOH, the average

diameter of the micelles decreases as the added NaOH concentration increases at tirst

rapidly, and then more slowly. The changes in the PS core dimensions are a result of the

fact that the addition of NaOH increases the repulsive interactions among the corona

chains, while added Hel or NaCI decreases the inter-chain repulsion. The rapid change of

the micelle core sizes just before or after the morphological transition suggests that the

thermodynamic penalty from the PS black stretching is largely responsible for the

morphological transition.

In the case of added Ca(Ach, the core sizes of the small spherical micelles change

only slightly as the concentration of added Ca(Ach increases (Figure 7.7-B). Before the

morphological transition from small spherical micelles to LCMs, the average core

diameter is only around 30 nm, while for the other additives, i.e. HCI, NaOH or NaCl, the

values are around 38 nm. This implies that the penalty from the PS block stretching in the

cores is not crucial at this core dimension. Therefore, the morphological transition from

spherical micelles directly to LeMs by addition of Ca(Ach, as discussed in section 4.2.3,

appears to be due to the fonnation of reverse micelle-like aggregates, rather than an

increased degree ofPS block stretching.
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Figure 7.7. Plot of the average core diameter (D/nm) versus molar ratio of the different
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• 7.4.3.2. Aggregates of other morphologies. As the concentration ofadded

acid or salts increases, the core diameter of the spherical micelles increases. At sorne

point, the aggregates change their morphology progressively from spheres to rads, to

vesicles, and eventually to LCVs, in order to reduce the entropic penalty due to the

stretching of the PS chains in the micelle core. Therefore, along with the morphological

changes, the dimensions of PS cores change also. The addition of NaCI to PS(41O)-b­

PAA(25) copolymer solution (cf Figure 7.3) provides a typical example. When added

NaCl concentration is 2.1 mM (R=O.4), the core diameter of the spherical micelles

increases to 37 nm. As the added NaCI concentration is increased to 3.2 mM (R=O.6), the

PS core diameter of the rod-like micelles decreases to 34 nrn. When vesicles form, the

thickness of the PS wall decreases again ta 25 nm. The decrease of PS core dimension

accompanying the morphological transitions is aIso related to an effect of different

geometries of the aggregates on the force balance during micellization. A more detailed

discussion can he found elsewhere.3

Changing the additive concentration has a similar effect on the aggregate

morphology as changing the copolymer composition; however, it is more easily

controlled if one wishes to obtain a desired morphology. It has been shown that the range

of stability of various morphological aggregates is a function of the copolymer

composition and molecular weight.3 However, when the PS block of the copolymers gets

longer, the preparation of rod-like micelles and vesicles becomes more difficult because

the composition range for these aggregates becomes very narrow. Specifically, when the

PS block lengtj} of the copolymers exceeds 600 repeat units, it has not been possible to

prepare rod-like micelles or vesicles by changing copolymer composition alone without

added ions. However, aggregates of various morphologies from PS(660)-b-PAA(24)

copolymer are obtained easily by adding NaCl to different final concentrations.

The addition of NaCl to PS(41O)-b-PAA(25) changes the morphology gradually

from spheres to rod-like micelles, to vesicles and to large compound vesicles (LCVs);
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however, rod-like micelles are missing among the aggregates made from PS(41O)-b­

PAA(13). Even for PS(410)-b-PAA(25), when CaCl2 is used as the additive, rod-like

micelles have not been observed. A possible reason for the absence of rod-like micelles

may be the delicacy of the force balance involved in the fonnation of different

morphologies. The control of the repulsive interactions among the corona chains by the

addition of NaCI is relatively easy because of the relatively weak morphogenic etTect of

NaCI on the aggregates. Therefore, relatively large quantities have to be added to achieve

changes in morphology, and the rod-like micelle region can be located even if it is

narrow. By contrast, when CaCl2 is used, much smaller quantities of CaCl2 are needed to

achieve changes in morphology because of its strong morphogenic effect on the

aggregates. Therefore, the region of rod-like micelles is more difficult to locate, in view

of the fact that the change of added CaC12 concentration is only about 20 J.1M for the

morphological transition from spheres to vesicles for PS(41O)-b-PAA(2S) aggregates, and

only 5 J.1M for PS(410)-b-PAA(13) aggregates (cf Table 2). Another possibility is that

the region of stability of the rod-like micelles is narrow, and depends not ooly on the PS

block length, but aIso on the PAA block length. As the PAA block lengili decreases, the

originally narrow region for the rod-like micelles becomes even more narrow, and more

difficult ta locate, as it is for PS(41 O)-b-PAA(l 3).

7.4.3.3. Large compound vesicles. The LCVs appear to be a new

morphology for block copolymer aggregates in solution.s Their stnlcture bears sorne

resemblance to that of aggregated soap bubbles, and their outer and inner surfaces must

be hydrophilic because of the presence of the short PAA chains. The LCVs are irregular

in shape when they are made from the copolymers with relatively long PAA segments,

for example, PS(410)-h-PAA(2S) (Figure 7.3-I) or PS(660)-b-PAA(21). However, those

made from the copolymers with relatively short PAA segments are generally spherical,

for example PS(410)-b-PAA(13) (Figure 7.4-F). Furthennore, as the added ion

concentration increases, the Levs become more spherical and their sizes shrink because
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of smaller primary cell dimensions (Figure 7.1-G and H). The differences in the

geometric shapes of the LCVs may be related to differences in the PAA block length, the

dimension of the prirnary vesicles, the softness of the wal17 as well as the surface energy

and the shear conditions under which the LCVs are formed. In the present study, we do

not see a further morphological transition frOID the LCVs to large compound micelles

(LCMs), probably because the PAA blacks are not short enough. However, in view of the

characteristics of LCVs made from the copolymers with different PAA block length and

different added salt or acid concentrations, the structure of LCMs has a superficial

resemblance to that of LCVs when the inner-diameter of the vesicular cell of the LCVs

becomes very small so that it looks like a core of reverse micelle-like aggregate. Finally,

it should be pointed out that LCVs are subject to settling due to gravity. However, they

are very stable, and do not coalesce at room temperature since they can be resuspended

after settling.

While the spherical micelles, rod-like micelles and individual vesicles resemble

morphologies formed mainly under thermodynamic control, the LCVs probably result

from kinetic control. Because the thicknesses of both inside and outside walls of these

aggregates are uniform and equal, their formation may involve a secondary aggregation

of individual vesicles and a subsequent fusion process. For small molecule surfactants,

vesicle fusion is believed to occur very rapidly, and is usually over within 0.1 - 1 ms.24

However, the fusion process of the vesicles made from the copolymers may be much

slower because of the lower mobility of these high molecular weight molecules.

Therefore, as the added ion concentration increases, the rate of effective collisions of the

colloid particles increases. The captured vesicles fuse with each other to form large, less

curved, vesicles, as shown in Figure 7.1, 7.3 and 7.4. When the rate of effective collisions

of vesicular aggregates becomes faster than the subsequent fusion process as the added

ion concentration increases further, the LCVs may result. In Figure 7.4-F, a range of

aggregates, the structures ofwhich are intermediate between uni-vesicular and LCV, can

be seen. This may be taken as an evidence ofkinetic control.

204



-

Chapter7 Morphogenie Effecl ofAdded Ions on Crew-Cut Aggregates ofPS-b-PAA Black Copo(vmers
in Solutions

The self-assembly of vesicles has become a topic of current interest. ln one

case,24 chemical species such as bis-phospholipids, were incorporated into the vesicle

walls, to aid their aggregation into higher order (multivesicular) structures. As is shown

here, the LeVs cao be formed spontaneously under a range of conditions. They are thus a

~"nonnal" aggregate morphology. It has been suggested 2S that these higher order

structures might be of interest in leading to new methods for processing artificial tissue­

like composites, and soft biomaterials. ln addition, controlled drug delivery appears a

distinct possibility since multiple concentric layers might provide a convenient timing

mechanism.

7.5. CONCLUSIONS

The morphology of the block copolyrner aggregates formed from a single block

copolymer cao be controlled via the addition of micro-molar CaCI2, Ca(Ach, NaOH or

HCI, or milli-molar NaCI. Ion-induced morphological changes in dilute solutions of

black copolymer aggregates at such low ion contents are novel and significant. The effect

of added ions on the aggregate morphology is parallel to a change in the soluble block

length, but il is more easy to control. Although the morphogenic effeet of added ions May

differ for different additives, it eao be ascribed to a changed repulsion among the corona!

chains, due to protonation by HCI, ionization by NaOH, ion-binding and bridging by

Ca2-t-, and a screened electrostatic field of charged PAA segments by NaCI. ln addition to

the various aggregates, Le. spherical micelles, rod-like micelles, vesicles and large

compound micelles, which had been described before, 3 large compound vesicles, a new

morphology, are obtained. The formation of the LCVs May be a result of kinetic control

involving collisions of vesicular aggregates and a subsequent fusion process. A number

of novel features of the LeVs May make them especially useful as drug delivery

vehicles. Furthennore, the spontaneous fonnation of the Levs might provide a practical

method for making stable artificial tissue-like composites and soft biomaterials with
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tunable properties. Thus, the versatility of crew-cut micelles is much greater than was

originally suspected. From a fundamental point ofview, the discovery of the strong effeet

of added ions on the morphology of polymerie arnphiphilies in dilute solution may lead

to an improved understanding of the nature of interactions in these systems, and their

consequences for the structure of macromolecular assemblies.
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ABSTRACT

Static light scattering was used to study the phase separation behavior of

homopolystyrene and polystyrene-b-poly(acrylic acid) (pS-b-PAA) in DMF as a function

of added water content. It was found that the critical water content, cwc, at which phase

separation starts, depends on both the polymer concentration and the molecular weight.

The higher the polyrner concentration and the molecular weight, the lower the cwc. For

PS homopolymer, phase separation involves the precipitation of the polymer chains. In

the copolymer solution~ phase separation results in the formation of regular crew-cut

micelles consisting of a PS core and a PAA corona shell. The change of the micelle

fraction as a function of water addition can be estimated from the relationship between

the C\\'C and the initial copolymer concentration. The influence of added electrolytes, Le.

NaOH, HCI~ NaCl~ CaCI1, or Ca(Ach, on the self-assembly process of the copolymers in

DMF was also explored.

Since the micelle cores are highly swollen by DMF in the early stages of their

fonnation~ the structures are labile. As the added water content increases, the cores

become gradually less swollen and the mobility of the polymer chains in the cores

decreases. A preliminary study of polymer chain exchange among the micelles was

perfonned by mixing t\vo solutions of micelles of different sizes at different water

contents and studying the micelle core size distribution by transmission electron

microscopy. It is shown that the copolymer chain exchange within a one day period is

significant at a \vater content of 6 wt. 01<>, but becomes negligible when the water content

is increased to - Il wt. %.
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8.1. INTRODUCTION

Amphiphilic block copolymers undergo self-assembly in a selective solvent to

fonn aggregates of a core-shell structure. l Aggregates are frequently referred to as star

micelles when the corona fonning blocks are much longer than the core forming blocks.

Aggregates of another kind, namely crew-cut micelles, 2 have been receiving attention

recently in this laboratory 3-9 and in others. 10,11 In contrast to star micelles, crew-cut

micelles are made from copolymers in which the insoluble blocks are much longer than

the soluble blocks. Therefore, they have a rather large core and a relatively short corona;

thus, their structure is, in some \vays, similar to that of polymer nanospheres, Il polymer

latex particles prepared by emulsion polymerization, 12 as \vell as that of polymer chains

grafted onto a solid surface. 13 Since the micelles are prepared from weil defined block

copolymers, the core size and the corona shell dimension can be controlled by varying the

block lengths of the copolymers. Furtherrnore, because the blocks of the copolymer are

linked chemically, the density of the corona chains is better defined than that of polymers

grafted onto a solid surface or of stabilizer layers on the surface of latex particles. The

cre\v-cut micelles may thus serve as the model systems for the studies of polymer

grafting. latex surfaces and brushes.

To make the crew-cut micelle solution, 3-9 the block copolymers, e.g. polystyrene­

b-poly(acrylic acid), are first dissolved in N,N-dimethylformamide (DMF), a common

solvent for both of the blocks. Then, a precipitant for the polystyrene block, Le. water or

methanol, is added to induce the fonnation of micelles. Finally, the DMF is removed

from the micelle solution by dialyzing the resulting solutions against water. 3-6 The

structure of the micelles in water is stable because the fraction of the insoluble PS block

is high and the core is glassy at room temperature. This makes it possible to study the

morphologies by transmission electron microscopy (TEM), and to measure the core sizes

directly from the prints.
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For polystyrene-h-poly(acrylic acid) ( PS-b-PAA) diblock copolymers, aggregates

with various morphologies have been prepared from copolymers of different

compositions. 4,6 When the PAA block content is relatively high, the copolymer chains

aggregate to form spherical micelles of low polydispersity. Compared to star micelles, the

crew-cut micelles have a low density of coronal chains on the core surface (i.e. a large

surface area per corona chain), and a low degree ofstretching of the PS chains in the core.

As the content of the soluble block cPAA) in block copolymer decreases, the marphology

of the aggregates changes progressively from spheres ta cylinders, to bilayers (both

vesicles and lamellae), and eventually to large compound micelles. The morphology of

the crew-cut aggregates is mainly controlled by three factors, i.e. the stretching

(defonnation) of the PS chains in the core, the surface tension between the PS core and

the solvent, and the inter-corona-chain interactions.

The solubilization ofhomopolystyrene in the micelle cores has also been studied.6

It was found that the homopolystyrene chains are generally distributed throughout the

cores when the homopolystYrene content is relatively law. As the content of added

homopolystyrene increases, homopolymer accumulation in the center of the micelle core

can be deduced. The addition of homapolystyrene changes the morphologies of the

aggregates from either bilayers or cylinders to spheres; this is ascribed mainly to the

reduced degree of stretching of the PS blocks in the cores and possibly the effect of

mixing entropy, both of which are assaciated with the solubilizatian of the

homopolystyrene into the micelle cores.

More recently, it was found that the morphological changes can also be induced

by the addition of micro- or milli-molar NaCI, CaC12' Ca(Ac)2' HCI, or NaOH to the

DtvIF solution. 7,8 The effect of added ions on the aggregate morphology is similar to that

of changing block copolymer composition. In general, the effects can be ascribed to a

change of the repulsive interactions among the corona chains accompanying the addition

of ions. In addition to the morphologies which can be produced by varying the copolymer

composition in the absence of added ions, i.e. spheres, rods, bilayers and large compound
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micelles, aggregates of a new morphology, large compound vesicles (LCVs), are also

obtained. The formation of LCVs appears to be a result of kinetic control involving a

secondary aggregation of many individual vesicles and a subsequent PS wall fusion

process. The morphogenic effects of copolymer composition and added ions on the

aggregate morphology is also found in the self-assembly system of polystyrene-b­

poly(ethylene oxide) copolymers.7,9

The study of crew-cut aggregates is still in the early phases and many of the

fundamental aspects related to their fonnation as weIl as the different morphologies still

remain unexplored. Because the cre\v-cut micelles are prepared by adding a precipitant to

a homogeneous copolymer solution, a phase separation process is involved in the course

of micellization. Although it has been used to prepare star micelles of copolymers, 14 the

addition of a precipitant is not a classical method, and thus it has not been explored

before in detail. It has been sho\\'11 in previous chapters 3-9 that this method yields

essentially monodisperse micelles and various other morphologies. Therefore, the study

of the phase separation behavior of block copolymers in DMF/water mixtures becomes

essential for an understanding of the micellization process. In this chapter, we first

investigate the phase separation behavior of PS-b-PAA block copolymer solutions as a

function of the copolymer concentrations and compositions, as well as the presence of

added electrolytes. Then, a preliminary study of the relationship between the lability of

the micelle structure and the added water content is presented, to verify the conditions

under which the fonned micelles become stnlcturally frozen aggregates. A parallel study

of the thennodynamics of the micelle fonnation has been conducted, and will be

described in a forthcoming paper.l 5 Statie light scattering and transmission electron

microscopy (TEM) techniques are used.

8.2. EXPERIMENTAL SECTION

8.2.1. Polymer Samples. Polystyrene-b-poly(acrylic acid) diblock copolymers,

PS-b-PAA, were synthesized by sequential anionic polymerization of styrene monomer
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followed by tert-butyl-acrylate monomer. The polymerization process was carried out in

tetrahydrofuran (THF) at -78°C under nitrogen gas. Before the addition of tert-butyl­

acrylate monomer, an aliquot of the reaction medium was withdrawn to obtain

homopolystyrene (PS), which thus had an identical polystyrene chain length as that in the

diblock copolymer which was to be synthesized subsequently. A more detailed

description of the procedures can be found elsewhere. 16

The degree of polymerization and the polydispersity of the polymers were

measured by size exclusion chromatography (SEC). AlI the homopolystyrenes and their

diblock copolymers in the form of tert-butyl-acrylate gave one narrow SEC peak. The

composition of the block copolymer \vas determined from FTIR measurements, from

which the degree ofpolymerization of the poly(tert-butyl-acrylate) was calculated. The as

synthesized block copolymers were hydrolyzed to the acid form (PS-b-PAA) in toluene at

110°C by ret1uxing overnight in the presence ofp-toluene sulfonic acid as the catalyst (5

moloiO relative to the polyacrylate content). FTIR studies showed that the hydrolysis was

essentially complete. The basic characteristics of the polymers are listed in Table 8.1. The

polymer samples are differentiated by the notation developed previously, e.g. the

PS(SOO)-b-PAA(60) denotes a copolymer containing 500 styrene units and 60 acrylic acid

units. PS( 180) refers to homopolystyrene with 180 units in the chains.

8.2.2. Static Light Scattering. Light scattering experiments were performed

on a DAWN-F multiangle laser photometer (Wyatt Technology, Santa Barbara, CA)

equipped \vith a He-Ne laser (632.8 nm). The polymer solutions were prepared by

dissolving polymers into N,N-dimethylfonnamide (DMF). The DMF (Aldrich) was used

as received without any further purification. According to the manufacturer, the water

content is less than 0.02%. The solutions with different concentrations were obtained by

stepwise dilution of a more concentrated solution. The solutions were filtered through a

membrane filter "vith nominal pore size of 0.45 Jlm. Deionized water (Mini Q) was added
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to the polymerlD~ solutions with a microsyringe. The experiments were performed at

room temperature. The scattered light intensity was recorded 15 min after the addition of

water and mixing of the solution.

8.2.3. Transmission Electron Microscopy (TEM). A Phillips EM410

microscope was used for the studies. Ta prepare TEM samples, a drop of dilute aqueous

solutions (about 1 mg/ml) was deposited onto copper EM grids, which had been pre­

coated with a thin film of Fonnvar (polyvinyl fonnaldehyde plastic) and then coated with

carbon. The aqueous solution was allowed to stay about two minutes on the copper grid,

and then was blotted away \Vith a strip of tilter paper. Finally, the samples were

shado\\'ed \vith palladiumiplatinum alloy at a angle - 35°.

Table 8.1. Molecular characteristics of homopolystyrene and of polystyrene-b­

poly(acrylic acid) diblock copolymers

polystyrene MwlMn copolymer MwlMn

(PS) (PS-b-PAA)

PS(86) 1.09 170-b-33 1.08

PS(170) 1.07 410-b-25 1.05

PS(390) 1.05 390-b-41 1.06

PS(500) 1.04 500-b-60 1.04

PS(1140) 1.05 1140-b-165 1.06
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8.3. RESULTS AND DISCUSSION

8.3.1. Phase Separation ofPolymerlDMF/Water Solutions.

DMF is a common solvent for bath blacks of the polystyrene-b-poly(acrylic acid)

copolymers. The dissolution of the copolymers in D!vfF as single chains has been

confumed by static light scattering measurement of the molecular weight. Because water

is a good solvent for poly(acrylic acid), but a precipitant for polystyrene, as water is

added ta the copolymerlDrv1F solution, the solvent becomes progressively worse for the

polystyrene block. Eventually, the copolymer solution undergoes phase separation and

the polysryrene chains aggregate, \vhich is reflected in a sudden change in the scattered

light intensity.

8.3.1.1. Addition of \Vater to HomopolystyrenelDMF Solutions. Before

exploring the phase separation behavior of the copolymerlDMF solutions resulting from

the addition of \vater, it is useful to study the homopolystyrene (homo-PS) solutions

because the major component of the PS-b-PAA copolymers is polystyrene. Figure 8.1

presents experimental curves of the scattered light intensity from the PS( 170)

homopolymer solutions as a function of added water content. For each solution, as long

as the \vater content is relatively low, the scattered light intensity changes only very little,

implying that the polymer chain dimensions do not change appreciably. However, when

the water content reaches sorne critical value, the scattered light intensity increases

rapidly. The drastic increase in the scattered light intensity indicates that a phase

separation has occurred. For the more concentrated solutions, the solutions tums cloudy

at that point; a PS rich phase is observed on the bottom of the light scattering vials after

the solutions are allowed to stand for a few hours. Figure 8.1 aIso shows that the onset of

phase separation shifts to higher water contents as the initial polymer concentration in

DW' decreases, indicating that the polymer chains in more dilute solution remain soluble

to a higher water content; as might be expected, the solubility of homo-PS decreases as

the water content increases.
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Figure 8.1. Scattered light intensity as a function of added water content ID

PS(170)IDMF solutions ofdifferent concentrations.
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For each solution, a critical water content, CWC, cao he defined as the water

content at which phase separation starts; it is obtained from the intercept of the nearly

horizontal and vertical straight line segments of the light scattering curve. A plot of the

cwc as a function of polymer concentration for different PS homopolymers is given in

Figure 8.2. A linear relationship is found between the cwc and the logarithm of the

polymer concentration, which has been seen in other polymer-solvent-precipitant

systems. 17 The cwc decreases as the polymer concentration increases. For a specifie

polymer concentration, the cwc decreases as the polymer molecular weight increases. It

is weIl kno\vn that the solubility of a polymer is related to its chain length. This is the

case here also, as can be seen by going horizontally across the plot for any water

content. Figure 8.2 also shows that the relationship between the cwc and the polymer

concentration changes with the molecular weight of the polymers. The higher the

molecular weight, the larger the slope d[/og C]ld[cwc] of the lînes. This means that the

higher the molecular weight, the stronger the effect of water on solubility. Finally, it is

note\vorthy that aU the straight lines intersect at a polymer concentration of -1 glg

(\vhich corresponds to the density of the bulk phase), at a water content about 2 wt. 0,1".

This may indicate that even if the molecular weight and the concentration of

polystyrene become very high, the polymer will not phase separate from a DMF/water

mixture for a water content less than 2 wt. %. Obviously, the solution behavior of

polystyreneIDMF/\vater mixtures is complex but quite interesting. However, since the

primary object of present paper is the study of micellization of black copolymers, the

topic of solubility ofhomopolystyrene in this mixed solvent will not be pursued further

here.
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8.3.1.2. Addition ofWater to ps...b-PAAlDMF Solutions. For PS homopolymer

solution al any reasonable polymer concentration, phase separation occurs when the

added water content reaches a certain level. For the block coPOlymers, the phenomena

show sorne similarity to the case of homo-PS. As can be seen in Figure 8.3, when water

content is relatively low for ail of the solutions, the intensity of scattered light changes

only little. At sorne criticaI value, the increase of the intensity becomes very steep for ail

polymer concentrations. The drastic change in the intensity indicates that phase

separation has occurred. In contrast ta homa-PS solutions where the polymer chains

collapsed and precipitated out, the solutions of diblock copolymers were found ta be very

stable after microphase separation. This occurs because phase separation of the

copolymer solution results in the fonnation of micelles, with the polystyrene blocks of

the copolymers aggregating to form the micelle core, and the PAA blacks to fonn the

corona shell. Because bath D:MF and water are good solvents for acrylic acid, the

hydrophilic interaction between the PAA segments and the solvents prevents the particles

from precipitating through secondary aggregation. Figure 8.3 aIso shows that as the initial

copolymer concentration decreases, the phase separation shifts to a higher water content,

which means that the copolymer solubility in DMF/water mixture decreases as the water

content increases.

As in the case of homo-PS solutions, the cwc can be obtained from the light

scattering curves in Figure 8.3 for copolymer solutions of different concentrations. Figure

8.4 shows a plot of the cwc against the logarithm of the polymer concentration for

copolymers of different molecular weight. For convenience, the data for sorne of the

homopolystyrene solutions are aIso shawn in this plot. It is found that here aIse a linear

relationship exists between the cwc and the logarithm of the block copolymer

concentrations. One can see that the onset of phase separation of the corresponding
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diblock copolymer solutions (with the same polystyrene segment length and

concentration as that of the homopolymer) always oceurs at a higher water content.

Because both water and DMF are good solvents for PAA blocks, it is reasonable to

believe that the interaction between the solvent and the acrylic acid units prevents the

collapse of the copolymer Molecules from the solution until a higher water content is

reached. The linear relationship has only a slightly different slope (smaller d[log

C)/d{cwc]) compared to that of the corresponding homo-PS solutions, probably due to

the large weight-fraction of polystyrene in the block copolymers. Furthennore, for a

specifie polymer concentration, the cwc decreases with an increase of the PS black

length. This implies that the copolymers with longer PS blocks start to fonn micelles at a

lower water content than shorter blocks do. Because the solvent-PS (Flory-Huggins)

interaction parameter, X, increases as the water content increases, from a thennodynamic

point of view, the micelles fOnD at X. values which decrease with increasing the PS block

length and/or polymer concentration.

8.3.1.3. Addiûon ofWater to Polymer Mixtures in DMF Solutions. In a

previous paper,6 it was reported that PS homoPOlymer can be solubilized into the micelle

cores during micellization of the copolymers, by dissolving the homopolymer in the

copolymerlD~ solutions before the addition of water. Therefore, it is of interest to

study the phase separation of the solutions composed of two different polymers in DMF

as the addition of water progresses. For this purpose, four different polymer mixtures

were prepared from PS(SOO)-b-PAA(60) and PS(170), PS(SOO)-h-PAA(60) and PS(1140),

PS(1140)-h-PAA(l65) and PS(180), and PS(1140)-b-PAA(165) and PS(170)-b-PAA(33),

respectively. The weight ratio of the two selected polymers in the mixtures was one to

one. We chose the above polymer combinations because of the large differences in their

critical water contents.
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It was found that aH solutions gave curves of the scattered light intensity versus

the added water content which are very similar to those shown previously in Figures 8.1

and 8.3. Figure 8.S shows a plot of the cwc from the solutions of polymer mixtures as a

function of the logarithm of the total polymer concentration. One can see that the cwc

decreases as the total polymer concentration increases. Again a linear relationship is

found. The cwc of the solution of a mixed polymers depends mainly on the component

polymer which has the lower critical water content alone. For example, for comparable

concentrations, the solution of the mixture ofPS(SOO)-b-PAA(60) and PS(l70) has a cwc

which is only slightly higher than that of the solution of PS(SOO)-b-PAA(60) alone. The

solution of PS(SOO)-b-PAA(60) and PS(1140) mixture has a cwc which is only slightly

higher than that of PS(l140) alone, but much lower than that of PS(SOO)-b-PAA(60)

alone. Furthennore, if one considers that the Cl\'C is plotted against the total polymer

concentration in Figure 8.5, and that each polymer component in the mixtures accounts

for SO°,lo of the total concentration, the cwc of the solution of the mixed polymers is

almost identical to that of the solution of the component polymer having the lower cwc

alone.

On the basis of the above results, one can deduce that if one wishes to iocorporate

homopolystyrene ioto the copolymer micelle cores, the homo-PS should have a higher

cwc than that of the black copolymer. Otherwise, the homo-PS chains will precipitate

first from the solution as the water content increases, without becoming incorporated into

the PS core of the copolymer micelle. The cwc can be increased by decreasing the

polymer concentration and/or molecular weight.

8.3.1.4. Dependence of the Degree of Micellization on the Water Content. It

is clear from the above that for a copolymer solution of a certain initial concentration,

\\'hen the water content is below a critical value, the copolymer chains are unassociated;

at the critical water content, the copolymers start to associate; as the addition of water

progresses further, more and more copolymer chains associate to fOnIl micelles and the

concentration of the copolymers in single chain fOnIl decreases. Thus, it is of interest to
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see how the micelle fraction of the copolymers depends on the change of water content

beyond the critical value.

According to the plots in Figure 8.4, the relationship between the cwc and the

initial copolymer concentration, Co, can be expressed as

or

cwc = -A·log Co + B

Co = exp[2.303(B-cwc)/A]

(8.1 )

(8.2)

where A and B are constant for a specifie copolymer. At the critical water content, the

copolymer concentration represents actually the critical micellization concentration

(CMC), which depends on the polymer molecular weight and the water content. As the

added \Valer content increases further, more and more copolymer chains forro micelles.

However, the concentration of the unassociated polymer chains, CMC, still obeys the

relationship ofequation (1). Thus, we have

CMC = exp[2.303(B-H20%)/A] (8.3)

\vhere H20o;O represents the water content in the solution. it is worthy of note that the

molecular weight distribution of the block copolymer should also have an effect on the

micellization behavior or the critical micellization concentration (CMC) as shown in an

earlier study.1 8 Ho\vever, in the present simplified treatment, we do not consider the

polydispersity in the copolymer molecular weight.

The micelle fraction can be defmed as a ratio of the associated polymer to the

total polymer, (Co - CMC)/Co. A combination of equations (2) and (3) yields the

follo\ving relationship

- (Co - CMC)/CO = 1 - exp[2.303(cwc-H20%)/A]

= 1 - exp(-2.303~H20/A) (8.4)
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where ÔH20 represents the increment of the \vater content since the copolymers started to

associate. When the value of ÔH20 is zero (or less), the ratio of (Co - CMC)/Co equals

zero, because ail the copolymer chains are unassociated in the solution when the water

content is below the cwc. Figure 8.6 shows a plot of the micelle fraction against the

increment of the water content for different black copolymers. It is clear that the micelle

fraction depends on the copolymer molecular weight and the water content. For

copolymers with longer PS chains, the micellization is completed within a narrower range

of the water increments. Ho\vever. the copolymers \vith shorter PS block length show a

broader water increment range needed for a complete micellization. Since the value of the

solvent-PS interaction. the X parameter, is a function of the water content. this means !hat.

even for an individual copolymer solution, the micelles may he formed at a value of the X

parameter which is slightly different from micelle to micelle. However, as will be seen

later on in section 3.3., at this water content range, the structure of the micelles is not

frozen. A dynamic equilibrium between the micelles and copolymer unimers exists.

Therefore, the structural parameters of the micelles can still change in response to the

slightly changed solvent environment. As a result, the slight increase of the value of the X.

parameter during micellization may not affect the core size distribution appreciably since

it has been found that the fonned micelles are generally monodisperse.

8.3.2. Phase Separation of PolymerlDMF/Water Solutions Containing Electrolytes.

Recently, it has been found that small amounts of added electrolytes, e.g. HCI,

CaCI:! or NaCI, can have a very strong effect on aggregate morphologies. 7,8 Electrolytes

in aqueous solution are added to the copolymerlDMF solutions before adding more

deionized water to induce the PS block aggregation. As a typical example, for a 1 wt. %

PS(41 O)·b·PAA(25) solution, without any added Hel, the aggregates are spherical

micelles; when the added HCI concentrations are 210, 240 and 270 J.lM, the aggregates

are rod·like micelles, vesicles and large compound vesicles, respectively.7 In this section,
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critical water content. Arrows indicate 95% micellization.
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we discuss the influence of the added electrolytes on the phase separation behavior of the

copolymer solutions. In particular, we emphasize the state of the copolymers upon

dissolution in the presence of added electrolytes and sorne water, but not enough to

induce PS block aggregation. In order to connect the present study with the morphogenic

effect of added electrolytes on the aggregates,8 the experimental conditions and the

concentration range of the added electrolytes are designed specifically to be similar to

those under which the aggregates of different morphologies are fonned.

8.3.2.1. Addition of NaOH (aq) to PolymerlDMF Solutions. It was found

that the phase separation behavior of PS( 170) homopolymer solution did not change at aIl

when 0.010 M NaOH(aq) was added instead ofpure water. This is not surprising, because

polystyrene is non-ionic, so the effect of the added electrolyte on polymer chain

dimension should be very limited. However, for the block copolymers, the phase

separation behavior becomes more complicated. Figure 8.7 shows a plot of the scattered

light intensity against the water content for the addition of 0.030 M NaOH(aq) to

PS(170)-b-PAA(33) copolymerlDMF solutions of different polymer concentrations. For

the 1 wt. % copolymer solution, the scattered light intensity increases rapidly when the

\\'ater content reaches 4.2 wt. 0/0, which is similar to the behavior when adding deionized

water. However, for more dilute solutions, the scattered light intensity starts to increase

rapidly at much lower water contents than those observed when deionized water is added.

Considering the fact that NaOH has aImost no effect on the phase separation of

the homopolystyrene solutions, the different phase separation behavior of the copolymer

solution should he related to the neutralization of the acrylic acid UDits (to sodium

acrylate) by the NaOH. It is known that PS-b-PANa diblock copolymers in DMF fonn

reverse micelles, \vhich have a PANa block core and a PS corona shell. 19 The degree of

reverse micellization depends on the degree of neutralization of the PAA blocks. 20 In

the present system, as the addition of NaOH (aq) progresses, more and more acrylic

acid units become neutralized; in addition, the water content also increases. For NaOH
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Figure 8.7. Scattered light intensity, from PS(170)-b-PAA(33)/DMF solutions of

different concentrations, as a function of added water content introduced by adding 0.030

M NaOH aqueous solution.
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solutions of the same concentration, the degree of neutralization of the PAA blacks

increases much faster for the more dilute polymer solutions than that the more

concentrated solutions. Therefore, in the more concentrated copolymer solutions, when

the water content reaches sorne critical point for the PS block precipitation, the

neutralization degree of the PAA blocks could be stilliow. A low degree ofneutralization

of the PAA blocks does not lead to the formation of reverse micelle-like aggregates. 19

As a result, the phase separation resulting frOID the addition of NaOH (aq) is similar to

that resulting from the addition of deionized water. However, for a more dilute copolymer

solution, before the water content reaches the critical point for the PS block precipitation,

the degree of neutralization of the PAA blocks could already be very high. A high degree

of neutralization of the PAA blocks leads the formation of reverse micelles. Naturally,

both mechanisms of aggregation lead to increase in the scattered light intensity.

It is of interest to study the relationship between reverse micel1ization and the

degree of neutralization of the PAA blocks. Because reverse micellization aisa increases

the scattered light intensity, it is difficult to determine the position of cwc for the PS

block aggregation from the curves in Figure 8.7. However, although the formation of

reverse micelles increases the scattered light intensity, the appearance of the solutions is

almost clear because of the small core sizes of the reverse micelles. By contrast, the onset

of the PS block aggregation can he observed by a turbid appearance of the solutions.

Because the solubility of the PS blacks is very sensitive to the water content, as a good

approximation, the water content at which the solution starts to become turbid represents

the critical point for the PS block aggregation. For this experiment, the initial copolymer

concentration in DW was 1 wt. %. NaOH (aq) in different amounts was first added to

the copolymer solutions in different vials. Then, deionized water was added right until the

solutions became cloudy. This study is based on the fact that the cwc is a function of the

molecular weight of the PS black (cf Figure 8.2). At a constant polymer concentration,

the higher the molecular weight, the lower the cwc. If the polymers are unassociated, the
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cwc is detennined by the molecular weight of the polymer single chains. When the

copolymer chains become associated to form star type reverse micelles, the CU'C is then

determined by the molecular weight of the reverse micelles rather than of the polymer

single chains. The only difference is that the copolymer chains are linear before

aggregation, but become a star type after the fonnation of reverse micelles. The much

higher apparent molecular weight of the reverse micelles leads the phase separation to

occur at a lower water content.

Figure 8.8 shows a plot of the C\\·c (or \vater content at the cloud point) versus the

molar ratio of the added NaOH molecules to the acrylic acid units (or the degree of

neutralization of the PAA blocks). As can be seen, for both of PS(l70)-b-PAA(33) and

PS(410)-b-PAA(25) copolymers, when the neutralization degree is relatively low, e.g.

less than 10 0,/0, the Cl\.'C does not change very much, indicating that the copolymers before

the onset of phase separation were still dispersed as single chains. As the degree of

neutralization of the PAA blocks increases, the C\\'C decreases, implying the formation of

reverse micelle-like aggregates and also showing that the extent of the aggregation (or the

aggregation number) increases. For different copolymers, the detailed shapes of the curve

of Cll"C versus the neutralization degree are somewhat different, which may be related to

the cvpolymer composition, the block lengths ofboth the PS and the PAA, etc.

8.3.2.2. Addition of Other Electrolytes to the CopolymerlDMF Solutions. In

this section, \ve explore the effect of other added electrolytes on the phase separation

behavior of the copolymer solutions. The electrolytes used for this study are Hel, NaCl,

CaC!:! and Ca(Ac)2 because they show a strong morphogenic effect on the crew-cut

aggregates. 7.8 The aqueous electrolyte solutions were added to the copolymerlDMF

solutions. The scattered light intensity was monitored after each addition. After the

concentration of added electrolytes in the copolymer solution reached a predetennined

level, deionized water was added until phase separation occurred.
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PAA(2S) copolymers, MNaOHIMAA"The initial copolymer concentration is 1 wt. %.
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Figure 8.9 shows a plot of the scattered light intensity versus the water content

from a 1 wt. % copolymer solutions during the addition of different electrolyte solutions.

The copolymer is PS(41O)-b-PAA(25). The arrows indicate the positions after which only

deionized water was added instead of the electrolyte solutions. The concentrations of

added electrolytes at the indicated points were 0.54 mM (R==0.1) for Hel, 21 mM (R==4.0)

for NaCl, 0.54 mM (R=0.1) for CaCI2, and lA mM (R=0.25) for Ca(Ach. R is the molar

ratio of added electrolyte equivalents to acrylic acid units from the copolymers.

Generally, when HCt CaCl2 or NaCI was used, the curves of the scattered light intensity

vs. the water content are similar to that obtained by adding only deionized water. When

only deionized water is added, the cU'c of this solution is 3.7 wt. 0/0. For the addition of

HCI, the same cwc is obtained as for the addition of deionized water. For the case of

CaCl2 or NaCI addition, the phase separation occurs at a water content which is only

slightly lower than that when HCI or deionized water is used. Therefore, one can

conclude that, at least for the present concentration levels of added electrolytes, no

reverse micelle-like aggregation occurs prior to the normal micellization resulting from

the water addition.

When Ca(Ac)., solution is added, the phase separation behavior is more

complicated. As shoMl in Figure 8.9, the curve of the scattered light intensity as a function

of the \\'ater content can be divided into different regions. First, when the water content

was belo\v 0.8 wt.% (corresponding to a Ca(Ac)2 concentration of 0.7 mM or R=O.13),

the intensity does not change very much during the addition of the Ca(AC)2 solution.

Second, in the range of the water content from 0.8 to 1.6 wt.% (or a concentration of

Ca(Ach from 0.7 to 1.4 mM, corresponding to R==O.l3 to 0.25), the intensity increases

continuously. The third region extends from a water content of 1.6 to 3 wt. %, the region

in which deionized water is added instead of the Ca(Ach solution. The scattered light

intensity first increases slowly and then more rapidly at a water content around 3 wt.%.

At that point, the solution turns turbid, indicating that the PS chains are collapsing.
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Figure 8.9. Scattered light intensity as a function of added water content from 1 wt. %
PS(410)-b-PAA(25)/DMF solutions. The arrows indicate the positions after which

deionized water was added instead of the aqueous electrolyte solutions. The

concentrations of added electrolytes at the points indicated by the arrows were 0.54 mM
(R=O.l) for Hel (A), 21 mM (R=4.0) for NaCl ( • ),0.54 mM (R=O.l) for CaCI2 ( 0 ),
and 1.4 mM (R=O.2S) for Ca(Ac)2 ( 0 ), respectively. The insert is a plot of the critical

water content as a function of the molar ratio of added Ca(Ach to the acrylic acid (AA)

units from the copolymers, MCa(Ac>/MAA.
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The cwc is apparently lower than those for the other electrolytes~ which suggests that

reverse micellization of the copolymers has taken place to sorne extent before the PS

chains collapse. Therefore, the increase of the scattered light intensity in the second

region (ca, 0.8 to 1.6 wt. % water) reflects the fonnation of reverse micelle-like

aggregates.

In order to understand at what concentration of added Ca(Ach the copolymers

start to fonn the reverse micelles, it is of interest to examine how the cwc for PS block

aggregation changes as a function of the added Ca(Ach concentration. The insert in

Figure 8.9 sho\vs a plot of the relationship between the cwc and the molar ratio R of

added Ca(Ach to the acrylic acid (AA) units in the solution. Below R = 0.12 (i.e. below a

molar concentration of Ca(Ach of 0.65 mM), the Cll.'C does not change appreciably with

R. However, when R exceeds 0.12, the cu·c starts to decrease as the concentration of

added Ca(Ach increases, indicating that the copolymers starts to fonn reverse micelle­

like aggregates when the concentration of the added Ca(Ach is about 0.65 mM (R=O.12).

The fonnation of reverse micelle-like aggregates is most likely related to the

interaction of the added Ca(Ach with acrylic acid units, leading to the formation of

calcium acrylate. As the added Ca(Ach concentration increases~ the fraction of calcium

acrylate in the PAA segments increases. As a result, the PAA blocks become less soluble,

and finally aggregate to fonn reverse micelles. It is worth recalling that the addition of

CaCI~ did not cause the fonnation of reverse micelle-like aggregates (Figure 8.9). One

possible reason is that the highest concentration of added CaC12 in this study was 0.54

mM, i.e. belo\v the critical concentration for the reverse micelle fonnation.

8.3.3. Preliminary studies of polymer chain exchange kinetics between miceUes.

50 far, we have explored the phase separation behavior of the polymerlDMF/water
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solution with and without added electrolytes. For the PS-b-PAA copolymer solution, the

phase separation corresponds to the formation of the block copolymer micelles with PS

cores. It has been suggested in previous papers 4-6 that in the early stages of

micellization, the micelle cores are swollen with DMF. When D1vtF concentration in the

cores is high, the micelle structures could be quite labile. As the water concentration

increases, the DMF concentration in the micelle cores decreases as does also the mobility

of the polymer chains. At sorne point during the water addition, the micelles become

frozen on the time scale of the experiment, and retain their structural integrity in the

process of further \vater addition and subsequent dialysis. In this section, we explore the

lability of the micelle structure as a function of the water content, i.e. a process controlled

by kinetics ofpolymer chain exchange.

The copolymers, PS(ll40)-b-PAA(165) and PS(170)-b-PAA(33), are used in this

part of the study. On the basis of the results of light scattering studies, these two polymers

form micelles at different water contents. As shawn in Figures. 8.4 to 8.6, for a 1 wt. %

copolymer solution, PS( ll40)-b-PAA(l65) copolymers start to form micelles at a water

content of-3 wt. o,/c), and when water content reaches about 3.5 wt. %, more than 95 % of

the copalymer chains are present as micelles. However, PS(l70)-b-PAA(33) copolymers

start ta form micelles only at a water content of - 4.3 wt. %, and only when water content

reaches about 5.5 wt. %, are more than 95 % of the copolymer chains aggregated.

Furthermore, as shown in Figure 8.5, for the solutions of these two copolymer mixtures,

the cU'c is mainly detennined by the fraction of the PS( ll40)-b-PAA(165) copolymer.

Therefore, as water is added to a solution of these two copolymers, the PS( 1l40)-b­

PAA( 165) copolymer starts to forro micelles at a lower water content, and PS( 170)-b­

PAA(33) stans to fonn micelles at a higher water content. Sorne of the latter polymer

\vould be expected to he solubilized into the micelles of the fonner; this will he discussed

below.
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Figure 8.10 shows a TEM picture of the aggregates made from a mixture of

PS(l140)-b-PAA(l65) and PS(l70)-b-PAA(33). The total initial copolymer

concentration was 2 wt.% with an equal weight of each of the two copolymers. The

aggregates were prepared by the addition of water at a rate of 0.4 \vt. % per 10 seconds

until 25 wt. % \vater had been added. The resulting solution was then dialyzed against

water to remove the Dl\1F. A bimodal distribution of micelle sizes is seen. The larger

particles have an average diameter of 48 nm, while the smaller particles have an average

diameter of 24 nm. For each copolymer alone, the average spherical micelle core

diameters are 38 nm and 25 nm for PS(l140)-b-PAA(l65) and PS(l70)-b-PAA(33),

respectively.4,5 Therefore, the particles \vith smaller sizes are most likely fonned from

PS(l70)-b-PAA(33), \vhile the micelles with the larger diameters are fonned from both

PS(l140)-b-PAA(165) and PS(l70)-b-PAA(33}. In the early stages, one can expect that

as the addition of \vater progresses, PS( 1140)-b-PAA( 165) copolymers start to fonn

micelles first. Once these micelles are fonned, PS(170)-b-PAA(33) copolymer chains can

partition between the swollen micelles ofPS(l140)-b-PAA(165) and the solvent, because

the previously fonned large PS micelle cores provide a better environment for the PS

segments of the PS( 170)-b-PAA(33) chains. Therefore, the fonnation of the larger

particles is a result of the incorporation of PS(l70)-b-PAA(33) chains into the micelle

cores of the PS( 1140)-b-PAA( 165).

The bimodal distribution of the micelle sizes in Figure 8.10 appears also to be a

result of kinetically controlled process of polymer chain exchange. As was mentioned

above, once the micelles of PS(1140)-b-PAA(165) copolyrners are formed, PS(l70)-b­

PAA(33) copolymer chains partition between the PS micelle cores of PS( 1140)-b­

PAA(165) and the solvent. When the added water content exceeds sorne value, single

chains of PS(l70)-b-PAA(33) copolymers can also aggregate to fOnIl micelles (with

smaller core sizes). However, the copolymer chain exchange among the micelles driven

by the mixing entropy should homogenize the micelle sizes. The fmal state of the system
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Figure 8.10. TEM picture of the spherical micelles from mixed copolymers ofPS(1140)­

b-PAA(l65) and PS(170)-b-PAA(33), resulting from an uninterrupted water addition at a

rate of0.4 wt. % per 10 seconds until 25 wt. % water in the solution.
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depends on the rate of water addition. If water is added slowly, the rate of the polymer

chain exchange remains relatively high for longer periods. As a result, the size

distribution of aggregates can become mono-modal instead of birnodal. On the other

hand, if the water addition is fast, before an equilibrium resulting from polymer chain

exchange can be established, the micelle cores are aIready frozen due to the decrease of

the mobility of polymer chains in the cores as the water content increases. Therefore,

micelles with two populations of the sizes are obtained.

In arder to verify that chain exchange kinetics are operative in the above

experiment, aggregates were also prepared in a different way. The same solution was

used as for the aggregates in Figure 8.10, but after 5 wt. % water had been added, the

addition of water was stopped for one day, and then continued until 25 wt. % water was

added. A TEM picture of the aggregates is shawn in Figure 8.11. The distribution of the

aggregates is monomodal ,vith an average diameter of 41 nm. It is noteworthy that the

average diameter of the micelle cores is larger than those made from either PS(1140)-b­

PAA(165) or PS(l?O)-b-PAA(33) alone; this increase in size is probably caused by an

increased polydispersity of the PS segments in the mixture of the two copolymers.21

That the rate of copolymer chain exchange depends on the water content provides

a \vay ta study the conditions under which the micelles become structurally frozen. The

experiment is based on mixing two solutions of micelles of different sizes (which had

been prepared separately from different copolymers) at different water contents. If the

mobility of polymer chains is significant at a particular water content, chain exchange

bet\veen different micelles will change the sizes of the micelles over the time scale of the

experiment. If, on the other hand, the mobility of the polymer chains is low, the chain

exchange process is very slow 50 that the micelles will retain their structural integrity. For

this experiment, two stock copolymerlDW' solutions were prepared, which contained

either 2 wt. % PS(1140)-b-PAA(l65) or 2 wt. % PS(170)-b-PAA(33) copolymers.

After the addition ofwater to the separate solutions reached different predetennined values,
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Figure 8.11. TEM picture of the spherical micelles from the same rnixed copolyrners as

for the micelles in Figure 8.10, with the water addition interrupted for one day at 5 wt. 0/0.
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aliquots of each of the two solutions were withdrawn and mixed. The rnixed solutions at

those specific water contents were stirred for one day to allow polymer chain exchange

and partition over that time scale. Then, the addition of water was continued until the

water concentration in the solution was 25 wt. %. Finally, the aggregates were isolated

into water by dialyzing the resulting solutions against water to remove the Dl\1F. The

micelle sizes were analyzed by TEM.

Figure 8.12-A and B show the size distributions of the spherical micelles from

separate solutions of PS(l140)-b-PAA(165) and PS(170)-b-PAA(33). Each of the

samples shows a single size distribution. The average diameters are 37 nm and 25 nm for

the micelles of the t\vo copolymers, respectively. Because of the relatively narrow size

distribution., the regions of the micelle sizes are separated reasonably weIl. The size

distributions of the micelles made by mixing the above two different copolymer micelle

solutions at different water contents are shown in Figure 8.12-C to G. When the micelle

solutions are rnixed at 5 wt. 0..10 \vater content (Figure 8.12-C), the micelle size distribution

is mono-modal with an average core diameter of 41 nm. When the water content at

mixing \vas 6 wt. % (Figure 8.12-0), the size distribution of micelles is similar to that of

micelles made by mixing solutions at 5 \vt. % water (Figure 8.I2-C); sorne apparently

smaller micelles are seen only very rarely. When the two solutions are rnixed at higher

water contents, Le. 7 and 9 wt. % (Figure 8.12-E and F), more and more smaller micelles

cao be seen in the micrographs. Bimodal distributions of the micelle core sizes are clear,

indicating that the rate ofpolymer chain exchange among the micelles of different sizes has

slo\ved down significantly. Finally, when the two micelle solutions are mixed at an added

\vater content of Il wt. % (Figure 8.12-G), the micelles have two populations, the size

distribution ofwhich is similar to the sum of the size distributions in Figure 8.12-A and B.

Although the two micelle solutions are mixed with each other and allowed to interact for

one day, the micelles retain their structural integrity. Chain exchange over the time scale

of one day is therefore negligible, and the structures of the micelles are kinetically frozen.
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Figure 8.12. Sîze distribution of the spherical micelles made from PS(1140)-b-PAA(165)
(A) and PS(l70}-b-PAA(33} (B), and made by mixing the above two different copolymer
micelle solutions when the added water contents are S(q, 6 (D), 7 (E), 9 (F) and II wt. %
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8.4. SUMMARY

Phase separation behavior of homopolystyrene and of polystyrene-b-poly(acrylic

acid) copolymers in DW" solution as a function of the added water content has been

explored by Iight scattering. Starting as a homogeneous solution in DrvrF, the polymers

phase separate when the added water content reaches sorne critical point. The critical

water content, cwc, at which the phase separation starts depends on both the polymer

concentration and the molecular weight. The higher the polymer concentration and

molecular weight, the lower the cwc. The relationship between the cwc and the logarithm

of the polymer concentration is linear. Compared to homopolystyrene solutions, the

corresponding PS-b-PAA diblock copolymer solutions (of the same polystyrene segment

length and concentration as that of the homopolymer) always phase separate at a higher

water content. For solutions of mixed polymers, the ClVC is largely determined by the

component \vhich alone has the lower cwc.

For homopolystyrenelDMF solutions, phase separation involves the precipitation

of the polymer chains. For PS-b-PAA diblock copolymer solutions, phase separation

results in the formation of micelles, with the PS blocks fonning the micelle core and the

PAA blocks forming the corona shell. The change of the micelle fraction as the water is

added cao be estimated from the relationship between the cwc and the initial copolymer

concentration. For the three block copolymers used., the M120 values for 95 %

micellization are - 0.5 % for PS(l140)-b-PAA(165), - 0.8 % for PS(SOO)-b-PAA(60) and

1.3 01<> for PS(170)-b-PAA(33).

The influence of added electrolytes on the phase separation is related to the

interaction between the additives and the PAA segments of the copolymers. When NaOH

is added, the PAA segments are neutralized and the copolymers start to fonn reverse

micelle-like aggregates when they are - 10 % neutralized. Because the reverse micelle­

like aggregates have a much higher apparent molecular weight than the single copolymer

chains, they start to separate from the solution at a lower water content than do the single
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copolymer chains. When Ca(Ach is addecL the copolymer chains start to fonn reverse

micelle-like aggregates when the added Ca(Ach concentration is around 0.7 mM, or at a

molar ratio R of added Ca(Ach to acrylic acid units of 0.13. The reverse micellization is

due to the fonnation of calcium acrylate, which decreases the solubility of the PAA

segments. Within the concentration levels used in this study for the other electrolytes, i.e.

0.54 mM (R=O.l) for Hel or CaCI2, 21 mM (R=4.0) for NaCI, the copolyrners do not

fonn reverse micelle-like aggregates in DMF.

In the early stages of the copolymer micellization, the micelles are highly swollen

by DMF, and their structures are labile. As the added water content increases, the micelle

cores become gradually less swol1en and the mobility of polymer chains in the cores

decreases. A preliminary study of the copolymer chain exchange among the micelles

has been perfonned by mixing two micelle solutions of different sizes at different

water contents. It is found that when the micelles are fonned at a water content of - 4

wt. 0/0, the copolymer chain exchange within a one day period is still significant when

the water content in the solution is increased to 6 wt. %, but is negligible at a water

content of - Il wt. 0/0,.
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9.1. CONCLUSIONS AND CONTRIBUTIONS TO ORIGINAL

KNOWLEDGE

This section describes the main conclusions and the contributions ta original

knowledge for this thesis. The section is divided into four parts summarizing,

respectively, the results for scaling relations and corona dimensions of the spherical

micelles in aqueous solutions (chapter 3 and 5), the various morphologies and

characteristics of the crew-cut micelle-like aggregates in aqueous solutions (chapters 2, 4

and 5), the added ion-induced morphological changes of crew-cut micelle-like aggregates

(chapters 6 and 7) and the results obtained on the phase separation behavior and the

formation of micelles in the block copolymerlD:MF solutions as a function of the addeel

water content (chapter 8).

9.1.1. Scaling relations and corona dimensions of spherical micelles.

Chapters 3 and 5 described the fust systematic study of the dimensions ofboth the

core and the corona shell of black polyelectrolyte crew-cut micelles. The copolymers

were polystyrene-b-poly(acrylic acid) diblocks, PS-b-PAA. The crew-cut micelles were

prepared by tirst dissolving the diblock copolymers in N,N-dimethylformamide (DMF),

which is a common solvent for both PS and PAA blocks. Subsequently, water was addeel

slowly to the polymerlDlvfF solution, as a result ofwhich the quality of the mixed solvent

for the PS block decreased gradually. At a certain water content, the aggregation of PS

blacks resulted in micelle formation, as indicated by solution turbidity. In the early stages

of micelle formation, the micelles cores ~ere swoUen with Df\.IF, and a true equilibrium

between micelles and the copolymer unimers was operative. As the water content was

increased during the later stages of water addition and subsequent dialysis to remove the

DMF, the mobility of the PS segments in the cores decreased, and so did the critica1

micellization concentration. In the final aqueous solution, the micelle cores were

essentially frozen, and a dynamic equilibrium between micelles and single chains was no
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longer possible. This feature makes the structure of these aggregates very stable during

characterization, especially when changes in the micelle concentration are involved.

The micelles were characterized by direct TEM observation. The size

distributions of the spherical crew-cut micelles were usually very narrow. Because the

corona-fonning black (PAA) contents in the copolymers were low, the corona layer on

the core surface of the dried micelles must be very thin, and its thickness could he

calculated from the composition and the density. Thus, the particle sizes determined by

TEM represented the core dimensions to a very good approximation. It was found that the

number-average core radius CRcore> can be fitted empirically to the fonnula

(9.1)

where Nps and NpAA are the degrees ofpolymerization of the PS and the PAA blocks of

the copolymers. Assuming that the micelle cores are compact and that the density of

polystyrene in the cores is homogeneous, one finds that the surface area per corona chain

(AC> at the core/shell interface and the degree of stretcmng of PS chains in the cores (Sc)

depend on the copolymer composition as the follow:

Ac - NpsO.6 NPAA0.15

Sc - Nps-O.l NpAA-O.15

(9.2)

(9.3)

....
~

•

One of the important aspects of this work was the finding that the number average

micelle core radius, Rcore' appeared ta depend not only on the length of the insoluble PS

bloc~ but aIso on the length of the soluble PAA block. A comparison ofoue experimental

data with those of theoretical studies and of star type micelle systems was made. Our

experimental results suggested that the length of the soluble block was an important

parameter among those determining the structure of micelles, mainly due to a strong

250



Chapter 9. Conclusions. Contributions to Original Knowledge. and Suggestions/or Future Won

repulsive interactions among the corona chains. Also, the core radius of the spherical

crew-cut micelles showed a relatively weaker dependence of the insoluble PS block

length than was predicted by theories, mainly due to a low interfacial energy between the

core and the solvent during micellization. Furthennore, because of the relatively strong

repulsive interactions between corona chains and the low interfacial energy, the crew-cut

aggregates had a low degree of stretching of the PS chains in the cores and a low density

ofcorona chains on the core surface, Le. a large surface area per corona chain.

The hydrodynamic radii (Rh) of sphericai crew-cut micelles were determined by

dynamic light scattering (DLS), with extrapolation to infinite dilution. From data of the

core radius <Rcorel and the hydrodynamic radius, it was possible to obtain an estimate of

the thickness of the corona shell in solution, and to calculate the degree of extension of

the corona chains. It was found that when micelles were prepared by dialysis against

distilled water and the resulting micelle solutions had a pH of - 7, the PAA segments

were highly extended (60 - 97 % of the contour length). When micelles were prepared by

dialysis against deionized water; the resulting micelle solutions had a pH of - 4.5. For

PAA homopolymer at this pH, it is known that the degree of ionization of the polymer

chains is very low, approaching 0%. Under these circumstances, the degree of extension

of corona chains was only 25 %. It was also found that the ionized corona chains, in the

presence ofan inert electrolyte, such as NaCI, were more stretched than the corona chains

of the micelles at pH 4.5, but less stretched than those of the micelles at pH 7.

Results obtained here were compared with relevant data from other experimental

studies of micelle structures, and a discussion of results in relation to a number of

theoretical studies was presented. We considered the high degree of extension of corona

chains observed in the present experirnents to be due to the charged nature of the PAA

blocks, the low degree ofcurvature of the core surface to which the chains were attached,

the relatively low macroscopic concentration of micelles in the DLS experiments, and the

polydispersity of the PAA blocks in the copolymers. When inert electrolytes were added
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or when the pH of the solution was low, the chains adopted a more random coil

confonnation because the range of electrostatic repulsion of inter-corona chams was

reduced.

9.1.2. Various morphologies and their characteristics.

Chapters 2, 4 and 5 describe the formation of crew-cut aggregates of various

morphologies and their characteristics. The morphologies included spheres, rods,

lamellae, vesicles and large compound micelles which had hydrophilic surfaces and were

filled with reverse micelle-like aggregates.

When the corona fonning PAA block content in the copolymers was relatively

high, spherical micelles were formed. As the PAA content decreased, the morphology of

the aggregates changed progressively from spherical to cylindrical, to bilayers (both

vesicular and lamellar), and eventually to the large compound micelles. The compound

micelle is believed to be a new morphology formed by block copolymers in solution. As

a typical example, for the black copolymers at a constant PS black length of 200 styrene

units, when the PAA block lengths were 21, 15, 8 and 4 acrylic acid units, the

copolymers fonned spherical crew-cut micelles, rod-like micelles, bilayer aggregates, and

the large compound micelles, respectively.

The morphological transitions are believed to be mainly controlled by the force

balance involving three components, Le. the stretching (deformation) of the PS chains in

the core, the surface tension between the PS core and the solvent, and the repulsive

interactions among the corona chains. By considering a spherical micelle as an example,

when the PAA black length or coiI dimension decreases, the inter-corona chain repulsion

decreases; the micelle core size increases in arder to decrease the interfacial energy.

However, the increase of the core size is restricted by entropie penalty resulting frOID the

stretching of the PS blacks. It cannat continue indefinitely as the soluble black (PAA)

length decreases. At sorne point, the system becomes unstable, and the morphology
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changes fust from spherical to rod-like, and then to lamellar or vesicular. Meanwhile, the

degree of stretching of the PS blacks was decreases in parallel with the morphological

transitions. For example, the block copolymers PS(200)-b-PAA(21), PS(200)-b-PAA( 15)

and PS(200)-b-PAA(S) have the same PS block, and yiel~ respectively, spherical

micelles, cylindrical micelles and vesicles. The degrees of stretching of the PS chains are

1.41, 1.26 and 0.99, respectively.

The morphology of the aggregates depended not only on the copolymer

composition, but also on the initial concentration in DMF. For example, for PS(410}-b­

PAA(25}, when the initial concentration was 2 wt. %, spherical micelles were fonned.

Rod-like micelles couId be made from a 2.6 wt. % copolymer solution. When the

copolymer concentration was 3.0 wt. %, vesicles started to fonn. If 4.0 wt. % solution

was used, most of the aggregates were vesicles with highly polydisperse sizes, with outer

diameters ranging from 50 to 500 nID.

The effect of added homopolystyrene on the aggregate morphology was aIso

studied. It was found that upon addition ofhomopolystyrene, the black copolymers which

fonned spherical micelles without the added homopolymer, still yielded spherical

micelles. The homopolymer chains distributed themselves generally throughout the core

when their content was relatively low. The resulting spherical micelles still had a low

polydispersity but average core radius increased slightly. As the added homopolystyrene

content increased, the core sizes became more polydisperse. Homopolymer accumulation

in the center of the micelle core can he inferred. The addition of homopolystyrene

changed the morphologies of the aggregates from bilayers or cylinders to spheres. For

example, vesicles were fonned from a 2 wt. % PS(410)-b-PAA(16) solution, but

spherical micelles were obtained upon the addition of 10 wt. % PS(180) homopolymer to

the copolymer. The change in the morphology caused by the addition ofhomopolystyrene

was ascribed mainly due ta the reduced degree of stretching of the PS blocks due to the

accumulation of even a small amount of the homopolystyrene in the center of the core,
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and possibly the mixing entropy, both ofwhich are associated with the solubilization of

the homopolystyrene into the micelle cores.

Although various morphologies have been observed in many self-assembling

systems, e.g. small molecule amphiphiles in solution, block copolymers in bu~ block

copolymerlhomopolymer blends, and amphiphilic block copolymers on water surfaces,

aggregates of multiple morphologies, i.e. spheres, rads, and vesicles or lamellae, have not

been prepared before for the same black copolymer family in solutions of low molecular

weight solvents. The present study provides the first instance in which a number of the

aggregate morphologies has been observed directIy in block copolymers in a low

molecular weight solvent. This is believed to be the only way 50 far to prepare glassy

vesicles of block copolymers, which foem. spontaneously and can be stabilized and

isolated in water, and studied directIy by electron microscopy. The fonnation and the

characteristics of different morphologies provide unprecedented insight into the factors

controlling the architecture of the self-assembled aggregates ofblock copolymers.

In addition, a needle-like solid, which was highly birefringent after soaking in

water, was obtained on drying ofaqueous solutions of the spherical micelles. The needles

might have an ordered structure, possibly similar to that encountered in crystals. An

important aspect here is that the repeat unit is a large micelle ball of severa! tens of

nanometers in diameter. Although, bath latex particles and block copolymer micelles in

solution show a tendency to order ioto crystal-like structures in certain ranges of

temperature and concentration, we are not aware any micelle or latex systems which

spontaneously forms macroscopic needles on drying.

9.1.3. Morphological changes induced by added ions.

Chapters 6 and 7 described the morphological changes of the crew-cut aggregates

induced by added ions. The morphology of the black copolymer aggregates formed from

a single block copolymer sample can be controlled via the addition of micro-molar CaC12,
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Ca(AC)2, NaOH or HCI, or milli-molar NaCl. In addition to the various aggregates which

can he prepared by changing the copolymer composition and concentration, large

compound vesic!es (LCVs) were obtained. These represent a new morphology. The

copolymers used for this study were PS(410)-b-PAA(13), PS(410)-b-PAA(25), PS(660)­

b-PAA(24).

As a typicai example, from 1 wt. % PS(410)-b-PAA(13) solutions, spherical

micelles with an average core diameter of 31 nm were fonned. When added CaC12

concentration was 71 J.1M (R=0.025, where R is the molac ratio of added CaCI2 molecules

to acrylic acid repeat units), the micelles were still spherical, but their average core

diameter was increased ta 39 nm. The copolymers started to fonn vesicles when the

CaCl2 concentration was 85 J.LM (R=O.03). When the CaCl2 concentration was between

90 and 115 IlM (R=O.032 and 0.04), the copolymer yielded vesicles; however, with

increasing CaCl2 concentration, the average size of the vesicular aggregates increased

rapidly. Finally, when the CaCl2 concentration was between 130 and 170~ (R = 0.045

and 0.06), large spherical compound vesicles (LCVs) were formed. The structure of the

LCVs has some resemblance to tho.t of aggregated soap bubbles. Their formation May he

a result of kinetic control involving collisions of individual vesicles and a subsequent PS

wall fusion process. A number of novel features of the LCVs may make them especially

useful as drug delivery vehicles. Furthennore, the spontaneous formation of the Levs

might provide a practical method for making stable artificial tissue-like composites and

soft biomaterials with tunable properties.

It has been known for Many years that the aggregate morphology of small

molecule amphiphiles can he changed by added salt. However, to our knowledge, ion­

induced morphological changes have not been reported before in solutions of block

copolymer aggregates. The present system has shown that the addition of electrolytes can

change the aggregate morphology progressively from spheres to rods, ta vesicles, and to

large compound vesicles. The added electrolyte concentrations at the onset of the
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morphological transitions are only of the order of 10-4 moles for CaCI2, NaOH and HCI,

and 10-3 moles for NaCI. Ion-induced morphological changes in the block copolymer

aggregates at such low ion contents are novel and significant. From a fundamental point

of view, the discovery of the strong effect of added ions on the aggregate morphology of

polymeric amphiphilies in dilute solution may lead to an improved understanding of the

nature of interactions in these systems, and their consequences for the structure of

macromolecular assemblies.

The effect of added ions on the aggregate morphology is parallel to a change in

the soluble block length; however, it is easier to obtain a desired morphology. It was

found that when the PS block length of the copolymers increased beyond a certain point,

the preparation of rod-like micelles and vesicles became more difficult. In particular,

when the PS block length of the copolymers exceeded 600 repeat units, it was not

possible to prepare rod-like micelles or vesicles by varying the copolymer composition

and concentration. However, aggregates of various morphologies &om PS(660)-b­

PAA(24) copolymer were obtained by adding NaCI to different concentrations.

The change in the micro-environment of the PAA segments during the fonnation

of the micelles was explored by proton NMR. It was found that the aclded water

accumulates preferentially near the PAA blacks to sorne extent. Although, for a 1 wt. %

polymerlDMF solution, the micel1ization usually starts at a water content around 5 wt. %,

the local water concentration around the PAA blocks could be actually much higher than

the overall water concentration in the solution. Therefore, the PAA blocks probably

behave in a manner similar to that in aqueous solutions, i.e. they are partially ionized.

Because of this, both steric and electrostatic repulsive interactions among the corona

chains can be operative during the fonnation of the micelles. Although the cause of the

morphogenic effect of added ions appears to he different for different additives, it can be

ascribed to the influence of a changed inter-corona chain repulsion in the presence of

added ions on the force balance controlling the final aggregate morphology.
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In particuJar, for the case ofadded Hel, the effect is ascribed 10 protonation of the

PAA blacks. The addition of strong acid like HCI lowers the degree of ionization of

PAA, and thus reduces the electrostatic or steric repulsion among the PAA chains.

Therefore, the decreased inter-corona chain repuIsion has an effect on the aggregate

morphology similar to a decrease in the soluble PAA block length. By contrast, the

addition ofNaOH has an effect on the aggregate morphology similar to an increase in the

soluble PAA block length, since the added NaOH neutralizes the PAA segments. As a

result, the degree of ionization and the repulsion among the corona chains increases.

Addition of acetic acid shows almost no effect on the aggregate morphology,

probably because acetic acid is a weak acid and its effect on the ionization of the PAA

blocks is very weak. The strong morphogenic effect of added CaC12 on the aggregates

originates from a strong Ca2
+ binding to the carboxylic acid groups of the PAA segments.

However, a simultaneous morphogenic effect of HCI might also be involved because the

formation of calcium acrylate and release of Hel due to the Ca2
+ binding. Finally, the

relatively weaker morphogenic effect ofadded NaCI is ascribed to a screened electrostatic

field of the partially charged PAA segments in the presence ofNaCl.

9.1.4. Phase separation behavior and the miceUe formation.

Chapter 8 presents a study of sorne fundamental aspects of the phase separation

behavior and the fonnation of micelles in the PS-b-PAA copolymerlDMF solutions as a

function of the added water content. The main method used for this study was static light

scattering and TEM.

As a baseline for this study, the phase separation behavior of PS homopolymer

solutions was explored tirst. The homopolymer solutions underwent phase separation as

the added water content reached sorne critical point, which is related to the precipitation

of polystyrene chains The critical water content, CWC, at which the phase separation of a

solution starts depends on both the polymer concentration and the molecular weight. The
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higher the polymer concentration and the molecular weight, the lower the cwc. A linear

relationship between the cwc and the logarithm of the polymer concentration was found.

For PS-b-PAA copolymer solutions, the phase separation behavior is generaIly

similar to that of PS homopolymer solutions. However, the phase separation involves the

fonnation of micelles, with the PS blocks fonning the core and the PAA blocks fonning

the corona shell. The cwc depends on both the copolymer concentration and the

molecular weight. A linear relationship between the cwc and the logarithm of the

copolymer concentration was aIso found. Compared to PS homopolymer solutions, the

corresponding PS-b-PAA copolymer solutions (with the same PS segment length and

concentration as that of the homopolymer) always phase separate at a higher water

content. It is evident that at the critical water content, the concentration of the copolymer

actually represents the critical micellization concentration, therefore, it was possible to

estimate the change of the micelle fraction in the solution as a function of the added water

content, utilizing the relationship between the cwc and the initial copolymer

concentration. In generaI, once the copolymers started to forro micelles, the micellization

was essentially complete after the addition ofa few percent more water.

The phase separation in solutions of mixed polymers was also explored. The

mixed polymers were made from either two different black copolymers or one copolymer

and one PS homopolymer. It was found that the cwc is largely detennined by the

component polymer which has the lower cwc. This result suggests that if one wishes to

incorporate homopolystyrene into the copolymer micelle cores, the homopolymer should

show a higher cwc for precipitation than that of the block copolymer for micellization.

Otherwise, the homopolymer chains will precipitate tirst from the solution as the water

content increases, without becoming incorporated into the PS core of the micelles. A

higher cwc can be achieved by decreasing the polymer concentration and the molecular

weight. This is the basis of the study of the effect of added homopolystyrene on the

morphology of the copolymer aggregates (cf Chapter 5, section 5.3.4).

258



--

Chapter 9. Conclusions. Contributions to Original Knowledge. and Suggestionsfor Future Work

The influence of added electrolytes, Le. HCI, NaOH, NaCI, CaCl2 or Ca(Acl2, on

the phase separation of the copolymer solution was also studied. The effect of added

electrolytes on the phase separation is ascribed to the interaction between the additives

and the PAA segments of the copolymers. When NaOH was added, the PAA segments

were neutraIized and the copolymers started to fonn reverse micelle-like aggregates when

they were - 10 % neutralized. Because the reverse micelle-like aggregates have a much

higher apparent moleeular weight than the single copolymer chains, they start to separate

from the solution at a lower water content than do the single copolymer chains. When

Ca(Ach was added, the copolymer chains started to form reverse micelle-like aggregates

when the added Ca(Ach concentration was around 0.7 mM, or a molar ratio R of added

Ca(AC)2 to acrylic acid units of 0.13. The reverse micellization is due to the formation of

calcium acrylate, as a result of which the PAA segments beeome less soluble. Within the

concentration levels for other added electrolytes, i.e. 0.54 mM (R=O.I) for HCI or CaC12,

21 mM (R=4.0) for NaCI, the copolymers appeared to disperse in solution still as single

chains, and no reverse micelle-like aggregates were fonned. These results are essential to

understand the causes of added ion effeet on the aggregate morphology of the block

copolymers (cf chapters 6 and 7).

It was expeeted that, in the early stages of the copolymer micellizatio~ the

micelles were highly swollen by DMF. A dynamic equilibrium between micelles and the

copolymer unimers was operative, and their structures were labile in a response to

changing the solvent quality. As the added water content increased, the micelle cores

beeame gradually less swollen; the mobility of polymer chains in the cores decreased;

and the micelle structure eventually beeame locked. A study of the copolymer chain

exchange among the micelles was performed by mixing two separately prepared micelle

solutions of different sizes at different water contents, and studying the change of the

micelle core size distribution by TEM. It was shown that when the micelles were formed

in the water content range of - 4 wt. %, the copolymer chain exchange within one clay
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period was still significant at a water content of 6 wt. %, but became negligible when the

added water content was increased to - 10 wt. %.

9.2. SUGGESTIONS FOR FUTURE WORK

Because the PS-b-PAA copolymer system in this thesis provides the flfSt instance

which shows that aggregates of various morphologies can be prepared frorn the same

family of the block copolymers in low molecular weight solvent, many aspects of the

fonnation of the aggregates of different morphologies remain unexplored.

In chapters 2, 4 and 5, it was shawn that the aggregate morphology depends on

the initial copolymer concentration in DMF. However, it is very useful to know the

boundaries between the different morphologies as a function of the molecular weight and

the composition of the copolymers and the initial copolymer concentrations in DMF in

detail. From these studies, a phase diagram or a diagram of stability regions of the various

morphologies can he obtained.

Aside of the effect of the copolymer composition, polymer concentration and

added ions on the aggregate morphology, which was described in this thesis, the effect of

severa! other factors on the aggregate morphology should been examined, e.g. the

polydispersity ofboth the core-forming PS blacks and the corona fonning blocks, and the

temperature.

In this thesis, the preparation of solutions of the polymer aggregates involves the

dissolution of the black copolymers in DMF and the addition of water to induce the

foonation of the aggregates. It is aIso of interest to study the aggregation behavior and the

morphological characteristics of the block copolymer aggregates by using other solvents,

e.g. tetrahydrofuran, dioxane, or/and by using other precipitant to induce the aggregation,

e.g. Methanol. Instead of the addition of a precipitant to a solution, it is of interest to

explore the formation of the aggregates by dissolving the copolymers directIy in a

mixture ofwater and DMF. Sorne preliminary experiments, which have not been included
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in this thesis, have shown that very long wonn like micelles, vesicles and interconnected

rod-like aggregates (or a bicontinuous rod-like structure) can he obtained by using this

method. These experiments will allow us to compare morphologies of the aggregates

fonned under different conditions, which will help us to get deeper insight into the

mechanism for the formation of the aggregates ofvarious morphologies.

In chapter 5, it has been shown that added homopolystyrene can swell the

spherical micelle cores, but no morphological transitions are indueed. However, the

addition of homopolystyrene can change the aggregate morphology of the block

copolymers from vesicles or rod-like micelles ta sphericaI micelles. While the effect of

added core-forming homopolymers on the morphologies are ascribed to the decreased

degree of stretehing of the PS blocks, it is aIso of interest to study the effeet of added

small apolar molecules, sueh as toluene, on the phase behavior since added apolar small

molecules will solublize into the hydrophobie core region. In addition, the solubilization

of small apolar Molecules into the cores will change the glassy core to a soft one by

decreasing the glass transition temperature, which may also be an important factor for the

fonnation of stable aggregates ofvarious morphologies.

In the Chapter 4, the formation of a needle-like soli~ which fonned at the glass­

air interface when a solution of the spherical micelles was dried, bas been described.

After soaking in water, the needles become highly birefringent, which implies that they

May have an ordered structure, possibly similar to that encountered in crystals. It is of

interest to study their internai structure, for example, by small angle x-ray scattering and

TEM.
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