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ABSTRACT

The micclli~.ation of polystyrene based block copolymers was investigated in

aqueous and in organic media. Micelles formed from polystyrcne-b-poly(sodium acrylate)

(PS-b-PANa) in sodium chloride solutions were investigated by static light scattering

(SLS). The aggregation numbers (Nagg) were influenced by low salt concentrations «

0.10 M) and they were essentially independant of the soluble block lengths. The core radii

(R~ agreed weil with previous solid state results on similar s:unples studied by small-angle

X-ray scattering (SAXS). It was thus concluded that no supenniccllar aggregates were

present and that the cores were solvent free.

A method to evaluate the critical micelle concentrations (cmc's) of block

copolymer micelles by SLS was deveioped to account for the effects of polydispersity on

the cmc. It was found that for block copolymers which have a significant dependence of

the cmc on the insoluble block length and which are polydisperse only the present

approach was able to evaluate the cmc.

The miceIlization of PS-b-PANa and PS-b-poly(acrylic acid) (pS-b-PAA) block

copolymers were investigated in organic solvents. The cmc's were found to range from 1

x 10-7 to 5 x 10-9 M for insoluble block lengths ranging from 2.6 lO 18 units. The Nagg

and Re values for four PS-b-PANa series in tetrahydrofuran, were found to he a function

of the length of both blocks. The effect of the degrec of neutralization of the PAA block

on miccIlization was probed by SLS and SAXS; micelle formation was found to

commence at 5% neutralization. The distribution of water hetween toluene and the polar

cores of block ionomer and sodium bis(2-ethylhexyl)sulfosuccinate (AOT) reverse

micelles was investigated by proton chemical shift measurements as a function of

temperatUIe. The amount of water solubilized and the thermodynamic parameters of

transfer were found to he a function of the core nature.
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• RÉSUMÉ

La micellisation des copolymt:res disséquencés basés sur le motif styrènique a été

étudiée en milieu aqueux et organiques. Les micelles formées par le polystyrène-h­

poly(acrylates de sodium) (PS-b-PANa) dans des solutions contenant du chlorure de

sodium ont été étudiées par la diffusion lumineuse en mode statique (DLMS). Les indices

d'aggrégation (Iogg) sont influencés par la présence d'une concentration peu élevée de sel

« 0.10 M), mais ils ne varient pas en fonction des longueurs des séquence.. soluhle.. dans

le média. Pour des échantillons similaires, les rayons du coeur des micelles (Re)

déterminés à raide de la DLMS sont Cl' bon accord avec ceux déterminés ultérieurement

en phase solide par la diffusion des rayons-X aux petits angles (SAXS). TI est donc

possible de conclure qu'aucun super-aggrégats micellaires sont présents et que le solvant

est absent du coeur des micelles.

Une méthode basée sur la DLMS, permettant l'évaluation la concentration critique

de micelle (CCM) pour des micelles de copolymt:res disséquencés, a été développée pour

tenir compte de l'effet de la polydispersité sur la CCM. TI a été trouvé que cette méthode

est la seule qui permet d'évaluer la CCM pour des copolymt:res disséquencés dont la

longueur de la séquence insoluble a un effet marqué sur la CMC et où la polydispcrsité est

présente.

La micellisation des copolymi::res disséquencés, comme le PS-b-PANa et le PS-b­

poly(acrylate acide) (pS-b-PAA), a été étudiée dans des solvants organiques, Les CCM's

varient entre 1 x 10-7 et 1 x 10'9 M pour des séquences insolubles ayant une longueur

variant entre 2.6 et 18 unités, TI a été observé que les valeurs d'I.ss et de Re, pour quatre

séries de PS-b-PANa dans le tetrahydrofurane, varient en fonction de la longueur des deux

séquences. L'effet du degré de neutralisation de la séquence PAA sur la micellisation a

été étudié par la DLMS et la SAXS; il a été observé que la formation des micelles débute

lorsque le degré de neutralisation atteint 5%. La disnibution de l'eau entre le tolui::ne et

les coeurs polaires des micelles inverses, basées sur des ionomi::res disséquencés ou du

bis(2-ethylhexyl) sulfosuccinate de sodium (AOT), a été étudiée à raide du déplacement

chimique du proton en fonction de la température. La quantité d'eau solubilisée et les

paramètres thermodynamiques de transfert varient en fonction de la nature du coeur de la

micelle.
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• FOREWORD

In accordance with guideline 7 of the "Guidelines Conceming Thesis Preparation"

(Faculty of Graduate Studies and Research), the following text is cited.

"The candidate has the option, subject to the approval of the Departmem,

of including as part of the thesis the text, or duplicated published text (see

below), of an original paper, or papers. In this case the thesis must still

conform to aIl other requirements explained in Guidelines Conceming

Thesis Preparation. Additional material (procedural and design data as well

as descriptions of equipment) must be provided in sufficient detail (e.g. in

appendices) to allow a clear an precise judgment to he made of the

importance and originality of the research reported. The thesis should be

more than a mere collection of manuscripts published or to be published. Il
must jnclude a general ahstract a full introduction and literature review and

a final overa\l conclusjon. Connecting texts wlùch provide logica\ bridges

between different manuscripts are usually desirable in the interests of

cohesion.

It is acceptable for these to include as chapters authentic copies of papers

a!ready published, provided these are duplicated clearly on regulation thesis

stationery and bound as ::r. integral pan of the thesis. Photographs or other

materials wlùch do not duplicate well must be included in their original

form. In such instances. connecting texts are mandatoQ' and supplementary

explanatory material is almost always necessary.

The inclusion of manuscripts co-authored by the candidate and others is

acceptable but the candidate is required to make an explicit Statement on

who contributes to such a work and to what extent, and supervisors must

attest to the accuracy of the cJaims. e.g~ before the Oral Commiaee. Since

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

candidate's interest to make the responsibilities of authors perfectly clear.

Candidates following this option must inform the Depanment before it
submits the thesis for review.n
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Forcword

This dissenation is written in the form of six papers. The papers each comprise

one chapter. with a introduction of this work in a first chapter and genem\ conclusions

contained in an eighth chapter. Following normal procedure. the papers have heen eïther

published or submitted or will he submitted shortly for publication in scienillic journals. A

list of the papers is given below:

Chapter 2: Accounrs ofChemical Research (in press)

Chapter 3: Macromolecules 1995. 2~. 7135 -7147.

Chapter 4: Macromolecules 1994. 27. 6341 - 6346.

Chapter 5: Macromolecules (submitted)

Chapter 6: Canadian Journal ofChemisrry (in press)

Chapter 7: Langmuir (to he submitted)

AlI of the papers include the research director. Dr. Adi Eisenherg. as co-author. Chap."r

2 aIso includes Mr. Matthew Moffin who co-wrote this review article. Chapter 3 includes

Dr. Irina Astafieva as a co-author. recognizing discussions and her expertise in

polyeIectrolytes. Chapter 4 includes Dr. Zhisheng Gao. recognizing bis advice and

m.portant discussions regarding the method of ClnC determination using bis miceIlization

modeL Chapter 5 includes Dr. Xing Fu Zhong as a co-author recognizing the synthesis of

the samples used in the study. Chapter 6 includes Dr. Diep Nguyen and Dr. Claudine

Williams as co-authors. they measured the small-angle X-ray data. Chapter 7. includes

Dr. Zhisbeng Gao who performed some of the NMR relaxation time measurements. AlI

the black copolymer samples were synthesized by other people. for instance by Dr. Xing

Fu Zhong (Chapters 3. 4. 5. and 7). Dr. Sunîl K. Varshney (Chapters 5. 6 and 7) and Dr.

Alain Desjardins (Chapter 7). Other man the supervision, advice and direction of Dr.

Eisenberg and the aforementioned contribution to the chapters. aIl of the work presented

in this dissertation was performed by the autbor.
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CHAPTER 1

General Introduction

1.1. INTRODUCTION

In recent years. considerable interest has focused on the self-assembly of polymers

which fOIm a wide array of structures. For instance, black copolymers have been shown

to fOIm microphase separated regions of different morphologies in the solid state.\ The

association of these polymers in solution2.3 and on surfaces bas also been investigated.4,5

The focus of this thesis is on the characterization of amphiphilic black copolymers which

associate in both aqueous and organic media to fonn miœlle structures. This chapter is

divided into six sections. The first section discusses the averages and distributions of

molecular weights in polymers. Second, the synthesis and phase behavior of black

copolymers in the solid state are addressed. In the third part, certain aspects of the

micellization of black copolymers in solution are discussed 50ch as the mode! of

association. the dependence of the critical miceDe concentration (ernc) on the length and

polydispersity of the insoluble black. the dynamies, and the conditions of micelle

preparation. The fourth part describes some theories pertaining to the structure of black

copolymer micelles. The fifth part is devoted to a description ofgeneral methods of black

copolymer miceDes characterization with special emphasis on static light scattering. which

1
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is the principal method used in this worle. In the final sec'tion. the purpose of the thesis

and a brief summary of each chapter is given.

1.1.1. General Overview ofPolymers

1.1.1.1. Average andDistribution ofMolecu1llr Weights

Polymers are large molecules (macromolecules) that are built up of smaller unilS or

monomers. The length of the polymer chain cao be described by the degree of

polymeri:.ation (OP), which is the number of repeat unilS in a molecule. It is given by the

ratio of the molecular weight of the polymer to that of the repeat unit. An important

feature which distinguishes polymers from low molecular weight molecules is the

existence of a distribution of chain lengths and thus of molecular weighlS. As a result.

experirnental measuremenlS cao ooly give average values which depend on the particular

method employed. Figure 1.1 shows a plot of the molecular weight distribution (MWD);

in the figure the amount of polymer is ploned as a function of the molecular weight.6 The

characteristic molecular weighlS which cao be obtained are shown in the figure and are

defined below.7

MoI=Iarwd~

Figure 1.1. Distribution ofmolecular weights in a typical polymer.6

The number-average molecu1llr weight <Mn). cao be obtained by methods which

measure colligative properties such as osmotie and vapor pressure.8 It is defined as.

2
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}·N·_. 1
(1)

where Ni and Mi refer to the numher and molecular wdght of the mokculcs in the ith

fracùon. respecùvely.

The weight-average mo/ecu/ar weight (Mw) can he measurcd hy ah.~olute methods

such as Iight scanering. It is given as.

(2)

where mi is the mass of material in the ith fracùon. The mass of material is givcn hy the

product of the molecular weight and the numbcr of molecules. i.e. mi =Ni Mi. thus cq. 2

can be written as,

~

~·N·M·-.L.J 1 1

~·N·M·
~l 1 1

(3)

Since each molecule contribute5 to Mw in proportion to the square of its ma.o;s, hcavicr

molecules contribute more to Mw than lighter ones.

The viscosiry-average mo/ecular weight (My) can he obtaincd by viscosity

measuremenlS. It is defined as

(
~'N'M.1+a )lIa

M _~111
y-

~·N·M·LIt 1 1

(4)

where a is the Mark-Houwink exponent, which is characteristic: of the system and lies in

the range 0.5< a < 1.0. When a is equal to unity, then My = Mw- It should he noted that

My is not an absolute value and ilS detennination is based on prior calibration with known

molecular weights for the same system and conditions.

The z.-average molecular weight <Mz) can he obtained by methods such as

sedimentation equilibtium. It is defined as

(5)

3
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The MWD curve can he characterized by the polydispersiry index (P.L) wlùch is

defmed as

P.l= Mw (6)
Mn

When P.!. is equal to unity. the sample is said to he monodisperse. A range of

polydispersity indices can he obtained depending on the methods of polymerization. The

breadth or the standard deviation (a) of the MWD can he evaluated from the P.I. by the

following equation7

(7)a=Mn(~: -lr.s
Th= :Ire methods such as size exclusion chromatography (SEC), which can measure the

molecular weight distribution. The principles and features of this method will he discussed

laler in section 1.5.3.

The relationship between the P.l and the MWD is illustrated in Figure 1.2 for P.!.

of 1.03. LOS and LlO. In this figure. the MWD was represented by a Gaussian function

with an average chain length of 50 units. The standard deviations of the MWD curves for

P1. values of 1.03. LOS and 1.10 are 9. Il and 16, respectiveiy.

100752S 50

N

Figure 1.2. Molecular weight distnoutioDS of po1ymers with an average

chain length of50 repeat units and P~ values of 1.03. 1.05 and LlO.

4
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1.1.1.2. Types ofPolymers

Different types of polymers can he synthesized depending on lhe numher and

distribution of the monomers. When a single monomer is involved. the polymer is referrcd

10 as a homopolymer. When the polymer is composed of more than one repeat unil. il is

referrcd to as a copolymer. In copolymers. the monomer units can he distributed aIong

the chain in various arrangements. resulting in polymers of differcnt slruclures and

properties. Severa! differcnt structures composed of two monomers A and B. arc shown

in Figure 1.3. In random copolymers. the A-B sequence is governed by stalistics.

depending only on the relative abundances of each monomcr and their reactivity ratios. ln

alcemacing copolymers. the A and B rnonomers are distributed in a regular alternating

pattern. For block copolymers. a sequence of A monomers is attached to a sequence of B

monomers. If one sequence of A blocks is attached to one sequence of B blacks. the

polymcr is c:.ùIed a diblock copolymer. It is aIso possible to have a polymcr with a central

B black attached with terminal A blocks which is referred to a criblock copolymer. ln

graft copolymers. a polymcr of one repeat unit (backbone) is branched with chain.~

composed of a different repeat unit. The present thesis facuses on black copolymers. and

certain aspects such as the synthesis and phase separation hehavior will now he discussed.

ABABAABABBAAABABA

ABABABABABABABABA

AAAAAAAAABBBBBBBB

BBBBBBBBBBBBBBBBBB
A A
A A
A A
A A
A
A

Random copolymcr

Allemating copolymcr

Block copoIymcr

Gtaft copolymcr

Figure 1.3. Types of copolymers prepared from monomers A and B.
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1.2. FEATURES OF BLOCK COPOLYMERS

1.2.1. Synthesis ofBlock Copolymers

Block copolymers can he synthesized by sequential anionic living polymerization.9

Living polymerization processes consist of only initiation and propagation steps. since

there are essentially no terminating side reactions. A lypical reaction scheme using this

polymerization technique. in which a block copolymer of styrene and ren-butylacrylate

(PS-b-Pr-BuA) is synthesized, is described be1ow. In this scheme. the initiator is the

reaction product of sec-butyllithium with the lX-methylstyrene monomer.

-2Q·C •
LiCI!l1lF

CH31
sec-Bu-CH:z-C- Li+

©
The resulting compound is used to initiate the styrene monomer. Propagation continues

until ail the 5tyrene monomer is consumed, and the carbanions remain active.

-78 OC •+styreDe

This step is followed by the sequential addition and polymerization of the second

monomer. rert-butylacrylate (t-BllA).

·78 OC •+t·BuA

6
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lt should he noted that in this synthesis procedure. cx-methylstyrene is use.:d as an e.:nd

capping agent which decreases the.: nucleophilicity of the polystyryl carbanions. This

reduees the attaek at the ester funeùonal group of the aerylate monomer. The.: reaction

ean he terminated by the addiùon of an a1eohol. water or carbon dioxide. The types of

monomers whieh ean he polymerized by this method are those eontaining e1ectron

withdrawing subsùtuent groups sueh as nitrile. carboxyl and phenyl. These groups aet to

stabilize the carbanion.

Certain features of this polymerization method should he noted. First. it is

essenùal to remove ail acùve impuriùes such as water and oxygen from the reaction

medium in order to obtain a terminaùon-frœ system. Second. since there is no

terminating side reaction, the block length depenàs only on the monomer to initiator raùo

and is thus easily controlled. Third. since the initiation step is rapid compared to that of

propagation, a very low degree of polydispersity can he achieved in these

polymerizations.10

1.2.2. Phase Separation in Bulk

In generaI, polymer pairs are not compatible since the entropy of mixing is very

small for polymers, and the enthalpy is generally positive unless favorable interactions are

involved belWeen the IWO components. One way to enhance miscibility is by introducing

specific interactions belWeen the polymers such as the incoporation of ionic groups in the

chain.11 Similarly, block copolymers which are composed of IWO incompanole blocks,

will also prefer to segregate.12 However, since the blocks are attaehed to each other, the

extent of phase separation is restrieted. The effect of these IWO competing factors results

in microphase separation. The length scale of phase separation is comparable to the size

of the black copolymer chain and is ca. tens of nanometers. In comparison, phase

separated regions of incompanole homopolymers are typically in the micron range.

7
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An interesùng feature of block copolymers is the range of morphologies which tan

occur during phase separaüon. For instance. the microdomain formation in block

copolymers of polystyrene-b-polybutadiene (pS-b-PB) and polystyrene·b-polyisoprene

(PS-b·PI) bas been very weil characterlzed.13 Figure 1.4 illustrates th~ morphologies

which are obtained as the volume fraction of PS increases. For instance, different

morphologies tan be observed. such as spherical. cylindrlcal. ordered biconùnuous double

diamond (OBOO). or lamellar. depending on the volume fraction of the blacks.

PS PS
Spheres Cylinders

, 1

0.17 0.28

PS
oeoo

PS, PI
L.ametlae

1 1
0.34 0.62

PI
oeoo

PI PI
Cylinders Spheres

f 1
0.66 0.77

Figure 1.4. Morphologies of PS-b-PI as a function of the volume fraction

ofPS.13

Severa! theories have been developed to desalbe the phase separation of black

copolymers. and these have been reviewed.1 A wùversa1 phase diagram bas been

proposed.. in which the phase separation depends on IWO parameters, the volume fraction

of monomers in a chain (cp) and the product of the interaetion parameter between the A

and B blacks CXAB) and the polymerization index (N).l4 An increase in XAB. induced by

changing the tempetature or the chemical nature of the blacks, will result in morphological

changes occuning al different volume fractions.

1.3. MIœI.I.JZATION OF BLOCK COPOLYMERS IN SOLUTION

When black copolymers are dissolved in a solvent which is selective for one of the

blacks, the chains associate to fonn miœDe structures. Different morphologies can he

8
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obtained depending on the chemical nature and the volume fraction of the hlacks as \\1:11

as the conditions of preparation. Most slUdies have concentrated on the characterization

of spherical block copolymer micelles. The structure of these micelles consislS of a core

fonned by the insoluble blocks. surrounded by a corona wlùch is composed of the soluble

blocks. In general. ~'o types of spherical block copolymer micelles CllII he distinguished.

star and erew eut micelles. St:l.r micelles have a relatively sm:ùl core compared to the

corona. while crew cut micelles have a relatively large core compared to the corona.

These micelle structures are shown schematic:ùly in Figure 1.5.

(a) (b)

Figure 1.5. Schematic representation of block copolymer (li.) st:l.r and (b)

aew eut micelles.

Under equilibrium conditions, black copolytnCfS cm miceDjze in principle by two

mecbanisms, open or c10sed associa.tion.1S Open as:sociatù>n is c1wacterizcd by a series

ofequilibriabetween mim=, dimers, trimers, ete. On the other band, closed association

is c1wacterizcd by an equi1ibrium between unimets and mice"es, and cm be represented

by

(8)

wbcren is the numberofnnjmc:rs. andMandMn aretbemoleeularweights of the IIniDifO!'S

and miceDes. respectively. In geneA1, it bas been found that the miceDinrion of black

9
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copolymers occurs by the closed association mceh:lnism. which is also the case in low

molecular wcight surfactants.

The model of closed association implies the existence of a critical micelle

concentration (cmc). The cmc is the concentration at which micelles hegin to form. From

this value. the free energy of micelle formalÎon (ôGm) cao he evaluatcd from.

ôGm= -R T In(cmc) (9)

whcre R is the gas constant and T is the ternperature. From the ternperature dcpendence

of the cmc. the enthalpy and entropy of micel\i71llÎon cao he dctetmincd. The

thermodynamic parameters of micell.iz:llÎon cao also he dctermincd from the concentralÎon

dcpendence of the critical micelle temperature (CMT). which is the ternperature at which

micelles fotm.

The driving force for the micell.iz:llÎon of black copolymers in organic or aqueous

media cao he dctetmincd from the thermodynamic parameters. On the one band. the

driving force for black copolymer micell.iz:ltion in organic solvcnts w:lS fOl1'ld to he

governcd by the enthalpic contribution to the Cree energy 'Jf micell.iz:ltion.16 This negative

enthalpy change results from the replacement of unfavorable polymer-solvcnt inter:lctions

by polymer-polymer and solvent-solvent interactions. On the other band. for black

copolymers as welJ as low molecu1ar weight surfactants in water. the driving force for

micell.iz:ltion is dorninatel! br the entropic contribution.17 This result arises from the

change in the water strUCture due to the hydrophobie interactions. For instance, the

presence of hydrophobie blocks in water causes a significant deaease in the entropy of

water. Upon miceUjzation. the structure of water is restored. and the entropy of water

increases.. This entropy change is large enough 10 overcome the loss ofentropy due to the

Jocalization ofthe hydrophobie blocks in the coœs.

There arc several similariries between the miceDjzarion of black copoIymexs and

low molecu1ar weight sud'actants, some ofwhich were cliscnssed above. However. there

la
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are also certain important differcnces bctween the micellizaùon of these two species.

Ex:unples of these differences are listed bclow.

1. In general. the cmc's of block copolymer micelles are lower than those of

low molecular weight surfactants. and the molecular weighls of block

copolymer micelles are higher than those of low molecular weight

surfactants.

Block copolymers when present in single chains fonn structures refem:d to

as monomolecular micellcs.1S In a nonsolvent or poor solvent for the B

block. the B block adopts a collapscd confonnaùon.19 It is CX)'ll."Ctt.-d that

the thermodynamics of association of these insoluble blocks will he

different from those of low molecular wcight surfactants.

The molecular wcights of block copolymers are not monodisperse in

contrast to low molecular wcight surfactants. The polydispersity bas been

found to significantly effect certain mice11ar pararneters such as the cmc.

The dynamics of miœlle SYSle111S are much slower in block copolymer

miœlles compared to low molecular wcight surfactants. In fucl, in sorne

block copolymer miœlles.. the structures are said to be kinetic:illy ''fro:~n~.

Block copolymer miœlles often fonn structures which may not be under

full equilibrium conditions.

In the following sections. points 2 to 5 will be discussed further. since they address

importmt features ofblock copolymer micelles wbich are relevant to the present work.

1.3.l. Dependeuœ orthe Free Energy orMicellization on the JnsnIuble BIock

Length

For low molecular weight smfactants, the free cnergy of miceDization bas been

found to be proportional 10 the Iength of the alkyl chain.20 However. for blocle

copolymers. the free cnergy ofmiceDization is expcclCd ln be differmt since it involves the

11
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association of collapsed or contracted insoluble blocks. shown schematically in Figure 1.6.

illustraùng the structure of monomolecular micelles. It should he noted that severa!

theories have developed relations helWeen the Cree energy of micellization and the

insoluble black length for black copolymer micelles.21·24 For the present discussion, one

such theol)' by Gao and Eisenberg24 will he described. This theol)' is addressed and

apji:i:::! in the present thesis.

Figure 1.6. Structure of a monomolecular micelle formed by an AB black

copolymer mole.:.ule in a nonsolvent for the B block.18

The driving force for micellization of block copolymers tan he considered as being

due to Van der Waals inœrae:tions.2S For the association of IWO spherical particles. the

Cree energy ofinterae:tion (âQ3ll) tan be given by the Hamaker equation,26

(la)

where ~ is the Hamaker constant, which depends on the maœrial. solvent and

temperature, Rp is the particle radius and H is the distance betwee:n the surfaces of the IWO

particles. Equation la is valid only when IWO particles are in proximity of each other. ie.

when HI Rp < < 1. Ifmore !han IWO spheres are intetaeting. the total interae:tion energy

should beproportional to Ry

For a monodisperse block copolymer. il bas been suggested by the Gao and

Esenberg theory. !bat the free energy of miœllizarion is proportional to the radius of

12
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th.: collapsed insoluble block.24 Sine.: th.: radiu.~ is proponional to th.: euh<: font nf th.:

insoluble block lt:ngùl (NB)' the fret: en.:rgy of micellization ean h<: giv.:n as

-toGm

RT
(II)

where Ci is the cmc of a monodisperse polym':f. and a and b are constants. This c."tjuaüon

is valid only wht:n the insoluble block is in a collapsed state. Satislàctory n:suIL~ w.:n:

obtained fOf two micelle systems invesùgatoo.24 PS·b-PI in n-ht:xadc.-can.:27 and

polysryrene·b-poly(sodium acrylate) (pS-b-PANa) in water.28

1.3.2. Influence of Polydispersity on the CIRC

The etTect of polydispersity on the micellizaùon of block copolymcrs has bt:cn

recenùy investigated in a theory by Gao and Eisenbcrg.24 In this theory. th.: micellization

of polydisperse black copolymcrs is treated in a manner analogous ta that u.~-d in low

molecular wcight mixed micelles. Figure I.7 shows plots of the single chain conCt:ntration

(S) versus the total conCt:ntration for different polydispersity indices. The plots represent

theoretic:al calc:ulations for a typical black copolymer. PS-b-PI in n-hex:ulecane with an

average insoluble black (PS) length of67 unilS. When the polymer conCt:ntration is beIow

the cmc (shown by arrows in Figure I.7). S is equal to the total polymer concentration.

Above the cmc for a monodisperse system, S remains constant with increasing polymer

concentration. However. for polydisperse black copolymers, S inaeases with total

concentration. Experimental evidence for the change in S with concentration bas been

reported, for instance in polysryrene-b-polybutadiene-b-polystyrene lIiblack copolymers in

tetrahydrofur.mlallyl alcohol mixtures.29

Other interesting aspectS of the effects of polydispersity cm be ~'lI in Figure I.7.

FiIst, the cmc values are follDli ta deaease as the polydispcrsity index. (p. L) inaeases.

This phenomenon OCCUIS becanse black copolymer cbains which are shoner man 67 units

are more soluble and COI1lI1Dute less ta the cmc than cbains which are larger than 67 unilS.

13
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Thus. it is important to establish me P.I. of me insoluble black. (especially. if mis value is

large) when reporting cmc values. Second. me discontinuity in me single chain

concentration at me cmc becomes less noticable at lùgher polydispersity indices.

Therefore. techniques wlùch evaluate me cmc by monitoring me properties of me single

chains may not he as precise as mose monitoring the changes in me micelles.

1.2 "'--'--"---'--"""""""-"'I7--r--,
Pl • 1.,,/ 1.08

/' 1.05
.- ...----.?- ~.."- _t.:~---

~.~.::=- -
~ ...." 1.00

"0
- 0.6..
CIl

0.4

0.2

C.O l....-........_.r...--'-_........-'-_-'-~_.J
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 ..0

CxlO~ )(

Figure 1.7. Single chain concentration as a function of total black

copolymer concentration at different polydispersity indices in me PS-b-PI 1

n-hexadec:me system.24

The fraction of different polymer components of me micelles was also found to

depend strongly on the concentration. For instance. at concentrations close to the cme,

miœlles were predominantly founed from polymers with the longest insoluble blacks. At

higherpolymer concentrations. the solutions became strongly depleted of the long polymer

components.

14
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1.3.3. DynaDÛcs ofBlock Copolymer Micelles

The closed association model (see :q. 8) implies the existence of a dynamic

equilibrium between single chains and micelles and also between micelles themselves. The

dynamic process probing the exchange of chams between micelles has bcen investigated by

fluorescence30.31 and by sedimentation velocity experiments.32.33 This process was found

to depend on the nature of the solvent quality for the insoluble block. For instance. the

dynamics of micelle exchange \'as studied in polystyrene·b-poly(methacrylic acid) (PS-b­

PMAA) black copolymers by sedimentation velocity.32 In these experiments. micelles of

different molar masses were mixed and the solvent quality was changed. For instance. the

solvent mixture used was water and dioxane. whicb is a nonsolvent and a solvent.

respectively. for the PS core. It was found that exchange occurred between micelles when

the PS core was swollen with dioxane. for instance for a solvent composition of

water/dioxane (20/80 v/v). However. when the percent of dioxane in the solvent mixture

decreased, no exchange occurred between the micelles, and the micelle structures were

regarded as being "frozen". i.e. dynamics ofexchange was extremely slow or non-existenl

1.3.4. Equilibrium Versus Near Equilibrium Conditions of Micelle

Formation

Black copolymer micelles can be prepared by twO methods. In the fust method,

the black copolymer in single chain fonn is dissolved in a solvent whicb is good for bath

blocks. By cbanging the temperature or the solvent composition. one of the blacks

collapses and associates above the cmc to fonn miœlle structures. The second method

involves direct dissolution of black copolymers in a selective solvent. The black

copolymer micelle prepared in this manner can he left 10 anneal by standing or heating.

It is interesting to examine whicb conditions of miœlle preparation result in the

fonnation of equilibrium structures. For instance. if black copolymer micelles are

prepared by the second method, i.e. direct dissolution in a selective solvent, equilibrium

15
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structures may fonn if the block fonning the core is swollen with solvent This aspect was

addressed in the previous section. in which a swollen micelle core would allow the

exchange between single chains and micelles to proceed. and a thermodynamic equilibrium

state could be attained. Another condition for exchange would be the case if the glass

transition (Tg) of the block forming the core is below room tcmperature (i.e. the

tcmperature of measurement). If the Tg of the core is higher than room temperature. then

the core would be glassy. and the dynamics would be extremely slow.

Other situations of micelle preparation from direct dissolution cao be envisaged.

For instance. if a bulk sample is prepared by solvent evaporation or by freeze drying from

a micellar solution. it is expected that the morphology of the micelles would be retained

when redissolved in a selective solvent This phenomenon bas been addressed in severa!

studies.34•35 If the micellar solution which was recovered consisted of swollen cores. then

sorne rearrangement could occur during the solvent evaporation or the freeze drying

process.

1.4. THEORETICAL ANALYSIS OF BLOCK COPOLYMER

MICELLES

Severa! theories have been proposed to describe black copolymer micelles. In

genera!. these theories cao be divided into (wo categories. star and mean-field theories.

The star mode1s describe the case in which the core is relatively small compared to the

corona.36,37 In this case, the density of the corona decreased with increasing distance

from the core. On the other band. mean-field mode1s describe micelles which have

relatively large cores and thin coronas.21,22,38-40 The density of the corona is assumed to

be uniform. Some of the theories which are relevant to the studies presented in the thesis

will be reviewed.

16
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The star model has fust been proposed by Daoud and Cotton 10 descrihc the

conformaùons of star shaped polymers.41 Zhulina and Birslein extended this modcl to

block copolymer micelles.36 Scaling relations were developed relaùng micelle

characteristics to the number of units in the soluble and insoluble blocks (NA and NB)'

Scaling relations such as for the core radius (Re>. corona thickness. aggregaùon numbcr

(Nagg) were developed for four regions. depending on the relative block lengths. A star

model was also developed by Halperin.37 In this model. the scaling relations for one

region. where NA > > NB' were proposed and were in agreement with those of Zhulina

and Birstein. In !bis region. the following scaling relations wcre proposed to descrihc

Nagg• Re and the micelle radius (Rm)

Nagg-NB4I5

Re-aNB3/5

Rat - a NB4f'..5NA3/5

where a is the length of the monomer unit.

The mean field theories of de Gennes38 and Leibler. Orland and Wheeler (LOW)21

proposed that Nagg and Re were dominated by the insoluble block. Scaling relations wcre

developed by de Gennes for cases in which the interfacial energy between the core and

solvent was large,

and (13)

Relations were also developed for systems with small interfacial energies

(14)

The LOW theoxy proposed the following scaling relations..

(15)

17
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Other mean field theories such as those by Whiunore and Noolandi40 and

Nagarajan and Ganesh22 found a depe..del1ce of Nagg and Re on the soluble block length.

The depcndence was described by [wo exponents (a. and (3).

(16)

On the one hand. Whiunore and Noolandi found that the exponents for Re were

-O. l! a. :5 0 and 0.67 :5 (3 :5 0.76. i.e. there was only a weak dependence of Re on the

soluble block. On the other hand. Nagarajan and Ganesh found that the soluble block can

have a strong influence on tbe micellar properties. depending on the nature of the

interactions wil!: the solvent For instance. the influence of the soluble block becomes

more significant in systems in which the solvent is very good for the soluble block.

In addition to these theories. there are [wo theories which specifically address the

mice1lization of block polyelectrolyte micelles; those of Marko and Rabin23 and of Dan

and Turell.42 The first theory describes the microphase-separation properties of charged­

neutra1 diblocks using a mean-field approach. Due to the large energy cost of contacts

between the neutra1 block and the solvent, it is favorable for the chains to aggregate;

however. Coulombic repu1sion sets a preferred size for these aggregates which take the

form of spherical micelles. The cmc, micelle size, and Nagg values were calculated for

long polyelectrolyte chains. Two situations were considered: the wealdy charged case

where there is no charge condensation either for the isolated chains or for the micelles,

and the case of higbly charged diblocks, for which counterion condensation on the

micelles reduces their Coulombic energy. It was shown that when strong condensation

occurs. the osmotic pressure of the confined counterion strongly sttetehes the

polyelectrolyte chains in the corona. In this case, the theory ~rediets that highly charged

diblocks will not form stable micelles with high aggregation numbers, and that micelle

formation will predominantly occur in düute solutions of wealdy charged diblocks.

Therefore, according to the theoretical prediction of Marko and Rabin,23 miceIJi'llltion of

18
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highly chargee! block :JOlyelectrolytes in dilute salt soluùons will not occur unless the

chargee! block is short as comparcd to the hydrophobie block forming the micelle core.

In the theory by Dan and Tirrell.42 scaling relaùons for block copolymer micelles

in the region of moderate salt concentraùon were invesùgated. In this salt concentr.lùon

regioll. the range of eltC!udee! volume interacùons is higher than that of the e!ectrostaùc

correlaùon iengtl•• such that the conformation of the polymer chain is a funcùon of hoth

facto~. Therefore. this region lies belWeen the low salt conccntraÙon whcrc clcctrostaùc

effeclS dominate and the high salt concentration where thc screening effcclS reduce thc

range of electrostatic interactions. and the conformation of chargee! chains in hlock

polyelectrolyte micelles is indistinguishable from that of neutral ones. It WOlS found that

the aggregation number. cmc. and chemical potential of thc micellar solution arc

dcminated by the core block properties and arc identical. within a logarithmic factor. to

those calculated for the star model.~7 It was also suggested that changes in salt

concentration do not affect either the croc or aggregation number. though the corona size

decreases with increasing salt concentration.

1.5. METHOnS OF MlCELLAR CHARACTERIZATION

A variety of methods have been used to characterize the structure and the

properties of block copolymer micelles. Some of these methods. such as static and

dynamic light scattering. and viscosity probe macroscopic events. while others such as

fluorescence spectroscopy and nuclear magnetic resonance probe microscopie evenlS. A

snmmary of some of these methods and the infonnation which can be obtained on black

copolyml'.r micelles is given in Table 1.1. In this thesis. four methods were mainly used in

the eharacterization of black eopolymer micelles. statir:: light scattering (SLS). dynamic

light scattering (OLS). l:ize eltclusion chromatography (SEC) and nuclear magnetie

resonance (NMR). These methods will be discussed in the foUowing sections at a 1evel of

19



•
Chllplcr J. CcncmI Jnlnxfuclion

detail n:laùve to thcir importancc in the thcsis, with the exception of NMR which is a weIl

known technique.

Table 1.1. Methods for the Characterization of Black Copolymer MiceIles

Method

Static Iight scanering (SLS)

Oynamic Iight scattering (OLS)

Small-angle X-ray and neutron scattering

(SAXS and SANS)

Size exclusion chromatography (SEC)

Sedimentation velocity

Transmission electron microscopy t1'EM)

Viscosity

Fluorescence

Nuclear magnetic resonance (NMR)

Information Obtained

-cmc, MW' radius of gyration, second virial

coefficient

-cmc, diffusion coefficient, hydrodynamic

radius, size distribution

-Core radius, Mw- radius of gyration,

lattice structure

-MWO, fraction of micelles to unimers,

dynamics ofequilibrium.

-Fraction of micelles to unimers, dynamics

ofequilibrium.

-Morphology, size, size distribution

-croc, M", hydrodynamic radius

-croc, dynamics of micelle equilibrium,

dynamics on a segmentallevel

-Microscopic motions and environmenlS
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1.5.1. Static Light Scattering

1.5.1.1. General Light ScaJterïng Theory

Staùc light scattering (SLS) is an invaluable method for the charJcteril.aùon of

polymers in solution. The Mw. the dimension and thermodynamic informaùl;!\ such as

virial coefficients can be obtained by this absolute technique. Light scallering can he

c1assified into three categories depending on the relative sire of the particle.~ compared to

the wavelength of light in tLe scallering medium (1..).43 Thesc three categories are givcn

below,

Rayleigh

Debye

Mie

Dn..< 1120

1120< Dn..< 1

Dn..> 1

where D is the major dimension of the partic\e. The pt>:seDt section will lOCus only on

Rayleigh and Debye scattering.

Rayleigh scatterïng describes the light scattered by srnall particles, i.e. D < 1../20.

In this case, partic\es scatter light isorropicaUy. i.e. the scatlered intensity is equal in all

directions. In a typical light scatterïng experiment. the intensity of scattered light (1) is

measured over a range of different angles (a). The Rayleigh ratio R(a) dcscribes the

angle-dependent light scattering; it is defined as

.,
R(a) = I(a)r- (17)

loV

where I(a) is the intensity of light at different scattering angles, r is the distance between

the center of the scattering medium and the deteetor, Io is the intensity of the incident

light. and V is the volume of the scattering medium. Light is scattered from both the

polymer and the solvenL In oroer to obtain infonnation on the polymer alone, the

scattering due to the solvent molecules (1(a)SOIVl:Ill) is subtraeted, and the quantity R(a) is

used to represent the excess Rayleigh ratio given by

21



C1uJptcr 1. C<:ncrallntrrxiuction

(18)R(a)

.,
(I(a) - I(a)solvcnt )r-

IoV

For vcrtically polarized light, the light scattering data can he represented by the following

•
cquaùon

(19)Kc =~+2A.,c
R(a) Mw -

where A2 is the second virial coefficient, K is an opùca! constant and c is the

concentration. The optical constant is defined as

(20)

whcn' 110 is the refmctive index of the solvent medium, (dnIdc) is the specifie refracrive

index increment. Â() is the wavelength in vacuum. and Nav is Avogadro's number. The

specific refmctive index increment is a measure of the change of the solution refractive

index with respect to a change in the concentration of the molecular species being

measured. It tan he detemùned using a differentia! refractometer or an interferometer. It

should he noted that eq. 19 is va1id for dilute solutions. in which the terms with higher

powers of concentration can he neglected.

When the partic1e size is larger !han mo. light is scattered from different parts of

the molecule. As a resuIt, scattered light reaches the detector in different phases. This

effect is referred to as intraInolecular interference. The path difference is larger in the

backward direction (large e) !han in the forwaId direction (small el. and destructive

interference increases with e. At an angle of zero. there is no interference effect. The

asymtnetric scattering envelope for large partic1es is compared to that of sma1l partic1es

(Debye scatterers) in Figure 1.8.

The angular dependence of scattered light for a large particle is described by the

partide seattering function (p(e». It is given by the ratio of the scattered intensity for

large particles ta the scattered intensity in the absence ofinterferenee. ie.
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(21)

where R(O) is the Rayleigh raùo at a scauering angle of 7.ero. and p(e) is equal ta unity at

a scauering angle of O·. The asymmetric scauering l'rom large partides can he descrihed

by the dissymmetty ratio (Zc!). which is given by the following raùo

z _ R(45) P(45)
d - R(135) P(135)

(22)

In general. il is possible to use any angles which are symmetric about 90·. however. 45

and 135· are most frequently used.

90·

small
particles

90°

O·

large
particles

Figure 1.S. Angular dependence of the Rayleigh ratio for small and large

particles.

Equation 19 can be amended to take inta account the inuaparticle interference.

and the equation becomes

Kc 1---+2A2c
R(e) MwP(e)

The particle scattering function is given as 4S

2112<Rl>pee) =1- 3! +....

(23)

(24)

23



•
Chsptcr 1. G<:ncr.l1lntrrxiuction

where Il is equal to (41t1?.)sin(912). This cquation gives the relation hetwl.'Cn P(9) and the

r.ldius of gyration for any Molecule independent of the molecular conformation. For

polydisperse sarnplcs. <R.i> is the square z-avcrage radius of gyration usually wriUen as

<Ri>z. In the present work it will also he represented using the notation Rg•

The inverse particle scauering function for small angles can be givcn as.44.45

! 16lt2 < Rl > sin2(9 /2)
lim P(9)- =1+ - 1 (25)
0-.0 3/..-

Thcrefore. a plot of P(9)'! versus sin2(eI2). would give a straight line at small angles; the

slope of which is proportional to <Ri>. This equation can he employed only when

KcIR(9) is linear in sin2(eI2). Thcrefore. the d:lta for larger angles which departs

significantly from linearity cannot he used. Alternatively. a wide range of angles can he

used to determine Rg if P(9) is expanded to include higher terms in sin2<eI2).46 The tirst

linear term in sin2(912) for this non-linear regression analysis would he proportional to the

radius of gyration (eq. 24).

1.5.1.2. ApplictllÛ1n ID Block Copolymen

SLS measurements on block copolymers can he complicated by the fuet that they

oCten :ire polydisperse in chemical composition. A polydispersity in composition results in

a polydispersity in the dnldc values. since there are different contributions of each fraction

to the total dnldc.47 In this case, the Mw refers to an apparent value {Mw,appl. since it

depends, through the refractive index increments, on the nature of the solvenL However.

there are certain situations in which Mw,app is equaI to the true Mw-45 This occurs. for

instance, wben the parent homopolymers of the copolymers have equ:J refractive index

inaements. AIso. this result is fonnd for copolymm which have low heterogeneities in
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composiùon. such as copolymers with a small content of one component or if the

difference of the refracùve index increments of the parent homopolymers is small.

1.5.1.3. Application to Polyeketrolytes.

Polyelectrolytes are polymers containing ionizable groups. When polyelectrolytes

are dissolved in an ionizing solvent at low concentrations and in the absence of salt. the

chains expand due to the repulsive forces of the charges a10ng the polymer backbone.

This phenomenon is referred to as the polyeieetrolyte tlftet. Light scauering

mcasurements of polyelectrolytes in the absence of salt are anomalous. since dilution i.~

accompanied by increasing exp:lIlSÏon of macro-ions. The addition of a low molecular

wcight ~ectrolyte increases the concentration of ions in solution. As:l result.. there are

more CJunterions present to screen the charges on the polyions. and thus the exp:lIlSÏon of

the chains decre:Ises. In general. 0.01 to 0.1 M salt is sufficient to supress the

polyelectrolyte effecl45

Polyelectrolyte solutions, in the presence of salt.. consist of multicomponent or

mixed solvents.4S In mixed solvents, selective adsorption tan occur beca.use the polymer

gener.illy bas a bigber affinity for one of the solvent components. The concentration of

that component will therefore he bigher within the domain of the polymer molc:cules

compared to the SUlTOunding polymer Cree solvent. In order to measure equilibrium

propenies of solutions, the solution must he in tbem10dynamic equilibrium with the

solvenl This equilibrium can he aclùeved by dialysis in which the solution is separated

from the solvent by a semipemteable membrane. The redistribution of the solvent

components is sbown scbemarically in Figure 1.9.
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Figure 1.9. Representation of redistribution of solvent components A and B. in

which A is selectively sorbed by the p<>!ymer.45

1.5.1.4. SLS Analysis

In a typic:l1light scattering measurement, the scanered intensity is monitored as a

function ofdifferent angles and different concentrations. The Mw. A2 and Rg c:m then he

evaluated by solving equation 23 grapbically. This method is referreei ta as a Zimm plot,48

and a typic:l1 plot is shown in Figure 1.10. in wbich KcIR(6) is plotted vetSIIS sin2(612) +

kc. where k is scaling factor. This factor is adjusted such that the contributions from c are

ca. equal to those from the contributions from sin2(612). Usually. this value is chosen as

the reciprocal of the maximum concentration. The inverse value of Mw c:m he evaluated

by extrapolating the data points to zero concentration and zero angle. at wbich point eq.

23becomes.

(26)
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The second virial coefficient can !Je obtained l'rom the slope (me) of the extrapolaled linc

of S = 0 givcn by

me=~(lim Kc )=2A~/k
dc 9->0 R(S) -

(27)

The Rg value. can !Je evaluated from the initial slopc (ma) of the c = 0 linc at low anglt:..~

where P(S)-! is giVCll by eq. 25.

d (. KC)m = hm--
a dsin2(S 12) c-.O R(S)

(28)

On the other hand. as discussed in section 1.5.1.1.(eq.24). it can also he detennined l'rom a

polynomial regression of the c = 0 line as a function of sin2(SI2). Sincc the cxlrapolaùon.~

are made to zero concentration and zero angle. it is important to make the measuremenL~

at dilute concentrations and al a number of small angles.

In addition to Zimm plots. Debye and Berry plots have aIso bt.-en uscd to analyze

light scattering data. In the Debye plot, the y :lXis is the reciprocal of that uscd in the

Zimm plot, i.e. R(S)lKc is plotted as a function of sin2(SI2) + kc. In gcneral. whcn the

Mw and Rg of the particle are very l:u'ge, Zimm plots have uncertainties in cxlracting iliese

values.46 This fact can he considered, for instance. for a polymer of Mw = 1 x 107 glmol.

for which the inten:ept of ilie Zimm plot (after double extrapolations of c and S --+ 0) will

he close to zero. Therefore. because of slight experimcntal uncertainties in ilie data points

and the large polymer size, the exact location of the interœpt is uncertain. In iliese cases.

the Debye plot is preferable to extraet the values for high Mw and large Rg. Berry plots

have also becn employed to analyze light scattering data. lbese plots consist of using ilie

square roots of the x and y axis of the Zimm plots. The resulting graphs are more linear

and allow for casier extrapolations.43
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,
sin-C9C) + kc

Figure 1.10. Schematic illustration of a Zimm plot

1.5.1.5. Instrumentation

The instrument employed in the SLS experimenlS w:IS a multiangle light scattering

photometer (Wyatt Technology Corp•• Santa Barbara. Califomia. U.S.A.). It COnsislS of

15 fixed detectors ranging from 26 to 129° surrounding a thermostated œll This

instrument allows the measurement of the scanered intensity at severa! angles in a shon

period of lime.

Perhaps the most tedious pan of a light scattering measurement is sample

preparation. It is impottant to have very aceurate concentrations. sinœ most of light

scattering analysis depends on this value. Eimination of dust from the polymer solution is

also crucial. since these particles will increase the scanered intensity and lead to incorrect

resullS. In order to remove dust particles, the samples cm he filtered through a

membrane. or. alternatively. the solutions cm he centrifuged. Wben the samples are

filtered, it is imponant to ensure that no polymer is retained on the filters, which would

change the concentrations. Also. it is imponant to use filters of appropriate pore size. As
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a genera! guideline. polymers with molecular wcights less than 3 x 106 glmol can he

filtered through 0.211ll1 filters and larger particles through 0.45 !lm liltcrs.49

1.5.2. Dynamic Light Scattering

ln contrast to SLS. which measures rime averaged or staùc properues. dynamic

light scattering (DLS) measures rime dependent properues of particles. Severa! booksSD­

52 and review articles53.54 have focused on the principles and applications of this method.

Since particles in solution are in constant, random or Brownian motion. thcir posiùons are

continuously changing.53 Thus. the distance that the scattered waves travel to the

detector varies as a function of rime. These scattered waves can interfere constructively

or destructively depending on the distances travcled to the detector. n,is results in an

average intensity with superimposed fluctuations. The frequencies of these fluctuaùons

are related to the speed and therefore the size of the particles. For instance, smal! particles

move rapidly and cause bigh frequency fluctuations, while large particles move slowly.

causing low frequency fluctuations.

The fluctuating signais are processed from the autocorrelation function (G2(t» as a

function of the time (t). As t increases. the correlation is low. and the function approaches

the background or b::se1ine (B). For short times. the correlation is bigh. The function

decays exponentially with t, and it is given by the following

(29)

where ~ is an optical constant which depends on the instrument, and r is the decay rate

for the process. This rate is given by

(30)
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wherc D is the translaùon diffusion coefficient. and q is the scattering vector equal lO

(41t n sin (912)fÀ{J). The diffusion coefficient (D) for spherical parùcles is rclated to the

hydrodynamic radius (Rb) by the Stokes-Einstein equaùon.

(31)

wherc ka is the Boltzmann constant. T is the absolute temperaturc. and 11 is the viscosity

of the solvent medium. This equaùon assumes that parùc1es are moving independent of

each other; thereforc. measurcments should he made in dilute soluùon. or the results

should he cxtrapolated to zero concentraùon.

1.5.3. Size Exclusion Chromatography

Size e:tclusion chromatography (SEC) is a separaùon method which is widely used

in the determination of the MWD of polymers.7.10,55 This method consists of passing a

polymer soluùon through a column which is packed with porous materials. As the

polymer molecules flow through the column, they can diffuse into the pore structures

depending on the polymer size. For instance, small molecules can diffuse into the pores.

more readily than large molecules. On the other hand, large molecules can enter ooly a

small portion of the pores or they may even be totally excluded if their size is too large.

Since the larger molecules spend less lime in the columns. they are eluted first. The eluted

material is thus separated as a function of size, and the separation can he monitored by a

deteetor such as a refractometer.

SEC is not an absolute method and requires calibration. The universa1 calibration

method can be used.56 In this method, the product of the intrinsic viscosity and the

molecular weight ([11)M) is plotted as a function of the elution volume. AIl polymers,

regardless of their chemical composition or architecture. should fit on this curve. This
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• curv.: is hascd on the concept that the duùon of polyrner mokcuks in SEC columns is

determined hy thcir hydrodynamic volume which is proponionalto the ITlIM proÙUCl.

The mokcular wcight distrihuùon (MWD) for a polyùispcrse sampk can he

determined by dividing the e:'<pcrimental SEC curve into slices of equal \'olume. lO If

enough slices are taJœn. each slice can he considen:d t~) he monoùispcrse anù the t~llal arca

of the curve can he representeù hy the sum of the hdghl~ of the inùiviùual sliccs. Th.:

mokcular weight of the ith spccies (Mi) is ohtained l'rom the calihr.llion plot for the

duùon volume of the ith species (Vi). The Mn and Mw values can then he evaluak'd.

1.6. FOCUS AND PURPOSE OF PRESENT THESIS

The focus of this thcsis is on the characteri7.ation of hlock copolymer micelles

formed l'rom the association of PS hased block copolyrners. Thc.~ hlock copolymers were

synthesiZl..'Cl. by scquential anionic polyrnerization. and the structurc.~ of the hlocks are

givcn in Figure l.U. The block copolyrncrs were comp0Sl..-d of a nonionic polystyrene

(PS) block anached to either nonionic blacks of poly(acrylic acid) (PAA) or poly(4­

vinylpyridine)(p4VP) or ionic blacks of poly(sodium acrylate) (PANa), poly(sodium

metbacrylate) (pMANa), or poly(4-vinylpyridinium methyl iodide) (P4VPMel).

Due to the amphiphilic nature of thcsc block copolyrners, miccllization C-JIl occur

in either aqueous or organic media. For instance, PS-b-PANa. when dissolved in water.

will form block polyelectrolyre or regular micelles in which the PS blocks a.~ociate to

form the micelle core which is surrounded by the soluble PANa corona. A systematic

study on the aggregation numbers and sizes of thcsc block polyelectrolyteS in aqucous

media bas not yet been reported. The other type of micelle which can form l'rom PS·b­

PANa are block ionomer or reverse micelles. The micelle structure consists of an ionic

core composed of PANa blacks surrounded by nonionic PS blocks which l'orm the corona.
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Figure 1.11. Structures of PS based block copolymers used in the present wodc.
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SC;'era! aspects of thcse block copolymer micelles have nol yel heen investigated.

For instance. the cmc's of block polyelcclrolyte micelles formed from PS-b-PANa have

been measured by fluorescence speclroscopy as a function of block lengths and sail

contenL57 However, the aggregation numbers and mi~'Clle sizc have not yel becn

determined as <l function of these parameters.

Severa! studies have focused on the characterization of block ionomer micelles.

However, the cmc's of these micelles have not yet been evaluated. Il would he of interc.~l

to examine the dependence of these values on the insoluble block length, the nature of the

core (i.e. ionic versus nonionic), and the solvent medium. ln general, methods used for

cmc determination such as SLS do not t:lke into account the effecl~ of polydispcrsity on

the cmc's which were discussed in section 1.3.2. The development of a method for the

cmc determination of polydisperse black copolymer micelles would he useful.

The Nagg and Re have been determined for polystyrene-b-poly(ccsium acrylate)

(PS-b-PACs) black ionomers in the solid state and in concentrated solutions by SAXS.35

However. the Nagg• Re and micelle size of PS-b-PANa in dilute solution have not yet bccn

investigated. The efiects of block lengths can be systematically investigated by SLS and

compared to scaling theories mentioned in section 1.4. Comparison of the results obtained

from dilute solution could then be made with those determined by SAXS. Another

interesting feature of black ionomers would be to probe the eITect of neutralizing the PM

black forming the core to different degrees on Nagg and Re- The cl~gree of neutralization

at which micellization begins could aIso be determined.

Water can be easily solubilized into the polar cores of black ionomers. The

amount of water solubilized bas been investigated by NMR measurements of the proton

chemical shifts of water for one black ionomer sample, PS(440)-b-PMAN::(40). in

different solvents.58 It would be of interest to determine the amount of water solubilized

as a function of the black lengths. core nature and temperature. Information could then be
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obtaincd on the nature of the hydrated ionic cores which would he pertinent for catalysis

in thesc systems.

The purpose of t.lJe present thesis is to investigatc severa! unexplored aspects of

block copolymer micelles which were discussed in the preceding paragraphs. in order to

achicve hetter understanding of the micellization of PS based black copolymers. In the

following section. the contents of each chapter are briefly ouùined.

In Chapter 2 of this thesis. a literature survey of the relevant studies pertaining to

these micelles is presented including some of the work presented in this thesis. Chapter 3

facuses on a systematic study of the micellization of PS-b-PANa black copolymers by

SLS in aqueous media. The effects of salt content and block lcngths on the mice1lar

parameters such as Nagg. Re. and Rg were investigated. Comparison of these values with

scaling models was also made.

Chapter 4 addresses the determination of ernc's of black copolymer micelles by

SLS. As diSCUS3Cd previously in section 1.3.2.• the polydispersity of the insoluble black

influences the cmc. Therefore, a method was developed to account for these

polydispersity effects in order to co=ùy evaluate the ernc·s.

Chapters 5 and 6 concentrate on the micellization of PS-b-PANa and PS-b-PAA

black copolymer micelles in ~'5anic solvents. The ernc'5o Nagg and sizes were determined

as a function of the insoluble black length. A systematic study on the effects of the soluble

and insoluble black lengths on the aggregation numbers was performed using 4 PS-b­

PANa black copolymer series. Scaling relations were developed to describe the Nagg and

Re values as a functi,)n of the black lengths.

Chapter 7 facuses on the solubilization of water into the polar cores of an anionic

low molecular weight surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (AOT). and

black ionomer micelles by me:l.>"Uring the proton chemical shift ofwater using NMR. The

black ionomers investigated were PS-b-PANa. PS-b-PMANa and PS-b-P4VPMeI. The

effects of the black lengths and core nature on the distribution and thermodynamics of the
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water traDsfer process were probed. Relaxation rates of different nuclei in the hydrated

core of a b!ock ionomer were also investigated.

Chapter 8 presents the conclusions of the thesis. the contributions to original

knowledge. and suggestions for future work. Annex A contains the program wriuen in

BASIC which was developed to determine the cmc's of block copolymer micelles.
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CHAPTER2

Micellization of Ionie Block Copolymers

2.1. INTRODUCTION

The investigation of ion-containing black copolymers in solution h:Is reve:ùed that

these materials form spherical aggregates, known as micelles, in both water and organic

solvents. l -4 Studies of the formation and characteristics of these aggregates have

generated a great deal of interest, as micelles of ionic black copolymers provide an

extremely versatile addition to the growing field of molecular self-assenrbly. Possible

applications in the areas of advanced materials and drug delivery have spurred our own

interest in this field.

For many years, the phenomenon of miœllization h:Is been known to occur Ù1

solutions of low-molecular weight amphiphiles (or surfactants) abave a concentration

known as the critical mjœDe concentration (croc). The croc is a function of bath the

amphiphile and the solvent environment, and also tends to vary with the method of

deteetion. However, in general terms, we can state that, below the croc, single

amphiphiles exist in solution while, above the croc, associates (or aggregates) tend to

fonn. Due to differences in the kinetics of excbange between unimers and the self­

assembled structures, the tenD "associate" is generally reserved for surfactant micelles,
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while micelles of block copolymers are often referred to as "aggregates". This point will

be further discussed later on.

To undcrstand the formation of spherical micelles. it is important to realize that

amphiphilic Molecules consist of both an ionic or nonionic polar moiety. and at least one

hydrocarbon chain. Since these two parts of the Molecule have very different solubilities.

amphiphiles in solution above the ernc will tend to undergo microphase separation. For

example, in an aqueous environment, the hydrocarbon chains of a number of Aerosol OT

(AOT) Molecules will c1uster together to form a liquid-like core, surrounded and

proteeted by the solubilized ionic head groups.

The subject of the present article is the seIf-assembly of ionic block copolymers. wlùch

is in Many ways an:l!ogous to the mice1lization of surfactants in solution. In our

discussion. wc hope to show that the combination of extremely Iùgh aggregate stability.

low ernc's. and a wide range of aggregate sizes gives ionic block copolymers

unprecedented versatility. and opens the door to many POtentia1 applications. Before

embarking on a description of ion-containing block copolymers. howcver. a more gener:ù

discussion ofblock copolymer miœ1liz;llion is required.

It bas long been known that block copolymers in selective solvents will form

spherical aggregates. with compact cores of insoluble blocks surrounded by a soluble

corona composec\ of soluble blacks. Like their surfactant counterparts. micelles of block

copolymers show an exuemely narrow size distribution. The tenu micelle bas been applied

to these colloid:ù aggregates. due to the structural sirnj1arities with sur'àctant micelles;

howcver. wc sha11 see that micelles of block copolymers and 10w-molecu1ar weight

surfactants are quite different in terms of their lability and ex:change kinetics. For a

number of years, block copolymer micelles have been the subject of much interest, and

some ex:œ1lent reviews have been published in the field.5-7

Along with a number of ex:perimental studies, block copolymer micelles have been

the subject ofconsiderable theoretical treatment in recent years.8-21 Of particular relevance
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to the present review are theories proposed by Zhulina and Birshll:in12 and by Halpcrin16

for "star" micelles. Thesc micelles are spherical with small cores and expanded coronac.

which form when the length of soluble block is considerably longer than that of the

insoluble block. Conversely, "crew-cut" miceUes~23 are structures with large cores and

short coronal "haïr", formed from asymmetric block copolyrners with relativcly long

insoluble blocks. In the former case, theory predicts that the radius of the core (Re) i~

independent of the soluble black length. and scales as NB3
/S, where NB is the number of

units in the insoluble black.

At this point, it is important to mention that the theoretical lreatment of block

copolymer micelles, resulting in scaling relations such as the one givcn above, is generaUy

based on thermodynarnic considerations, and assumes an equilibrium bctween single

chains and the micellar aggregates. Unlike associates of surfactants, which are cxtremely

labile structures, the kineties of exchange between block copolyrncr micelles and single

chains in solution are slow, due to the high viscosity of the insoluble blacks within the

micelle core. This is especially true in the case of the ionic black copolyrner micelles

which pertain to the present discussion; these have glassy polystyrene cores in an aqueous

environment, or ionic cores with short-range electrostatic interactions in organic

environments. In fact, on a reasonable lime scale, the micelles of ionic block copolym.:rs

may be regarded as ''frozen~ structures, with no dynamic equilibrium between micelles and

single chains. An application of theoretical models to such systems, therefore, requires us

to assume that a dynarnic equilibrium does exist at sorne stage of micelle formation, even

though the final result is a frozen aggregate. These considerations should he kept in mind

throughout the present review, as they serve to qualify our use of the term "micelle" in

descn1>ing frozen aggregates ofblack copolymers.

Severa! theoretical treatments of black copolymers in selective solvents have

adclressed the phenomenon ofthe critical micelle concentration.9,l8-20 However, until very

recentIy, the polydispersity of the insoluble blacks had not beeiI properly considered. In a
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new model for the micellization of block copolymers in solution, Gao and Eisenberg21

refined the treaunent of Holland and Rubingh,24.25 in order to account for the

polydispersity effect of the insoluble blocks on the cmc. The model describes the collapse

of insoluble blocks into colloidal spheres below the cmc, such that the driving force for

micellization is the van der Waa1s interaction between spherical particles.

We now tum our attention to the colloidal behavior of ionic block copolymers.

which possess both hydrophilic blocks of ionic repeat units and hydrophobic blocks of

nonionic units. In an AB diblock. for example, a block of nonionic A units is covaIently

linked to a block of ionic B units. Due to the high degree of incompatibilty between the

ionic and nonionic blocks. ionic block copolymers in solution exhibit extremely low

cmc's26-28 and high aggregate stability.3.4

Ionic block copolymers in solution can be divided into two main categories: block

polyelectrolytes and black ionomers. Aecording to the definitions of polyelectrolytes and

ionomers proposed by Eisenberg and Rinaudo.29 the properties of black polyelectrolytes

are govemed by electrostatic interactions over the rclativcly large distances within the

corona and between the micelles. while the properties of black ionomers are governed by

shon-range interactions within the micelle core.

The classification of ionic black copolymer as either black polyelectrolytes or

black ionomers is detennined by the nature of the solvent. Ionic black copolymers in

water are block polyelectrolytes. fonning micelles with nonionic cores and coronae made

up of the soluble ionic blocks. In organic solvents, ionic black copolymers can be

described as black ionomers, with ionic micelle cores surrounded by the nonionic soluble

blocks. Following the tenninology adopted for surfactants. ionic black copolymers in

aqueous and nonaqueous solvents are sometimes referred to as regular and reverse

micelles. respectivcly. In the k star micelle" regime. black ionomers generally have long

nonionic blocks and shon ionic blocks, whereas black polyelectrolytes have long ionic

blocks and shon nonionic blocks. The so-called kcrew-cut" polyelectrolytes, on the other
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hand. have rdatively short ionic blocks. surrounding a large nonionic core. "Crew cul"

micelles of block ionomers. to our knowledge. have not been investigated.

This paper will present an overview of the Iiterature on ionic block copolymers in

nonaqueous and aqueous solutions. with particular emphasis on work perforrned in this

group. We will begin with a summary of the recent work on block ionomer micell.:s.

followed by a discussion of block polyelectrolytes.

2.2. IONIC BLOCK COPOLYMERS IN ORGANIC SOLVENTS

(BLOCK IONOMER MICELLES)

The ionic block copolymers which have been most extensively studied in organic

solvents are the polystyrene-based diblock ionomers with long polystyrene blocks joined

to relatively short ionic blocks. Diblock ionomers of this type, in which the ionic block is

poly(metal acryb.te). poly(metal methaaylate), or quaternized poly(4-vinylpyridine). will

be the focus of the present discussion. However. it is worth menlioning that an

investigation of quatemized polystyrene-b-poly(4-vinylpyridine)-b-polystyrene (pS-b­

P4VP-b-PS) triblock ionomer., in l'HF has also been reported.30 Another related system

is sodium-neutralized poly(tert-buty!styrene)-b-lighùy sulfonated polystyrene.. which has

recenùy been studied by light scattering in nonpolar solvents.31

The following section on reverse micelles of ionic block copolymers will be d1vided

into four parts. .1be fust part will deal with the characterization of r.mdamental

parameters ofblock ionomers using numerous techniques (size..exclusion chron:..'lto~phy.

light scattering. small-angle X-ray scattering. ete.). The second part will discuss th.:.

problem of cmc dereanination of block ionomers. Next, nuclear magnetic resonance

(NMR) investigations of the solubilization of water into the ionic cores and the dynamics

of the soluble corona will be descn"bed. Lasùy. an interesting application of block
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ionomcrs will he prescnted: the sizc control of quantum-confmed nanoparùcIes within a

polymer host

2.2.1. Characterization of Fundamental Pararneters

Until quite recently. experimental work on the properties of ionic black

copolymers in organic solvents was very Iimited. In the first detailed study of diblack

ionomer reverse micelles.3 the aggregation behavior of polystyrene-b-poly(sodium

methacrylate) (PS-b-PMANa) and polystyrene-b-poly(cesium methacrylate) (pS-b­

PMACs) copolymers was investigated in solvents selectively good for the polystyrene

block (e.g. dimethylformamide (DMF). tetrahydrofuran (lHF». Using size-exclusion

chromatography (SEC) coupled with intrinsic viscosity measurements, micellar

characteristics such as aggregaticm number and hydrodynamic radius were investigateà

systematically as a function of the ionic and polystyrene black lengths.

Typical size-exclusion chromatograms of black ionomers in selective solvents

show up to three distinct peaks, attributable to micelles. single chains, and

homopolystyrene.3.32 The micelle peak appears at the lowest eIution VOlUMe. due to the

large sizc of the miceUar aggregates relative to that of the unimers. The relative area under

the micelle and single chain peaks depends on the composition of the black ionomer, with

longer Ionie blocks resulting in a higher percentage of micellized material.

When a mixture of micelles with different molecular weights was injected

repeatedly into the SEC eolumn, the bimodal shape of the ehromatogram was retained

over 3 days. indicating the lack of a dynamk: equilibrium between micelles and single

chai'1S.3 The existence of a single chain peak was attributed to a distribution in the length

of the ionie black, with single chains having a lower ion content than aggregated chaîns.

Infrared spectroscopy of micelle and sbgle chain fractions supponed this hypothesis.

Despite the absence of adynamie equilibrium, the term micelle is used for block ionomers,
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on the basis of the structural and behavioral similarities with other block copolymer

micelles.

A combination of SEC and viscometry was used to determine aggregation

numbers and hydrodynamic radii (Rh) of polystyrene-b-poly(metal methacrylate) reverse

micelles.4 Both the aggregation number and the hydrodynamic radius wcre round to

increase as the length of the insoluble block increases. Howevcr. as thc length of thc

soluble block increases. the aggregation numbcr decreases and the hydrodynamic radiu.~

increases. The latter trend is understood on the basis of an increase in the corona

thickness as the length of the polystyrene segment incn>.ases; thus the overall radius of the

micelle increases. despite a lowering of the aggregation number.

The above trends were confirmed by dynanlic light scaltering (OLS)

measurements.4 DLS was also used to test the stability of reverse micelles by thc addition

of polar solvents to different solutions of block ionomers. After an initial decrease in Rh

upon addition of the polar solvent, the sizes of reverse micelles were found to romain

constant over a pcriod of several months.

One of the attraCtive features of block ionomer micelles is the wide range of

aggregate sizes which is possible in these systems. as micellization is found to occur down

to very short ionic block lengths. In fact, when the length of the ionic block is reduced to

a single ionic unit, one obtains a useful conceptual bridge between micelles of block

copolymers and those of surfactant amphiphiles. which generally possess a single ionic

head group. Related to this discussion are the telechelic iOJ'~_'Ilers.33 in which single ionic

groups or zwitterions are fixed to both ends of the polymer chain. and the monochelic

ionomers.34-37 in which an ionic moiety is fixed to one end of the chain. In the case of

monochelics. viscometry and static light scattering (SLS) have been used to determine

cmc's and aggregation numbers of carboxylate-terminated polystyrene chains in solvents of

low dielectric constant.36 The aggregation behavior of l,2-dicarboxyethyl-terminated

polystyrene in cyclohexane bas also oeen studied.37
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It has been found that smaJl.-angle X-ray scaltering (SAXS) is a useful technique

for obtaining structura! information on block ionomer micelles. SAXS has been used to

investigate micellar core sizes of polystyrene-b-poly(cesuim acrylate) (PS-b-PACs) and

PS-b-PMACs in toluene for severa! ionic block lengths.38 Typical SAXS promes for

block ionomer micelles (Figure 2.1) are a combination of a shape factor, which

characterizes the size and shape of the scatterers (Le., the ionic cores), and the structure

factor, which characterizes distances between scatterers. The structure factor cao also he

related to order within the micelle solution.

From such scanering profiles, core sizes of the PS-b-PACs and PS-b-PMACs

systems were found to obey the star mode!, scaling as NB3IS, independent of the PS block

length. A proportionality constant of 6.5 À was determined. The applicability of a

thermodynamically-<lerived scalillg relation is a good indication that block ionomer

micelles, although undoubtedly frozen structures, approach equilibrium in the early stages

of micelle formation. These micelles are formed by neutralization of single chains of acid­

form block copolymers in organic solvent; before the core-forming blocks are 100%

neutralized,39 it is likeIy that micelles and single chains are in dynamîc equilibrium. At

some point, the equilibrium structures become frozen as solvent is excluded from an

increasingly :onic core.

In further SAXS wode,4O the study of block length dependence was

extended to include quaternized PS-b-P4VP. The same fit with the Halperin mode! was

obtained, supporting the relationship Re =6.5NB3IS À. High chain extension in the micelle

core was observed for both ionic microdomains dispersed in a nonionic matrix and

nonionic microdomains dispersed in an ionic matrix.41 This result proved that chain

extension within the cores of blo':k ionomers is due to the minimization of interfacial

energy rather!han to short-range ionic interactions. SAXS results. together with computer

modelling of spherical shape factors, have been used ta determine the radii pclydispersity
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Figure 2.1. SAXS profiles of PS(600)-b-PACs(4S) diblock ionomer in toluene in the

concentration range from 0.01 glmL to 0.10 glmL.38
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indexes (RPI) of ionic cores.38 These were found to he between 1.02 and 1.04.

considerably smaller than the polydispersity indexes of the polymer chains.

2.2.2. Clitical Micelle Concentrations of Black Ionomers

A wide range of techniques has been used to determine the critical micelle

concentrations of block copolymers in selective solvent, such as fluorescence, osmometry,

viscometry, and static light scattering. The latter method is sensitive to changes in the

apparent weight-average molecular weight (Mw) of the solution, a quantity which includes

contributions from both micelles and single chains. In a typical experiment, the quantity

KcIR(O) (where K is the optical constant and R(O) is the Rayleigh ratio extrapolated to 0

angle) is plotted as a function of concentration; since KcIR(O) is inversely proportional to

the apparent Mw. such a plot shows three distinct regions, corresponding to unimers in

solution, a transition region, and micelles in solution.

The extremely low cmc's of block ionomer micelles make their determination by

empirical methods difficult, as the unimer region is often at concentrations below the limit

of deteetion. However, the cmc's can he evaluated by fitting the micelle and transition

region according to an equation proposed by Debye.42 For systems with significant

polydispersity in the insoluble black, a new method bas been deveioped,26 based on the

micellization model of Gao and Eisenberg.21 Figure 2.2 shows plots of cmc vs. the

insoluble black length for various systems.4346 including AOT surfactant in benzene and

nonionic black copolymers in selective solvents. From these plots. one can compare the

extremely low cmc's of black ionomer micelles with the wide range of cmc's observed for

other self-assembling species.
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2.2.3. Characterization of Water Solubilization and Chain DynaDÛcs by

NMR

An important feature of surfactant reverse micelles is their ability to solubilize

water within the ionic core, creating water pools wlùch can act as "microreactors" for

hydrophilic reactants. Block ionomer micelles in nonpolar solvents arc also able to

solubilize small quantiùes of water, and the disuibution coefficient of water between the

ionic core and the solvent has been studied by proton NMR.47.48 A single chenûcal shift

for the water protons is observed, wlùch is a weighted average of the chenûcal shift of

wate:" in the reverse micelle and in the nonpolar solvent The appearance of a single

chemical shift indicates !hat the exchange of water between the ionic core and the solvent

phase is very fast within the lime scale of the NMR experiment On these grounds. it

~cems that the ionic core is liquid-like in the presence of water.

From measurements of the observed chenûcal shift of the water protons,47 the

disuibution coefficients in favour of water so...bilization in different solvents were found

to accur in the following order: cyclohexc.'le > benzene - toluene > chloroform » THF ­

DMF. Disuibution coefficients were also investigated for ionic blacks \\'Ïth different

functional groups.48 and at 2S°C they were found to decrease as follows: cesium

carboxylate > sodium sulfonate - sodium carboxylate »pyridinium methyl iodide.

NMR bas also proven useful in the measurement of corona! chain dynamics at the

segmentallevel. In systems of PS-b-PACs in carbon tettachloride (CC4), the mobility of

2H-Iabeled polysryrene segments was probed at various distances from the ionic core.49
,
~H relaxation limes revealed that close to the ionic-nonionic junction there is a definite

decrease in segmental mobility with respect to the "free" chain. Further from the ionic

black, the segmental mobility is less restricted, and at a distance of ca. 40 units the

mobility is close to that of the nonionic homopolymer. It was also found that segmental

mobility decreased with increasing length of the ionic black, This result cao he explained
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on the basis of geometrical considerations; for star-like micelles. the segmental density at a

particular dis;ance from the core is higher when the ionic cere is larger. resulting in a

larger number of steric interactions.

2.2.4. Semiconductar NmlOparticles in Block Ionorner Micelles

The control of ionic core sizes through variations in the insoluble block length

makes block ie-nomers attractive materials for the formation of polymer-nanoparticle

composites. For example. the neutralization of polystyI'Cne-b-poly(acrylic acid) (PS-b­

PAA) block copolymers cao introduce a wide range of metal ions into the core; the

reduction of these ions. or treattnent with ~S. will effect the formation of ultra-small

metal or metal sulfide particles within the cores,50 with sizes determined by the

aggregation number of the black ionomer host.S1

One 50ch application of black ionomers has been demonstrated by the precipitation

of quantum-eonfmed CdS nanoparticles within the cores of polystyrene-b-poly(cadmium

acrylate) (pS-b-PACd).Sl Quantum confinement arises from the extremely small sizes of

these crystallites « 60 À), and results in excited States which are more energetic than

those of bulk CdS. To prepare the composites, the ionic cores were placticized with

water, aiter which the films were tteated wi.th H2S for 8 hours. CdS particle sizes were

determined from blue-shifts in the UV-vis spectrum, and thl'SC were plolted against the

size of the original core <Re = 6.5 NB3IS À). A Iinear relationship was found between CdS

particle sizes and ionic core sizes, up to a particle diameter of 50 À, where the particle

sizes level off (Figure 2.3). Below 56 À, it appears that excellent size contrel of CdS

particles cao be achieved by selecting (ne appropriate ionic core size. AIso shown in the

plot are CdS nanoparticles synthesized in the multiplets of random ionomers (dotted

circles), which allow for synthesis ofparticles down ta 18 Â..52

53



•
ChJlptcr 2. MicdliZJJtion ofIonie Block Copolymcrs

50

40

30

20

o 50 100

o

2Rcore CA)

150 200

Figure 2.3. Plot ofCdS particle diameter vs. diameter of original core (calculated

from Re =65 NB3IS Â). Dotted ciIcles indieate CdS particles synthesized within

the microdomains ofrandom ionomers.S1
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The stability of the CdS-polymer composites was shown hy dissolving the

materials in organic solvents (e.g. toluene. THF) to form clear yellow solutions of CdS­

containing reverse micelles.51 The micelles were stabilizcd hy rc-neutrali:ring the PM

block with NaOH. The yellow powders werc then repeateclly precipitated into MeOH and

redissolved. without significant ci"",'ges in the UV-vi~ absorption spectrurn of the

composite.

2.3. IONIC BLOCK COPOLYMERS IN AQUEOUS MEDIA

(BLOCK POLYELECTROLYTE MICELLES)

In this section. two typeS of block polyelectrolyre micelles will he discussed. star

and crew eut micelles. One of the earliest studies of block polyelectrolytes was pcrformed

by SchindIer and Williams, in wlùch phase separation in films of polystyrene-b­

poly(vinylpyridinium methyl bromide) was investigated.53 Much of the pion::ering studies

of block polyelectrolyte star micelles in solution was pcrformed by Selb and Gallo!, and

their work bas heen reviewed.1.2 It should he mentioned that the micellization of block

polyelectrolytes on the surface of water bas also heen extensivcly studied.54-58 However.

in general. studies of block polyelectrolyte micelles have heen scarce. To date there are

two theoretical models dealing with the micellization of block polyelect:'Olyres.19,51j

The following section will first focus on the characterization of aqueous star

micelles by a variety of techniques. The effects of severa! factors. such as the solvent

quality (l.e. salt concentration and temperature). block size, degree of neutralization, and

solubilization on the micellization will he discussed. In the second part of this section, an

overview of a aqueous crew cut micelles and a number of ~elated morphologies, will he

addressed.
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2.3.1. Characterization ofStar Micelles

The solvent quality has been found to influence the micellization of block

copolymers. In general. when the solvent quality decreases. the solubility of the chains

decreases. resulting in a lowering of the cmc and an increase in the aggregation numher of

the micelles. The quality of the solvent for block polyelectrolyte chains can he influenced.

for example. by the addition of salt or by changing the temperature. The effects of solvent

quality on the micellization of two block polyelectrolyte systems. polystyrene-b-poly(4­

vinyl-N-ethylpyridinium bromide) (pS·b·P4VPEtBr) and PS-b-PANa, as weil as the

influence of block lengLhs. will now he discussed.

The solvent quality for PS(26)·b-P4VPEtBr(140) in a water (34 wt.%) Imethanol

mixture was explored as a function of LiBr concentration by SLS and sedimentation

velocity.l It was found that the weight fraction of the micelles and the apparent Mw

increased at low salt content and remained essentially constant at and above 0.2 M LiBr

concentration. At very low salt concentrations (0.01 M). no micelles were present. For

sorne of the low salt concentrations. a ClnC was observed which was found to decrease as

the salt concentration increased. This observation corresponds to the transition from

micelles to single chains. which occurred at lower concentration as the salt concentration

increased. The effect of temperature on the ClnC and the apparent Mw was studied for this

sample at different salt concentrations. An increase in temperature resulted in an increase

in the solvent quality and thus an increase in the ClnC and a decrease in the aggregation

numher.

The effect of the solvent quality on mice11j7Jltion was found to depend on the

length of the copolymer blocks. For instance, Selb and Gallot foun(' ',hat for short PS

block lengths « ca, 30 units). the ClnC and molecular weight we::e strOngly affected by the

salt concentration. However, for larger PS block lengths, (> ca. 30 units). the effects of

temperature and salt concentration were Jess important. '!bus, it cao he suggested !hat at

S6



•
Ch:lpler 2. Micdliz:llion ofIonie Black Copolymers

high PS block lengths. the micelli7.ation process is dominaled primarily by the insoluhle PS

block.

Black polyelectrolytes formed from PS-b-PANa in aqueous solutions have also

received considerable attention.26.28.6O In this system, micelle formation occured when

single chains ofPS-b-PAA were dissolved in methanol, due 10 microphase precipitation of

the polystyrene blacks. The micelles were then neutralized by the addition of NaOH, and

the subsequent ionic form precipitated from solution. 1.. bas been observed thal black

copolymers micelles consisting of hydrophobic-hydrophilic segments are difficult to

dissolve directly in aqueous solvents.2 However. in the case of PS-b-PANa. hcating the

aqueous solutions at lOOoe for a pcriod of time rendered the eopolymer micelles soluble.

This heating process was followed by viscometry and SLS.26.60 Due to their glassy cores,

these aqueous micelles are most likely kinetically-frozen aggregates at normal

concentrations. although we shall sec that they do cxhibit a cmc at very high degrees of

dilution.

The cmc's of PS-b-PANa in water are shown in Figure 2.2.26 Thesc values wcre

determined by fluorescence measurements using pr-.:viously established methods.45 It was

found that the PS block length bas a much greater eerect on the cmc than the soluble

PANa black 1ength. For instance, an increase in the PS black length from 6 to 110 units,

for a constant PANa black 1ength of 1000 units, decreased the cmc bya factor of 320,

while an increase in the PANa black length from 300 ta 1400 lowered the cmc by less than

a factor of 2.26

A recent study explored more systematically the effects of the PANa black length

and salt concentration on the cmc values.28 A wide range of samples was investigated,

with PS black lengtbs ranging from 6 ta 110 units and PANa black 1ength ranging from 44

to ca. 2400 units. For IWO series consisting of PS blocks of 11 and 23 units, it was

observed lhat the cmc increased as a functionof the PANa black 1ength. passed through a

maximum. tben decreased as the PANa black 1ength increased further. This maximum can
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he explained by a balance of solubility effects. The change in the cmc values with

increasing PANa black length was found ta occome less dramatic for longer PS black

lcngths (e.g. 110 units), in agreement with results of Selb and Gallol

The effect of NaCI conct:ntrations (Cs) (0.1 ta 2.5 M) on the cmc was also

investigated for the PS-b·PANa system.28 The cmc values were found ta decrease when

the salt concentration increased, and log cmc versus Cstl2 was linear for most of the series

investigated. The slope. d (log cmc) 1 d (Cstl2). was found ta be a function of the PS

black lcngth. For three differcnt series with PS black lcngths of 6, 11 and 23 ulÙts. d (log

cmc) 1 d (C,tI2) ploned against the PANa lcngth exlubited sigmodal behavior. TIùs

relationship was related ta confonnational changes of of the polye1ectrolyte chain as a

function of the PANa black length.

SLS has also been used to characterize the PS-b-PANa system in 2.5 M NaCL60 It

was found that for short PS black lcngths (Le. 6 units) the micellization was strongly

affected by the PANa black Icngth. However, as the PS block length increased. the effect

of the PANa black lcngth on the aggregation numbers decreased. Aggregation numbers.

calculated .:ore radii, and radü of gyration (Rg) were compared with the scaling

predictions of the star modeL It was found that the scaling relations were a good

representation of the Re and Rg values. The calculated Re values for this system in 2.5 M

NaCl agreed with the values detennined by SAXS for similar samples measured in the

solid State.41 TIùs result implies that for the present system, the morphology of these

micelles is the same in the solid State and in solution.

Micelles of polystyrene-b-poly(methactylic acid} (PS-b-PMAA) have been

extensively studied in mixed solvents of dioxanelwater and water.61-66 It bas been pointed

out that such micelies may be kinetica11y frozen when the solvent is very poor for th~ PS

core (Le. water rich solvents). The micellization process and corona! structure are

influenced by the degree of neutrl'Jization (ex) of the polye1ectrolyte, as observed using

OLS. viscosity and SLS by Kiserow et. al.63 At low concentrations and iolÙc strengths.
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the apparent hydrodynarnic diarncter incrcased gradually with CL. du.: to th.: strctching of

the ionized carboxylic groups. Howevcr. at higher concentraùons. a ma.''C.imum in Rh W'J$

observed. corresponding to Ct values of ca. 0.25-0.35. Similarly. at this Ct value. a

m:llcimum was observed in the viscosity and a minimum in the scauercd light intensity.

These results imply that a cert:lin arnount of ordering in the soluùon" exisl~ as a rcsult of

repulsive interactions betwcen highly charged micelles. Two well defined maxima were

determincd from DLS. corresponding to the collective mode and the diffusion of clusters

of structurally organized micelles. Clusters of micelles have also bccn seen in such

aqueous micel1ar systems as PS·b-PE067 and Triton X-lOO.68

Solubilization of organic molecules into black polyelectrolytes is a subject of

considerable interest due to numerous potential applications. Morishima ct al. investigated

the quenching of fluorescence probes in hydrophobic domains formed in poly(9·

vinylphenanthrene)·b-poly(methacrylic acid) (pVPh-b-PMAA) in water.69 The

solubilization of org:lllic molecu\es into aqueous solutions of PS·b-P1II1AA WolS also

fol1owcd by fluorescence spectroscopy61.63 and DLS.63 V:ùint and Bock solubilized

toluene in black copolymers of poly(rert·butylstyrene)-b-poly(styrene sulfonate) (PTBS·b·

PSS) in water and found an increase in the viscosity.70

2.3.2. Characterization ofCrew Cut Miœlles

Crew cut micelles were prepared and characterized from polystyrene·b-poly(4­

vinylpyrindinium iodide) (pS-b-P4VPMeI) in water.71 These miceUes consisùng of a large

hydrophobic PS core and a re1atively thin hydrophilic ionic corona (p4VPMel) were found

to form monodisperse stable micelles in water. Crew cut micelles were prepared by

dissolving the polymer in DMF, then adding a selective non-solvent for the PS black. In

order to determine the effect of different selective solvents, IWO procedures were used. In

the tirs!, water W:lS added dropwise to the DMF solution; alternatively, methanol W:lS ftrst
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added, followed by water. In both cases, the solutions were dialyzed againsl distilled

water to remove DMF and methanoL The diameters of the micelle cores were measured

by transmission electron microscopy (TEM), and were found to he smaller for the

samples prepared by the addition of water, compared with those prepared from water and

methanoL Also, the aggregation numbcrs and polydispersity indexes, calculated from

TEM results, were found to be lower for the micelles prepared from the addition of water.

The choice of selective solvent is therefore critical to the micellar properties. The higher

aggregation number and broader distribution for micelles prepared using methanol and

water was attributed to the different compatibility between styrene and water on one hand,

and styrene and a methanollwater mixture on the other.

Recently, crew cut micelles were prepared from PS-b-PAA in water.n .73

Different micellar morphologies were observed by TEM depending on the relative block

lengths.73 Some of these morphologies consist of spheres. rods. lame1l:le. and vesicles. In

addition. compound micelles were observed. in which reverse micelle-like aggregates are

contained in up to micrometer-SÏ2.e spheres having hydrophilic surfaces. When the

samples were dried, ordered needle-like solids formed spontaneously. After soaking in

water. the separated needle-like solids showed birefringence under crossed polaroids.

This phenomenon may suggest that the solids have crystal-like structure. in which the

repeat unit is the micelle particle which is severa! tens of nanometers in diameter.

The PS-b-PAA spherical crew cut micelles were characterized in water by TEM

and DLS for a wide range of block lengths.72 The Re values scaled as Re ­

NpsO'~PAA-0.15 illusttating an influence of the soluble block length on the Re values.

From DLS measurements, the Rb values were determîned. and the thickness and the

degree of extension of the coronal chains were ::stimated from the Re and~ values. It

was found that the ionized form ofthe PAA chains (at pH - 7) in the coronae had a highly

extended conformation. This result was attributed to the charged nature of the PAA
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chains. the low degree of curvature of the core and the relatively low concentration of

micelles in the DLS experiment

2.4. CONCLUSIONS

This review bas attempted to summarize some recent findings in the field of ionic

black copolymer micelles. Both block ionomer micelles and black polyelectrolyte micelles

have been characterized extenSively by a wide range of techniques. Law ernc's, high

micell(; stability. and control over aggregate sizes via copolymer composition make ionic

black copolymers of interest for a number of possible applications. including drug delivery

and material science. The solubilization of water into the cores of reverse miceiles and the

preparation of quantum-confined CdS nanoparticles of controlled sizes have illustrated the

potential of these systems as microreaetors in, for example, the controlled precipitation of

metallic and semiconducting clusters. Crew-cut micelles have also been discussed as

interesting new morphologies, providing further evidence of the versatility which is offered

by solutions of ionic black copolymers.
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CHAPTER3

Characterization of Polystyrene-b-Poly(sodium

acrylate) Block Polyelectrolyte Micelles by Static

Light Scattering

AB8TRACT

Black polyelecttolyte micelles fonned by poly(styrene-b-sodium acrylate} in

aqueous solutions were characterized by static light scattering (SLS). Initially, the

solutions contained gel-like particles; the kinetics of disentanglement of these particles

Wt..'I'e measured from the intensity of the scattered light at different angles as a function of

heating lime at 100 oc. It was found that after ca. 50 hours of heating no further changes

occurred in the scattered intensity. The effect of different sodium chloride concentrations

on the aggregation numbers (Nagg). radü of gyration (Rg), and second virial coefficients

(A2) of the resulting micellar solutions was determined for two black copolymers, PS(6)­

b-PANa(I80} and PS(23}-b-PANa(3OO}. It was found that Nagg increased as a function

of saIt concentration at low saIt contents, but the values remained constant above ca. 0.10

M NaO. A range of sampIes with PS black lengths ranging from 6 to 71 units and PANa

black lengths ranging from 44 to 780 units was measured in 2.5 M NaO. As expected,

the length of the insoluble black had a much greater effect on the aggregation numbers

!han that of the soluble black. The data were examined according to the scaIing
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predictions of the star model and severa! mean-field models. Comparison with several of

the models showed good agreement with experimental values of Nagg• calculatcd core

radius <Re) and Rg as a function of block lengths. The core radii values of the micelles

agreed very we11 with those detennined independently for similar samples mcasured in the

solid state by small-angle X-ray scanering (SAXS). From this result, it was conc1uded

that the micelles in 2.5 M NaCl exist singly. Le.• that no supenniœllar aggregates are

present and that the core is solvent free.

3.1. INTRODUCTION

Considerable intere5t bas reœntly focused on micelles fonned by block

copolymers.1-5 With the advances made in the'synthesïs of black copolymers byanionic

polymerization, specific tailored systems can be created for use in applications such as

drug delivery6 and catalysis.7 An understanding of the relation between the physical

properties of the black copolymer micelles, such as their critical micelle concentration

(cmc), size, molecular weight and behavior in different media. and their structure not only

is ofacademic interest but also is very important for such applications.

In the (wo previous publications. the miœUization of a block polyelectrolyte

system, poly(styrene-b-sodium acrylate) (pS-b-PANa), was investigated.8.9 The cmc

values of this system were determined froID fluorescence mcasurements for a range of

black polyelectrolyte samples. The effects of black lengths and salt content on the cmc's

were investigated. These results were summarized in Chapter 2-

In a previons publication,8 it was sbown that the inttinsic viscosity of black

polyelectrolyte solutions depends strongly on the thermal history of the samples, ie., on

the lime and temperature of sample storage. It was found that beating a black

polyelectrolyte solution of PS(40)-b-PANa(520) at 100 OC for ca. 80 hours yielded a
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solution in which the viscosity was no longer dependent on ft:rther heating. The CInC

values as detennined by fluorescence spectroscopy showed nr difference for samples

which were heated or unheated. This latter result implies that micelle-like structures are

present in both the unheated and heated solutions. The decrease in viscosity was

attributed to the disruption of supennolccular aggregates which exist as a result of

entanglements in the polyelectrolyte chains.

There are many :heories dealing with the structure of polymeric micelles.S A

summary of some of these theories was given in Chapter 1. Several theories have been

applied to polymeric micelles, and good agreement with experiments bas been

observed.lG-12 In general, the models can be categorized into IWO groups. the mean field

models13-18 and the star models.19,20 The tirst describes micelles which are composed of

a large core and a relatively thin and dense corona. The micellar corona is treated as

having a unifonn density. In the star models, on the other hand, the corona density

decreases with increasing distance from the core. Th~~ star model was tirst proposed by

Daoud and Cotton to describe the confonnation of star shaped polymers.21 This model

was later extended by Zhulina and Birshtein where scaling relations for the micellar

characteristics were determined depending on the copolymer composition.19 In this

mode!, four regions were distinguished, depending on the relative lengths of the black

forming the core (NB) and!hat forming the corona (NA>. Halperin20 also extended the

model of star shaped polymers and, for the case when NB < < NA, obtained scaling

relations which agreed \V1.:'\ those of Zhulina and Birshtein.19 From a miniminrion of the

Cree energy of the system, scaling predictions for the aggregation numbers and core and

micelle radii were given as a function of the black lengths in these IWO theories.

There are IWO specifie theories descnDing the micellinri<ln of black

polyelectrolytes in solution, that ofMarko and Rabin22 and !hat of Dan and TJIre1L23 The

first theory descn1les micelle formation in the weak: and in the strong charge limit. The

theory by Dan and TmeIl investigates the aggregation properties of these micelles in
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aqueous salt solutions. For moderate salt concentrations. the scaling relations accounting

for the polyelectrolyte nature of the corona were found to he the same as those predicted

for micelles of neutral diblocks in a Iûghly selective nonpolar solvent20,24 Therefore. the

aggregation numher. cmc and chemical potential of block polyelcctrolyte micelles are

dominated by the core block. It should he noted that there are also severa! thl:Ories

describing the properties of polyelectrolytes anached to surfaces.25,26 For example. Ronis

describes the conformations of the polyelectrolyte block attached to a spherical surface as

a function of severa! parameters. such as the screening length. the curvature of the colloid

core, and the number of chains emanating from the core.26

The purpose of the present chapter is to characterize the ~lock polyelectrolyte

micelle system. poly(styrene-b-sodium acrylate). by SLS. First, the kinetics of

disentanglement of the block copolymers in aqueous solutions will he investigated as a

function of different heating periods for severa! samples. Second. the effect of salt

concentration on the miceUar characteristics will he examined. Third. the micelles formed

from a wide range of samples with PS lengths rangio1g from 6 to 71 units and PANa

lengths ranging from 44 to 780 units will he characterized in 2.5 M NaCl Theoretical

scaling models will then be applied to investigate the agreement with the results obtained

for these micelles wlûch were formed most likely under nonequilibrium conditions. In the

final section, comparisons to results obtained on similar samples from the solid state as

well as to literature values for polY(styrene-b-ethylene oxide) (pS-b-PEO) micelles in

water will be presented.
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3.2. EXPERIMENTAL SECTION

3.2.1. Materials

The poly(sty"ene-b-sodium acrylate} block polyelectrolytes were prepared as

deseribed in a previous publication.8 FII'SI, the poly(styrene-b-ten-butylacrylate} block

eopolymers were synthesized by anionie black eopolymerization in nif at -7SoC in

presence of Lia. Sec-Butyllithium was used to initiale the styrene polymerization. Aiter

the end capping of the polystyrene blacks by cx-methylstyrene, a certain amount of the

tert-butylacrylate monomer was added to make the first black eopolymer. The reaction

mixture was par!ia11y withdrawn after 5 min and more tert-butylacrylate was added. This

sequence of operations was repeated sucœssive1y. This procedure aIlows the preparation

of a series of copolymers with the same polystyrene black length and varying poly(tert­

butyiacrylate} black lengths. The polymers were precipitated into water and dried under

vacuum at SO°c. The polymers were hydrolyzed for more than 10 hours in dioxane at

100°C in the presence of 1 M Ha. The poly(styrene-b-acrylic acid} copolymers were then

obtained by freeze drying the reaction solution. The po1y(styrene-b-sodium acrylate)

copolymers were prepared by redissolving the acid form of the copolymers in methanol

and neutralizing by adding the polymer solution to 0.2 M NaOH in isopropyl alcohoL

Three to four different copolymers were easily obtained for each series, which was the

usual case of the present study. When more extensive studies were needed, eight different

t'Opolymers were made for each series. In these cases, special precautions had to he

taken, especiaIIy in regard to the exttemely high purity of the monomers and the strict

prevention of the deactivation of the living polymer chains in the reactor during the

repeated additions ofthe monomers and the withdrawals of polymer solution.

The molecu1ar weighl, composition and polydispersity index were deteanined by

size exclusion chromatography (SEC) on the polystyrenes and the poly(styrene-b-tert­

butylacrylate) copolymers. For one series of copolymers, the compositions were also
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determined by 1H NMR; the values were in good agreement with those ohtained hy SEC.

The complete hydrolysis and neutralization of the polymers were confinned hy solid state

Be NMR. The abbreviations used indicate the copolymer composition; for c,"<ample.

PS(23)-b-PANa(44) represenlS a polystyrene chain of 23 unil~ joined to a poly(sodium

acrylate) chain of 44 unilS.

3.2.2. Sample Preparation for Static Ligbt Scattering (SLS)

The polymer samples for the SLS measurement were dissolved in deionized water

(Millipore MILLI-Q) and heated at 100 oC for 5 days in sealed glass ampoules. The

concentration of the stock solutions was ca. 1-3 mg/mL. These solutions were diluted

with the appropriate amount of sodium chloridc (NaO 99.999%. Aldrich) solutions to

obtain polymer solutions of the required salt cor.centration and stirred ovemight. The

aqueous salt solutions were filtered through filters of 0.22 llI!1 pore size, and the polymer

solutions were filtered through filters of either 0.45 or 0.8 llI!1 pore size, depending on the

composition of the black copolymer. In general. for the black copolymers with

polystyrene lengths ranging from 6 to 40 ucilS, the 0.45 llI!1 filter was used when the

poly(sodium acrylate) chain length was below 300 unilS, and the 0.80 llI!1 filter was

employed in all other cases. The filters used were always rinsed first with 10mL ofsolvent

prior to solvent and sample filtration in order to remove any possible CODllIminanrs. A

common problem with the clarification of polyelecttolytes is polymer relClltion on the

filters. l'hus. as a precaution, the filter was rinsed with 4 mL of sample solution prior to

sample filtration, which would saturate any possible adsorption sites on the filter. Also.

the filter membrane was composed of œUulose acerate which showed negligJ.Dle polymer

reœntion.

The kinetics of mirene disentanglement was studied by dissolving the polymers in

0.10 M NaO solutions and stiIIing ovemight at room temperature. The solutions were

then sealed. and the scattered intensity was I:lea51Il'Cd al IOOID temperature as a function of
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heating time at 100°C. Two different procedures were used for this measuremenL In the

flfSt method. difft-rent solutions of approximately the same concentration were transferred

into separate ampoules which were then sealed. heated, and opened after different heaùng

times. The solutions were then fùtered into the scinùllation vials for the light scattering

measurement once the solutions reached room temperature. The second method involved

filtering the unheated solutions into scinùllaùon vials which were then sealed and heated.

The solutions were then removed. cooled. measured. and reheated without breaking the

seal.

3.2.3. SLS Measurement

Light scattering experiments were perfonned using a DAWN-F multiangle laser

photometer (Wyatt Technology. Santa Barbara, CA ) at 25 oc, which operates at 15

angles. from 26 to 137°. and is equipped with a He-Ne laser (632.8 nm). Data acquisition

and analysîs utilized DawnF and SkorF software, respectively. The polymer solutions

were fùtered directly into scinùllaùon vials, which were usee! for the light scattering

measurements. The measurement was perfonned by dilution of a stock solution which

had an approximate concentration in the range of 1 x 10-3 - 2 x 10-5 glmL, depending on

molecular weight of the sample; the concentrations were always larger than the cmc values

as detennined previously by fluorescence measurements.9 A minimum of four

concentrations was usee! to determine the weight-average mo1ecular weight, radius of

gyration, and second virial coefficient with the aid of either a Zimm or a Debye plot,

processed with the Aurora software.

3.2.4.. Specifie Refradive Index Increment Measurement (dnIdc)

The specifie refractive index increment (dnIdc) was determined using the

WyattlOptilab 903 interlèrometric refractometer and accompanying software (Onde 2.01)

at a wavelength of630 Dm. The ce1l constant was determined by calibration with different
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concentraùons of sodium clùoride (99.999%. Aldrich) soluùons. Eight to ten

concentraùons were measured for each dn/dc delerminaùon. For the polymers measured

in salt soluùons. the sample soluùons were dialyzed exhausùvely for one wcek in dialysis

membranes with a molecular wcight cutoff of cither 8000 or 15 000 against the

appropriate salt concentraùon. Prior to measurement, the dialysale was fùlered and used

in the reference cell. The dnldc values were determined from the slope of a plot of

refracùve index ven:us polymer concentraùon. The polymer concentraùons before and

afler dialysis were monitored by measuring the scattered intensity at 90°; the

concentraùons were found to deviate by as much as 10% for sorne samples.

3.3. RESULTS AND DISCUSSION

The Results and Discussion part is divided into six sections. In the first section.

SLS theory and data manipulation will he described. The second section will address the

kineties of disentanglement of the miœlles in solution for different heating times. The

third and fourth sections will address the SLS results of the block polyelecttolyte micelles

as a function of salt concentrations and, in more detail, at one constant salt concentration,

i.e., 2.5 M NaCl, respectively. Applications of scaling theories will he given in section 5.

In the final section, comparisons will he made with solid state results of the same system

and with the aqueous nonionic micelle system PS-b-PEO.

3.3.1. Theory

Static light scattering is a convenient method of characterizing polymer solutions

which gives the weight-average molecular weight, radius of gyration, and virial
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coefficients. When me particle size is greater than approximately ïJ20 , it has been shown

Ùlat27

Kc/R(8) = 1 +2A2c+... (1)
P(8)Mw

where K is me optical constant (27t2(no dnldc)2!ÂQ4Nav), no is me refractive index of me

solvent, dnldc is me specific refr.;.ctive index increment, Â{) is me wavelengÙl in vacuum,

Nav is Avogadro's number, c is me concentration, R(8) is me Rayleigh ratio Olt me angle

of measurement, P(8) is me particle scattering function, Mw is me weight-average

molecular weight, and A2 is me second virial coefficient; since me solutions are dilute, me

higher order vicial coefficients have been neglected

The particle scattering function describes me angular variation of me scattered

intensity and accounts for t.'le intraparticle interference. It can be expressed in me form of

a power series in sin(812),

P(8) =1-a1sin2(8/2)+a2sin4(8/2)-...

For small angles of observation, the reciprocal seattering function is given by

P(8)-1=l+16~ <Ri >z sin2(8/2), (3)
3~

where <Rg2>z is the square z-average radius of gyration. Therefore, from the initial slope

of the inverse particle scattering function as a function of sin2(812), the particle size can be

evaluated independent of the particle shape.

A graphical method used to solve eq. 1, with the particle scattering function given

by eq. 3, was developed by Zimm.2S By plotting (Kc)IR(8) for different angles and

concentrations as a function of sin2(812) + kc, where k is a scaling factor, and

extrapolating to zero concentration, information on the particle size can be obtained from

the initiallinear slope (eq.3). Similarly. in the limit of 8 ~ O. the particle SC8ttering

function is equal to unity and the slope of the line is proportional ta the second virial.

coefficient. The interœpts from the zero concentration and zero angle lines yie1d the
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inverse Mw. This graphical double linear extrapolation method is n:ferred to as a Zimm

plot28

For partic1es of very high molecular weight (e.g.• > 106 g1mol). (Kc)IR(6) exhibits

significant curvature in the angu1ar dependence. In these cases. special care must he taken

when ana1yzing the data.29 It should he noted that, for these high molecular weight cases.

small errors in the extrapolations can result in a relatively large error when the reciprocal

is computed in the Zimm plot for the c:valuation of the molecular weight SÙDilarly. then:

would he a large errer in the radius of gyration which depends on the Mw value. In these

cases. the Debye plot, which is simi1ar to the Zimm plot with the exception that the

ordinate is plotted as R(6)/(Kc). can he used. In the present study. both the Zimm and

Debye plots were employed; their specific applications to the different block

polye1ectrolyte systems are discussed in section 3.3.2

A second problem in the ana1ysis oflarge partic1es is the evaluation of the radius of

gyration from the angu1ar dependence. The Zimm method is based on linear

extrapolations of the concentrations and the angles. However. for large particles. the

angu1ar dependence is nonlinear at high angles. Thus, the data which depart significantly

from linearity should he omitted in the ana1ysis.29 The advantage of the present

instrument is the l'ccessibility of a wide range of angles. Thus. it is possible to fit the

angu1ar dependence with a polynomial expansion of the partic1e scattering function in

which the term linear in sin2(612) would yield the radius of gyration (Rg) (eq. 2). The

comparison of the Rg values detemùned by these two methods will he given in section

3.4.3.

The dissymmelIy in the light scattered from large particles can he evaluated from

the dissymmetry ratio. Zd. This quantity is defined as the ratio of the scattered light of

two angles which are symmetrlc about 90°. Most fIequently. the angles used are 45° and

135°.
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P(45) R(45)
Zcl = P(135) R(135)

This quantity is a measure of the particle size. since for large particles. the scatlering at

low angles will he larger due to constructive interference of the scattered light from

different points in the particle. AIso. the scattering at large angles will he reduced due to

destructive interference of the scattered light. These dissymmetry ratios can also he

correlated to various particle shapes.

Polyelectrolyte solutions with added salt are multicomponent systems consisting of

polyions. co-ions. and counterions. The above thcory can he used for these systems if the

specific refractive index increment values are determïned at constant chemical potential.30

These values are determined after establishing Donnan equilibrium hetween the

polyelectrolyte solution and the solvent by dialysis. AIso. it should he noted that for black

copolymers, due to the compositional heterogeneity of the systems. the Mw. Rg• and A2

values refer to apparent values.27

Micellar parameters can he calculated from the value of the apparent Mw- For

instance, the aggregation numbers (Nagg) for black copolymer micelles are evaluated from

the ratio of the apparent Mw of the micelles ta that of the unassociated polymer. The core

radius <Re> can he calculated from Nagg using the following relation for the core volume,

Veo

vc = (413) n: Re3 = Nagg NB MWl(p Nav). (5)

where NB. MW. and P are the number of repeat units. the repeat unit molecular weight,

and the density (1.05 g/mL)31 of the PS black, respectively. From the Re values and Nagg

it is possible ta evaluate the surface area per chain (SlNagg). given as

SlNagg=4n:Re2/Nagg (6)
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3.3.2. Time Dependence of SLS Data - Kinetics of Disentanglement

In a previous viscometric study, it was found that the PS-b-PANa samples in water

form supermolecular aggregates which disaggregate upon heating.8 The present study by

SLS was performed in order to supplement the previous results and to give funher insight

into this process. Initially, under the preparation conditions used here, the solid Slate

morphology of PS-b-PANa samples consisted of a collapsed PS core surrounded by a

matrix consisting of PANa cbains. For the present block copolymer system, dissolution of

the block copolymer may involve fust the penetration of water into the continuous

polyelectrolyte matrix. which, because of the slow dissolution of the PANa. would result

in the formation of nonuniform gel-like parlicles. Indeed. it was observed that samples

prepared at a concentration of, for example, 3 mg/mL formed initially a nonuniform gel­

like phase. These gel-like structures were more prevalent in block polyelectrolytes whicb

had long PANa block lengths, c.g., 300 units. Upon healing, the interpenetraling ionic

domains begin to dissociate, and the gel-like structures dissolve. It is interesting to note

that the formation of a nonuniform gel phase was also apparent in poly(sodium acrylate)

homopolymer prior to healing. AIso, metastable structures have been found to exist in

other micellar systems such as poly(styrene-b-ethylene-co-propylene) (pS-b-PEP) in

decane.32 It has been postulated that these structures arise from the solid state

morphology.

In the present study of the disaggregation process, the solutions employed should

be in the dùule concentration regime, whether the cbains are present as single cbains or as

micelles. This regime has been definen33,34 as being below the overlap concentration, c·,

where

e- =M 1(Nav Rg3), (7)

where M is the molar mass. For example, for a~ black copolymer, PS(23)-b­

PANa(3oo), with a number avenge molecular weight (Mn> of 3 x 104 g/mol and a radius
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of gyration of ca. 30 nm, the overlap concentration is ca. 2 mg/mL. For the micelle of a

molecular weight of 5 x 106 g/mol and a Rg of 1()() nm, the overlap concentration is ca. 8

mg/mL. These concentrations show that the SLS studies were performed in the dilute

solution regime, and therefore the physical processes which occur at higher concentrations

should not be operative. For instance, in the semidilute region, pseudogel domains are

found: i.e., entangled polymer solutions behave as polymer networks swollen by the

solvenL However, the gel-like phase, which could be present because of incomplete

disentanglement of the ionic domains, as described earlier, may be present at a

microscopic level in dilute solutions.

There bas been some suggestion that aggregates may arise as a result of solubility

problems of the black copolymer, due to the very low interaction parameter of the

hydrophobic black and the aqueous solvenL1 Severa! workers have observed that black

eopolymers which consist of hydrophobic and hydrophilie components do not readily

dissolve in water. In some cases, heating at high temperatures dissolved the polymer,3S,36

In other cases, the black copolymers were first dissolved in a small amount of a solvent

which was selective for the hydrophobie black, and then diluted with water.36-38

The nature of the black copolymer in the solid state structure can play an

important role in the dissolution of the copolymer. For example, in a poly(styrene-b-4­

vinylpyridinium ethyl bromide) (pS-b-P4VPEtBr) system, the P4VPEtBr blacks were

found ta precipitate upon quartemization of the P4VP blacks in dimethylfonnamide

(DMF),39 Thus. the morphology of these samples in the solid state consists of a

continuous phase of PS and a discontinuous phase of P4VPEtBr. This morphology

hinders the penetration of water inlO the polyelectrolyte domains since they are

sumlundcd by a hydrophobie block. As mentioned previously, the solid state structure for

the present system consists of coUapsed PS blacks (discontinuous phase) sumlundcd by

PANa blacks (continuous phase). The penetration of water iota the polyelectrolyte

domains is expecœd lO be easierthan into the discontinuous P4VPEtBrdomains.
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In order to detennine meaningful aggregation numbers and micelle sizes by SLS.

one should he sure that single micelles and not supermolecular aggregates are present in

solution. Thus. a study of the kinetics of disentanglement was performed by SLS to

supplement the previous viscosity study. SLS is a convenient method for this study. since

information on the size and molecular weight of the particles in solution can he obtained

from the angular dependence of the scattered Iight and from the magnitude of the

scattered intensity. respectiveIy.

'ïwo methods of sample preparation for the study of disentanglement were

described previously in section 3.2.2. The fust method involved heating severa! separate

solutions for different periods of time and filtering the solutions after a cooling period.

The second method involved initial filtration of unheated solutions into viaIs. which were

then sealed and subsequently used directly for the Iight scattering measurements. The

disadvantage of the second method is that the solutions, prior to heating. were very

difficult to filter; thus, it is IikeIy that sorne of the supennjcellar s:ructureswere removed

by this process. In contrast, the solutions prepared by the first method were reIatively

easy to filter after a minimum amount of heating (1 hour), so it seems reasonable to expect

that no significant amount of supeanoIecular aggregates was removed. AIso, it should he

noted that in both cases it was found that the scattered intensity as a function ofangle was

independent of the cooling times and cooling methods, Le., graduai cooling or rapid

quenching 10 room temperature.

Figure 3.1 shows the plots of the normalizerl Rayleigh ratio (R(8)/c) as a function

of angle, sin2(812), for different beating periods at 100 OC for the PS(40)-b-PANa(S20)

system at a concentration of 6.8 x IO-S flmL. The solutions were prepared by the first

method described. Le.. by beating. filtering, and measuIing individnal samples. It can he

seen from tbis figure that the intensity of the scattered light at low angles decreases as a

func:ion of beating time, with the most significam changes occnaing at low angles during

the first 4 ho\IIS. For instance, the dissymmelIy ratios as definM by eq. 4 for the .mheated
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Figure 3.1. Effect of different heating times on the norrnali'red plot of the

Rayleigh ratio as a function ofsin2(912) for PS(40)-b-PANa(520).
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sample and those heated for 1.4. and 23 h. were 3.7.2.4.2.0. and 1.4. respcctively. The

decrease in the dissymmetry of scattered light with longer heating limes shows the

progressive disappearance of large particles which would scatter light considerably at low

angles. For the longest heating period of 54 h.. no significant further change in the

Rayleigh ratios was observed. From this result, it can be concluded that most of the

supennolecu1ar aggregates have disentangled before ca. 50 h. of heating. The SLS resuilS

are in qualitative agreement with the viscosity results for the same polymer sample

reported previously.8 For an incubation œmperature of 100 oC. a plateau in the viscosity

was attained after 80 h. of heating. Also. the viscosity of the sample was found to

decrease rapid1y in the tirst few hours of heating and to decrease more gradually with

longer heating limes.

In the present case, it is important to understand how the molecular parameters of

black po1ye1ectrolytes, i.e.. the PS and PANa black lengths. influence the kinetics of

disentanglements. These studies were performed on various block copolymers prepared

by the second method, i.e.. by heating and measuring the samp1e in one seaied ampoule.

Certain trends for micelle disentanglement were observed. Fm!, for black copolymers

composed of a short PS black of 23 units and a PANa black of 81 units, the equihllrium

was established after 30 minutes, as observed by no further change in the magnitude of the

Rayleigh ratio at different angles. In contras!, for a samp1e with the same PS black length

but a longer PANa black length of 330 units, equihllration took 24 hours. A similar trend

was also observed for a PS black length (40 units). in that the samples with the longer

PANa blacks reached equih'brium more slowly. This result is to he expected. since there

would be more entanglemeDts present with longer PANa units. The ratio of the Rayleigh

ratio (900) at t =0 (no heating) and the Rayleigh ratio after a certain heating lime, such as

20 hOUIS. were compared. The samp1es, in order of increasing equilibration lime, were

found to be in the order of PS(23)-b-PANa(81) - PS(ll)-b-PANa(l60) < PS(4O)-b­

PANa(180) < PS(23)-b-PANa(330) < PS(4O)-b-PANa(520). Thus. the PANa block size
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seems to be the detennining factor in the disentanglement of the supermolecular

aggregates.

ln ortler to obtain a quantitative measure of the dissociation of supermicellar

structures, aggregation numbers were evaluated for block polymers subjected to heating

limes of 1 and 5 days in a 0.10 M NaCI salt concentration. The aggregation numbers are

given in Table 3.1 for two samples. PS(23)-b-PANa(160) and PS(86)·b-PANa(l90). For

instance, for PS(23)·b-PANa(l60). the aggregation numbers were 530 and 140, and for

PS(86)·b-PANa(190) they were lloo and 550. for heating periods of 1 day and 5 days.

respectively. Similarly. the apparent radü of gyration for the two samples decreased to ca.

halftheirsizeafter 5 days ofheating: 93 and 45 nm forPS(23)·b-PANa(160) and llO and

55 nm for PS(86)-b-PANa(l90). Thus. all the samples in the present study were heated

for 5 days prior to molecular weight determination by SLS. to ensure a high extent of

disentanglement

The question of dynamics in the cores of the present micelle system deserves some

consideration. lnitially. micelle formation occurred when the block copolymers were

dissolved in methanol during the neutralization of the poly(acrylic acid) (PM) blocks.

Since methanol is a nonsolvent for PS. the miœlle cores would be expected to be solvent­

free and glassy. Thus, the exchange between single chains and micelles would be expected

to he very slow. The micellar sample was then dried and dissolved in water. and the

solutions were heated at 100°C. The glass transition temperatures (Tg) of the PS core for

the molecularwaghtrangeinvestigated, i.e., between 6.2 x 1()2 and 9.0 x 1()3 gfmol, were

estïma.ted4O to be below 100 oc. The PS cores at that temperature are thus not glassy.

and the kinetics in the system is expected 10 increase, resulting in the possible excbange of

single chains witb micelles !bus. in addition 10 dissociating the entanglements in the

PANa <:bains. heating the solntions may also inaease themo~ in the mieeDe system,

resulting in equilibrinm miœ11e sttne:tures. Al room temperature, most of these strnetures

would be expec:ted 10 be"frozen"; this aspectwill be discussed in section 3333.
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Table 3.:\. Characterization ofPoly(styrene-b-sodium acrylate) in 0.10 and 2.5 M NuCl
by SLS for Different Heating Periods at loo·C.

PS(X)-b- C- M.. N.... Rc10l Rc(b) A:x1lJ4 Re SIN.... 7..t
PANa(Y) (M) x 10"" (nm) (nm)

(~~~I
(nm) (nm:

1 ) Ichain)
1 dav heatine

23-b-160 0.10 9.2 530 93 - -0.060 -- -- 1.6

86-b-190 0.10 30 1100 110 - -0.098 - -- 1.8

5 daVl heatin
6-b-89 0.10 0.48 54 78 61 0.32 2.4 1.2 1.7

2.5 0.53 59 75- 64 -1.2 2.4 1.2 1.7
6-b-180 0.10 0.43 24 46 34 0.87 1.8 1.6 1.2

2.5 0.45 26 37 30 -0.20 1.8 1.6 1.2
6-b-4OQ 0.10 0.60 16 40 36 2.8 1.6 1.8 1.2

2.5 0.68 18 37 36 2.5 1.6 1.8 1.2

11-b-69 2.5 0.49 65 91 72 -0.96 3.0 1.8 1.4
11-b-160 2.5 1.0 63 64 55 0.27 3.0 1.8 1.3
ll-b-350 2.5 2.7 79 92 82 2.5 3.3 1.7 1.5

23-b-44 2.5 0.92 140 30 30 -3.5 5.1 2.3 1.0
23-b-81 2.5 1.6 160 44 40 1.4 5.2 2.2 1.1

23-b-160 0.10 2.5 140 45 40 1.4 5.1 2.3 1.2
2.5 2.6 150 51 40 -0.034 5.4 2.1 1.2

23-b-3oo 2.5 4.5 ISO 90 80 -0.36 5.1 2.2 1.7
23-b-780 2.5 19 250 140 130 -0.13 6.1 1.9 6.1

4O-b-82 2.5 2.2 190 50 40 -0.69 6.7 3.0 1.1

5o-b-89 2.5 5.0 370 34 30 -1.2 9.0 2.8 1.1
5o-b-330 2.5 21 570 120 110 -0.46 10 2.4 3.0

71-b-120 2.5 5.5 290 71 57 0.44 9.4 3.8 1.2

86-b-19O 0.10 18 550 55 50 -0.51 12 3.5 1.3

The Rg values were evaluated in (a) from either a Debye or a Zimm plot and in (b) from

linear eJttrapOlaliODS of Debye plots exc1uding higber angles. The ca1cu1atiODS for Nagg
were performed using three significant figures and subsequently rounded 10 two signiticant
figures.
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3.3.3. Aggregation Numbers and Micellar Sizes as a Function of Salt

Concentration

3.3.3.1. Specijic Refractive Index Increment

The specifie refractive index increments (dnldc) of some block polyelectrolytes

were detennined in water and in aqueous solutions of different NaCl concenttations. The

values are given in Table 3.2. In deionized pure water, the dnldc values were found to be

independent ofeither the PS or the PANa black lengths for the range of black copolymers

investigated, yielding the number 0.222 ± 0.003 mUg. This value is similar to that given

in the Iiterature for poly(sodium acrylate), ie., 0.231 mUg, reported at a wavelength of

546 nm;41 the value for the present study is expected to be lower, in view of me

wavelength oflight used (630 nm).

The change in me dnldc values wim black length bas been found to be negligJ.ole

for black copolymers which have a small weight fraction of one of me blocks}O This

siwation should be valid in me present case, since me micelles consist of a highly

expanded polyelectrolyte corona and a smaIl compact core. The core is also expected to

be solvent Cree, since me interactions between polystyrene and water are extremely

unfavorable. A comparison of me Rg values wim me calculated Re values (eq. 5), shows

Ùlat me core is, indeed, very smaIl (Table 3.1). The micellar core is thus expected to be

much smauer than the corona, and the dn/dc should Dot be affected by the composition of

the micelles.

Because the dn/dc values were found 10 be independent of the polymer

composition, the apparent molecular weight can be assumed to be close ta the true

molecular weight. This fact bas been observed for severa! micellar systems, either because

of the simüarity in the refractive jndjces of the two bl0cks42 or becanse of the fact that the

insoluble black: consists of only a smaIl 1'raztiOD of the polymer and thus does Dot have a
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Table 3.2. Specifie Refraetive Index ofPoly(styrene-b-sodium aerylate) in Waler and in

NaCI Solutions al 2S°C.

PS(X)-b·PANa(Y) dnfdc[mUg] SOLVENT

23-b-44 0.227 ± 0.004 water

23-b-81 0.221 ± 0.002 water

So-b-300 0.220 ± 0.007 water

71-b-SOO 0.220 ± 0.004 water

average 0.222 ± 0.003 water

23-b-3oo 0.201 ± 0.004 O.02SM

23-b-3oo 0.201 ± 0.003 0.050M

23-b-300 0.170± 0.002 0.10M

23-b-I60 0.174± 0.004 Q.I0M

average o.I7Z± 0.002 O.lOM

23-b-3oo 0.173± 0.007 l.OM

23-b-3oo 0.163 ± 0.005 25M
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great effect on the dnldc values.43

Since the change in the dn/dc values for different block lengths has been found to

he negligible, the dn/dc values in different salt solutions were detennined for only two

black polyelecn-olytes, PS(23)-b-PANa(3OO) and PS(23)-b-PANa(160). The dn/dc values

of the dialyzed PS(23)-b-PANa(3OO) solutions were measured in different NaCI

concentrations, ranging from 0.025 to 2.5 M. These results are aIso given in Table 3.2.

For salt concentrations of 0.025 and 0.05 M, the dn/dc values remained constant at 0.201

mUg. For 0.10 M, the dn/dc value was found to he 0.170 ±0.002 mUg. The dn/dc of

PS(23)-b-PANa(l60) measured in 0.10 M NaO was 0.174 ± 0.004 mUg, which was in

agreement with the dn/dc value of PS(23)-b-PANa(300). For higher salt concentrations,

i.e., 1.0 and 2.5 M, thedn/dc values were found to he 0.173 and 0.163 mUg, respective1y.

A linear regression analysis was perfonned for the dn/dc values as a function of salt for the

data at 0.10, 1.0, and 2.5 M NaQ. It was found that the intercept and slope of the line

was 0.174 and -0.0040, respective1y. Therefore, from the linear regression, the dn/dc

values for salt concentrations ranging between 0.10 and 2.5 M, which were not directly

measured, were calculated.

The dn/dc values of poly(sodium aetylate) determined at different wavelengths of

measurement have been reported previously in the literature by different researchers.41-46

They were found to depend bath on the degree of neutralization44 and on the salt

concentration.44-46 It was found that the values were essential1y constant below 0.10 M,

but above 0.10 M, they decreased gradual1y with increasing salt content, due to the

increasing refractive index of the solvent medium.45.46 However, in the present system, a

different trend ofdnldc with salt concentration was observed. For 10w salt concentrations

« 0.10 M), the dnldc values decreased significantly but decreased only slightly for higher

salt concentrations.
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3.3.3.2. Typical Zimm Plots

Typical Zimm plots for polyelectrolyte micelles are given in Figure 3.2. plotted

with a positive scaling factor. The graphs were chosen to illustrate a range of features

typically found in such black copolymer micelles. The Zimm plots show the results for a

constant PS black length of 23 units and different PANa black lengths of 44 (a) and 300

(b) units in 2.5 M NaO. The effects of the PANa black length on the Rg• Nagg• and A2

values as obtained for these two systems are given in Table 3.1.

FIISt, it is interesting to compare the angular dependence of the Zimm plots for

PS(23)-b-PANa(44) and PS(23)-b-PANa(300). The angular dependence of the sample

with the longer PANa black (Figure 3.2b) exhibits more curvature !han that with the

shorter PANa black (Figure 3.2a). Consequently. the dissymmetry ratios for the PANa

black lengths of 300 and 44 'Jnits were 1.7 and 1.0. respectively. The micelles formed

from black copolymer containing 300 PANa units have a larger radius of gyration (90 nm)

than that of the micelles with 44 PANa units (30 nm). This result is expected. since the

size of the micelles is related to the dimensions of the black copolymer. The aggregation

numbers of these twO samples in 2.5 M salt are similar in magnitude, 140 and 150 for

PS(23)-b-PANa(44) and PS(23)-b-PANa(300), respectively.

The second virial coefficient was evaluated from the concentration dependenœ of

the light scattering data extrapolated to an angle of O·. For the sample with the longer

PANa black (300), the second virial coefficient in 2.5 M salt solution is greater !han that

of the sample with a shorter ~ANa black (44). The A2 values for the 300 and 44 PANa

unit lengths were -0.36 x 10-4 and -35 x 10-4 mL mOl/g2, respectively. These values

suggest that the sample with the longer PANa chains is in a more favorable solvent !han

that with shorter PANa cbains. perbaps because the longer PANa unilS solvate the miœl1e

to a greater extent. As the soluble black length increases, it is expected that the solubility

of the black copolymer will also increase. This result cm be understood by considering
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Figure 3~ Typical Zimm plOfS for (a) PS(23)-b-PANa(44) and (b) PS(23)-b­

PANa(300) in 2.5 M Nan
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that an increase in the PANa length results in an increase in the corona density and hcnce a

reduction in the unfavorable interactions between the hydrophobic core and the solvent. A

simi1ar trend in A2 has been reported previously for PS-b-PEO in cyclopentane.10

AlI the sampks Iisted in Table 3.1 ex1ùbited a linear dependence of (Kc)IR(9) on

the concentration. This result indicates that these micelles remain stable in the

concentration range studied. Furthennore, the solutions can he seen to be in a dilute state.

since the effects of the higber viria1 coefficients are negligible. In many black

polye1ectrolyte samples. the angular dependence of the (Kc)IR(9) was nonlinear, which is

expected for large partic1es. As mentioned previously in section 3.1. for large particles.

the Debye plot gives a better estimate of Mw and Rg. In the present system. it was found

that, for Z<i values below 1.7. the Debye and Zimm plots gave the same results. However,

for partic1es which had Z<i values equal to and above 1.7. the Debye plot was used for a

more accurate evaluation. In the present system. the Rg values were also detennined from

linear extrapolations of the 9 = 0° line from the Debye plots, in which the values at high

angles, where the points deviate significantly from linearity, were omitted. These results

are summarized in Tables 3.1 and 3.3 and will he discussed in the subsequent sections.

3.3.3.3. Influence ofSaIl Concentration

The influence of a broad range of NaCl salt concentrations (CS> on the miceUar

properties was explored for IWO black polye1ectrolyte samples, PS(6)-b-PANa(180) and

PS(23)-h-PANa(300). The results for the values of Mw. Nagg> Rg• A2. and Zc1 are given

in Table 3.3. The aggregation numbexs can he descn1led by two regions, depending on the

magnitude of Cs. For low salt concentrations, the aggregation numbexs were found to

increase with increasing salt concentration. For instance, the Nagg values for PS(6)-b­

PANa(I60) in O.OSO and 25 M NaCl increased from 11 to 26. respectively. Similarly, for

PS(23)-b-PANa(300). the Nagg values in 0.050 and 25 M NaCl increased froID 90 to ISO.
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Table 3.3. Micellar Properties of Some Poly(styrene-b-sodium acrylate) Black

PolyelectrolyteS Micelles in Different Salt Concentrations.

PS(X)-b- Cs M. Noa: Re(o) Re(o) A:x 10· z.s
PANa(Y) (M) x 1006 (mn) (mn) (ml mol

IJi)

6-b-lSO 0.025 0.19 12 'i!7 75 3.25 2.1

0.050 0.19 11 50 42 0.92 1.3

0.10 0.43 24 46 34 0.87 1.2

1.5 0.41 24 48 32 0.028 1.2

2.5 0.45 26 37 30 -0.20 1.2

23-b-300 0.050 2.7 87 90 SO 2.13 1.7

0.10 3.8 120 96 8S 0.45 1.7

0.25 4.6 150 93 82 -0.21 1.7

0.50 4.4 150 93 82 -0.42 1.7

1.0 4.6 150 95 8S -0.13 1.7

1.5 4.6 150 9S 8S -0.17 1.7

2.5 4.5 150 90 80 -0.36 1.7

The Rg values were evaluated in (a) from eitheraDebye or a Zimm plot and in (b) from

liDear extrapolations of Debye plots exc1uding higher angles. The calculatioDS for Nagg

were done using thœe significant figmes and subsequently l'Ounded ta two significmtt
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respectively. At Iùgher salt concentrations (> ca. 0.10 M). the aggregation numbcrs wcre

found to remain essentially constant. This result can also he seen in Table 3.1. wlùch

shows that the Nagg values for PS(6)-b-PANa(89) and PS(6)-b-PANa(400) were

essentially the same in 0.10 and 2.5 M NaCl. Simîlar results for the dependence of Nagg

on salt concentration have been obtained by Selb and Gallot in a mixed solvent system of

water-methanol-LiBr.1 For a lypical polymer. e.g.• PS(26)-b-P4VPEtBr(140). Nagg

increased at low salt concentrations and remained essentially constant above 0.2 M LiBr.

It should he noted that for a very low salt concentration (0.01 M). no micelles were secn

for that sample.

It is interesting to note that micelles based on the block copolymer samples

discussed above. i.e.. PS(6)-b-PANa(l80) and PS(23)-b-PANa(300). appear to have a

structure wlùch is not "frozen", since Nagg is a function of the salt concentration. In

general. it has been found that ü the solvent is extremely unfavorable for the block fonning

the core. the micelle structure can he frozen.47 especia11y ü the Tg of the core is above

room temperature. In the present case, the fact that NlIll8 changes with salt concentration

might he due to the concentrations used in the study of these two samples, wlùch were

ooly ca. 2 - 6 limes higher than the anc values as determined previously.9 Therefore, the

system might still he in equilibrium sinœ the concentrations are in the vicinity of the anc.

It would he expected that for longer PS block lengths, NlIll8 would he unaffected by the

salt concentration since the micelles might alœady he frozen. It should also he borne in

minci that for a PS blocle size of6 units, the glass transition temperature is estima!l'1! 10 he

ca. 260 K,40 i.e., below room temperature, wbich would contribnte 10 the tluidity of the

micelles

The bebavior of the aggregation !!U!!!hets as a fimction of salt content cu he

exp1aÙ!!'1! by coasidering the behavior of blocle polyelecUo1yle miœDcs in ditfeœnt salt

concentralions. Accotding the tbeory of Muko aDd Rabin,22 miœDe fomwîon in blocIc

polyelectro1yles is deœ""jnM by a ba1aaœ of the core-so1veDt iDœrfaœ ezagy aDd
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Coulombic repulsions of the charged polyelectrolyte chains. In block polyelectrolyte

micelles. e1ectrostatic effects play a major role in micelle formation and predominate at

low salt concentrations. According to this theory. micelle formation will not occur for

highly charged diblock polye1ectrolytes because of the strong e1ectrostatic repuIsive forces

a10ng the chain. At low salt concentrations. as described by Dan and TIlTe11,23

e1ectrostatic correlations dominate the chain conformations. and the aggregation behavior.

As the salt concentration increases from very low concentrations. the e1ectrostatic

repuIsions decrease and the aggregation number increases. At moderate salt

concentrations. the aggregation numbers do not vary significantly with the addition of salt

and the micellar properties are dominated by the core block properties. Therefore, Nll88'

the CIDe, and the chemical potential of the micelles are identical to those calculated for

micelles of neutral diblock copolymers. However. the size of the corona is a function of

the salt concentration.

Polyelectro1yte chains in water or in low salt concentrations exp:md due to

e1ectrosœtic repuIsions of the charges on the polymer backbone. This phenomenon is

known as the polye1ectrolyte effect. For the samples investigated, tbis effect was observed

for only one sampJe. PS(6)-b-PANa(IS0) in 0.025 M NaCI. The Rg for tbis sample in

0.025 M NaO is ca. 2 limes larger than the value al higber salt concentrations. Table 3.3

shows the Rg values as a function of salt concentration; it is observed tbat, with tbat one

exception. the Rg values do not vary significantly with the Cs- However. it should he

noted tbat since SLS is more seusitive te Iarger particles in solution. the effects ofsalt on

the sing1e chains cannot he observed. It is conceivabIe tbat the dimensions of tbese chains

are affec1cd by the salt content te a greater extent than lhose of the miceues

The c!in ...nsiOD of the micelle witb the polyelectrolyte chains in a fally extendcd

coafoanation cau he C\IIJuatrd simply aDd is doue beœ for the PS(6)-b-PANa{ISO) b10ck

polyelecttoIyte. For insta ... e,l!SSI1!!!ing a bODd lengthoi02S Dm perrepeat unitand using

the caJcnlatrd vaine for the I3dins of the core, 2 Dm (!abJe 3.1). the I3dins of the mirdle
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with fully extended polyelecttolyte arms is ca. 50 nm. A comparison of this value with the

Rg values determined experimentally by the Debye plot using all angles in a nonlinear

extrapolation (Rg(a» or using only the low angles in a linear extrapolation (Rg(b», 87 or

75 nm, respectively, suggests that the polye1ecttolyte chain must be in a highly extended

conformation. The experimentl1 Rg values are larger !han the calculated value. This

difference is possibly due to the polyc\ispersity of micelle sizes,48 since the calculated value

is based on a number average value, while the Rg values obtained from SLS measurements

are z-average values.

The qua\ity of the solvent for the block polye1ecttolyte micelles as a function of

salt concentration was evaluated from the A2 values which are given in Table 3.3. These

values were found to decrease with increasing salt concentration. This result is consistent

with the trend observed for polye1ecttolyte solutions.49 The A2 values were also found to

have a linear dependence on the inverse salt concentration (Cs-1). This relation i<;

illUStI:1ted in Figure 3.3 on a semilog plot; in the inset. the Cs-1 axis i<; given as a linear

scale. It should be noted that the A2 values agree with those previously reported for

poly(sodium aaylate) with molecular weights ranging from 3 x 104 to 6.4 x loS glmolSO

These values are represented in Figure 3.3 as fiIled squares. Thus. within experimental

errer, the A2 values do not differ significantly for the samples investigated in which the

Mw of the PANa block ranged from 1.7 x 104 te 2.8 x 104 glmol

The theta point for these samples was evaluated te be at ca. 0.3 M NaCl. from

Figure 3.3. It should be mentioned that, al salt concentrations above 2.S M, the A2 values

appeared te increase. Le.. become positive. This phenomenon bas been observed in other

systems, such as eationic polye1cclrolytesSl and polystyrene Jatnes stabi1ized by a graft

copolymer of PAAS2 However. since the dn/dc values were Dot c1dellllillf'il for salt

concentrations above 2.S M. the magmtnde of A2 values for higber salt concentrations

caDDOt be Q"aII!i6l"Jl The decrease in the so1veDt~ as a fimctiOD of salt

concelltration for these bleck polye1cclrolyte nriœ11es will be addIessed in a suŒequent
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8.0 8.0 .-----~.....,
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Figure 3.3. Second virlal coefficient values for samples PS(6)-b-PANa(lSO)( 0 ).

PS(23)-b-PANa(300) (0) and poly(sodium aaylate) (.)SIl as a functiDD of the

inveae salt concentration on a semiIog plot. The inset graph shows the relation

on a linear plot.
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paper dealing with the phase separation of these micelles at very low concentrations.S3

3.3.4. Charaeterization in 2.5 M NaCl

3.3.4.1. Aggregation Numbers and Cidculllted Core Radii

The results obtained from static light scattering for the weight-average molecular

weights, aggregation numbers, and radü of gyration for the samples investigated are

summarized in Table 3.1. The aggregation numbers and radü of gyration will also be

discussed in some detail in the section dealing with the application of various micelle

theories (section 3.3.5.). However, it is interesting at first to cyamine the effect of the

soluble and insoluble black length on the aggregation numbers.

The inset ofFIgUl'C 3.4 shows the aggregation numbers plotted as a function of the

PANa black length for various PS black lengths. For the series consisting of PS black

lengths of6, 11, and 23 units, the Nagg values were found to show a s1ight dependenc:e on

the PANa black length. For the series consisting of a PS black length of 6 units, the

aggregation numbers decreased as the soluble black length inaeased.. For instance, as the

PANa black length inaeased from 89 10 180 and 10 400 units, the aggregation numbers

decreased from S9 to 26 and to 18, respedively. This result agreed with previously

reported results for different miœuar systems, PS-b-P4VPEtBrl and PS-b-PEO.S4 for

which it was observed that as the length of the soluble black increased, the aggregation

numberdeaeased.

For the PS(ll) and PS(23) seties, Naa increascd only sligbtly with iDcœasing

PANa black Jength. l'be mean Nasa values and their standard deviatinns for the PS{ll)

and PS(23) series [eu Juding the sample with the Ioagest PANa blocle length, PS(23)-b­

PANa(780)] were 69 ± 9 and 148 ± 6, lCspcclWely. It bas been pœviously reporœd by

Selb and Gallot that 0DCe the blocle fi",,;ng the nriœDe core oc:eeds a œttain 1eDgth,
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Figure 3.4.. Aggregation number as a funct:ion of insolnble PS blocle Iength for

almost COllStllDt PANa blocle Iengths or8S ( 0 ). 170 ( CI ) and 350 ( !::.. ) m1Ïts as

weil as the samples PS(23)-b-PANa(44) ( V ) and PS(71)-b-PANa(I20) ( 0 ).

The insetgraph shows the aggregatïon munber as a funct:ion orPANa blocle Iength

for COIlStllDt PS blocle Iengths. The points in parentbeses represent the samples

PS(SO)-b-PANa(330) and PS(23)-b-PANa(780).
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micellization is predominately detennined by the core black propenies and not those of

the soluble black.1 This result was also seen in a previous publication on the PS-b-PANa

block polyelectrolyteS, where it was observed that the effect of the PANa black length on

the CInC decreased with increasing PS black length.9 For the PS(50) series, it was found

that Nagg increased considerably with increasing PANa black length. However, it should

he noted that the PS(23)-b-PANa(780) and PS(50)-b-PANa(330) samples showed a much

higher Nagg !han the other samples in the series (shown in parentheses in the inset of

Figure 3.4). These two samples also deviated from theoretical scaling predictions for

Nagg and Re. as will he seen in section 3.3.5. Therefore if the two samples [PS(23)-b­

PANa(780) and PS(50)·b-PANa(330)) are omitted, there is not a significant dependence

of the soluble black length on Nagg.

It is of interest to examine the dependence of the aggregation numbers on the

insoluble black length. The plot of Nagg as a function of PS black length. for aIl the points

given in Table 3.1. is shown in the main part of Figure 3.4. The only samples omitted

were PS(23)-b-PANa(780) and PS(50)·b-PANa(330). for reasons discussed previously.

For convenience, the symbols represent samples with different PS black lengths but

approximately constant PANa black lengths selected from Table 3.1. The three different

PANa black lengths were 85:l: 4 (0 ). 170:l: 7 (Cl). and 350:l: 30 (À) PANa units. For

completeness. the results for samples PS(23)·b-PANa(44) and PS(71)·b-PANa(120).

which had PANa black lengths different from thase three black lengths. were also plotteel

It was found that a common line could he drawn through aU the points. regardless of the

PANa black length. This fact confirms that there is not a significant dependence on the

PANa black length on Nagg> as was discussed previously. From the slope of the line fitted

through zero. the change in Nagg with PS black length wao; evaluated. For instance, wbcn

the PS blackwas varied from 10 and 50 units, the aggregation numbers increased from 54

ta 270. lbUS, it is seen again that the effect of the imoluble black length on Nagg is thus

much greater!han that of the soluble black length.
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The values of the surface area per chain (SlNagg), evaluated from eq. 6, are given

in Table 3.1. These values were found to increase with increasing PS black length. A

linear plot of the SlNagg values as a function of the PS black length (graph not shown)

was found ta have the linear regression.

SlNagg = 1.47 + 0.027 NPS. (8)

with a correlation coefficient of 0.87. It is interesting to note that the slope of this line is

simi\ar in magnitude to that obtained for micelles of PS-b-PAA in water (0.025).55 These

latter samples resemble crew-cut micelles56 since they are composed of long PS black, ca.

170 to 1400 units and reiatively shon PAA blacks. The S/Nagg values were also

compared to those of the reverse micelle system, poly(styrene-b-cesium acrylate)12 (pS-b­

PACs). poly(styrene-b-cesium methacrylate) (PS-b-PMACs).12 and poly(styrene-b-4­

vinylpyridinium methyl iodide) (PS-b-P4VPMeI)57 in toluene. It was found that, for

comparable core sizes, the dependence of S/Nagg on the insoluble black for the reverse

micelle systems was Iarger than that found in the present system. For the samples with

micelle cores composed of PACs and PMACs, the slope from a plot of SlNagg as a

function ofcore black length was 0.047 (nm2 repeat unit)lchain, and for those composed

of P4VPMeI the slope was 0.12 (nm2 repeat unit)lchain. It should he mentioned that a

second-order fit improved the regression coefficient for these two reverse miceDe systems.

Thus, the surface density of chains is Iarger in the present system, compared to that of the

reverse miceDe system. The differences in the S/Nagg values might he due to the

preparation conditions of the miceDes. ie., whether micelliz;nion OCCUIS under equilihrium

or nonequilibrium conditions. The imponance of sample preparation for reverse miœlles

was examined by Nguyen et al,48 who investigated the core radii, aggregation numbers,

and SlNagg values as a function of the ionic chain polydispersity index and method of

preparation.
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• 3.3.4.2. Second Virial Coefficient Values.

The second virial coefficient for associating systems. such as block copolymc:rs.

can he quite complex to analyze. This fact is due to the dependence of A2 on severa!

parameters. such as the interaction of both blocks with the solvent, the molecular weight,

and the configuration or size of the molecules in solution. Since the block copolymers

fonn micellar structures. it is sometimes difficult to separate the dependence of the A2

values on the different parameters. Some workersS have found good agreement hetween

experimentl1 A2 values and those calculated by using the bard sphere model.SS However.

in the present case, this mode! was not found to descrihe the system. In general. it was

found that the block polyelectrolyte samples with the highest fraction of PS. such as

PS(23)-b-PANa(44). had the lowest A2 values. In general. as the fraction of PS

decreased, the A2 values increased. This result should he expected, as discussed in

section 333.2.. since the contribution of the unfavorable interaCtions hetween the PS core

and aqueous solution would he minimizt:ti

3.3.4.3. 1lJuIilzs ofGyration Values.

As mentioned previously in section 333.2., for the present system the Rg values

were evaluated by using all the data points either in a non linear expansion for pee) in a

Zimm or a Debye plot (Rg(a» or from the slope of a linear extrapolation of a Debye plot,

ominiog the points at higber angles which deviate from linearlty (Rg(b». The Rg values

determined by these IWO methods are given in Table 3.1 for the samples in 0.1 and 25 M

NaCl and in Table 33 for the samples in different NaCl concentrations. In general, the

Rg(b) values were found ta he waller than the Rg(a) values. Also. it should be noted that

the~ ofgyration of some samples were fOUDd ta be larger than the calcn1ated radius of

a miœDe having a fully stretehed corona block. In partictllar. this result was found for

PS(6)-b-PANa(89). PS(1l)-b-PANa(69). and for blocJc polyelectrolyte samples wbidl
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were symmetric in the PS and PANa block lengths. 11ùs result may be due to

polydispersity effects of the micelles, as discussed in section 3.3.3.3. A1s0, it bas been

found by Cogan et al.S9 that, for small symmetric copolymers ofPS-b-PEO in cyclohexane

with traces of water in the core, the corona! chains were found to be severely stretehed as

compared to asymmetric copolymers. 11ùs result is consistent with the present

observations for the micelles formed from symmetric copolymers, which were found to be

in a more stretehed configuration relative to those formed from asymmetric copolymers.

3.3.5. Applications ofScaliDg Theories

Since data have been obtained for a wide range of black polye1ectrolytes in

aqueous solutions, it was of interest to inte1pret the results for the present black

polye1ectrolytes according to the various models which are available. In this section,

sc:iling theories for the star mode! and the mean-field models will be applied to the PS-b­

PANa system in 2.5 M NaCl It should be reca1led that the black copolymers may have

been in a mobile state when heated at 100 oC. However, at room temperature most of

these micelles, especially those with very long PS black lengths, are in a frozen state,.

3.3.5.1. StIlT Mocle1

One scaling mode! which is relevant to the present study is that of Dan and

Turell.23 which suggests that, at intermediate saIt concentrations, the micellar parameters

scale according to Ha1perin's star mode!.20 In this section, the scaling relations of the star

mode! for Nagg> ca1cu1ated Re. and Rg will be investigated for black polyelectrolyte

micelles in 2.5 M NaCl according to the scaling relations of the star mode!.

The mode! prediets that the aggregatiOD Dumber of the miceUes is proportional to

aNB4I5, where a is the monomer size and NB is the Dumber of monomeric units in the
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insoluble block. 11ùs scaling relation was found to give a satisfactory description of the

micelles in 2.5 M NaCI (graph not shown). The linear regression was Nagg = -5.9 + 12

NB4I5, with a correlation coefficient of 0.86. 11ùs result shows that the aggregation

numbers of the block polyelectrolyte micelles are independent of the ionic block length

within the confidence interVa1s of the linear regression. However. it should be recalled

that some effects of the soluble block on Nagg or Re were observed (Figure 3.4). The

intercept of the line (-5.9) can also be taken as being essentially zero, since typical values

of Nagg range from 20 to 400. It should be noted that the block copolymers of

composition PS(50)-b-PANa(330) and PS(23)·b-PANa(780) were omitted from the

analysis of the linear regression. These two block copolymers fonn micelles which have

the highest molecular weight of ail the samples investigated and do not fit the scaling

relation. It might be possible that the scaling relations fail for these high aggregation

numbers or that since these samples contain the longest soluble block for the two series,

they might contain some supermicellar structures.

The Halperin star mode! also suggests that the scaling relation between the core

radius and the length of the insoluble block is Re cc: aNB3/5• Figure 3.5 shows the

caIculated core radii ploned according to the above relation for the block polyelectrolyte

micelles (filled circles). The solid line represents the linear regression through the points,

and the doned line represents the 95% confidence limit intervals, excluding the two block

copolymer samples PS(SO)-b-PANa(330) and· PS(23)·b-PANa(780) (shown in

parentheses), as was previously mentiotted. The slope of the line is 0.79 III:II(pS repeat

unit)31S, with an intercept of essentially zero (-0.16) and a correlation coefficient of0.98.
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Figure 3.5. Radius of the core as a function of the PS black length to the power

of 3/5, according to the star mode! for PS-b-PANa in 2.S M NaCl ( e ), PS-b­

PMACs and PS-b-P4VPMeI in the solid state ([J ),f:JJ and PS-b-PEO in water (

11 ).54 The solid line represents the linear regression through the data, and the

dashed line represents the 95% confidence limits.
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This result shows that within the 95% confidence interval. Re is independent of the ionic

block length. as was also seen in the scaling behavior for aggregation numbers.

The same scaling behavior for Re bas also been found to apply to reverse micelles

as investigated recently by small-angle X-ray scattering (SAXS).12.S7 which allows the

measurement of the core radius directly. The reverse micellar systems investigated

consisted ofa soluble polystyrene corona anached to an insoluble ionic block composed of

cither PACs.12 PMACs.12 or P4VPMeI in toluene.S7 The mirror system. forming regular

micelles consisting of a PS core and a PACs corona, was also studied in the solid state by

SAXS.6O The prefactors. which are proportional to the typical monomer size, a. for the

reverse and regular micelles. were found to he 0.91 and 0.72 nmI(repeat unit)315.

respectively. which seemed reasonable in view of the differences in the monomer

volumes.6O

According to the star model, the radius of the micelle is proportional to

NB4I25NA3I5. This scaling relation was investigated using the two series of Rg values

evaluated (Table 3.1). The linear relation for both Rg values as ploned according to the

star mode! for the 2.5 M salt solution had a cotrelation coefficient of 0.69. The relation

using Rg(a) was found to have a higher slope; however. the line was within the confidence

limit intervals of that using Rg(b). Figure 3.6 shows the relationship of Rg(b) to the black

lengths according to the above scaling relation; the doned line represents the linear

regression through the data, and the salid line represents a linear regression which was

forced through the origin.

3.3.5.2. Mean-Field Models

In addition 10 the star model, there are mean-field tbeories which give scaling

relations for several miœDar parametelS.. In generaI. these tbeories descn1le miœlles

fonned from relatively large cores and small coronas. 1bese models therefore do not
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Figure 3.6. Radius ofgyralÏon <Rg0») accoRting to the scaJing predictious of the

star model for PS-b-PANa in 2.S M NaO for difl'eœnt PS blocle lengths of 6 (0).

ll(Â). 23 (e). 40 (+). 50 <->. and 71 (0) units.. l'he lines repœsent linear

regressious through the data; the dashed line is the best fit. and the solid line is

forced through the orlgin.
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describe star type micelles; however. it was still of interest to apply thes.: mod.:ls to the

present system. In this section. the results of the SLS measurements will be compare<!

with four mean-field theories. those of de Gennes.13 Leibler et al••1S Whitmon: and

Noolandi.16 and Nagarajan and Ganesh.18

The theories by de Gennes13 and l.eibler et al..1S describe the micelle properties as

being dominated by the insoluble black. The scaling relations given by de Gennes are Re

oc NB213 and Nagg oc NB, Similarly. the scaling relations obtained by Leibler et al. were

Re oc NBO.53 and Nagg oc NBO.6• The correlation coefficients for the line using these

scaling relations are given in Table 3.4. lt tan be seen that good agreement is obtaincd.

The theories by Whitmon: and Noolandi16 and by Nagamjan and Ganesh18 suggest

scaling relations for the micellar parameters which are proportional to NAfi. NB~. In the

theory by Whitmon: and Noolandi. the structural parameters were determined for black

copolymers in a homopolymer of A.16 The exponents of the scaling relation for the Re

values were found to fall within a range; for example, for fi. the range was from -0.1 to 0

and for ~ it was from O.(j] ta 0.76.

The fi. exponent for the present sys1l:IIl was delermined by plotting the log of the

miœllar parameler as a function of log NA for a constant NB, Similarly, for the

evaiuation of~. the log of the miœllar parameters were plotted as a function of log NB

for a constant NA' It should he mentioned that the two samples havîng the highest

aggregation numbels are omitted for the present discussion. The values of the ~

exponents for Re and Nagg were found to he O.(j] and l, respeetivdy. It is interesting to

note that these exponents are the same as those proposed by de Genœs 13 The evaiuation

of the fi. expollClll was not quite as clear, since, as shawn in Figure 3.4, the depend= of

Nagg on the soluble black length varied as a fuDction of the PS black in somc cases. 1'be

values of fi. for Re and Nagg were found ta he (-0.3, 0.05, and 0.006) and (-0.8. 0.2, and

0.01), respeClively, for PS black lengths of 6. lI, and 23 units. In vicw of the laIge

standard deviation for these values. the cqlO"tlllS were talœD as being esscnriaDy zero.
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Table 3.4. Summary of Results Obtained for Different Theoretical Scaling Relations.

Re ?-al Nag ?-al Rs •
Theory r"

Star NB3/S 0.98 NB4IS 0.86 NA3/SNB4J"..5 0.69

Model19,20

deGennes13 NB213 0.97 NB 0.83

LeiblerlS NB°.53 0.98 NBO.6 0.87

Whitmore-

Noolandi16

or NBo.67NAO 0.97 NBNAO 0.83

Nagarajan-

Ganesb18

(a) Correlation coefficient evaluaœd omùring samp1es PS(23)-b-PANa(780) and

PS(SO)-b-PANa(330) (see text).

107



• The correlation coefficients for the lines Re oc NBO.67NAOand Nagg oc NB NAOwcre

0.97 and 0.83. respective1y. and were thus found to agree with the relations of de Gennes.

The scaling relations according to these twO theories are summarized in Table 3.4. It was

found that the mean-field theories mentioned above describe to the present system.

3.3.6. Comparison with Solid State Results and with those for PS-b-PEO in

Water

In Figure 3.5. the eore radü for the 2.5 M salt concentration were compared with

the values obtained from the so\id St:1te. represented as dotted squares. The solid st:1te

resu\ts were determined in an independent study of block polye\CClIOlytes by SAXS.60 In

that study. the core radü were measured for three PS-b-PMACs and one PS·b-P4VPMei

sample wbich were cast from tetrahydrofuran-methanol (70:30 v/v) or DMF-water (9S:S

v/v) mixnIres. respeclively. The solvent was evaporated slowly. and the films were

subsequently dried. The resu\ting morphology consists of li. coUapsed PS black

surrounded by either li. soluble PMACs or P4VPMeI black. In the solid st:lte. the styrene

core is embedded in li. conlinuum of PMACs or P4VPMeI. The agreement of the Re
values for the samples in solution and thase in the solid state was within the 9S'J&

confidence limits. Agreements between solid and solulion results have been observed

previously. for examp1e, in block ionomer reverse miœursS7 Agreement would he

expected, siDce the miœDe morphology is expecœd to he retai...n during solvent

evaporation, once micelle formation bas occuned.61

Two conclusions cm he made based on the agECCIIICIIt of the core radii in the 2.5

M salt solulionand in the solid staIC. FiIst, for the 2.5 M salt concentration, the core CIdii

were cJete'111jn«! from calmlarions based on the aggregation J!t!!!!bers lberefore. it cm

he assumed that, in the 2.5 M salt concentration, the polyelcctrolyte corona dors not foan

supei'i'ireDar suuctures. Ceady. if some sa:qc'i.iceDar stn1CtDrCS ..ere present in the
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solution. then the calculated Re values would be significanùy larger \han those obtained

from the solid state. Second. the agreement also shows that the core in the 2.5 M salt

concentration is solvent free, since the two values agree. This result is expected because

of the extremely unfavorable interaction between PS and water.

It is also of interest to compare the results of the present system with those of a

nonionic hydrophilic system. PS-b-PEO in water.S4 In that study. it was found that two

populations of particles are present in solution. regular micelles and loose micellar clusterS

consisting of tens of micelles. The presence of clusterS is not surprising since it bas been

observed by SLS that poly(ethylene oxide) forms intennolecular associations due to

hydrophobic interactions.62 Also. a recent study investigated the fonnation of these PEO

clusterS, which co-exist with molecularly dissolved PEO. by a vanety of techniques,

including DLS. SLS. and size exclusion chromatography (SEC).63 The Re values for the

regular micelles fonned from three samples. PS(lOS)-b-PEO(400). PS(3S)-b-PE0(450).

and PEO(l02)-b-PS(39)·b-PEO(102). were calculated from the aggregation numbers (eq.

S).S4 These values are represented in FIgUre 3.5 as hoUow triangles; for the triblack

sample, halfofthe PS black 1ength was used in the calculation for the plot. A comparison

of these two systems illusttalCS the effect on the miceUintion behavior of black

copolymetS having an insoluble PS black attached te eithcr an ionic (pANa) or nonionic

(PEO) black. It can be scen that the values for the core radii of the PS-b-PEO in water

are very similar in magDitude to thase of the present black polyelcctrolylC system. This

result is te be expccted. since the nature ofthe core is the dominant factor in micellinrion.

3.4. CONCLUSIONS

The block po1ye1ccuo1yœ micdlar system of poly(styrene-b-sodimll aay1ale) was

investigated in aqueoas media. FiIst, ilwas found that hearing the solutions for 5 days at
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100 oC resulted in the dissociation of supermicellar aggregates. which are encountered

upon sample dissolution. These supermicellar structures were postulated to exist as a

result of the ionic interactions in the block polyelectrolytes in the phase separated solid

state morphology. As was observed by studying the disentanglement process for dilTerent

block polyelectrolytes. the samples which had shorler PANa lengths dissociated faster. To

a [lfSt approximation. this process was found to be independent of the PS block length.

Two black polyelectrolytc samples were investiFated as a function of NaCl

concentration. It was found that at low salt concentrations. the aggregation numbcrs

initially increased with increasing salt concentration. and then eventu:l11y leveled off. The

Rg values were independent of Cs- except for PS(6)-b-PANa(lSO) in 0.025 M NaCl The

second virial coefficient values decreased linearly with the inverse salt concentration.. and

the values agreed with literature values for PANa.50

For the black polyelectrolytc system in 2.5 M NaCl. good agreement was obtained

between the micellar parameters and the scaJing relations of the star and some mean-fie\d

models. In general. it was round that for the present system the aggregation numbcrs and

the calcula.œd core radii were essentially independent of the length of the soluble block

within the confidence inœrvals of the Iinear regression. The calcula.œd core radii values

for samples in 2.5 M NaO were round to be in good agreement with those determined

previously in the solid state by SAXS. The Re values were aIso found to he simiIar to

those ofPS-b-PEO in water.
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CHAPfER4

Determination of the Critical Micelle

Concentration of Block Copolymer Micelles by

Static Light Scattering

ABSTRACT

A method is proposed for the determination of the critical micelle concentration

(cmc) of black copolymer micelles from static light scanering measurements, which is

based on a recent model of micellization of black copolymers. The method considers the

polydispersity of the black copolymers. the variation of the total single chain concentration

with total concentration. and the relationship between the cmc and the length of the

insoluble black. One family of black ionomers, polystyrene(660)-b-poly(sodium acrylate)

with a low polydispersity index and ionic black lengths varying from 2.6 to 14 units, was

investigated by light scanering near the cmc in '!HF. For Ibis system, which had a

relatively narrow molecular weight distribution and which showed a weak dependence of

the cmc on the insoluble black length, it was fou:.td that the cmc values could be evaluated

both by the present proposed extrapolation method and by the Debye equation. However.

for polystyrene(470)-b-poly(4-vinylpyridine)(52) in toluene, where the dependence of the

cmc OD the black length is stroDger. the Debye equatiOD was Dot an adequate

representatioD of the system while the proposed method was. Simulated light scanering
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curves for polystyrene-b-polyisoprene in n-hexadecane were caIculated for various

distributions for the insoluble block length. It was found that for monodisperse samples

the Debye equation gave a good fil, while for broad distributions the Debye equation did

not describe the KcJR(O) versus concentration curves and the cmc vaIues were found to

depend on the range of points used in the cmc evaIuation.

4.1. INTRODUCTION

In recent years, there bas been increasing intere5t in the formation and the

properties of block copolymer micelles.l-4 These micelles are formed when the polymer

concentration exceeds the critical micelle concentration (cmc), below which only single

chains are present. The evaIuation of this quantity can give considerable insight into the

thermodynamics of micelle formation. Extensive data have been accumulated for micelles

formed from low molecular weight surfactants,S but data for block copolymer micelles are

stilllimited.

In the case of block copolymers. the cmc vaIues are frequently lower!han those in

surfactants; in some polymer systems it is not even possible to observe the croc under

isothermaI conditions. In sorne of these cases. the critical miœlle temperature (CMT) bas

been evaIuated.3,6-10 The CMT as a function of solvent concentration in binaIy mixtures

bas aIso been studied.11 A recent study bridges surfactants aDd polymers by investiPting

the croc of monocbelic polymers consisting of one ionic group attaebed to a polystyrene

chain aDd reports the croc under isothermaI conditions.12 The differenœs between the

properties of monomeric aDd polymerie surfactants in both aqueous aDd nonaqueous

solutions bave also been studied.13

Micelle fomwion in black copolymers differs !rom tbat in surfactants becalJse of

differenœs in the foanation proc:ess. Below the cmc. monomolecular miceJJesl,14 are
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postulated to exist in black copolymers. where the soluble black surrounds the insoluble

black copolymer. keeping the insoluble black in solution. The insoluble black in this

unfavorable solvent is in a collapsed confonnation and. as the polymer concentration

increases. the insoluble blacks are attraeted to each other and begin to associate. During

this process. the solvent is progressively driven out of the micelle core., which would

explain the swelling of the micelle near the cmc that bas been observed on dilution in some

systems.15·18 Also. stopped flow experiments have found that the fust step for the

dissociation of lriblack copolymer micelles is an influx of solvent molecules into the

core.19

An important factor in the cmc properties of black copolymer micelles is the

polydispersity of the polymer chains. A recent micellization mode!20 accounts for this

effect by using an extension of a mixed micelle mode! developed b:f Holland and

Rubingh21,22 for low molecular weight surfactants. It was found that the concentration of

single chains increases as a function of total polymer concentration. This effett becomes

more important as the polydispersity increases. lhus. a sharp cmc cannot he observed for

black copolymer micelles fonned from polydisperse blacks. Therefore., techniques which

monitor micelles rather !han the change in single chains are preferable for the cme

determination of black copolymer miceJJes 20 Many such techniques have been used to

detennine the cme, including fluorescence,23-2S .light scattering.lS,26-28 osmomeuy.3.29

d • 'ty29an VlSCOS1 •

Statie light scattering (SIS) is a teChnique sensitive to the weight-average

molecular weight <Mw) of the species in solution. As a solution composed prïman'y of

micelles is diluted, the solution composition changes to a system which contains

comparable amouots of micelles and nnimers Upon fUnher dilution. the cme is reacbed

and the solution contains only linin ters This transition cau be followed from the behavior

of the inverse moIernJar weight as a fnncrion of concen!T'llion. This quantity cau be

monitored.. for cxampIe. from the ratio 0: the concentration ta scattered intensity. as in the
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case of light scattering. or from the behavior of the reduced osmotic pressure. as in the

case of osmometry. Severa! workers ha".: found these trends. and the croc was taken as

the point below which the inverse molecular weight remained constant, i.e.. where only

unimers were presenL3,3D-32 This point is shown schematically in Figure 4.1. in a plot of

the reciprocal apparent weight-average molecular weight, (Mw,appl-l. as a function of

concentration. In this figure. (Mw,app) -1 is depicted as KcIR(O) as in the case for SLS.

where K is the optical constant, c is the concentration. and R(O) is the Rayleigh ratio

extrapolated to zero angle. 1bree regions are represented in this figure: (a) unimer region.

(h) coexistence of unimers and micelles and (c) predominantly micellar region. Some

polymeric micelles have extremely low croc values, and the unimer region cannot be

observed by the above methods. In these cases. croc determination is difficult, and the

Debye equation33 bas been used as an approximation for the croc evaluation.34-36 Other

extrapOlations of the scattered intensity from the lower micelle region to the value for the

unassociated polymer have also been employed to determine the cmc.37

This chapter introduces a method ofevaluating the cmc for systems where only the

micelle region and a part of the transition region of micelles to unimers is observed in the

absence of the single chain region. A method was designed to evaluale the cmc from

static light scattering measurements using a recent micelJj7J!tioo mode! for black

copolymers in solution which talœs the polydispersity of the black copolymer into

consideration.20 The increase of the inverse apparent molecular weight was analyzed as a

function of decreasing concentration, but the present method does not address the

anomaIollS miceDj7JIrion pbenomena which bave been observed in sorne sysleIIlS.29,38-41

The purpose of this chapter is to illusttate the cmc determinarion by SLS using this

method for reverse miœUes fomled by two black copo1ymer systemS. The fiIst is a black

ionomer. poly(styrene-b-sodinm aay1ale) (PS-b-PANa). baving a polystyrene black of a

constant length anacbed a sodium aay1ale blackofvaIying lcngth; the second is a
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Figure 4.1. Range of existence of different species in solution as a function of

concentration according to the closed association model.33
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nOlùonic block copolymer, poly(styrene-b-4-vinylpyridine) (PS-b-P4VP). An .:;<tcnsive

study of the PS-b-PANa block ionomer system will he subject of the next chapter. The

present chapter consists of a brief description of the theory and of the method, followed by

results for the two systems. The effect of the polydispersity on the croc is shown by

generating KcIR(O) versus concentration curves for the poly(sryrene-b-isoprene) (PS-b­

PO system. The discussion addresses the results of the croc determination as weil as the

effect ofpolydispersity.

4.2. THEORY

Static light scattering is a convenient method for the ch:Iracterization of miœlles.

When the partiele sile is not small compared to the wavclength of vertical\y polarizcd

light, then the following re\:uion applies:43

1
KcI R(9) = P(9)M

w
+2A2C+'" (1)

where K is the optical constant (27t2(n dnldc'flfAo4Nav), n is the rd'ractive index, dnldc is

the specifie rd'ractive index inaement at constant cbemical polCntial, i.o is the wavclength

in vacuum, Nav is Avogadro's number, e is the concentration, R(9) is the Rayleigh ratio at

the angle of measurement, P(9) is the particle scattering function, and A2 is the second

virlal coefficient; the higber ordervirlal coefficients have been neglected, wbich is valid for

snfficiently dilUle solutions. The particle scanering function describes the angular

variation of the inIl:nsity and takes inta account the intraparticle inlCâerence. Wben the

data are extrapolated ta zero degrees, this tean becomes equal ta one. In the case of

black copolymClS, the weight-avezage molecular weight is an apparent one due ta the

cbemical heterogeneity ofthe copolymer.44,45
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The miccllization modcl dcvclopcd recenùy for black copolymcrs20 addresses

some of the differences between the miccllization of black copolymcrs and of surfactants

by accounting for the polydispersity of the black copolymer and the dcpcndence of the

cmc on the length of the insoluble black. In the case of low molecular weight surfactants.

the static light scattering data can be evaluated in terms of the Debye equation33

K(e - cme)l(R(O) - Rc:mJ =lI~)w+~(e - cme) +... (2)

where R(O) is the Rayleigh ratio exttapolated to the zero degrec angle. Rcme is the

Rayleigh ratio at the cme, (MN)w refcrs to the apparent wcight-avcrage molecular weight

of the aggrcgate, and A2 is the second virial coefficient; the higher order viri:ù terms arc

neglccted. This modcl can be applied only to micelles fonncd by monodispersc black

copolymcrs.

For polydispcrse black copolymers, the single chain concentration is not constant

at different total polymer concentrations. In the case of a polydispcrse system, eq. 2 is

modified by replacing the cme with the total singlc chain concentration (S) and the

apparent wcight-avcrage molecular wcight is givcn in terms of the sum of the wcighted

fraction of the apparent wcight-avcrage molecular wcight of the species in solution, i.e.,

Mw =(1: Ci ~)le, This yields

KcIR(O) =lJlM (s) x Sie +M (mie) x (l-Sle)] +2A ew w -"'2 (3)

where MW<s) and MW<mie) arc the apparent wcight-avcrage moleC'Oar wcights of the

single chain and the mirene. respcctively. Equation 3 is equivalent to cquation 2 when the

second virial coefficientis :zero.

1beol'Clicallythemolecular wcightdisttibution ofliving polymcrs is expected to be

a Poisson distribution.46 However. exp,Ûiilemally. disttibutions have been found to be

broader. and the Ganssian disttibution bas been suggested as a reasonable representation

of the system.47 In this model. the pol)'dispcrsity of the insoluble block, wbich bas a
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greater effect on the CInC than that of the soluble black. is described by a Gaussian

distribution. and the mole fraction of the ith component in the mixture (ex;) is given by

(4)

(S)

where cr = DPn (p.L - 1)112. P.L =DP~Pn and N = DPn. Here P.I.• DPn and DPw refer

to the polydispersity index. the number-average degree of polymerization. and the weight­

average degree of polymerization. respective\y.

It should he noted that for broader distributions. ie.. when the polydispersity index

is high. the Gaussian distribution may no longer he applicable due to the truncation of the

distribution function for chain lengths at zero. In these cases. other distribution functions

such as the Schulz-Flory distribution46 should he employed. The amount of truncation

which occurs for the polydispersity indices used in the present case (1.1 and 1.2) is not

significant. For example. for polydispersity indices of 1.1 and 1.2. more than 99.9 % and

98.8 % of the area. under the cune. respective\y, is used in the calculation for the mole

fraction. The truncation would naturally he larger for higher polydispersity indices. The

area. which is covered in the Gaussian distribution can he evaluated for different

polydispersity indices from the definition of cr, and for a range of 3cr. more than 99.7 % of

the area. is used.

The sum of the mole fraction of the ith component in the micellar phase (X;) is

givenas

n n (Clic)
~x;. = ~ 1
i=l i=I(C+~G-5)

where c is the total concentration of the mixture, fi is the activity coefficient, wbich can he

assumed to he unity for ideal mi.Ying and Ci is the cmc for a monodisperse po1ymer. If the

Ci and ex; are known, then the S can he obtained froID eq. 5 as a function of the total

concentration, Co Once S is knawn, the single chain concentration of the ith component

(c,.S) and ils mole fraction in the micelle can he caJnilated using the foDowing equations
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• ,.,s cd;C·c,-.= III

1 c+i.C.-S
1 1

(6)

(7)a;cx. =_"";_Cl.:.._

1 c+fjCj-S

This mode! predicts the dependence of the free energy of micelljzation on the

length of the insoluble block for block copolymer micelles. It bas been suggested20 that

the insoluble block collapses to forro a ball when the polymer is in the single chain state.

The free energy of interaction for the collapsed blocks cao be accounted for by the

Hamaker equation. in which the free energy is proportional to the sphere radius. Since the

collapsed blocks interact only with those found in their proximity, the free energy of

micel1ization is proportional to the radius of the collapsed insoluble black. Since the

volume of the micellar core is proportional to NB, the numÎler of repeat units in the

insoluble block, the radius of the sphere is related linearly to NBll3. Thus, the cmc for a

monodisperse polymer is given by

(8)

where a and b are constants. This equation is valid only for a collapsed block and diffeIs

from that for surfactants where the cmc is found to be proportional to the number of

methylene groups.48-51 The cmc for a polydisperse system, cmc(mix), is evaluated from

the following

D
cmc(mix)=Œ(lXï 1r.·Qr1

i
(9)

In this chapter, the theory described above is used to determine the cmc by fitting

the light scattering data, KcIR(O), as a function of concentralion. The a and b constants

are denmnined from a rninirniZllrion ofX. which is de6ned by the following equation

x2 =~(KcIR(O»cxpt - (KcIR(0»c:ail21(KcIR(O)expr)l (10)
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where Ùle calculated ratio of KcIR(O) is obtained using eq. 3.

The parameters used for Ùle calcu1ation are Ùle concentration (molar). KcIR(O)

(mollg). Ùle number of repeat units in Ùle insoluble block. Ùle polydispersity of Ùle

insoluble block. which is assumed to he similar to Ùlat of Ùle soluble block (1.10). and Ùle

apparent weight-average molecu1ar weights of Ùle micelles and single chains. Since Ùle

cmc value is very low. no correction is needed for Ùle single chain content. and Ùle micelle

apparent molecular weight used is determined from a Zimm plot in Ùle high concentration

region. For Ùle block copolymer series. Ùle data for each copolymer mentioned above are

combined for Ùle calculations. The calculations are performed fust for a constant value of

b and ~'aI)'ÎI1g a, and when Ùle iterations are complete for Ùle range of a values. Ùle b

value is changed and Ùle process is repeated. A common step size used in Ùle final

determination of Ùle a and b values is 0.01. For each point on Ùle Gaussian distribution.

Ci is evaluated from eq. 8. and le; is summed (cq. 5). The total single chain concentration

is varied and Ùle process is repeated until Ùle 1: le; is equal to unity or for a maximum of

15.000 iterations. This calculation is repeated for Ùle required range of a and b values.

and Ùle minimum values as determined byeq. 10 are obtained. The light scattering corves

of KcIR(O) versus concentration tan he generated for a given polymer once Ùle a and b

values have been determined.

4.3. EXPERIMENTAL

4.3.1. Sample PreparatïOD.

The b10ck copo1ymers, po1y(styreœ-b-sodium acrylate) and po1y(styrene-b-4­

vinylpyridine) were prepared by sequential anionic polymerization; Ùle details are given in

126



Ch4pter 4. DdcnnÙ1Jlljon ofthe cmc ofBlack CofXJ/ymerMicd/cs bySllllic Lisbl SCat/crins

Chapter 5 and 7. respectively. The polydispersity of the homopolystyrene block was

detennined from size exclusion chromatography (SEC) in tetrahydrofuran before the

addition of Ûle second black. For the light scattering measurements. Ûle polymer samples

were dried for 4 days at 60 OC in a vacuum oyen. The PS-b-PANa and the PS-b-P4VP

black copolymers were dissolved in dry tetrahydrofuran (distilled over a sodium

benzophenone complex) and in dry toluene (distilled over calcium hydride). respectively.

The solvent and polymer solutions were filtered ÙlrOugh 0.2 and 0.45 lJ.II1 PIFE filters.

respectively. into scintillation vials which were used for the light scattering measurements.

A minimum of four concentrations was used to determine Ûle weight-average molecular

weight. radius of gyration. and second virial coefficient by constructing a Zimm plot. The

cmc measurement was perfonned by successive dilutions of the samples. The intensity

values for each concentration were extrapolated to zero angle. and Ûlese values were used

in the cmc determination.

4.3.2. Statie Light Scattering.

Light scattering experiments were performed using a DAWN-F multiangle laser

photometer (Wyatt Technology. Santa Barbara, CA ) equipped wiÛl a He-Ne laser (632.8

nm). Data acquisition and analysis utilized Ùle DawnF and SkorF software. respectively.

Zimm plots were processed WiÛl Aurora software. The specifie refractive index increment

was determined using Ûle WyaaiOptilab 903 interferometrie refractometer and

accompanying software (Onde 2.01) at a 630 nm wavelength. Five to eight

concentrations were measured for each specifie refractive index increment determination.
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4.4. RESULTS AND DISCUSSION

4.4.1. PS-b-PANa System.

A typical plot of KcIR(O) versus concentration for the fitted experimentll points

for one of the block ionomers. polystyrene(66O)-b-poly(sodium acrylate)(8.9). is given in

Figure 4.2. As previously discussed. the light scattering curve does not show the unimer

region. wlùch could not be attained by this method recause the value of the scaltered

intensity was far too low to be determined by the light scattering measurement The

KcIR(O) value for the unimer region was estimated from the weight-average molecular

weight of the homopolystyrene with 660 units and was found to be approximately 13 x

10-6 mol/g. thus making the extrapolation of the present curve unfeasible. However. the

micelle region and the beginning of the transition region of the micelles to the unimers was

observed and used in the croc determination by the program. The a and b values.

evaluated according to the calculation program. were found to be -0.64 and -6.71.

respectively. Once these constants are known. the relation between the croc of the

monodisperse block copolymer and the insoluble block length as well as the effect of

polydispersity can be evaluated.

Theoretical KcIR(O) values were generated for different croc values to determine

the sensitivity of the calculated croc value. This was accomplished by varying either the a

or the b constant determinerl in the fitting procedure. The percent deviation from the

determined croc value (9.2 x 10-9 M) and the corresponding cmc values were: ± 20 % (1.1

x 10-8 and 7.4 x 10-9 M) and ± 50 % (1.4 x 10-8 and 4.6 x 10.9 M). These curves are

plotted in Figure 4.2 as a solid line for the croc value. dasbed lines for the 20 % difference,

and dotted lines for the 50 % difference. The sensilivity of the croc determination for this

method falls approximately within the 20 % limit. It is also inu:resting te note that a 20 %

and a 50 % error in the croc value corresponds approximately ta a 1 % and 5 % error in
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Figure 4.2. Typical croc detennination for PS(660)-b-PANa(8.9) in 1HF from the

program calcuIations (-) and with intentional deviations of 20 % (-) and 50

% (•••••••).
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Table 4.1. Critical Micelle Concentration for the Poly(styrene-b-sodium acrylatc) Series

inTHF

PS(x)-b.PANa(y) cmc(M) Percent

Difference

Polydisperse Debye Equation

(eq.9) (eq.2)

660·b-2.6 2.5 x 10-8 2.1 x 10-8 16

660-b-4.7 1.6 x 10-8 1.3 x 10-8 19

66C-b-6.4 1.2 x 10-8 1.5 x 10-8 25

660·b-8.9 9.0 x 10-9 9.2 x 10-9 2.2

66G-b-14 5.4 x 10-9 5.0 x 10-9 7.4
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the b value and similarly an 8 % and 20 % error in the a value. rcspectively. The a and b

values must therefore he evaluated precisely.

The ClnC values determined by using a curve ftting program involving the Debye

equation (eq. 2) for the ClnC were found to he within experimental error of the values

using the present program (Table 4.1). This result is not surprising since the

polydispersity of the block was estimated to he less !han 1.1.47 AIso. the low magnitude

of the a constant (-0.64) in eq. 8 shows that there is a relatively weak dependence of the

ClnC on the length of the insoluble black; funhermore. the insoluble block length is

relatively short. The polyclli-persity should therefore not have a great effect on the fit of

the Debye equation. To sec the effect of the polydispersity. KcIR(O) values as a function

of concentration were calculated assuming different polydispersity indices. These values

are represented by lines in Figure 4.3. where the symbols represent the measured data.

The ClnC values from the different polydispersity indices of 1.0. 1.1. and 1.2 were

9.2 x 10-9• 9.0 x 10.9, and 8.7 x 10-9 M, respectively. The percent deviation for the

polydispersity indices of 1.1 and 1.2 from the 1.0 value were 2 % and 5 %, respectively.

These values indieate that in the present system the effect of polydispersity on the cmc

values is cOt very large as could be predicted from the small value of the a constant.

4.4..2. PS-b-P4VP System.

The croc of the second system, polystyrene(470)-b-poly(4-vinylpyridine)(52), was

measured i'l toluene and the data are shown in Figure 4.4. The a and b constants

determined using the current method were -1.66 and -0.90. respectively. The solid and

dashed lines represent the fit of the experimental data obtained from the program and from

the Debye equation, respective1y. The current method is able to describe the points in the

transition region very well in contrast to the Debye equation. The cmc values determined

from these two methods differ by a factor ofca. 3; the cmc values were 3.5 x 10.8 Mand
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Figure 4.3. Effect of the polydispersity index on the cmc detennination of

PS(660)-b-PANa(8.9) in niF.

132



C1lJlplcr 4. Dctcrmimltion ofthe CC1C ofBlack CopolymcrMicdles by Statie IJsht $cal/crins

9.0

,

,.....,
~-
~ 8.0
~

><
Ô 7.0
....."

~-
~

6.0

~
\
\

\
\
\
\
\
\
\
\
\
\
'\

"­"-
'" G.......... ~..........----

1 10

ex 106 [Ml
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1.1 X 10.7 M. as obtained by the current method and by the Debye cquaùon. rcspt.'Cùvcly.

For this system. the Debye cquaùon does not de::cribe the light scatterinr curves and the

cmc value. This result is due to the greater dependence of the cmc value on the length of

the insoluble block, as determined by the value of the a constant; also the length of the

insoluble black was greater as compared to that of the PS-b-PANa block ionomer series.

The larger effect of the polydispersity on the cmc's for PS·b-P4VP compared to

PS·b·PANa can be observed from plots of the total single chain concentraùon a.~ a

function ofconcentration. These plots are given in Figure 4.5 for different polydispersity

indices. ln contrast to the PS-b-PANa system, the cmc values (denoted byarrows) for

PS-b-P4VP are significantly influenced by the polydispersity. It should also be noted that

for the PS-b-P4VP black copolymer, discontinuity in the total single chain concentration

at the cmc becomes less sharp as the polydispersity increases.

4.4.3. PS-b-PI System.

To illusttate the effect of polydispersity on the cmc values, the polystyrene-b­

polyisoprene system was modeled by ass\IIIÙIIg different polydispersity indices for the

insoluble block. The a and b constants for this system in n-hexadecane, from the results of

Priee et al.,6 were previously determined to be -1.65 and 355, respectively.20 The higher

magnitude of the a constant shows a strOnger dependence of the cmc values on the

insoluble black length as compared to the black ionomer system. The KcIR(O) values as a

function of concentration were calculated as descn1led previously for different

polydispersity indices. The parameters used for the generation of these values were the a

and b constants, an insoluble black length of 67, a second virla1 coefficient value of zero

and a single chain and miceUar apparent weight-average moleal1ar weight of 2.4 x 1()4 and

5.4 x lOS glmol, respective1y. The results are represented by symbols in Figure 4.6 for the

polydispersity indices of 1.0, 1.1, and 1.2, respective1y. It can be seen from these points
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Figure 4..6. Effect of polydispersity index on the anc values for simu1all:d data of
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that there is a large effect of the polydispersity index on the cmc values. For instance, the

cmc value for a polydispersity index of 1.0 (7.0 x 1()4 M) decreases approximately 2.6

limes and 5.4 limes for a polydispe..'Sity index of 1.1 (2.7 x 1()4 M) and 1.2 (1.3 x 1()4

M), respectively.

The applicability of the Debye equation to this system at various polydispersities

was investigated by fitting the generated points according to eq. 2. For the polydispersity

index of 1.0, the Debye equation fits the generated points very weil. However, for the

higher polydispersity indices, the Debye equation clearly cannot account for the behavior

of the KcIR(O) values as a function of concentration. However. the cnc values for the

higber polydispersity i:ldices agree with the real cnc values even though the fit does not

pass through an or even most of the points in the transition region. It should he noted !bat

these cnc values were delemlined from the generated points. inc1uding the first point of

the unimer region.

In general. for low cmc values the unimer region may not he attainable. Therefore,

il is of interest to compare the results of the fit when the highest value of the inverse

apparent molecu1ar weight is 1ess than !bat at the unimer line. In this case, the cmc values

as obtained from eq. 2 deviate progressively from the real cmc value as the polydispersity

increases. For instance, when the KcIR(O) value or the inverse <Mw,app> is 3 limes 1ess

than the inverse unimer molecu1ar weight, the cmc values for the polydispersity indices of

1.1 and 1.2 were 3.8 x 1()4 M (41 %). and 2.3 x 1()4 M (77 %). respectively. where the

number in parenthesis denotes the percent error from the generated cmc value.

The cmc values as evaluated by the Debye equation were found to depend on the

range of data values used in the fit. Figure 4.7 illustrates this effect for the polydispersity

index of 1.2. For example, when the inverse <Mw,appl is ca. S. 7 limes. or 10 limes lower

than that in the nnimer region, then the COIIeSpOnding cmc values as evaluated from the

Debye equation weœ: 3.0 x 1()4 (2.3).4.2 x 1()4 (3.2). and 6.1 x 1()4 (4.7). respectively.
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Figure 4.7. Debye equation fit for the simuiaœd data of the PS-b-PI sytem with a

po1ydispersity index of 1.2. The solid line indicates the fit when the first point on

the unimer line is included. The other lines represent the filS for different ranges of

KcIR(O) values used. These ranges are indieated by numbers which refer to the

ratio of the KcIR(O) value for the nnimer to the eutoff value. The inset graph is a

magnification of the 7 and 10 limes ratio. respectively.
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where the numbers in parenthesis denote the ratio of the CInC value ta the real CInC value.

Figure 4.7 also illustrates that when the range used is 7 and 10 limes lower !han the

unimer line, the points still show the transition region of micelles ta unimers. Thus for

polydisperse black copolymer systems which have significant dependenee of the CIne on

the insoluble black length. the Debye equation is no longer applicable and the CInC values

must he accounted for by the present approach.

4.5. CONCLUSIONS

The present method. which uses a fitting procedure based on a micellization mode!

for black eopolymers in solution. was able ta evaluate the CInC for black copolymer

micelles from SLS data, for cases where scattering from the unimer region was not

measurable. Certain cbaracteristic features of the micellization of black copolymers. such

as the change of the total single chain concentration with the total polymer concentration

and the polydispersity of the insoluble chain, were accounted for by this method. The

values of the a and b constants. which descrihe the dependence of the log(cmc) on NB lJ3•

were evaluated. These values are constant for a series of black copolymers eonsisting of a

constant black I~gth for the soluble black and different lengths for the insoluble black.

These constants allow the prediction of the CInC values for different insoluble black lengths

as well as of the effect of the polydispersity index of the insoluble black on the cmc values.

It was found that the cmc value.> as evaluated from this program are accurate within

approxirnate1y 20 %.

The effect of the polydispersity on the cmc depends on the size of the a constant,

which characterizes the insoluble black length dependence. For the black ionomer series,

it was iound that this dependence was weak and the cmc values generated by assllming

different polydispersity indices did not change significantly. In the case of the PS-b-P4VP
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system. the dependence of the cmc on the insoluble black length was stronger. and the

cmc could only be evaluated by the present approach. The PS-b-PI system was modeled

10 show the effects of the polydispersity on a system which has a significant dependem:e of

the cmc on the insoluble black length. It was found that the Debye equaùon was able to

evaluate the cmc values only when the first point of the unimer line was used in the

determinaùon. even though the fit did not pass through thc data points in the tr.lI1Siùon

region. However. the unimer region is often impossible to mea.~ure. and for these cases

the Debye equaùon is not able to describe the cmc values. In general. for black

copolymer systems which have a low value of a. as well as monodisperse black

copolymers, the Debye equaùon and the present approach are both able to represent the

cmc values. However. for systems with higher a values and larger polydispersiùes. only

the present approach is able to evaluate the cmc values.
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CHAPTER5

Aggregation and Critica1 Micelle Concentrations of

Polystyrene-b-Poly{sodium acrylate) and Pclystyrene-b­

Poly{acrylic acid) Micelles in Organic Media

ABSTRACT

Block copolymer micelles fonned from polystyrene-b-poly(sodium acrylate) (pS­

b-PANa) and polyStyrene-b-poly(acrylic acid) (pS-b-PAA) were characterized in organic

solvents. The critical micelle concentrations (cmc's) were detennined for one block

copolymer series in which PS blacks of 660 units were attached to either relatively short

PANa or PAA blacks ranging in lengths from 2.6 to 18 units. The cmc's for these block

copolymers in toluene, tetrahydrofuran (THF), and chlorofonn were found to range from

ca. 1 x 10-7 to 5 x 10-9 M. The a and b constants in the relation log cmc = a NB113 + b,

where NB is the insoluble block length were evaluated and correlated to the polymer­

solvent interaction p~:meters for the present systems as weil as for severa! other block

copolymer micelles. The PS(66O)-b-PANa(x) series was aIso investigated by size

exclusion chromatography (SEC) in tetrahydrofuran (THF). Two peaks in the SEC

chromatosrams could he distinguished, one corresponding to m;œlHml block copolymers

and the other to unassociated chains The position of the latter peak was the same as that
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of the PS homopolymer, which was also present These micelles were also characterized

by static and dynamic Iight scattering (SLS and DLS). The effect of the soluble (PS)

block length on the aggregation was investigated by SLS in TIlF. For this swdy, three

PS-b-PANa series containing PS block lengths of 190, 630 and 2300 units attached to

PANa blocks ranging in lengths from 4.2 to 69 units were characterized. The aggregation

numbers (Nagg) were found to he influenced significantly by the soluble PS block length

(Nps). The Nagg and the calculated core radii <Re) were found to scale with the block

lengths as Nagg cc NPANa 0.5 Nps -0.6 and Re cc NPANa 0.5 Nps -0.2.

5.1. INTRODUCTION

Micelles formed from amphiphilie low molecular wt:;ight surfactants and block

copolymers have vast application in areas such as detergency,l oi! recovery,2 drug de1ivery

systems,3 and catalysis,4 among others. For such applications, an understanding of certain

parameters such as the critical micelle concentration (cmc), the aggregation number, the

size and the stability is first required. The use of block copolymers is advantageous in

many cases since micelle systems cao he created to achieve the desired properties by

changing the nature and/or the length of the blocks. Thus, in recent years, considerable

effort bas been devoted to the eharacterization of blocle eopolymer micelles, and the

subject bas been reviewed.5.a

The cme is an important thermodynamie parameter describing the concentration

above which micelles fonn. One values have been rletermined for severa! nonionie blocle

copolymers in aqueous9-12 and in organie media.13,14 The thermodynamics of micelle

forma'.ion have been obtained from the temperature dependence of the cmc15,16 or from
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the concentration dependence of the critical micelle temperature (CMT) which is the

temperature below which micelles fonn.17-24

Croc values have also been detennined for ionic black copolymer micelles. Two

types of micelles can be distinguished depending on the solvent nature in which

micellization accurs, black polyelectrolyte and black ionomer micelles. In aqucous media.

one obtains black polyelectrolyte micelles in which a nonionic core is surrounded by an

ionic corona. Thesc systems have been characterized by severa! teehniques.7.25-29 The

cmc values have been detennined for some of these systems such as polystyrene-b-poly(4­

vinylpyridinium ethyl bromide) (pS-b-P4VPEtBr)25 and polystyrene-b-poly(sodium

acrylate) (pS-b-PANa).29.30 In organic solvents, one obtains black ionomer micelles in

which the micelle core is ionic and is surrounded by a :lonionic corona.

Investigations of the cmc's of black ionomers are scarce. These systems are of

intere5t because of their stability31 and tieir possible applications in areas such as the

preparation of semiconductor particles32 and as microreactors.4 A recent preliminary

study has shown that for a black ionomer series, PS(660)-b-PANa(x) in THF, the cmc

values decreased from 2.5 x 10-8 to 5.4 x 10-9 M when the insoluble (pANa) black length

increased from 2.6 to 14 units,33 The present study further explores the effects of severa!

parameters on thesc low cmc values as weil as their effects on certain micellar

characteristics such as the aggregation numbers and micelle sizes.

There are severa! methods which have been used to evaluate the cmc's of black

copolymer micelles. These methods include fluorescence spectroscopy,9.12,29,30

osmometry,13,17 viscosity13 and light scattering,l0.1S.16,33 Recently, a method was

developed to determïne the cmc's ofpolydisperse black copolymer micelles of low cmc by

static light scattering (SLS).34 The details of this method were given in Chapler 4. This

method is based on the theory of Gao and~3S which accounts for the effects of
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polydispersity in block copolymers. It should he mentioned that, more recently, the

influence of polydispersity on the micellization of triblock copolymers of PEO-b-PPQ-b­

PEO and PPQ-b·PEQ-b-PPO in aqueous solutions have been theoretically examined by

Lin:>e.36 In the theory of Gao and Eisenherg, the cmc was found to depend on the length

and polydispersity of the insoluble biack.3S For instance, an increase in the polydispersity

index results in a decrease in the cmc. The single chain concentration was aIso found to

increase with the total polymer concentration, in contrast to monodisperse systems in

which the single chain concentration remains constant above the cmc. The effect of

polydispersily on the cmc was found to decrease as the dependence of the cmc on the

insoluble black length (NB) decreased. This dependence could he evaluated from the

value of the constant a in the equation log cmc oc: a NB113.

The SLS method which bas been proposed takes inta account these effects of

polydispersity on the cmc, ie. the change in the single chain concentration with total

concentration and the polydispersity of the insoluble black.34 SLS is a convenient

technique for the evaluation of the cmc, since it is sensitive to the apparent weight average

molecular weight <Mw,app) of the parlicles in solution.37 By measuring the Mw,app for

black copolymer micelles as a function of concentration (c), three different regions cao he

distinguished, the micelle region (c > > cmc), the transition region of micelles to single

chains (c - cmc), and the single chain region (c S cmc). In general, the I."IIIC cao he

evaluated from the onset of the single chain region. Unfortunately, in many black

copolymer systems, the single chain region cao not he measured due to the low value of

the cmc. For such cases, an extrapolation method using an equation developed by Debye

cao he used.37 'Ibis equation, as well as the method mentioned above, descrihe the cmc

values for black copolymers which have a weak dependence of the cmc on the insolnble

black length as well as for monodisperse black copolymers. However, for block
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copolymers which have a strong dependence of the CInC on the insoluble block length and

which are polydisperse. only the proposed method was able to evaluate the cmc.34

Since the present chapter focuses on the association of block ionomer micelles. the

following sections will brief1y describe some of the relevant result$ pertaining to these

systems. MiceJJjzation of block ionomers bas been studied extensive1y in this

IaboralOry31.3844 as weil as in others.45-48 Block ionomer mice11es have been shown to

possess severa! characteristic features. For instance. they have been found to be extremely

stable.31•38 This stability a110ws for the characterization of the mice11es by SEC.31•39 In

genera!. two peaks could be identified from the SEC chromatograms. one cOlTCSponding

to the miceJliwl block copolymer and the other due to block copolymers present as single

chain$. In addition, in some cases, polystyrene homopolymer was eluted as a separate

peak. The peak containing a lower ionic content arises from the polydispersity in the

lengths of the ionic blocks, which, for narrow molecular weight distributions. such as 1.10.

are broad compared to tru1y monodisperse chains. This result can be understood from the

concept of a threshold length for micellization, Le. a critical micelle length (CML) which

was proposed.39 For instance. very short ionic block lengths, below the CML. remain

soluble and unassociated while longer ionic block lengths, above the CML. prefer

micellizarion at concentrations typical of SEC measurements (Le. ca. 2 mg/mL). The

0&. was found by computer modeling of SEC chromatograms to vary between 2 to 3

ionic block units, independent of the PS block length which ranged from 190 ta 2300

units.

Additional studies have concentrated on the characterization of block ionomer

micelles by still other tecbniques. The dependence of the mice11ar characteristics on the

block copolymer composition of polystyrene-b-poly(metal methacrylate) and polystyrene-
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b-poly(methacrylic acid) was systematically investigated by SEC. DLS. and

viscomeuy.31•38 Small-angle X-ray scattering (SAXS) studies also probed the

dependence of the core radius on the insoluble and soluble block lengths in the solid state

and in solution for black ionomers with a nonionic PS black attached to an ionic block

consisting of cither poly(cesium acrylate).42 poly(cesium methacrylate)42 or

poly(quartemized 4-vinyl pyridine).43 The scaling relations of the star model49 were

found to describe the system5.41.42 A 2H NMR study investigated the dynamics of PS

segments in the corona.40 It was found that segments near the core had a restricted

mobility compared ta those further from the core or ta single chains in solution.

The purpose of the present chapter is to characterize black copolymer micelles

formed from polystyrene-b-poly(sodium acrylate) and polystyrene-b-poly(acrylic acid) in

organic solvents. The chapter is divided inta three parts. The first two parts focus on the

aggregation of two black copolymer series in which a PS black of constant length (660

units) is attached to cither PANa or to PAA blacks of relatively short lengths, ranging

from 2.6 to 21 units. In the first part, the cmc values for these black copolymer micelles

are reported as a function of the nature of the solvent and the core block, ie. salt VeISUS

acid forms. The second part concentrates on the characterization of the black copolymer

micelles by SEC in tetrahydrofuran (THF) and by SLS and DLS in different solvents. In

the third part of this chapter, the aggregation behavior of three different black copolymer

series consisting of 190, 630 and 2300 PS units attaehed to various PANa blacks ranging

in length from 4 to 67 units are examined by SLS in THF. This latter part extends the

results obtained from a previous SEC study39 on these samples.
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5.2. EXPERIMENTAL

5.2.1. Synthesis

The block copolymers were prepared by sequential anionic polymerization; the

details are given in ref 39. For convenience. only a brief summary is given here. The

copolymers were synthesized by polymerizing the styrene monomer. followed by addition

of ten-butyl acrylate. The initiator was the reaction product ofsec-butyllitlùum with a few

drops of cx·methylstyrene. The polymerization was carried out in tetrahydrofuran (1HF)

at -78°C under an atr.1osphere of nitrogen. The apparatus employed for the

polymerization allowed the withdrawal of the reaction mixture during the course of the

synthesis. Therefore, for a given constant polystyrene block length. a series of diblocks

was obtained with poly(ten-butyl acrylate) segments of different lengths. Aliquots of the

reaction mixtures were withdrawn for characterization after the polystyrene block was

formed and every lime following addition of the second monomer. Polystyrene-b­

poly(acrylic acid) (pS-b-PAA) was obtained by acid-eatalyzed hyclrolysis of the ten-butyl

acrylate segments in toluene at 110°C using p-toluenesulfonic acid as the catalYSl The

PS·b-PAA was recovered and purified by repeated precipitations into cold methanol The

samples were !ben dried in a vacuum oven at 50°C for 48 h. The compositioh of the

copolymers was determined by either FT-IR using copolymers in the ester form or by

titration of the acid. Table 5.1 summarizes the composition of the block copolymers and

the polydispersity indices (P~) of the PS homopolymer and the ester form of the bloclc

copolymer. The moleeular weight of the polystyrene block was determined with a

precision of :l: 5% by size exclusion chromatography in l'HF using narrow molecular

weight polystyrene standards.

For neutralization of the PS-b-PAA, a known amoUDt of the dry copolymer was

dissolved in benzenelmethanol (90110 (v/v» at a concentration of 2% (w/w). The acid

samples were neutra1ized by the addition ofa stoichiometric amount of NaOCH3' whk'l
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Table 5.1. Composition and Polydispersily Index of the PS Homopolymers and the Block

Copolymers

PS(x).b-PANa(y) p~a PS(x).b-PANa(y) p~a

19G-b-0 1.12 63G-b-0 1.10

190-b-10 1.10 63G-b-4.2

190-b-24 1.13 63G-b-18 1.12

63G-b-31 1.12

66G-b-O LOS

660-b-2.6 23OG-b-O 1.12

660-b-4.7 23OG-b-4.6

66Q-b-8.9 23OG-b-31

66G-b-14 23OG-b-69 1.12

660-b-18

66G-b-21 LOS

aThe P~ for samples with very short ester blacks were Dot measured.
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was prepared by reacting Na with methanol in niF. The solutions were stirred for 30

minutes, and the diblock ionomers were recovered by freeze drying. The samples were

then funher dried at 60°C for 48 h. under vacuum. Abbreviations are used to indicate the

copolymer composition; for example, PS(660)-b-PANa(8.9) represents a polystyrene

chain of 660 units joined to a poly(sodium acrylate) chain of 8.9 units; PAA denotes

poly(acrylic acid).

5.2.2. Size Exclusion Chromatography

The SEC measurements were performed in niF and at room temperature on a

Varian 5010 liquid chromatography apparatus equipped with a refractive index deteetor.

The molecular weights and polydispersity indices of the PS and the PS-b-poly(ten-butyl

acrylate) were evaluated using a Varian DS-604 computer with SEC application software.

The flow rate was 1.0 mUmin. Two columns were used in series, Progel-TSK G2000­

HXL and G4000 HXL (Supelco Ine.) with effective molecular weight ranges from 1()2 to

1()4 gfmol and from 1()2 to 8 x 1()6 glmol, respectivcly. The columns were calibrated

using five polystyrene standaIds of narrow molecular weight distributions. The

concentrations of the polymer solutions were ca. 2 mg/mL and they were filtered (0.45~

pore size) prior to injection. To determine the percent of micelles for the PS(660)-b­

PANa block ionomers. the samples were injectea in triplicate.

5.2.3. Sample Preparation for Light Scattering

For the light scattering experiments. toluene and niF were distilled over calcium

hydride and sodium benzopbenone complex, respectivcly. while chloroform (spectrograc!.e)

was dried with molecular sieves. The polymer solutions were prepared by dissolvinl; the

dried block copolymer in the distilled or filtered solvent (0.2 ~ PTFE filt.ers,

Chromatographic Specia1ties) and the solutions were stirred. Prior to the measuremeDts,
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the polymer solutions were fùtered through 0.451llU PTFE fùters directly into dust free

scintillation vials or into test tubes for the SLS and OLS measurements. respectively.

Measurements at different concentrations were performed by diluting the fùtered polymer

~()Iution with fùtered solvent. The dilutions were followed by the weighing of the

solutions with an analytical balance having a precision of ± 0.001 g. Typical initial

polymer solvent concentrations for the SLS mcasurements were in the range of 2 x 10-3 ­

2 x 10-5 glmL, depending on molecular weight of the sample. For the OLS measurements

the concentration range used was ca. 2 - 5 x 10.3glmL.

5.2.4. Static Light Scattering Measurements

Light scattering experiments were performed using a OAWN-F multiangle laser

photometer (Wyatt Technology, Santa Barbara, CA ) at 2S°C, which operates at 15

angles, from 26 to 137°, and is equipped with a He-Ne laser (632.8 nm). The data were

acquired and processed with the accompanying software. A minimum of four

concentrations was used to determîne the weight average molecular weight, radius of

gyration and second virial coefficient with the aid of a Zimm plot. The measurements

were performed at least in duplicate for each sample; the average value is reported. The

error in the weight average molecular weight was estimated 10 be less than 10%.

The specific refractive index increment (dnldc) was determined using the

WyattlOptilab 903 interferometric refractometer and accompanying software at a

wavelength of 630 Dm. l'be ceIl constant was determ.~ by calibration with difi'erent

concentrations of sodium chll'llide (99.999%, Aldrich) solutions. Eight to ten

concentrations were measured for each dnldc deterrninarion. l'bese values are given in

Table 5.2. It was found that these values were the same as those of PS; the literature

values for toluene, THF and chlorofoIm are 0.110, 0.194, and 0.170 mUg, respectivel:;.SO
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Table 5.2. Specific Refractive Index Increments of PS(660)-b-PANa(x) in Different

Solvents at 630 nm and 2S°C.

PS(660)-b-PANa(x) Solvent dn/dc(mUg)

4.7 toluene 0.10S± 0.007

21 toluene O.lll ± 0.006

14 chlorofonn 0.174±0.01

21 chlorofonn 0.167 ±0.01

Light scattering from a dilule polymer solution, when the particle size is greater

than approximately mo. bas been described bySl

1
Kc/R(9) P(9)M

w
+2Azc+... (1)

where K is the optical constant, (27tZ(110 dnldc)2n.éNav). 110 is the refractive index of the

solvent, i.o is the wavelength in vacuum, Nav is Avogadro's number. c is the

concentration, R(9) is the Rayleigh ratio at the angle of measurement, P(9) is the particle

scattering function. Mw is the weight average molecular weight, and A2 is the second

viIial coefficient. This equation can be so1ved graphically with a Zimm plot,52 in which

KcIR(9) is p10tted as a function of sinZ (912) + la:, where k is a scaling factor. By
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extrapolating to zero concentration as weil as zero angle. the intercept gives the inverse

Mw and the corresponding slopes of these two lines yield A2 and Rg•

For block copolymers. Mw refers to an apparent weight average molecular weight

(Mw. app) because of the chemical heterogeneity of the copolymer.S3 However. since

dn/dc values for the block copolymer were found to he the same as literature values for

polysttene (l'able 5.2), Mw,app is close to the true MW" The constancy of the dn/dc is

most likely due to the small weight fraction of the insoluble block.54

Certain micellar parameters, such as the aggregation numbers (Nagg)' core radii

(Rç) and surface area per chain (SlNagg)' cao he calculated from the value of the Mw- For

instance, the aggregation numbers were evaluated from the ratio of the weight-average

molecular weight of the micelles (Mw(mic» to that of the unassociated block copolymer.

The core radii were determined from Nagg using the following relation for the core

volume, Vc,

vc = (413) 7t Re3 = Nagg NB MWI(p Nav), (2)

(3)

where NB, MWand p are the number of repeat units, the repeat unit molecular weight and

the density of the PANa block, respectively. The density of the PANa block was

determined from pycnomeuic measurements to he 2.05 gfmL. From the Re and Nagg

values, the surface area per chain (SlNagg)' given as

SlNagg =4 7t Re21Nagg

can he calculated.

The cmc values were determined !rom the Debye equation37 which was developed

for monodisperse surfactants and bas been previously used in the detennination of cmc's

for blockcopolymermicelles.34,SS Itcan he described as,

Kc/R(O)=cl LMw(s) x cmc +Mw(mic) x (c-cmc)] +2A2 (c-cmc) (4)
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where R(O) is the Rayleigh ratio extrapolated to zero angle. Mw(s) and Mw(mic) are the

weight average molecular weights of the single chains and the micelles. respectively. The

KcIR(O) values were ploned as a function of concentration and the cmc was evaluated

from fitting the resulting curve llSing the program Peal: Fit (Jande! Scientific). It should he

noted that when the cmc is evaluated for polydisperse block copolymer micelles. the cmc

in eq. 4 should he replaced by the concentration of single chains which has becn found to

change with total polymer concentration. The reader is referred to Chapter 4 for details

concerning this procedure.

5.2.5. Dynamic Light Scattering MeasuremenlS

Dynamic light scanering studies were performed on a Brookhaven Instruments

Corp. photon correlation spectrometer with a BI-2030 digital correlator and a Spectra

Physics 120 heliumlneon laser with a wavelength of 632.8 nm. The scattering angle used

was 90°. A refractive index matehing bath of filtered decalin (0.2 1J.Il1) surrounded the

scanering cell, and the temperature was controlled to 2S0 C.

The correlation function (Gz(t» for a single exponential decay can he given as a

function of time (t) byS6

Gz(t) = B (l+13 exp(-2I' t» (5)

where B is the baseline, 13 is an optical constant which depends on the instrument. and ris
the decay rate for the process. This rate is given by

r=Dq2 (6)

where D is the translation diffusion coefficient and q is the absolute value of the scattering

vector,

q =41tn/~sin (612» (7)
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The diffusion coefficient for spherical parùcles is related to the hydrodynamic rJdius (Rh)

by the Stokes·Einstein equaùon.

(8)

where ka is the Boltzmann constant. T is the absolute temperature and 1'\ is the viscosity

of the solvent medium. In general. the diffusion coefficients should he extrapolatcd to

zero concentraùon. However. for the present system, the DLS resull~ were round to he

independent of concentraùon. probably due to the relatively small parùcle radius « 30

nrn).38

5.3. RESULTS AND DISCUSSION

This section is divided into three paltS. The f\l'St part concentrates on the cmc's of

IWO series ofblock copolyrners. PS(660)-b-PANa(x) and PS(660)·b-PAA(x). The effects

of the solvent and the insoluble block (length and nature) on the crnc·s are investigated.

As an application of the mixed micelle model. the distributions of the block copolyrners

present as single chains and in the micellar fractions are evaluated. Correlations of the

constants describing the dependence of the log crnc on the Na113 are made with the

polymer-solvent interaction parameter for the present system as well as for other block

copolymer micelle systems previously investigated. The second part addresses other

aspects of aggregation. The percent of micelles in solution for the PS(660)-b-PANa(x)

block ionomer series are evaluated in 1HF by SEC. AIso. the aggregation numbers.

second virial coefficients. and micelle radii, for the PS(660)-b-PANa(x) and PS(660)-b­

PAA(x) series as a function of the insoluble block length for different solvents are

investigated. The third part deals with the effect of the soluble PS block length on the
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micclli7.ation of PS(x)·b·PANa(y) block ionomers in TIiF for three series consisting of PS

blocks of lengths of 190. 630 and 2300 units, attached to PANa blocks of various lengths.

The scaling relation between the aggregation numbcr and the PS and PANa block lengths

is explored.

5.3.1. cmc's for PS(660)-b-PANa(x) and PS(660)-b-PAA(x) Black Copolymer

Micelles

5.3.1.1. Solvent and Insoluble Black Effects

The cmc values for PS(660)·b-PANa(x) and PS(660)-b-PAA(x) were evaluated

for different PANa and PAA block lengths ranging from 2.6 to 18 units. Typical data

obtained from SLS for the PS-b-PANa series in 1HF are presented in Figure 5.1. The

lines are the fits used to determine the cmc values; this will bc discussed in more detail in

the subsequent paragraph. From the bcbavior of the KcIR(O) values as a function of

concentration. IWO regions can bc distinguished. At high concentrations. the scattered

intensity is predominanùy due to the presence of micelles. In this region. extrapolation of

the KcIR(O) values to zero concentration gives the inverse weight average molecular

weight of all the particles in solution (Mw,totaîl ) and the slope of this line is proportional

to the second virial coefficient. At intermediate concentrations. the transition region is

observed in which micelles dissociate to single chains. In this region, the KcIR(O) values

increase with decreasing total concentration; this trend represents a decrease in Mw,total.

For instance, for the PS(660)-b-PANa(8.9) block ionomer (Figure 5.1). the micelle region

occurs at> ca. 1 x 10-7 M and the transition region occurs at ca. < 1 x 10-7 M. It should

he noted that the region which corresponds to the existence of predominanùy single
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Figure 5.1. Plots of KcIR(O) used in CIne determinations for PS(660)-b-PANa(x)

for different PANa block lengths in niF.
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chams. i.e. c < cmc. was not attained in these measurements bccause the scnsitivity of the

instrument did not allow measurement at such low concentrations.

The cmc values for the PS(660)-b-PANa(x) and PS(660)-b-PAA(x) block

copolymers were evaluated by fitting the KcIR(O) values as :: function of concentration

using the Debye equation (eq. 4). The details of this procedure were given in the

Experimental section. Typical fits obtained for these block copolymers are depicted in

Figure 5.1 as solid lines. As discussed Chapter 4, the sensitivity of the cmc's evaluated by

this method falls within a 20% error \imil34 The agreement of the lines with the data

points shows that the Debye equation gives a good representation of the micelle and

transition regions. A similar procedure was also followed for the acid block copolymers in

loluene and good agreement was also observed_ Previously, the cmc's for this PS-b­

PA-"la block ionomer series were investigated by SLS in lHF.34 The Debye equation was

found to fit the Iight scattering curves because of relatively weak dependence of the cmc

on the insoluble block length, and also because of the low polydispersity of the PANa

blocks. Therefore, for the present system, the effects of polydispersity on the cmc are not

significanl

Figure 5.2 summarizes the cmc values detennined for PS(660)-b-PANa(x) and

PS(660)-b-PAA(x) as a function of the insoluble block length, ie. NPANa or NpAA• It

should he noted that the cmc's could not he evaluated for PANa block lengths higher than

14 units in lHF and toluene or 18 units in clùoroform because of their low values. In

general, it was found that as the length of the insoluble block increased, the cmc values

decreased. This result is expected, since the solubility of the single chains decreases with

increasing insoluble block length; thus. micellization occurs at lower concentrations. It is

interesting to examine the effect of solvent on the cmc values for the PS(660)-b-PANa(x)

block ionomers. The cmc's were found 10 decrease in the order clùoroform >lHF-
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toluene. It should !Je noted that the difference (on a linear scale) between the cmc's in

chloroform and those in THF or toluene decreased as the insoluble black length increased.

The cmc's for PS(660)-b-PAA(x) were investigated only in toluene (Figure 5.2).

The cmc values for PS(660)-b-PA.6,.(x) show an interesting trend. First, for insoluble

black lengths of c.a. 5 units. the cmc values for the acid form are similar ta those of the salt

form in chloroform. while at ca. 14 units. the cmc values are similar ta those of the salt

form in TI:IF. From the trend of the dashed line. it is expected that for PANa black

lengths lower than 4.6 units. the cmc values for the aciô form might he larger than those

for the salt form in chloroform; for black lengths greater than 14 units. the cmc values

apparently converge with those for the salt form in THF.

It is interesting ta compare the magnitude of the present cmc values with those

previously measured for other black copolymer systems. First, it should he recognized

that the cmc's depend on bath the soluble and insoluble black lengths. However. cmc's

for different systems can !Je characterized by certain typical cmc ranges. The cmc's for

sorne black copolymer systems will he given here for ilIustrative purposes. For instance, if

one considers the mirror image system of the present black ionomer. ie. PS(x)-b­

PANa(IOOO) black polyelectrolytes in water. the cmc's have been found ta range from ca.

2 x 10-5 ta 6 x 10-8 M for insoluble PS black Iengths ranging from 6 ta 110 units.29 The

cmc values for PS-b-PEO and PEQ-b-PS-b-PEO in water for approximately this PS black

length range were found ta he slightly 10wer.S7 The cmc values for PS-b-PI in n­

hexadecane for various PI black Iengths were found ta range from ca. 3 x 1()4 ta 8 x I~

M for PS black Iengths ranging from 67 ta 120 UDÏts.18 Thus, for comparable insoluble

black lengths, the cmc's for the present systems represent the lowest values which have

yet been reported. There are cleady systems with lower cmc values for comparable black

lengths; however, we have Dot found any reports descnlling a systematic smdy.
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5.3.1.2. Theoretical applications ofthe Mixed Micelle Madel

In the mixed micelle model developed for block copolymer micelles. il was

suggesled that the cmc for a monodisperse block copolymer (Ci) is given as.35

10gCi=aNBll3+b (9)

where a and b are constants and NB is the insoluble block length. This relation was found

to describe the croc values of PS-b-PI in n-hexadeeane and those of PS-b-PANa in

water.35 The effect of the polydispersity on the croc depends on the magnitude of the a

constant, wlùch is a measure of the dependence of the log croc on the insoluble block

length. In the present system. since the effeet of polydispersity has becn found not 10 be

significant,34 the croc evaluated by the Debye equation is close to Ci and the relation can

be investigated directly.

The inset of Figure 5.2 shows the data plotted according to eq. 9; the resulting

linear regressions are aIso presented as curves in the main plot of the croc versus NPANa in

Figure 5.2. The agreement with this relation was found to be satisfactory for PS-b-PANa

in niF and for PS-b-PAA in toluene. For the neutralized copolymer in chloroform the

data showed more scatter in the linear regression. Also. it should be noted that for PS-b­

PANa in toluene, not enough croc values were determined to obtain a meaningful

regression. The values for the a and b constants are given in Table 5.3. It should be

noted that plots of log croc versus NpANa aIso gave satisfactory linear regressions; this

fact may be due to the weak dependence of the croc on NpANa. Thus. the dependence of

the log croc on NpANall3 for the present systemS is not very sensitive; however. the

NpANa113 dependence is consistent with the theory.

The molecu1ar weight distribution of the block copolymer molecules present as

single chains (S) and present in the micelle fraction (M) can be calcu1ated from the mixed
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Table 5.3. Summary of the a and b Constants for Different Block Copolymer Systems

and me Hildebrand Solubility Parameters50 used in the Evaluation of Core-Solvent

Interactions.

Black Copolymer Solvent a b /) (callcm3j1l2

Core Corona core corona solvent

PANa PS Clùoroform -0.66 -6.03 ca. 16f 9.1 9.3

PANa PS 1HF -0.58 -6.86 ca. 16f 9.1

PM PS Toluene -1.42 -4.83 ca. U f 9.1 8.9

PVP Psa Toluene -1.66a -0.9oa ca. lOC 9.1 8.9

PS PANab Water -0.68e -4.02e 9.1 24

PS PIc n-Hexadecane -1.65e 3.55e 9.1 8.0 7.7

PS PE()d Water -0.45 -5.26 9.1 10.5 24

a. b. c. devaluated from data given in reference 34, 18,29, and 57, respective1y. a.e a and b

constants determined in ref 34 and 35, r:spective1y. f calculated values based on ref 60

(see text).
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micelle model35 using equations 6 and 7. givcn in Chapter 4. Figure 5.3 givcs such a plot

for PS(660)-b-PANa(S.9) in THF. The total molccular weight distribution of all the

polymer chains is given as a solid curve (total). The distributions of the single chains and

micelle fraction are given as a pcrccntage of the total distribution for a concentration of 5

limes the cmc (denoted by subscripts in the figure). The distributions of the single chain.~

and micelle fractions were found to overlap extensively for the block ionomer. lt should

he noted that the NPANa value for the peak maxima are somewhat lower for the single

chain fraction !han the micelle fraction. The lack of segregation betwccn the single chain

and micelle fractions is due to the relatively weak dependence of the cmc on the insoluble

block length as expressed in the low value of the constant a in eq. 9. For the acid form at

these concentrations. the distributions for the single chains and micelle fractions were

found to he slightly more segregated at low PAA block length compared to the salt form

(graph not shown). This fact was due to larger dependence of the log cme on the

insoluble black length.

5.3.1.3. Correli1tions ofthe a and b ConstiUlts with Interaclion

Parameters

In general. miœl!jntion theories have considered three contributions to the total

free energy of a micelle, that of the core, the shell and the coreJshell interface.g It is of

interest to correlate these contributions to the quality of the solvent for the core and for

the shell blocks using the Flory-Huggins interaction parameter (x). This section describes

the results of 50cb a correlation. Table 5.3 summarizes the a and b values detennined for

the present system as weIl as those previously determined for other systems.34.3S Il
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Figure 5.3. MolecuIar weight disuibution of the single (,'::':':15 (S) and the miceI1e

fraction (M) at 5 limes the CIne for PS(660)-b-PANa(8.9) in nIF.
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should he noted that cenain theories. such as that of Nagar:;;an and Ganesh.Ss allow the- -
calculaùon of the interacùon pararneters from the micellar pararneters such as aggrcgation

numbers. core radü etc. We have tried ta e)(!ract the Xvalues for PS(660)·b·PANa()() in

THF by these approaches: however. the interacùon parameter bctween the polymer

forming the core and the solvent (Xeore.so\) was found to decreasc progrcssivcly as the

insoluble PANa block length increased. The PS-THF interaction parameter was ncarly

constant, with a value of 0.5.

Since not all X values are known for the different systems Iisted in Table 5.3. it i~

necessary to estimate these values. The polymer-solvent in'.eracùon parameter <Xps) cao

be described as a sum of entropie and enthalpie contribuùons.59 The entropie contribution

for nonpolar systems and polar systems in the absence of specifie polymer-solvent

interactions is given as a constant, ca. 0.34. The enthalpie contribution cao he estimated

from the values of the Hildebrand-Scatchard solubility pararneters (8): the Xps is thus given

by,60

(l0)

where as and Sp are the solubility pararneters for the solvent and polymer, respectively. Vs

is the rnolar volume of the solvent and R is the gas constant. This equation provides a

qualitative indication of the interaction parameters. It should he noted that for polar

systems with specific interactions hetween the components. the intermolecular forces

hetween molecules should also he talœn into account.50

In order to evaluate the quality of the estimate of the Xvalues calculated from eq.

10. comparison can he made with X values which are available in the literature. For

instance, the calculated and the literature X values for PS in different solvents are given

below.50
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• Solvent T (oC) x.:xp Xca1

water 162 4.4 5.0

fonnamide 162 4.1 5.0

ethylene glycol 162 3.8 4.4

methanol 162 2.2 1.7

n-hexadecane 183 1.2 0.73

toluene 27 0.43 0.35

The average difference belWeen the experimental and estimated Xvalues was 22%. From

this comparison, the Xvalues evaluated from eq. 10 can he used qualitatively to illustrate

the general trends Ù1 the Xvalues, but not for quantitative predictions. It should aIso he

noted that for this illustration, the l5 values at 25°C were employed. In generaI the l5

values change with ternperature; however, this dependence is not known for many

systems.

The literature values for the solubility parameœrs for the solvents and polymers are

given Ù1 Table 5.3.59 It should he noted that these values are not available for PM, PVP

and PANa. However, they can he evaluated from group contributions of the cohesive

energy (Ecob) and the molar volume (V) from

(11)

The Ea:b were evaluated r.:'lm the tables of van Krevelen or Fedors.61 For PANa, the

value of Na was not known; thus, as an approximation, the value for Cd was used. The

values are aIso given in Table 53.

In the following paragraphs, the colTC1ations of the a and b are discussed first for

black copolymers having a soluble PS black (pS-b-PANa, PS-b-PAA and PS-b-P4VP)

followed by black copolymers having the same insoluble block, i.e., PANa (pS-b-PANa in
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• chloroform and THF) and PS (PS-b-PI. PS-b-PANa. and PS-b-PEO). The' tn:nùs of the (/

and b conslants with the estimaled Xeorc-$OI values an: ilIuslr.lleù in Figure 5.4a anù h

respectively. The a and b value.~ ploued an: for polymerlsolvenl systems having a PS

corona and a PS core. The line shown in Figure 5.4a is a linear regression thfllugh all the

points.

The correlation belWccn the a constants and the Xcon:-$OI value.~ was consiùered for

block copolymer micelles having a soluble PS block in a good SOlvenl. i.e. PS-b-PANa in

THF and in chloroform. PS·b-PAA in loluene. and PS-b-P4VP in loluenc (Table 5.3).

For these block copolymers. the estimaled Xcon:-sol values were found 10 dCl.-rease

according to the nature of the insoluble block in the foUowing order. PANa (in THF) (9.4)

> PANa (in chloroform) ( 6.4 ) > PAA ( 3.4 ) > P4VP ( 0.74 ). whcn: the numhen; in

parentheses are the estimated Xcon.'-sol values. The absolulC magnitude of the a constants

was found to increase in the foUowing order; PANa (0.58) < PAA (1.42) < P4VP (1.66).

This trend is opposite to that of the Xcore-sol values, i.e. the polymers with the largest

Xeon:-sol have the smallest dependence (Le.. the smallest absolute value of a ) of the log

croc on NBll3. This qualitative trend is shown in Figure 5.4a.

The magnitude of the b constants for the block copolymers having a constant

soluble PS block cm also be correlated to the polymer·solvent interaction parameters

(Figure 5.4b). The b constants are expected to ref1ect the interaction between the soluble

block and the solvent as weU as the free energy of the coreJsbell interface. The free energy

of the interface arises from the interactions between the core and the she1l region wbich

consists of the soluble block and the solvent. Thcrcfore, Xeore-sol aIso contributes to the

magnitude of the b constant. The absolute magnitude of the b values were found to

change in the following order: PANa (6.86) > PAA (4.83) > P4VP (0.90). For these
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samples. the values for the imeracùon parameter betwccn the polymer l'orming thl' çorona

and the solvem (Xeorona-sol) are expected te he similar in magnitude sine.: they retlect the

interacùon between PS and either lHF or toluene. Therefore. the Xeorc.sol values must

contribute significantly to the values of the b constants. The observed trends in b are

opposite to those observed for Xeore-sol given above. Thus. the polymers with the largest

Xeore-sol values have the smallest b values. as is in the case of the block ionomer micelles.

As a result. micellization for lhese samples occurs at lower concentraùons.

The a and b constants for the other block copolymers systems (Table 5.3) having

the same insoluble block can also he correlated to the polymer-solvent interacùon

parameters. For instance, Ü the block copolymers with PANa cores are considered. it was

found that the a constants for PS-b-PANa in chloroform (-0.66) and 1HF (-0.58) were

essenùally the same. This result was due to the similarity \Il the interaction parameter

between PANa and the solvents. Similarly. the constants for the block copolymers having

a PS core can he considered. The three systems are PS-b-PANa and PS-b-PEO in W3ter.

and PS-b-PI in n-hexadecane. The a values for the black copolymers in water. PS-b­

PANa (-0.68) and PS-b-PEO (-0.45). were found to he similar in magnitude. The PS-b-PI

in the n-hexadecane system. in comparison to PS-b-PANa and PS-b-PEO in water. had a

Iarger dependence of the log cmc on the insoluble black length (a =-1.65) and a Iarger b

value (3.55). thus a higher cmc !han the black copolymers in water. These values ret1ect

the weaker interaction hetween the PS core with n-hexadecane.
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5.3.2. Aggregation of PS(660)-b.PANa(x) and PS(660)-b·PAA(x) Black

Copolymer Micelles

5.3.2.1. 5ïze Excluswn Chromalography

In the course of the SEC characterization of the PS(660)-b-PANa(x) block

ionomer micelles in lHF. twO peaks with different elution volumes were observed in the

chromatograms. Two peaks have been observed in previous SEC studies of block

ionomer micelles,31,39 which. as was discussed in the introduction. are due to miœJliw!

and unassociated polymer chains. In the present study. the position of the unassociated

polymer chains was the same as that of the corresponding polystyrene homopolymer.

PS(660). It bas been found in a previous study that the unassociated polymer arises from

sorne PS homopolymer as well as from the presence of black ionomer chains containing a

lower ion content !han those in the micelles.31 The presence of the latter species has been

postulated to arise from the polydispersity of the ionic black, with the block ionomers of

very short ionic block lengths being preferentially soluble as single chains. Above the

CML. which bas been evaluated to he ca. 2 to 3 units.39 the block ionomers favor

micellization for concentrations used in the SEC experiments.

The percent of miœJliw! chains in the block ionomers was determined from the

relative areas of the miœJliw! and the unassociated chains in the chromatograms. These

values were determined in triplicate and the average and the standard errer values are

given in Table 5.4. It is important to establish that no significant adsorption of the

PS(660)-b-PANa(x) block ionomers occurred on the SEC columns. The amount of

adsorption was evaluated from the percent difference in the ratio of the peak areas to the

concentration of injected polymer for the PS(660) and the block ionomers. It was found

that the percent difference was below 10 %. \Vith the exception of PS(660)-b-PANa(2.6)
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Table 5.4. Summary of the Weight Average Molecular Weighl~ and Aggregaùon

Numbers for PS(660)-b-PANa(x) and PS(660)-b-PAA(x) as Detennined by SLS in

Different Solvems

PS(660)- micellized Toluene THF Chloroform

boX chains Mwxl0-6 Mw x 10-6 glmol Mw x 10-6 glmol

glmol

(%) total oûcelle total micelle total oûcelle

PANa(x)

2.6 21 :!: 1 1.1 5.0 0.76 3.4 0.30 1.4

4.7 6S:!: 4 1.4 2.2 1.2 1.9 0.60 1.0

6.4 79:!: 3 1.8 2.2 1.6 2.0 0.66 0.92

8.9 84:!: 1 2.1 2.4 2.2 2.6 1.1 1.4

14 82:!: 2 2.2 2.7 2.2 2.7 1.6 2.2

18 87 :!: 1 2.S 2.9 2.8 3.2 2.2 2.9

21 88:!: 2 2.8 3.2 2.9 3.3

PAA(x)

4.7 0.46 0.66

6.4 0.61 0.76

8.9 1.4 1.6

14 2.2 2.7
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in which the difference was 15%.

The pcrcent of miccllizcd chains was found to increase as the length of the

insoluble block increascd. Unfortunately. in the present chromatograms. the relative

contributions of the PS homopolymer and of the block ionomer containing low ionic

content to the area of unassociated chains can not he distinguishcd. However. in view of

the synthesis procedure. the PS content is cxpected to he constant for the block ionomer

series; thus. the observcd changes in the pcrcent of rniccllizcd chains are due to the

decrease in the arnount of the block ionomers of low ion content. For PANa block lengths

above ca. 8.9 units. the percent of miceJlimi chains seems to he constant at ca. 88 %.

From this value. the arnount of PS homopolymer is esùmated to he ca. 12 %.

5.3.2.1.1. Comparison orthe cmc and the CML concept

In view of the SEC results. it is usefu1 to discuss the crnc results previously

obtaincd (section 5.3.1.2) in light of the CML concept. Previously. it was establisbcd by

using the mixed micelle mode!, that there was very liule segregation in the molecular

weight distribution of the single chain and micelle fractions (Figure 5.3). Thus. at

concentrations of the SEC experiment, no fractionation is to he expectcd. However. the

SEC chromatograms show that as the insoluble block: length increases for shon ionic

block: lengths. the percentage of chains which miceUize increases. The phenomenon can

he understood by recalling that the mixed micelle mode! is valid only for coUapsed

insoluble block:s. Thus. deviations are expected for block: lengths which are shorter than

the minimum length required for collapse. In thcse cases, the CML concept is operative: it

was previously found that at the concentrations used in SEC, very liule mice1lizarion

occurs for insoluble block: lengths less than 2 to 3 units.39 Suppon for this view cornes
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from a consideration of monochelies. i.e. polymer chains containing one ionic unit at the

end, such as carboxylate-terminated polystyrene (PS(IOO)-COONa). studied in THF.62

For this system, it bas been found that the cmc was ca. 1 x 10-4 M, or 1 mg/mL, which

was similar to the concentrations used in SEC measurements (2 mg/mL). Thercforc, the

present findings are consistent with the notion that in the SEC cxpcriments, the

concentrations used were above the cmc values for collapsed blocks, but below those for

very shon uncollapsed blocks.

5.3.2.2. SUzlic Iighl Scattering

The PS(660)-b-PANa(x) and PS(660)-b-PAA(x) reverse micelles were

characterized by SLS in orcier to determine the aggregation numbcrs and second virial

coefficient values. The light scattering data were analyzed from Zimm plots obtained in

the micelle region. i.e. at lùgh concentrations (sec Figure 5.1). In general. from these

plots. information can he obtained on the weight-average molecular weight (Mw)' the

second virial coefficient (AV and the radius of gyration (Rg) of the particles in solution.

In the present case, the Rg values could not he evaluated since the particles were found to

scatter light isotropically. Thus. the particle sizes were < ma. i.e.. < ca. 32 nm. This

section will present the results obtained by SLS on the reverse micelles by flI'5t discussing

the Mw and the aggregation numbers and second the A2 values.

The weight average mo1ecular weight wlùch was obtained by SLS is an average

value for the solutes present in solution. As was previously discussed, the SEC

chromatograms of these block copolymer solutions show peaks for both micelJi7f'it and

tmmiœJlizl'rl block copolymer chains The total weight average mo1ecular weight

<Mw,total) can thus he descn1led as
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MW•IOta! =fmic X Mw(mic) + (l - fmic) X Mw(s) (12)

where fmic is the percent of micelljred chains. For the molecular weight of the single

chains. the value for PS(660) was used. Since the cmc was much lower than the

concentrations used. the Mw(mic) required no correction for the cmc values. The Mw.tota!

and Mw(mic) values and the calculated aggregation numbers are given in Tables 5.4 and

5.5. respectively.

The aggregation numbers (Nagg) of the micelles were investigated in different

solvents. Figure 5.5 shows the Nagg values ploned for PS(660)-b-PANa(x) in toluene.

nIF and chloroform, and for PS(660)-b-PAA(x) in toluene. as a function of the insoluble

block length, i.e. cither NpANa or NpAA' The lines represent linear regressions through

the data, shoVl'll to illustrate the general trends observee!. It should he noted that the Nagg

values for the sample with the shorte5t insoluble block length, PS(660)-b-PANa(2.6), are

not represented on the graph. The Nagg values for this sample were found to he much

Iarger !han those of the other samples. For instance, the Nagg values for PS(660)-b­

PANa(2.6) in toluene. lHF and chIoroform were 72, 49, and 20, respectively (Table 5.5).

These large values may result from the adsorption of sorne of the polymer on the SEC

columns (section 5.3.2.1) which would lead to a gnaUer percent of micelles and therefore

Iarger Nagg values.

The N388 values for PS(660)-b-PANa(x) in toluene were found to he very similar

to those in lHF. and a single line represented the increase of N388 with NpANa for these

two solvents; the doned lines shown in the plot represent the 95% confidence limits. The

N388 values in chIoroform were found to he lower than those in toluene or lHF for low

ionic block lengths; however. at bigber ionic bleck lengths. the N388 values approochf'1!
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those of toluene or THF. For PS(660)·b·PAA(x) in toluene. the Nagg values were found

to he equal to those in chloroform :!t ca. 4.7 units and to those in toluene or THF at 14

units. These PANa block lengths also correspond to those at which the cmc values were

obscrved to he the same (Figure 5.2). A comparison of Figures 5.2 and 5.5 suggests that

the trends in the Nagg values for these systems were found to he essentially opposite to

those previously observed in the log cmc values. which seems reasonable.

It is of interest to investigate the trends in Figure 5.5 and the points at which the

lines cross. For instance, at an insoluble block length of 5 units. the Nagg values decrease

in the order PANa in toluene - PANa in THF > PAA in toluene - PANa in chloroform.

On the other hand. if the trends are cxttapolated to higher insoluble block lengths. such as

25 units. the Nagg values decrease in a different order. PAA in toluene > PANa in

chloroform - PANa in toluene - PANa in THF. It should he noted that the trends which

are observed in the aggregation numbers for these samples which have relatively short

insoluble block lengths (0.4 to 3 mol %) may not necessarily he indicative of the behavior

for higher ionic block lengths. For instance, a study given in Chapter 6. probed the effect

ofdifferent degrees of neutralization on the miœllization of IWO block copolymer samples,

PS(600)-b-PAA(34) and PS(600)-b-PAA(45). In that study. the aSooregation numbers in

toluene for the acid block copolymers were found tO he lower than those of the Na

neutralized samples. Therefore, caution should he exercised when exlending the present

trends ta longer insoluble block lengths.

The quality of the solvent for the block copolymer can he detertnined from the

second viria1 coefficient values. These values represent an average quantity over ail the

particles in solution, and are given in Table 5.5. In general, it was found that the A2

values decreased as the total molecular weight of the particles in solution increased. This

trend is e:cpected since, in general, the so1vent qua1ity decreases as Mw increases. However
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Table 5.5. Summary of the Rcsuhs Obtaincd for PS(660)-b·PANa(x) and PS(660)-b-PAA(x) by SLS and DLS in

Different Solvents

Composition Toluene TUF Chloroform
PS(660)·b·X Nagg Azx 104 Dh Nagg Azx 104 Dh Nagg Azx 104 Dh

(mL mol/ez) (nm) (mL mol/ez) (nm) (mL mol/ez) (nm)

PANa(x)
2.6 72 0.56 46 49 0.70 49 20 0.70 48
4.7 31 0.65 46 27 0.75 47 15 0.71 44
6.4 32 0.58 47 29 0.50 50 13 0.58 50
8.9 35 0.52 53 37 0.56 53 20 0.79 53
14 38 0.64 54 39 0.38 52 31 0.68 50
18 40 0.37 57 46 0.40 56 41 0.65 55
21 45 0.36 59 47 0.31 52 57

PAA(x)
4.7 9.6 0.69
6.4 Il 0.75
8.9 23 0.28
14 39 0.39
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the error in the A2 values can he significant for such low values. Le. in the 10-5 mL mol 1

g2 range. The average values and standard deviaùons in the different solvenl~ were found

to he similar in toluene (0.5 ± 0.1), in 1HF (0.5 ± 0.2), and in chlorofonn (0.7 ± 0.1)

(values given as x 10-4 mL mol 1 g2). Similarly, the average A2 value for PS(660)-b­

PAA(x) in tolucne was (0.5 ± 0.2) x 10-4 mL mol 1g2. These A2 values were found to he

significantly lower !han those for linear PS of the same weight average molecular weighl

For instance, A, for PS in toluene63 at a Mw of 2 x 106 g 1mol is 2.5 x 10-4 mL mol 1g2,

which is higher by a factor of five than those determined for the reverse micelles.

5.3.2.3. JJynanùl: Lighl Scattering

The hydrodynamic diameters (Dh) for PS(660)-b-PANa(x) were determined from

OLS data using eq. 8. These values are summarized in Table 55 for the black ionomers in

toluene, 1HF and chloroform. The Oh values were found to he very simiIar in these three

solvents. The Oh for black copolymer micelles are expected to depend on the aggregation

number as we1l as on the Iength of the soluble black and the quaIity of the solvent. The

former parameœr affects the core size, while the latter IWO parameters effect the sizcs of

the PS coronal chains. The size of the polymer chains can he described by the empirical

Mark-Houwink parameœr. which, for theta solvents, bas a value of 050. The values for

this coefficient for PS in toluene, 1HF and chloroform are ca. 0.74. 0.72 and 0.75.50

ThUS, the expansion of the PS corona in these solvents is expected ta he very sirnj1ar.

The ~ values of the black copolymer micelles have been described by the star

mode!,49 which addresses black copolymer micelles which have a small core and a

re1ative1y large corona. Severa! scaling relations have been deve10ped to descn1le the

micelle characteristics. The Rh scales as,
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( 13)

where a is the length of a monomer unit. NA and NB are the number of monomer uniL~ in

the soluble and insoluble blocks. respectively. The Rb values plotled according to this

relation are given in Figure 5.6. The solid and the dashoo lines represent the linear

regression through the data for the three solvents and the 95% confidence limiL~.

respectively. The slope and intercept of the line was 0.68 and 0.35. respcctivcly. with a

correlation coefficient of 0.94. This scaling prediction thus adequatcly describes the Rb

values, with the exception of those for the PS(660)-b-PANa(2.6) block copolymers. which

were omitted in the linear regression analysis. It is possible that for these samples, the

PANa block is not sufficienùy long to adopt a collapsed conformation. Consequently. the

insoluble block would exist in an extended conformation, which might result in larger

micelle size.

The Rb values can he used to calculate the A2 values for hard spheres. Thcse A2

values are given as64

A2 = 16/3 7t Nav Rt3/ Mw(mic)2 (14)

where Rt is the equivalent thennodynamic radius. It was found that the A2 values were in

the same range as those measured by SLS (Table 55). For instance, for PS(660)-b­

PANa(x) in toluene, the average of the measured and the calcuIated values were (0.5 ±

02)x 10-4 and (0.23 ± 0.09) x 10-4 mL moUg2, respeclive1y. The thennodynamic

intennicellar interaCtions are thus close ta those for bard spheres.
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ploned according to the scaling relation of the star mode!.
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• 5.3.3. ElTect of PS black lengths on the aggregation of PS-b-PANa

black ionomers

In this part of the chapter. a description is givcn of the effecL~ of the soluhk hlock

lengths on the aggregation of PS-b-PANa black copolymers in THF as investigated hy

SLS. The composition and polydispersity indices of the block copolymers are givcn in

Table 5.1. The PS block lengths investigated had 190. 630 and 2300 uniL~. auached to

PANa blocks ranging in length from 4.2 to 69 unilS. The results obtained on the hlack

ionomers are given in Table 5.6. The percent of miœJ li71'<! chams givcn in this tahle wa.~

determined by SEC in a previous study.39 From these values. the wcight average

molecular weight of the micelles and the aggregation numbers were evaluated as described

in the previous section (5.3.2.2).

Figure 5.7 illustrates a plot of the Nagg values as a function of the PANa black

length for different PS black lengths. Included in this figure are the values for the

PS(660)-b-PANa(x) black ionomers discussed in the previous section. From the trends, it

can he concluded that for a constant PANa black length, the Nagg values decrease as the

length of the PS black increases. This decrease in the Nagg values was more pronounced

for longer PANa black lengths. ThUS, the soluble black length was found to influence the

aggregation numbers significantly.

The PS(19O)-b-PANa(24) sample had a much higher aggregation number (590)

than the other samples investigated. The mole percent of the ionic black for this sample

was 11 %. much higher than that of the other samples investigated, which ranged from

0.20 ta 5 %. It is possible that this sample fonns aggregates having a nonspherieal

morphology. For polymers containing an ionic phase such as the segmented ioncnc

sysœ:ms6S and block ionomers of poly(n-bexyl methaaYJate)-b-poly(cesillln mcthaayIare},66
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Table 5.6. S'Jmmary of SLS Results for PS(x)-b-PANa(y) in THF.

PS(x)-b- nûcellized Mw x 10-6 g/mol Nal:l: ~(total) A2 x 11)4

PANa(y) chains (%)39 total nùcelle (nm) (mLmoUg2)

190-b-1O 96 2.55 2.64 130 42 0.35

190-b-24 97 12.6 13.0 590 85 1.1

630·b-4.2 77 1.03 1.32 20 54 0.42

630·b-18 95 5.05 5.31 79 50 0.50

63D-b-31 98 6.92 7.04 100 50 0.56

23OG-b-4.6 68 3.84 5.54 23 58

23OG-b-31 83 8.23 9.89 41 65 0.40

2300·b-69 84 12.5 14.8 60 68 0.54
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the cy!indrical or lamellar morphology has been observed in bulk at an ionic content of ca.

IO %. In nonionic block copolymers such as PS-b-PI, the transiùon from spherical to

cylindrical morphology has been observed at a higher mole percent (ca. 17 mol %).67,68

The morphological change occurs atlower mole fracùon for the ionic system compared to

the nonionic system due to the larger interaction parameter between the two blocks.69

It was of interest to determine the scaling relation between the aggregation

numbers and the PS and PANa block lengths. The PS(190)-b-PANa(24) block copolymer

sample is omitted from the present discussion, for reasons discussed above. Since the PS

block length was found to influence the Nagg values, theories such as the star model49

could not be employcd. The effect of the soluble and insoluble blocks on Nagg are

considered in the mean field theories ofWhiunore and Noolandi,70 and that of Nagaragan

and Ganesh.58 The Nagg values can be described by

(lS)

where (1 and ~ are constants. The ~ constant was determined from a plot of log Nagg

versus log PS for a constant PANa block length of 10 units. The ~ constant was

evaluated to be -0.64. Similarly, the (1 constant was determined from the slope of a plot

of log Nagg versus log NPANa for constant PS block lengths. Since the (1 values were

found to vary with the PS length, for instance they were 0.82, 0.38, 0.36 for PS block

lengths of 630, 660 and 2300 units, respectively, the average value was employt:d (0.52).

A !inear relationship between the Nagg values and NpANa0.5Nps-o·6 was found with a

correlation coefficient of0.83 (graph not shown).

The dependence of the core radii <Re> (calculated from eq. 2), on the PS and

PANa block lengths was also investigated. The~ values are expected to obey the same

sca1ing relation given in eq. 15 with different (1 and pvalues. The values for the (1 and P
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constants were determined in the same manner as those for the Nagg scaling relation. The

~ constant was evaluated l'rom a log-log plot of Re versus Nps for a NPANa value of JO

units and was found to be -0.22. The ex constant was a function of the PS block length;

they were 0.45. 0.46. and 0.45 for PS black lengths of 630. 660. and 2300 units. The

ave:-age v.ùue (0.45) was used to evaluate the scaling relation. The main pan of Figure

5.8 shows the plot of Re as a function of NPANao.5Nps-o·2. The solid and dotled \ines

correspond to the linear regression having a correlation coefficient of 0.95 and the 95%

confidence limits. respectively. The intercept and slope of the line were -0.03 and 2.4.

respectively. It is to be expected that the correlation coefficient for scaling relations

involving the radius are better !han those involving Nagg• since the calculation of Re

involves the ~'be root of Nagg (eq.2).

For the present black ionomer system. the scaling relations of Nagg and Re W\.'l'C

found to depend significantly on the length of the PS black length. The theory of

Nagarajan and Ganesh58 has predicted a significant dependence on the micellar parameters

on the soluble black for systems in which the solvent is very good for the soluble black.

This appears to be applicable to the present case, where 1HF is a good solvent for PS.

The micellar parameters for PEQ-b-PPO black copolymers in water were modeled in that

theory.58 It was found that Nagg and Re scaled as Nagg oc: NpPOO.73NPEO-o.51 and Re oc:

NpPOO.73NPEO-o·17• The magnitude of the dependence on the length of the soluble black

(PEO) was found to be similar to the present system (Nagg oc: NpANa 0.5 Nps ·M and Re oc:

NPANa 0.5 Nps -0.2).

The scaling relation of another micellar parameter, the surface area per chain

(SlNagg)' calcuIated from eq. 3 was aIso investigated. It was found that SlNagg was
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• proportional to NpANa2l5. as predicted by the star model.49 The insel of Figure 5.8.

shows this scaling relation. in which the regression coefficient was 0.94. The intercepl and

slop.: of the !ine were -0.68 and 0.76. respectively. From this result. it can he s~-en that the

soluble (PS) block length has no effect on the surface area per chain values.

The micellization of similar block ionomers bas been investigaled in a previous

SAXS study.41 The block ionomers were composed of PS blocks attached to either

poly(cesium acrylate) (PACs) or poly(cesium methacrylate) (PMACs). The samples were

measured in toluene at a concentration of ca. 0.05 g/mL which was much higher than

those used in the present SLS study (ca. 2 - 0.02 mg/mL). The composition of severa! of

these block ionomers was identical to those given in Table 5.6. with the exception that a

Cs eounterion was used in the samples studied by SAXS.

The Nagg values for the block ionomers as determined by both SLS and SAXS are

given in Table 5.7. In general. satisfaetory agreement was obt:ùned helWeen the two

methods with the exception of two samples. For instance. the Nagg value for PS(l90)-b­

PACs(24) was found to he significantly smaller by SAXS !han by SLS. The lower value

by SAXS is probably due to the fuet that a spherical morphology was assumed in the

calculations. wbereas by SLS it was suggestcd that the sample most 1ikely bas a

nonspberical morphology. The PS(2300)-b-PANa(69) sample was found to he

significantly larger by SAXS compared to that evaluated by SLS. This difference is not

fuUy understood at this time but may he related to samp\e preparation conditions. lt

should also he noted that the present study found a 5trOng influence of the soluble block

\ength on N38S' while by SAXS the Nagg were found to he independent of the PS block

\ength. Excluding these two samples, a plot of Nagg values detennined by SLS versus

those detennined by SAXS had a slope close to unity (1.1) wben the linear regtession was

passed through the orlgin (gIaph not shown).
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Table 5.7. Comparison of Aggrcgaüon Numbers Oetermined by SLS and SAXS41

Composition SLS SAXS

(Na, THF) (Cs, Toluene)

PS(l90)·b-PA(IO)-Na or Cs 130 120

PS(l9O)·b-PA(24)·Na or Cs 590 88

PS(630)·b-PA(4.2)-Na or Cs 20 34

PS(630)·b-PA(l8)-Na or Cs 79 86

PS(630)·b-PA(31)-NaorCs 100 140

PS(23oo)-b-PA(69)-Na orCs 41 110

5.4.. CONCLUSIONS.

The aggregation of two bleck: copolymer series, PS(660)·b-PANa(x) and PS(660)­

b-PAA(x). was invesligaœd by SLS. SEC and OLS. The QUc's were detemùned for the

salt fonn in 1Oluene, 1HF and chlorofonn and for the acid fonn in 1Oluene. 1bese values

-.vere found 10 deaease as the insoluble bleck: length increased. In genera1, the QUC values

ranged from 1 x 10.7 10 5 x 10.9 M. The a and b constants in the relation log QUC = a

NpANa113 + b. were determined for these systems. The value of the a constant for the

bleck: ionomer sysœm was re1aIively smaD. (ca. -0.6) wbich is Ieflected in a weak

depc1l'''eŒe of the QUC on the PANa bleck: length. As a consequence, very linle
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segregation was found in the molecular weight distributions of the block copolymers

present as single chams in solution and those in the micelle fraction.

For the present systems as weil as for severa! other block copolymer micelles. the

a and b constants were correlated to the estimated interaction parameters betwt.-cn the

polymer forming the core and the solvent. Xeore.sol' It was found that the magnitudes of

the a values were proportional to the Xeore-sol values, while the b values were inversely

proportional to the Xe:ore-8OI values. This result shows that when the interaction betwcen

the polymer forming the micelle core and the solvent is strong (large incompatibility), the

dependence of the cmc on the insoluble black length is we:lk (small absolute value of a)

and the croc values are low (small b value).

The mixed micelle mode! desaibes the cmc values for black copolymers which

have collapsed insoluble blocks. For insoluble blocks which have lengths lcss than the

minimum length required for coUapse. the CML concept seems valid. These ch:ùns, which

are ca. 2 to 3 units long, are expected to have cmc's which are larger!han thase assuming

ct>Uapsed insoluble blocks.

Other aspects of aggregation such as the aggregation numbers. second virial

coefficient values and the hydrodynamic radii were also investigam The trends in the

aggregation numbets with increasing insoluble black lengtbs were found to opposite to

observed for the cmc values. The hydrodynamic radii for PS(66O)-b-PANa(x) in toluene,

niF and cb1oroform were round essetlliaDy to be the same, since the expansion of PS in

these solvents is expected ID be sirni1ar.

The effectofthe soluble black on the aggregation ofthree PS(x)-b-PANa(y) black

ionomer series was investigated in l'HF. For these black ionomers,. the PS black Iengtbs

were either 190. 630. 660 or 2300 units, anacbed to PANa blocks of various lengtbs,

ranging from ca. 2.6 to 69 units. The aggIeglUion "lJITIbea inaeased as the PANa black
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lt:ngth increased and decreased as the length of the soluble block increased. The

aggregation numbers and core radii for these four series could he described by Nagg oc

NpANa0.5Nps.o.6 and Re oc NPANao.5Nps.o·2, respectively. The surface area per chain

was found to he proportional to NpANa2l5 as has been predicted by the star modeL
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CHAPTER6

Effect of the Degree of Neutralization on the

Micellization of Block Ionomers

ABSTRACT

The effect of neutralization on the micellization of polystyrene-b-poly(acrylic acid)

(pS-b-PAA) was investigated by static Iight scanering (SLS) and smaII-angle X-ray

scattering (SAXS). The block copolymers, present initia11y in single chain fonn in either

dioxane or benzene/methanol (90/10 (v/v», were neutralized to different degrees by the

addition of cesium hydroxide dissolved in Methanol The solutions were simultancously

monitored by SLS. It was found that mice11e fonnation began near 5% neutralization.

The nonnalized scanered Iight intensity at 90° O9o'c) increased dramatic:ùIy in the

neutralization range between ca. 10 and 60%. For neutralization degrees between 60 and

ca. 100%. ~c did not change significantly with a further increase in the percent of

neutralization. In the second part of the study, two block copolymers, PS(6OO)-b­

PAA(34) and PS(600)-b-PAA(45) were prepared from benzene/methanol (90110 (v/v»

with different degrees of neutralization: 5, 25. 60. 100 and 150%. The resuIting solutions

were freeze dried and the dried samples were redissolved in toluene. These samples were

investigated by SLS and SAXS. By SLS, the aggregation numbers (Nagg) were found to

be the same between 5 and 60% neutralization. An increase in Nagg was observed in

going from 60 to 100%; i.e., Nagg increased from 82 to 92 for PS(600)-b-PAA(34), and
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from 79 to 110 for PS(600)-b-PAA(45). The Nagg values for the two block copolymers

at 150% neutralization were found to he the same as those for 100% neutralizaùon. The

core radü values (R~ were measured for the neutralized PS(600)-b-PAA(45) samples at

0.05 glmL in toluene by SAXS. The Re values increased from 5 to 60% neutralization.

remaineo constant from 60 to iOO%. and increased again in the range from 100 to 150 %.

The results are explained by dynamic considerations. For low percent neutralization.

bctween 5 and 60%. the micelles and single chains are proposed to he in a dynamic

equilibrium state. For higher percent neutralization, hetween 60 and 100 %. the dynamics

are probably much slower.

6.1. INTRODUCTION

Block copolymers tend to form micellar structures when dissolved in a solvent

which is selective for one of the blocks. Increasing interest bas focused on the formation

and characterization of these micelles, and the phenomenon bas been reviewed.1-S

Recently, considerable research bas been performed on nonionic block copolymers which

miccllize in aqueous media6-12 or in organic solvents.13•17 Research on the micellization

of ionic block copolymers, as compared to that on nonionic block copolymers, is more

scarce. Ionic block copolymers, due to their amphiphilic nature, are able to form either

polyelecttolyte or ionomer micelles, depending on the nature of the solvent. For instance,

in an aqueous environment, polye1ectrolyte micelles are formed with a hydrophobic core

and a charged ionic corona. Severa! studies have focused on the characterization of these

micelles.4.18-20 In organic solvents, ionomer micelles are formed with an ionic core and a

nonionic corona. The latter micelle Structure will be the focus of the present chapter.

Block ionomer miceDes which are composed of a nonionic corona of polystyrene

and an ionic core of either neutralized poly(methaCIylic acid) or poly(acrylic acid), or
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quanemized poly(4-vinylpyridine). have been extensively studied in thL, laboratory bY

severa! teehlÙqUes.21•30 The results of sorne of these studies were given in chapter 2. It

was shown that block ionomer micelles composcd of polystyrcne·b-poly(metal

methacrylate) fonn very stable micelles.21 A systematic study investigated the depcndence

of the block copolymer composition on the micellar characteristics by sizc exclusion

chromatography (SEC).21 DLS.22 and viscometry.21 The method of micelle preparation

was found to influence significantly the micelle characteristics. For instance. the

neutralization medium had an effect on the hydrodynamic radius (Rh) of the micelles. The

block copolymer neutra1ized in benzeneJmethanol was found to have a larger Rh than that

in dioxane. It should he noted that both solvents dissolved the acid copolymer as single

chains. Also. it was found that neutralized samples which were recovered by fn:ezc drying

and redissolved had a larger aggregation number (Nagg) and Rh eompared to those which

were fonned directly upon neutraliz:ation.22

One parameter whieh bas not yet been investigated is the effect of different degrccs

of neutralization on the micellar properties of black ionomers. This study is the focus of

the present ehapter in which polystyrene-b-poly(acrylie acid) is neutralized to different

amounts. The samples were measured by using {Wo complementary scattering teehlÙques.

statie light scanering and small-angle X-ray scanering. Infonnation on the weight-ave:age

molecular weight, radius of gyration, second virial coefficient, and core radius was

obtained by these two methods in combination. This chapter will first discuss the

neutralization of the acid eopolymer with cesium hydroxide as a funetion of the solvent

and the ionie black length. The results on samples prepared with different degrees of

neutraliz:ation as investigated by SLS and SAXS will then he presented and discussed.
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6.2. EXPERIMENTAL

6.2.1. Materials

The block copolymers. polystyrene-b-poly(acrylic acid). were prepared by

sequential anionic polymerization; the details are given in ref (21). For convenience. a

summary of the synthesis will he given here. The copolymers were synthesized by

sequential anionic copolymerization of the styrene monomer followed by tert-butyl

acrylate. The initiator was the reaction product of sec-butyllithium with a few drops of (x.

methylstyrene. The polymerization was carried out in tetrahydrofuran (1HF) at -7SOC

under an atmosphere of nitrogen. The apparatus employed for the polymerization allowed

the withdrawal of the reaction mixture in the course of the synthesis. Therefore, for a

given constant polystyrene block length. a series of diblocks was obtained with poly(tert­

butyl acrylate) segments of different lengtbs. Aliquots of the reaction mixtures were

withdrawn for cbaracterization after the polystyrene block was forroed and every lime

following addition of the second monomer. Polystyrene-b-poly(acrylic acid) (pS-b-PAA)

was obtained by acid-catalyzed hydrolysis of the tert-butyl acrylate segments in toluene at

SO·C using p-toluenesulfonic acid as the catalyst. The PS-b-PAA was recovered and

purified by repeated precipitation in cold methanoL The samples were then dried in a

vacuum oven at SO·C for 48 h. The composition of the copolymers was determined by

either Fr-IR using copolymers in the ester forro or by titration of the acid. The molecular

weight of the polystyrene block was determined with a precision of± S% by size exclusion

cbromatography in nIF using narrow molectùar weight polystyreDC standards. The

polydispersity index ofthe PS block was 1.10.

For neutralization of PS-b-PAA. a known amount of the dried copolymer was

dissolved in ben:zenefmethanol (90110 (v/v» at a concentration of 2% (w/w). The acid

samples were neutralized by dropwise addition of CsOH in methanol to the solutions. For

two block copolymers; PS(600}-b-PAA(34) aDd PS(600}-b-PAA(4S). samples with
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different degrees of neuttalization were prepared. i.e. 5. 25. 60. lOO and 150 %. by

addition of different amounts of CsOHlmethanol. The solutions were sùrred for 1 to 2

hours. and the diblock ionomers were recoven:d by freeze drying. The samples were then

further dried at 60·C for 48 h. under vacuum. Abbreviations are usc:d to indicate the

copolymer composition; for example, PS(6oo)·b-PACs(34) represents a polystyrene chain

of 600 units joincd to a poly(cesium acrylate) chain of 34 units: PAA denotes poly(acrylic

acid).

6.2.2. Sample Preparation for SLS

Three PS·b-PAA block copolymers, PS(600)·b-PAA(45). PS(600)·b-PAA(34)

and PS(600)·b- PAA(13). were prepared by dissolving the copolymer cither in dioltane or

in a benzenefmethanol mixture (90110 (v/v». The initi:ll concentrations of the solutions

depended on the block copolymer composition. and they ranged from ca. 2.5 lt 10-3 to 6 x

10-3 glg. The solvent and polymer solutions were filtered through 0.2 and 0.45 lJ.Il1 PTFE

filters, respectively, into scintillation vials which were used for the light scattering

measurements. Titration curves were obtained by adding dropwise a predetermined

amount of CsOHlmethanol to the PS·b-PAA block copolymer solutions. The

concentration ofCsOH used was 1.0,0.44 M and 0.18 M for PAA block lengths of 45.34

and 13 units. respectively. The amounts of CsOHlmethanol added did not represent a

significant volume as compared to the total volume of the solution. For instance, to

achieve 100% degree of neutralization of PS(600}-b-PAA(45) in dioxane (10 mL), 144

J.lL of CsOHlmethanol was required. This amoUDt of CsOHlmethanol represents ca. 1.4

% of the total volume, It should he noted that these values are given for illusttative

purposes only, since the aetual solution volume is cbanging durlng the course of the

measurement, as will he exp1ajneoD below. AftJ::r each addition of CsOHlme:thanlJl. the

solutions w= stirred for ca. 10 min. and the scatteœd light intensity was measured live

limes; the average value was nsed. Typica1 average pen:ent error in the scatteœd jntensity
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al 90° was ca. 3 %. For Iùgher degrees of neutralization. the scattered inlensity increased

above the deteetion limil of the deteelors. and thus the polymer solutions were diluted by

the addition of solvent For the !WO samples PS(600)-b-PAA(4S) and PS(600)·b­

PAA(34). wlùch were prepared with specific degrees of neutralization (5. 25. 60. 100.

150%). the weighl-average molecular weight CMw). radius of gyration CRg). and second

viria1 coefficient (A2> were determined by eonstrueting a Zimm plot A minimum of four

concentrations was used for each Zimm plot analysis.

6.2.3. Statie: Light Sc:attering and Specifie: Refrac:tive Index 1nc:rement

(dnlde:) Measurement

Light scanering experiments were performed using a DAWN·F multiangle laser

pholometer (Wyatt Technology. Santa Barbara. CA ) at 25oc. wlùch operates at 15

angles. from 26 to 137°. and is equipped with a He-Ne laser (632.8 nm). Data acquisition

and analysis utilized the DawnF and SkorF software. respectively. Zimm plots were

processed with Aurora software. The specifie refractive index inaements (dnldc) were

dctermined using the WyattiOptilab 903 interferometric refractometer and accompanying

software (Onde 2.01) at a wavelength of 630 Dm. The cell constant was determined by

calibration with different concentrations of sodium chloride (99.999%. Aldrich) solutions.

Eight to ten concentrations were measured for each dnldc determination. The dnldc

values were obtained from the slope of a plot of refractive index versus polymer

concentration. The dnldc values for PS-b-PM. and PS-b-PACs were found to be 0.110

mUg. which is the same as the literatnre values for polystyreDe in toluene.31 It should be

noted !hat, in general, for black copolymexs with different refractive indices. an apparent

weight-average mo1ecularweight <Mw.appl is obtained by SLS.32 However, in the present

case, Mw,app is close ta the troc Mw values since the refractive index inaements of the

black copolymexs and of the soluble black in toluene were the samc. This zcsult is

probably due ta the sman weight fxaction ofthe insoluble black.
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6.2.4. Sample Preparation for SAXS

Miœllar solutions were obtained by dissolving the freezc-dricd powder in toluene

at a concentration of 5% (0.05 g1mL). For the SAXS expcriment. the solution was

encloscd in a 1.5 mm thick ccll with Kapton@ windows. The SAXS measurcments wcre

carricd out at room temperature.

6.2.5. SAXS Measurement

The small-angle X-ray scanering experiments weIl: perfonned at the D22 station

of the LURE-DCI synchrotron radiation sourœ (Orsay. Franœ). A description of the

spectrometer bas been published clsewhere.33 It is a speci,ljm! spectrometer c:quippcd

with double crystal. fixed exit monochromator providing a beam of a narrow energy range

tunable from 4 to 15 KeV (0.3 to 0.08 nm). The size of the beam at the s:unple was about

1 mm2• The scatten:d X-rays weIl: deteeted with a Xe-C~ gas tilled. one dimensionai

position sensitive deteetor with a resolution of 217 J.U11. Samples were studied in the

angu1ar q range from 0.06 mu-1 to 3.0 mu-1 (q = 4 x sine 1 À, where e is one half the

scanering angle. and i.. is the X-ray wave1ength). The resulting scattering intensities were

corrected for the incident beam decay. s:unple thickness and transmission. The

background sc:utering from the solveot was also suhtraeted. The q resolution is of the

orderofo.oo3A-1•

6.3. RESULTS AND DISCUSSION

The ResullS and Discussion section is divided into three pans. In the fust part. the

effect of œutta!iZllrion on the micellizatjon of PS-b-PAA is discusscd quallialively.

Neutr.lIization was fonowed in two diffelcDt so1veols, dioxane and a benlfIcfmetbaool

mixture for three differeut black copo1ymels. 'Ihe aim was te examine the effect that
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increasing degree of neutralization bas on the solvent quality for the block copolymer. in

panicular for the block fonning the micelle core. In the second and third pans. more

quantitative results are presented which were obtained by SLS and SAXS. respectively.

The samples investigated were prepared with specific degrees of neutralization and

mcasured in toluene which is a non-solvent for PAA and PACs.

6.3.1. TItratiOD ofPS-b-PAA with CsOHlMeOH

Figure 6.1 summarizes sorne of the results obtained in this study for the titration of

PS(600)·b-PAA(45) as well as the results for this sample with different degrees of

ncutr:l1ization. The aggregation numbers (Nagg) (Figure 6.la) and core radii <Re> (Figure

6.1b) will he discussed in sections 6.3.2 and 6.3.3. Fust, a typic:ù titration curve obtained

for PS(600)·b-PAA(45) dissolved in dioxane, which is given in Figure 6.1b. will he

addrcsscd. For this sample, the scanered intensity at 90° was nonnalized to the polymer

concentration and measured as a function of the percent neutr:l1ization of the PAA chains

with CsOHimetilanol It should he noted that PS-b-PAA in diox:me is present as single

chain", since the solvent is good for both blocks. However. upon neutr:l1ization. the

solubility ofthe partially neutralized PAA block deae:lses, and thus the chains associate to

fonn the micelle core.

It is interesting to establish at which percent neutralization of the PAA chains

rnice1]jzation stanS from a solution of single chains This value cao he detennined by

examining the inset of Figure 6.lb. which shows the nonna1im! scanered intensity (IgoIc)

as a function of the percent neutralization near the orlgin of the plot. It was found that

Ity;Jc was constant below ca. 5% neutralization, after which the value began to increase.

l'bus.. miceDization occuned in the block copolymer when ca. 2 of the 45 PAA units pel'

chain (Le. ca. 5%) were converted to the salt fonn.
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Figure 6.1. Summary of results for PS(600)-b-PAA(45) as a function of percent

neutralization; (a) aggregation numbers (Nagg) for freeze dried samples measured

in toluene; (b) core radii <Re> for freeze dried samples measured in toluene (...)

and scanered light intensity at 90° nonna1im! to polymer concentration O9ofc) as

a function of the percent neutralization with CsOHlmethaDIJl measured in dioxane

(0). The inset shows L:xfc for low percent of neutralization. The lines are shown

as a guide for the eye.
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A similar tilration was perfonned for PS(600)-b-PAA(13) and PS(600)-b­

PAA(34) in benzeneJmethanol (90110 (v/v)), with the results shown in Figure 6.2. In this

solvent mixture, the block eopolymers are also initia11y present as single chains. The

t:tration eurve will he discussed in greater detaillater in this section. lt should he noted

that the first increase in '1xfe also oceurred at low degrees of neutralization for both block

eopolymers, specifically at ca. 7% (see inset of Figure 6.2). This value was found to he

independent of the PAA block length.

Once micellization bas hegun, it is of interest to examine the effects of further

addition of CsOHlmethanol on 19o1c. For PS(6OO).b-PAA(45) in dioxane (Figure 6.1b). it

was observed that above 5%. l'XIe increased rapidly with increasing degree of

neutralization. For instance. hetween 10 and 60% neutralization. the normalized scattered

intensity increased by a factor of ca. 6. A further inerease in the degree of neutralization

resulted in a less dramatie inerease in the scattered intensity. For instance. from 60 to

100% neutralization. the scattered intensity increased by ooly 10 %. However. at 135%

neutralization. '1xfc increased significantly. This latter inerease may arise from the

solubilization of the excess neutra1izing agent. CsOR, in the micelle core, and will he

discussed in section 633.

The shape of the tittation curve can giVf information on the solvent environment

for the black copolymer with increasing degree of neutralization. First, it should he noted

that for 10w degrees of neutralizatiOll, the micelle cores are expected ta he swollen with

dioxane and metbanol This OCCUIS because the core is composed of PAA chains which

are only partially neutralized. The dioxane and methano1 would preferentially solvate the

~ltralized sections of the PAA black while the black copo1ymer is in the micellar fonn.

However. as the pen::ent neutralization increases, the high ionic content of the core is

expected ta aeate an 1111favorable environment for dioxane and methanol As a result.

these solvents wonld he expeDed progressively from the micelle core. Consequently. il

cao he suggcsted that the miceUe cores are more swollen al low degrees ofneutralization
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Figure 6.2. Scattered light intensity at 900 normalized to polymer concentration

U9rfc) as a function of the percent neutralization with CsOHlmethanol in

ben7P!lelmethanol (90110 (v/v)) for PS(600)·b-PAA(34) ( • ) and PS(600)·b­

PAA(l3) ( Â). The lines are shown as a guide for the eye.
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than those at higher degrees.

For low degrees of neutraIization. the cmc values would he expected to decrease

with increasing neutralization. This aspect can he understood because increasing the

degree of neutraIization results in the increase in the numher of ionic groups per chain. and

the association of ionic chains would he expected to he stronger than that of acid chains.

A1s0. as a result of the increase in the numher or concentration of ionic groups, the solvent

quality for the core decreases. Therefore. micelles would fonn at a lower concentration.

Since the cmc decreases. the increase in Itxfc at low degrees of neutralization can be

attributed. in part, to an increase in the number of the micelles.

To relate Itxfc to the weight-average molecular weight (Mw) of the particles, Mw

W3S evaluated for PS(600)-b-PAA(45) in dioxane for two degrees of neutralization. 7 and

50%. These measurements were perfonned by talàng the samples which had been

measured for the titration curve (Figure 6.1b) and diluting them with dioxane to obtain

different concentrations. The results for these samples at different concentrations were

represented as Zimm plots. The Mw values for the 7% and 50% neutralized samples were

detennined to be 1.6 x HP and 9.3 x HP glmol, respectively. Thus, Mw increases by a

factor ofca. 6 in this neutralization range.

The effect of using benzeneJmethanol (90110 (v/v)) as the solvent medium for the

neutraIization process W3S investigated. As noted previously, for this solvent

composition.. the acid black copolymer is present as single chajns. since benzene and

methanol are good solvents for the PS and the PAA blacks, respectively. Thus, at low

degrees of neutralization it would be expected tÏlat the methanol would solvate the

unneutralized sections of the PAA black, in the same manner as dioxane and methanol

discussed previously. Figure 6.2 illustrates the results obtained for two black copolymers,

PS(600)-b-PAA(34) and PS(600)-b-PAA(13). The shape of the titration curve was

similar to that of PS(600)-b-PAA(45) dissolved in dioxane (Figure 6.1b). However, for

higher degrees of neutralization.. i.e. above ca. 100% for PS(600)-b-PAA(34) and above
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ca. 80% for PS(6oo)-b-PAA(13). further increase in the percent neutralizaùon resulted in

a slight decrease of Igo'c. At this point. the reason for the slight decrease is not liilly

understood.

6.3.2. SLS Results on Freeze Dried Samples

In order to relate the normalized scattered intensities as a function of the percent

neutralization to the actual changes in the micelle aggregation numbers and sizes. samples

for PS(6oo)-b-PAA(34) and PS(6oo)-b-PAA(45) with different degrees of neutralization.

i.e. 5. 25. 60. 100. and 150 %. were prepared and investigated. The PS·b-PAA

copolymers were dissolved in henzenefmethano1 (90110 (v/v» and CsOHlrnethanol was

added dropwise in order to obtain micelles that have a low polydispersity in core sizes.

The neutralized samples. which were recovered by freeze drying. consisted of micellar

structures which were simply redissolved in toluene, a selective solvent for PS. and then

characterized by SLS and SAXS. Thus. complications arising frorn the penetration of

solvent in the micelle core are avoided.

The results for the SLS measurements of the copolymers dissolved in toluene are

given in Table 6.1. The aggregation numbers (Nagg) were determined frorn the ratio of

Mw of the micelles to that of a single chain. It sbould be recalled that the acid form of the

block copolymer aggregates in toluene. It was found for PS(6oo)·b-PAA(34) that the

aggregation numbers (Nagg) increased from 63 to 80. in going from 0% to 5%

neutralization. Thus. the incorporation of just a few ionie groups along the PAA chain

affects the miœIlization significantly. The aggregation numbers for S. 2S and 60%

neutralization were essentially constant at a value of ca. 82 ± 3. A significant increase in

Nagg was observed between 60 and 100% neutralization, ie. from 81 to 92. The same

trends in Nagg were observed for PS(600)-b-PAA(45). For instance, Nagg was ca. 79 ± 2

for the samples at S. 2S and 60%. and Nagg increased from 76 te 110 between 60 and
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Table 6.1. Results for Different Percent Neutralization for PS-b-PAA in Toluene.

Percent Mw NUl:!: ~ A2 Re
Neutralization x1()-6 (nm) x lOS (nm)

(%) (glmol) mL mol

If?-

PS(600}-b-PAA(34)

0 4.1 63 27 1.4

5 5.1 80 26 1.0

25 5.6 85 25 1.8

60 5.5 81 26 1.4

100 6.4 92 34 1.8

150 6.5 93 29 1.3

PS(600}-b·PAA(45)

5 5.4 82 24 0.67 4.3

25 5.3 79 24 0.35 4.7

60 5.3 76 24 0.94 5.3

100 8.1 110 31 0.68 5.3

150 7.9 110 29 0.42 6.0
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100%. AIso. the Nagg values for both copolymers were measurcd for 150% ncutrJli7.ation

and were found to be the same as those for 100% neutralization. This rcsult shows that

there is no effect l..: Nagg for neutralization levels above the stoichiometric amounL The

rcsults for PS(600)-b-PAA(45) are illustrated in Figure 6.1a.

The trends in the aggregation numbers with increasing percent ncutralization can

be examined by speculating on the dynamics of the block copolyrner in the ncutra1ization

medium. The aggregation numbers falI into three regions. depending on the percent

neutralization. Le. between 5 and 60%. between 60 and 100%. and between 100 and

150% (Figure 6.1a). The region between 5 and 60% will be considered firsL In the

previous section. il was suggested that for 10w degrees of neutralization. the single ChailL~

and micelles were in a dynamic equilibrium state due to the solubilization of solvent in the

micelle cores. As a result, micelle formation was expected to occur under equilibrium

conditions. In this study, the aggregation numbers of the micelles n:covcred by freezc

drying from this dynamic State were found to be independent of the degree of

neutralization. The freeze dried samples, which were redissolved in tolucne, would be

expected to exist in a much Jess mobile state t.ian those in benzenelmethanoL This can be

anticipated, since toluene is a non-solvent for the PAA block, and thus the micelle cores

would not be swollen with solvent in contrast to the situation with methanol. Therefore,

significant rearrangement of the micelles in the toluene solutions would not occur.

The dynamics of the system for the second region. ranging from 60 to 100% are

believed to he considerably reduced compared to those for the lower degrees of

neutralization. This can he understood by considering that an increase in the degree of

neutralization of the core forming b10ck reduces its solubility, resulting in micelle

formation. As a result of the cIecreased s01ubility, the unfavorab1e so1vent is progressively

expeUed from the core. This process increases tœ glass transition temperature crg) of the

core. resulting in a cIecreased mobility in the core. In fact, when the temperature of

mea,,-urement is below the Tg, the micelle core can he considered as "frozen". As a resu1t
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of sorne or al! of thesc factors. the aggregation numbcrs for the redissolved frccze dricd

samples were found to increase with increasing percent neutralization be1Wccn 60 and

100%.

In the third region. for degrecs of neutralization be1Wccn 100 and 150%. the

aggregation numbcrs were the same as those at 100%. This result was expected. since a

further increase in the neutralization above 100% would not change the ionic nature of the

block copolymers appreciably.

The radius of gyration (Rg) and second virial coefficient (A2) values determincd by

SLS for PS(6oo)·b-PAA(34) and PS(6oo)-b-PAA(45) are given in Table 6.1. For both

block copolymers. it was found that the Rg values were essential!y constant for the

neutralization range of 0 to 60 %. and increascd slightly for the samples at 100 and 150%

neutralization. For instance, for PS(6OO)·b-PAA(34). the average Rg value for the

samples at 0 to 60% neutralization was 26 ± 1 nm. and that for PS(600)-b-PAA(45) for

the samples at 5 to 60% was 24 nID. For 100 and 150% neutIalization. the Rg values for

both samples were only slightly Iùgher than those at 10wer degrecs of neutralization. with

a value of ca. 30 nID. The A2 values did not exhibit any specific trends with the percent

neutralization.

6.3.3. SAXS Results on Freeze Dried Samples

The core sizes for the neutralized PS(600)·b-PAA(45) samples were measured by

SAXS. In general, for an assembly of scattering particles, the scattered intensity (I(q) is

the product of the particle shape factor (P(q) and the structure factor (S(q). wlùch

characterizes the spatial coaelation of the scatterers.34,3S Silice it is a product of two

functions. it is often difficult to separate one from the other experimenlll1ly. In the present

system. since the sizes of the spheres are so much smaller than the cbaracteristic distances
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between mem. and since me eontrast between me two media is substanùal. me attribution

is unambiguous.

The SAXS profiles showed a pronounced shape faetor peak for samples at and

above 5% neutralizaùon. However. for me acid diblock. PS(6oo)·b·PAA(4S). no shape

factor features were observed due to me low contrast between me PAA and PS blocks.

From me position of me minima of me shape factor. one can calculate me radius of me

cores <Rc>. A detailed description of the data analysis bas been published e1sewhere.28

The core radii were found to increase with increasing percent neutralization from

5% to 60%; mey remained constant from 60% to 100% neutralization and increased at

150% neutralization. The Re values are summarized in Table 6.1. The trends in Re with

increasing degree of neutralization were similar to those of me l'XIc values for PS(6OO)-b­

PAA(4S) in dioxane. The results are compared in Figure 6.1b. From me Re values. it can

be suggested, that micelles begin to form between 0 and 5% neutralization. and mat the

cores continue to grow in size until 60% of the acid is neutralized. The initial growth in

Re accompanies the replacement of the protons in the acid diblock by the Cs+ ions. which

are larger in size than the protons. The fuet that Re remained constant between 60 and

100% neutralization suggests that a preferred core size for the micelle bas been attained.

At 150% neutralization, the extra neutralizing agent enters the core in which the medium

is a1ready highly polar. thus increasing the core size. The ~Iubilization of the excess

cesium hydroxide in the micelle cores was also fo~ to occur in PS(600)-b-PAA(4S)

neutra1ized in dioxane (Figure 6.1b). The solubilization of excess neutralizing agent in or

near the ionic cores bas also been suggested for many random36 and telecbe1ics

ionomers.37
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6.4. CONCLUSIONS

It was found that when single chains of PS·b-PAA were neutraIized. they started

to fonn micelles near 5% neutraIizaùon. The onset of micellizaùon was almost idenùcal

for samples having a PS length of 600 units and PAA lengths of 45. 34 and 13 units. It

was found that ùxJc increased for the block copolymers significantly in the range of 10 to

60% neutraIizaùon. For neutraIizaùon levels above 60%. the nonnalized scanered

inten5ity did not change significantly with a further increase in the degree of neutraIizaùon.

For certain degrees of neutraIizaùon above ca. 100% the solvent media were found to

affect the ùxJc values. with an increase for dioxane, but a decrease for benzenelmethanol

solvents.

The block copolymers PS(600)-b-PAA(34) and PS(600)·b-PAA(45) neutra1ized

with different degrees in benzenelmethano1 (90110 (v/v». freeze dried and redissolved in

toluene were studied by SLS and SAXS. The results fell into three regions. depending on

the percent neutralizaùon. In the first region, for degrees of neutraIizaùon between 5 and

60%. the micelle cores were expected 10 be swollen with solvent, during the neutralization

in benzenelmethanol and the association wbich OCCUIS would likely be dynamic. It was

found that the Nagg values were constant, and the aggregation numbers did not depend on

the percent of neutralization. The Re values in this range increased due to the replacement

of the protons with the Cs+ ions. which are larger in size. In the second region, for

degrees of neutralization between 60 to 100%. dynamics are expected to be much slower.

In that range. the Nagg values were found to increase with increasing percent

neutralizalion and the Re was found to be constant. The two results would suggest that

the density of the miœJ!e core increases in this range. Finally. at degrees of neutralization

between 100 and 150%. the Nagg values were constant, showing no funher dependenœ of

the aggregaùon on the percent of neutralization. On the other band, Re increased due to

the solubJ1inrion ofthe excess neutralizing agent into the ionic cores.
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CHAPTER 7

Distribution of Water in Solutions of Reverse

Micelles of AOT and Block Ionomers in Toluene

ABSTRACT

The distribution of water between toluene and the ionic cores of sodium bis [2­

ethylhexyl]sulfosuccinate (AOT) and black ionomer reverse miœ1les was evalu:lted by IH

chemical sbift measuremenlS of water at different temperatures. The black ionomer

reverse micelles investigated were composed of a nonionic polystyrene (PS) black

attacbed to an ionic black consisting of either poly (sodium methactylate) (pMANa),

poly(sodium actylate) (pANa), polyCcesium actylate) (PACs), or polyC4-vinylpyridinium

methyl iodide) (P4VPMeI). The water content was described by the ratio R, detined as

the molar ratio of the total amount ofwater to either the number of moles of surfactant for

AOT, or to the number of moles of ionic repeat unilS for the black ionomers. It was

found that for R =6, the distribution coefficient of water (K) decreased in the foUowing

order for the different ionic groups: coo-cs+ > SÛ3-Na+ - COQ-Na+ > > Npy+(Me)I-,

wbere Npy+(Me)I- represents pyridine quarternized with methyl iodide. This trend is

explained by the sttonger interaetion of water with the anionic reverse micelle systemS

compared 10 that with the carionic reverse mjœDe system. The distrïDution of water is

therefore govemed Dot ooly by the interactions between water and the solvent but the

interaetions between water and the mjœDe core are also a major conttibuting factor. The
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thermodynamics for the transfer process were detennined from the lemperalure

dependence of K. An entropy-enthalpy compensation appeared 10 exist in the water

transfer process. For AOT and PS-b-PACs. the enthalpy (MIlo) and entropy (~Sto) of

transfer were similar to those calculated for the transfer of water from a toluene phase to a

bulk water phase. For PS-b-PANa, PS-b-PMANa and PS-b-P4VPMeI. MIlo and ~Slo

were found to he more negative. TIùs result was anributed to the stronger interaction

energy and greater amount of ordering of water. The mobility of different nuclei in the

block ionomer micelles was probed by multinucIei relaxation measurements. It was found

that the mobility of the water nucIei (lH. 28, and 170 ) and the 23Na counterion increased

withR.

7.1. INTRODUCTION

Amphiphilic molecules such as low molecular weight surfactants or block

copolymers can associate in aqueous or in organic solvents to fonn regular and reverse

micelles, respectively. These micelles can serve as unique carrier vehicles due to their

ability to solubilize compounds in their core. Regular micelles consist of a hydrophobic

core and a hydrophilic corol1ll, whiIe reverse micelles consists of a hydrophiIic core and a

hydrophobic corona. Due to the polar nature of the core in reverse micelles, water can he

ea5Ùy solubilized into these miceUar solutions. The .solubilized water is distinct from bulk

water in properties such as microviscosity, acidity, and polarity.l,2 Reverse II'jcelles

conlaiDing water are very important in areas such as the eatalysis of small molecules2-4

and biopolymers,I.S as delivery systems,6 and as models for the study of hydration in

membranes and cens.4
A very wen chaIacterized SUlfactant fonning reverse micelles is sodium bis(2­

ethylhexyl):;ulfosuccinare (AOT). TIùs anionic SUlfactant consists of a double tailed alkyl
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chain and a polar head group composed of a sulfonate ion. sodium counlerion anù IWO

ether groups. The structure is given in Figure 7.1. The soluhili7.t.:d waler in this reven;e

micelle system has been srudied extensively by a variety of techniques such as

calorimetry.7.S nuclear magnenc resonance (NMR).9-12 Fourier-tr.lnsform infr-.m:ù

spectroscopy (Fr-IR),!3 fluorescence spectroscopy.14 electron spin resonance (ESR).IS

and various scanering methods. including light scattering.16 small angle X·ray (SAXS).17

and small angle neutron scauering (SANS).IS

Figure 7.1. Structure of AOT

The si2e and physical propetties of the hydrated reverse micelle depend specifically

on the molar ratio of water to surfactant (R). For the AOT reverse micelles. il w:IS found

by severa! studies10•lS that at low values of R. water is bound to the surfact:lllt layer and is

mus immobilized. As the amount of water is increased, i.e. when the hydration

requirements of the surfact:lllt head group are exceeded, water begin.~ to forro a water

pool in the cores of the reverse micelles. The first appearance of free water in the micelle

cores indicates the tranSition into the water in oil (W/0) microemulsion regime. The

different typeS of waœr which are present are able to exchange quite rapidly with one

another. The amounts of waœr solubilized by the AOT reverse micelles depend on the
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solvent used. For instance. amounts up to R = 40 can he solubilized in AOT reverse

micelles in isooctane without the addition of a cosurfactant.19

Block copolymers possess the unique fcature of forming micelles of well defmed

size. since tailor-made systems can he synthesized with varying lengtbs and chemical

composition of the blocks. Severa! studies have probed the solubilization of

hydrophobic2Q.2S compounds into black copolymer micelles. as well as into hydrogels26

containing black copolymer micelles.27 Also. there have been severa! theories pertaining

to the solubilization of compounds in polymerie micelles.28-30 The solubilization of water

into graft31-35 and black copolymers36-41 bas also been investigated and will he reviewed

briefly.

Polymerie microemulsion systems composed of an amphiphilic polymer of

polystyrene with polyethylene oxïde (PEO) gr:lfts have received considerable attention.

This polymer system was examined as a function of the solvent composition for a

toluene/waterl2-propanol mixture by electron microscopy (EM).32 SANS.33 dynamic light

scattering (DLS).31.34 viscosity measurements,34 and NMR.35 Above a certain water

concentration (ca. 4 wt. %). swollen reverse micelles were formed. and up to ca. 13 wt. %

of water could he stabilized by the polymer.3S This result was the first evidence of the

formation of a large water pool stabilized by polymerie surfactants. Other morphologies,

e.g. those in which the core consisted of PS surrounded by PEO. were also achieved.

depending on the relative solvent composition.33 The role of the cosurfaetant was also

investigated; it was found that the only critical parameter for the formation ofa translucent

system is the exisœnce of mutual solubility for the ternary system.31

The emulsifying propenies of PS-b-PEO were investigated in a toluene-water

mixture as a function of the copolymer composition, molecular weight. and polymer

structure, i.e. diblock and triblock foans.36 It was found that oil/water and waterloil

emulsions could he formed depending on the relative solvent composition. The formation

of microemulsions in the presence of cosurfactants 50ch as 2-propanol or butyJamine was
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also investigated. The poly(styrene-b-2-vinylpyridine) (PS-b-P2Vp)37 and poly(2­

vinylpyridine-b-ethylene oxide) (P2VP-b-PEO)38 block copolymer systems were also

studied in a temary solvent mixture composed of water. toluene and alcohol.

The effects of water on poly(styrene-b-ethylene oxide) (PS-b-PEO) in

cyclopentane were investigated by DLS39 and by Static light scattering (SLS).40 The

addition of water had substantial effects on the aggregation behavior of these chains. It

was observed that upon saturation with water. the hydrodynamic radü and aggregation

numbers increased markedly for samples at high dilution. The addition of water was also

found to decrease the critic:ù micelle concentration (cmc) values. A self-::onsÏl.1L'lIt I1cld

theory was applied to describe the micelle behavior in the presence of two immi.<;cible

solvents. each selective for one of the blocks.30

In this laboratory. considerable effort bas concentrated on the characterization of

reverse micelles formed from block ionomers in organic solvents.41-45 The partition of

water in one such block ionomer micelle system. poly(styrene-b-sodium methacrylate)

(pS-b-PMANa). was investigated41 by measuring the proton chemic:ù shift of water and

interpreting it using a mass action model46 The partition of water was found to favor the

reverse micelle as the polarity of the solvent decreased. For instance., the increase in

partition followed the trend cyclohexane > toluene - benzene > chloroform »

tetrahydrofuran - dirnethylformamide. The order of this trend reflects an increase in the

polarity of the solvents and thus an increase in the water solubility in these solvents.

This previous study41 also established a direct correlation between the free energy

of transfer ofwater from the solvent phase 10 the reverse micelle phase and the free eilergy

of transfer of water from the solvent phase to water. the latter determined from solubility

data. This result aIlows the prediction of the Cree energy of transfer of water into reverse

micelles in any solvent, once the solubility of water in the solvent is known. Because of

this linear relation, it can he concluded that the transfer of water into the micelle core is

similar in ail solvents and is govemed by the nature of the interactions between the water

22S



•
ehJlptcr 7. Distribution of Watcr in Solutions ofkvr:= Miccl1cs ofAOTandBlack lonomers in Talua,,:

and the solvents. A correlation between the free energy of water transfer with the

solvatochromic parameters of several solvents was also observed in AOT reverse

micelles.47

The present chapter focuses on the therrnodynamics of water transfer in various

reverse micelle systems by determining the partition of water from 1H chemical shift

measurements at different temperatures. The reverse micelle systems investigated are the

AOT surfactant and the diblock ionomers composed of a nonionic polystyrene block (PS)

attached to an ionic block consisting of either poly(sodium metbacrylate) (pMANa). poly

(sodium acrylate) (pANa), poly (cesium acrylate) (PACs). or poly (4-vinylpyridinium

methyl iodide) (pVPMeI). The purpose of the study is to examine the dependence of the

therrnodynamic parameters of water solubilization in the reverse micelles on the chemical

nature of the ionic core and the block lengths of the block ionomers. This chapter is

divided into three pans. The fust part addresses the theoretical aspects of water transfer.

In the second part, the therrnodynamic results for the different reverse micelle systems

having a constant water ratio of 6 are considered. In the third part, NMR relaxation

studies of different nuclei in the water core are discussed.

7:1.. EXPERIMENTAL

7.2.1. Polymer Syntbesis

The block copolymers, poly(styrene-b-sodium methacrylate). poly(styrene-b­

sodium acrylate). and poly(styrene-b-4-vinylpyridinium methyl iodide) were prepared by

sequential anionic polymerizalion; the details are given in refs 48. 49 and 50. respectively.

For convenienoe. ooly a snmmary of the procedure will he given here. The copolymers

were synthesized by sequential anionic copolymerizalion of the styrene monomer followed
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by cither tert-butyl methacrylate (t-BuMA). tert-but)'1 acrylate (t-BuA) or 4-vinylpyridine

(4VP) monomer. Tne initiator used for t-BuMA was n-butyllithium and that for t-BuA

and 4VP was the reaction product of sec-butyllithium with a few drops of ex­

methylstyrene. The polymerization was carricd out in tctr:lhydrofuran (TIiF) at ·78°C

;mder an auno3phere of nitrogen. The apparatus employed for the polymerization a1lowcd

the withdrawal of the reaction mixture in the course of the synthesis. Therefore. for a

given constant polystyrene block length. a series of diblocks was obtaincd with poly (tert­

butyl methacrylate). poly (tert-butyl :l.crylate) or poly(4-vinylpyridine) segments of

different lengths. Aliquots of the reaction mixtures were a1s0 withdrawn for

characterization after the polystyrene block was formed and every tirne following addition

of the second monomer.

Polystyrene-b-poly(methacrylic acid) (pS-b-PMA) and p<>lystyrene-b-poly(acrylic

acid) (pS-b-PAA) were obtained by acid-catalyzed hydrolysis of the tert-butyl

methacrylate or the tert-butyl acrylate segments in toluene at SO°C using p·toluenesulfonic

acid as the catalYSL The PS-b-PMA and PS-b-PAA were recovered and puriiied by

repeated precipitation in methanol, methanol/water mixtures, or water depending on the

composition of the diblocks. The polystyrene-b-poly(4-vinylpyridine) (pS-b-P4VP) was

recovered and purified by repeated precipitation in hexanes.

The acid contents of the PS-b-PMA and PS-b-PAA copolymers were determined

in lHFIH20 mixtures using aqueous NaOH as titrant and phenolphthaleia as the indicator.

The 4-vinylpyridine content was determined by nonaqueous titration of the vinylpyridine

segments with perchloric acid

For the quartemization of the P4VP blodcs, the PS-b-P4VP block copolymers

were dissolved in dried lHF (S% solution), and freshly distilled methyl iodide was added

in lQ-fold excess. The reaction solution was reflwced under nitrogen l'cr 3-4 hours to

achievc full quarternization. The disappearance of the 1414 cm-1 4VP IR band wa~ taken
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as cvidcnce of complete quanemizaùon. The copolymers were recovered by precipitation

in 2-propanol (lo-fold volume excess) and were dricd in a vacuum oven at 60°C.

The molecular weight (Jf the polystyrene black was determined with a precision of

:!: 5% by size exclusion chromatography in THF using narrow molecular weight

polystyrcne standards. The polydispersity indices of the PS blocks varied from 1.05 to

1.20. The polymer samples were dried in a vacuum oven at 60°C before use. The sample

notation used indicates the copolymer composition; for example. PS(44O)-b-PMANa(18)

represc:nts a polystyrcne chain of 440 units joined to a poly(sodium methacrylate) chain of

18 unilS.

7.2.2. Sample Preparation

The sodium bis(2-ethylhexyl)sulfosuccinate. aerosol OT (AOT). was purchased

from Aldrich and used without further purification. NMR solutions were prepare<! by

dissolution of the AOT or the polymer samples in toluene-dg (C7Dg. 99.6%. Cambridge

Isotope Laboratories). Dcionized water (MllLI-Q. Millipore) was addeci to the solutions

with a microsyringe to obtain a specified value of R; for the surfactant experiments, R

refers to the molar ratio of water to surfactant concentration; for the block copolymers. R

refers to the molar ratio of water to the ionic repeat units. Le. COONa or NCH3L For the

first part of this study. this ratio was kept constant at a value of 6; for the second pm it

was varied from 2 to la.

Feur or five different concentrations were tneasured for cach distribution

coefficient determination by dilution of a stock solution. The total weight of each sample

in the NMR tube was constant at 1.00 ±0.05 g. Typical concentration ranges of AOT and

polymer solutions were 0.015 - 0.002 glg and 0.04 -0.01 glg. with water additions of 4­

0.5 J1L and 3-1 J.1L, respectively. The concentrations of the po1ymer samples were higher

than those of AOT in order to shift the water peak upfield from the protons on the PS

backhone, which otherwise would obscure the water proton resonance. After water
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addition. the s:unples were shaken \igorously. It should re notcd that some polymer

sainpIes. in panicular those of high polymer concentration. were found to re viscous:

these samples were immersed in a sonicator for a maximum period of one hour to aid in

the solubilization of water. It was found th~t sonication did not affect the position or

shape of the water peak even if the samples were sonicated for as long as 12 hours.

7.2.3. NMR Measurement

NMR spectra were recorded using Varlan 200 (4.70 T) and 300 (7.05 T) MHz

spectrometers. For the variable temperature experiments. the probe was calibrated using

the chemical shift difference of IWO ethylene glycol peaks. 1H chemical shifts were

recoIded at variable tet11perature5 between 25 and 54 ± 1°C. with a minimum sample

equilibration lime of !en minutes at cach temperature. All spectra were referenced to the

deuterated toluene solvent peak (2.09 ppm). Relaxation measurements were performed :lt

25°C for IH. :za. 23Na, and 170 nudeL The spin-lattice or longitudinal rel:IXation rates

(RI) were measured using an inverse-recovery pulse sequence. The spin-spin or

transVerse re1:1Xation rates (Rv were determined from the line width at ha1fheight (â.vIW,

i.e. R2 =7tâ.vlf2'

7.3. THEORETICAL ASPECTS OF WATER TRA..l'llSFER

The solubilization of water in the cores of the reverse micelles was treated by a

mass action mode!.46 This mode! regards the solubilizatio.'1 process in terms of stepwise

Ùlcorporation of solute molecules inta micelles. The equilibrium constant for the

distribution of the solute is described on the basis of an exchange between two phases, the

reverse micelle phase and the organic phase. The distribution coefficient (K) is given

by,SI,52
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(1)

where [Smic] and [S$()!] are the concentration of solute in the micelle and in the solvent

phase. respectively. and [Dr] refers to the total surfactant concentration; for the black

ionomers. it signifies the concentration of the ionic block on a repeat unit basis. i.e. moles

of repeat unit per kilogram of solvent Conventionally. the term [Dr] is replaced by the

concentration of miocJljmJ surfactant ([DM]). which is related to the total surfactant

concentration by the critical micelle concentration (cmc) as,

(2)

However. for [Dr] > >cmc, eq. 1 would he e:tpected to he valid. The applicability of this

assumption to the present study will he discussed in section 7.4.1.1.

In the previous paper, this mode! was applied to the study by NMR of the

solubilization of water in reverse micelles.41 If the exchange of solute is fast as compa:'ed

to the lime scale of the NMR experiment, the observed chemical shift of the solute (Ôobs)

is an average over all possible solute locations. The ôobs is given as

Ôobs =P ômic + (l-p) ôsol
(3)

where p refers to the fraction of solute in the micelle phase and Smic and Ôso1 are the

chemical shifts of the solute in the micelle and in the solvent phase. respectively. SsoI can

he determined by measuring the chemical shift of the solute in the absenoc of micelles.

Figure 7.2 illustrates lypical NMR spectra in which the chemical shift of water is

determined in the solvent phase and in a solution of the black ionomer reverse micelles.

Since :he fraction ofsolute in the micelle phase to soivent phase is given as [Suncll[SsoÙ =
p l(l-p), the fraction ofsolule in the micelle can he related ta 1(,

p =K [D-rll (1+K [D-rl) (4)
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By subsÙtuting eq. 4 ioto eq. 3 we obtain.

(5)

The distribuùon coefficient can thus be obtained from the slope of a plot of (Bobs - Bsol ) 1

[~] as a funcùon of Bobs' By measuring K at different temperatures. the thermodynamïc

paramcters for the tran5fer process can be evaluated according to the equaùon.

6G = -RT 1nK =Mi - T 6S
t t t

(6)

It should be emphasized that these thermodynamic parameters refer only to the trallsfer

process of the solute from the solvent phase to the micelle phase. Therefore. the

thermodynamic changes which occur with respect to the micelles when the solute is

solubilized are not determined.

7.4. RESULTS AND DISCUSSION

7.4.1. Thermodynamic: Parameters at R =6

In this section. the distribution coefficients and thermodynamic parameters of

water ttansfer from the toluene phase ta the reverse micelle phase of AOT and the black

ionomers. PS-b-PMANa, PS-b-PANa, and PS-b-P4VPMeI will be discussed.

Comparison of the resuIts will be made between the different reverse micelle systems and

between the micelle systems and the transfer of water from a toluene phase ta a bulk water

phase. The effect of baving a different counterion on the transfer of water will be

investigated for one black ionomer sample. PS-b-PACs. The possibility of forming a

water pooi in black ionomerreverse micelles will also be addressed.
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7.4.1.1. AOT

The distribution coefficients of water in the reverse micelle solutions of AOT were

delcrmined l'rom the observed prolon chemical slùft of water (Ôobs) for a broad

concentration range. l'rom ca. the cmc to ca. 40 limes greater !han the croc. The data.

plotted according to eq. 5 for four temperatures of measurement ra.'1ging l'rom 25 to 46°C.

are shown in Figure 7.3. From the slope of these lines, the distribution coefficie.'1ts were

evaluated. It is clear that at low AOT concentrations (whieh give low values of Ôobs). i.e.

near the emc. the data deviate substantially from linearity. Since for thesc concentrations.

rI>r] - cmc. then [DM] sbould he used for the evaluation of K (eq. 5).

[~] was evaluated from the difference of the total surfactant concentration. [I>r].

and the cmc. as described in eq. 2. The cmc values were determined under the present

experimental conditions by measuring the tH chemical shift of waler for different

surfactant concentrations. Figure 7.4 illustrates a typical cme evaluation depicted on a

semilog plot at 46°C. in which the 1H chemical shifts of waler were plotted as a function

of the inverse total surfactant concentration. The cmc was evaluated from the point of

interseetion of the single chain region at low concentrations and the transition region from

single chains to micelles at intermediate concentrations. In Figure 7.4. the linear

regressions through these !wo regions are represented by dasbed lines, and the anc is

taken as the point of interseetion. The ane values for the different temper:ltures are

summarized in Table 7.1 along with those determined by another method to he discussed

laler. The ane's were found to deerease linearly with temperature; the correlation

coefficient for the plot was 0.997 (plot Dot sbown). The ane value al 2S0 C. 2.4 ± 0.5

mM, compares well with that reported for AOT in~, 2.8:l: 0.5 mM.S3 The

latter ane value was evaluated by similar 1H chemical sbift measurements of solubilized

water at an R value of6.5.
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400

25°C, [D] = [DT]
300........

0 28°C, [D] = [DT]......
-.
,-..,-0

<Ilc,o 200 36°C, [D] = [DT]1

<Il
.Cl
0c,o

'-"

100 46°C, [D] = [DT]

1 2 3

Ôobs (ppm)

4

Figure 73. Plots for the evalutation of the distribution coefficients using [Dr]

(see text) for AOT in toluen~ at different temperature5 and using [DM] at 250C

(0). The solid and dashed lines represent second arder and first arder regressions

through the points, respectively.
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Temperature cmc (± 0.5) x 103 (mM) K (m· l
)
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Figure 7.4 also illustrates me effecl~ of increasing AOT concentration on the

magnitude of the 1H chemical shift of water. At low AOT concentrations. bdow the cmc.

the observee! chemical shift \Vas similar to the value of water in the toluene phase (0.41

ppm for 46°C). As the surfacLant concentration increased. the chemical shift moved

further downfield due to the association of water with the AOT headgroups during the

formation of the reverse micelles. As the concentration was increasee! further. the water

began to associate in the core forming hydrogen bonds with other water moleculcs. Thus.

at higher concentrations. the 80bs approachee! the value of bulk water (ca. 4.5 ppm). This

observation is due to the emergence of free or unbound water in the micelle core. which

dominates the value of 80bs as the fraction of free water increases.

From the determinee! anc values, the distribution coefficients were evaluated by

replacing [Dr] with [DM] in eq. 5. The resulting plots were observee! to he lincar for ail

the temperatures investigated. A typical plot using [DM] is represcnted using hoUow

circles in Figure 7.3 for the data at 2S0 C. The plots for the other tetIlperatures have been

omitted for clarity, but are just as linear. The slopes from these lines were usee! to

evaluate K, and these results are summarized in Table 7.1. It was found that ail the data

could he linearized in this fashion with the exception of samples at very low

concentrations.. Le. ca. less !han 1.7 times the anc.

In Figure 7.3, it can he seen !bat for large values of Boos, which correspond to high

concentrations, Le. ca. 10 times above the anc, the points which were corrected for the

anc using fDM] in eq. 5 corresponded closely to those using [Dr]. Therefore, it was of

interest to determine the distribution coefficient values using the initial slopes (at high

values ofSooJ of these uncoaected lines. This analysis would also he expected to he valid

according to the assumption given in eq. 2. Le. that wben [Dr] >> cmc, then fDM] can he

approximated by [Dr]. The values for K using fDM) and those using the initial s10pe of

the relation employing [Dr] are also given in Table 7.1. The K values evaluated from the

initial s10pes were found to deviate from those using fDM); the percent difference was 5,
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6. 17 and 13% for ll:mpcralUres of 25. 28. 36 and 46°C. respective1y. In order to sec

whether titis difference was significant, the experimental error in the distribution

coefficient values for the present experiment was evaluall:d. The errer was estimall:d from

the difference of two indcpendent measurements for K; this difference was found to he

Jess than 8%. Since this numher is comparable to the differences mentioned above, with

the exception of the data at 39°C. the K values as determined using [DM] or the initial

slopes of [Dr] in eq. 5. are believed to he the same within experimental errer.

The thermodynamic parameters for the AOT reverse miœIles were evaluated using

the two different values for K as a funcùon of temperature (Table 7.1) according to eq. 6.

The values for the enthalpies of transfer were -28 and -32 kI/mol, and the entropies of

transfer were -0.051 and -0.063 kI/(mol K), for the K values determined by using [DM]

and [Dr], respeclively. Again. these values agree within experimentl! errer. Thus, the

thcrmodynamic parameters of water transfer cao he evaluated using either the data at high

surfactant concentrations, i.e. [Dr] > 10 x cme, or using a broader concentration range,

including concentrations near the cmc, and correcting for the cmc values.

Since the shape of the plolS of (Bobs - Ssot)/[Dr] versus~ plots were found to he

influenced by concentrations near the cmc, an attempt was made to extract the cmc values

from the data. By combining equations 2 and S, where lDM] was replaced by ([Dr] ­

cme). and rearranging. the observed chemical shift is given by the following,

B Bm+ KBmiç([D,=] - cme)
obs l+K([Dr]-cmc)

By plotting Bobs versus [Dr] and fitting the resulting curve, the values for K, SmiC' and the

cmc were determined. It should he noted that when concentrations Jess than the cmc were

plotted the shape of this curve was the mirror image of the plot given in Figure 7.4.

However, the cur,re fitting procedure was performed for concentrations which were above

the cme, $pCCÏfiCa!ly for concentrations ca. 2 limes higher than the cme. The data poinlS

used in the evaIuation were those shown in Figure 7.3, in which the lowest concentration
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was omitted (4.7 X 10-3 mollkg). The results for the cmc and K are given in Table 7.\.

The cmc values were found to he the SaIne within experimentai error as those determined

from the intersection of the ÔObs versus [Dr]-1 plots (Figure 7.4). Similarly. the values for

K were found to agree with those evaluated using [DM] in eq. 5. Evaluation of eq. 7 may

thus serve as an alternative methoo of determining the cmc and K. This method has the

advantage that concentrations helow the cmc are not needed for the evaluation of the cmc.

However. it should he noted that a large range of data points. in particular at

concentrations near the cmc. is required to obtain accurate results.

7.4.1.2. Block lonomers

The distribution coefficients of water wete ev:iluated for block ionomer miœlles

composed of a nonionic block of polystyrene and ionic blocks composed of either

poly(sodium methylaaylate). poly (sodium acrylate) or poly (4-vinylpyriclinium methyl

iodide). The composition of the samples. the polyc1ispersity indices of the PS block. and

the mole percentages of ionic block in the copolymers are given in Table 7.2. The lengths

of both blocks were varied; they ranged from 310 to 660. and from 17 to 42 uni~ for the

polystyrene and for the ionic blocks. respectively. The mole percentage of the ionic

blocks ranged from 3 to 12%.

It was found that for the block ionomers. in contrast to the AOT reverse micelles.

the data as plotted according to eq. 5 using [Dr] were linear. A typical plot is given in

Figure 7.5. It should be noted that a narrower concentration range was used here

compared to that for the AOT reverse micelles (sec Figure 7.3). Lower concentrations

could not be employed because the 1H chemical shift ofwater peak became obscured by

those ofthe methylene protons on the polystyrene backbone, which ranged from ca. 1.1 to

2.5 ppm. and higber concentrations yielded viscous solutions. The cmc values for some

similar block ionomers, such as PS-b-PANa in THF. have been evaluated by SLS and
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Table 7.2. Composition. Polydispersity Indices cP.!.) and Mole % of the Ionic Block for

the Block Ionomers

Composition P.L mol %

IonicBlock

PS(x)-b-PMANa(y)

, 44Q-b-40 1.09 8

440-b-18 1.09 4

3l0-b-42 1.20 12

3l0-b-17 1.19 5

PS(x)-b·PANa(y)

38D-b-27 1.10 7

660-b-2l 1.05 3

PS(x)-b·PA':S(y)

600-b-34 - 5

PS(x)-b-P4VPMeI(y)

470-b-26 1.10 5

60ü-b-37 1.10 6
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Figure 7.5. Typical ev:l1uation "If the distribution coeflicienlS of water for

PS(31O)·b·PANa(l7) in to1uene-d8 at different temperatures.
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Wl:re found to be in the range of 10-6 glg.54 In comparison. the concentroltions used in thl:

present:xpcriments were ber.veen 0.04 and 0.01 glg. clearly much higher than these cmc

values. Therefore no corrections for the cmc's were rcquircd.

The thermodynamic parameters of water transfer \Vere evaluated according to eq.

6 from the distribution coefficients for water at differcnt temperatures. Figure 7.6 shows

the plot of ln K versus the inverse temperature. for the reverse micelles having an ionic

core composed of either PMANa or PANa, represented by hollow and fiIled symbols.

respectively. The solid line represents the linear regression through ail the data, which had

a correlation coefficient of 0.95; the dashed lines represent the 99% confidence intervals.

An interesting observation. which can he made from this plot, is that the values for

K can all he represented by a single line within the confidence intervals. independent of the

nonionic and ionic block lengths. Severa! conclusions can he drawn from this observation.

First, the lack of dependency of K on the PS block Iength suggests that the corona

dimension and thickness do not affect the distribution of water. Therefore, the PS corona

does not present any apprcciable barrier to the solubilization of water into the core. This

result would imply that the distribution of water is essentially governed by the unfavorable

interactions ofwater and the toluene solvent phase, as was found in the previous paper.41

Second. from the independence of K on the ionic black length. it can he concluded

that th~ water in ail the block copolymers is bound to the ionic core in a simiIar manner.

The water in these reverse micelles would he expected to hydrate the sodium counterions

and the carboxylate ionic groups. (C.OO-Na+) by ion-dipole interactions and H-bonding.

resçectively. in a fashion analogous to the hydration of AOT reverse micelle cores. If

water were bound to differcnt locations in the micelle core, the distribution coefIicient

would have differcnt values. depending on the namre of the water interaCtions.

Another observation which cao he made from Figure 7.6. is !hat there is no

differcnce hetwee.n the distribution coefIicients of the black copolymers containing either

PMANa or PANa as the ionic b1ock. This resuh impJies that the hydrophobie methyl group
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Figure 7.6. Plot of the ln of the distribution coefficients as a function of inverse

temperature for PS(440)-b-PMANa(18) (0), PS(440)-b-PMANa(40) (0), PS(310)-b­

PMANa(42) (A), PS(31O)-b-PMANa(17) (0), PS(382)-b-PANa(27) (e), and PS(660)-b­

PANa(21) (5) block ionomers. The solid 1ine represents the linear regression through ail

the data points and the dashed line is the 99% confidence interval
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of the sodium methacrylate chain does not effect or hinder the binding of water at this R

value compared to the structure of the sodium acrylate which has a proton in place of the

methyl group. This rcsult further supports the hydration mechanism in which only the

COO-Na+ group is involved, as mentioned in the preceding paragraph.

The distribution coefficients of water in poly(styrene-b-4-vinylpyridinium methyl

iodide) were evaluated for two samples, PS(470)-b-P4VPMeI(26) and PS(600)-b­

P4VPMeI(37). The K values for these samples were also found to he independcnt of the

PS and ionic block lengths. The values for K were found to he lower in PS-b-P4VPMeI

than those in the PS·b-PMANa and PS·b-PANa reverse micelles (Table 7.3). Thus, less

water is solubilized by these cationic reverse micelles than the anionic reverse micelles at

the given temperaturcs. The amounts of water solubilized in the micelle cores for the

different systems will he discussed in the following section.

7.4.1.3. Comparison of Thermodynamic Parameters for the Reverse

M'ICelle Systems.

It is important to establish that the driving force for water solubilization in the

cores of these reverse micelles is not due to saturation of water in the toluene phase. This

can he determined by calculating. using eq. 4, the amount ofwater in the toluene phase (1­

p) from the values of the distribution coefficients and the total amount of water added.

For the present study. the amounts of water in toluene were evaluated to he below the

maximum solubility of water in tolueneS6 at the temperaturcs investigated for the AOT

and the block ionomer micelles. Therefore, under the present experimental conditions. a

troe equilibrium exists hetween the water in the solvent phase and that in the micelle core.

The thermodynamic parameters for the transfer of water into the different reverse

micelles investigated were evaluated from the temperature dependence of K according to

eq. 6. For the block ionomer reverse micelle systems. the K values employed were those
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dett:rmined from the linear regression including ail the block copolymers containing the

same ionic group (see e.g. Figure 7.6). Table 7.3 summarizes the thermodynamic

parameters at 2S°C for the different reverse micelle systems according to the various ionic

groups (given here in parentheses), i.e. AOT (S03-Na+), PS-b-PANa and PS-b-PMANa

(COO-Na+) and PS-b-P4VPMeI (Npy+(Me)I-), where Npy+(Me)I- represents pyridine

quartemized with methyl iodide.

The distribution coefficients of water were found to decrease in the following

order: sodium sulfonates (S03-Na+) - sodium carboxylates (COO-Na+) > > pyridinium

methyl iodide (Npy+(Me)I-) (fable 7.3). This order rel1ects the decrease in the amount of

solubilized water. Thus, in the above reverse micelle systems, PS-b-P4VPMeI solubilized

the least amount of water compared to AOT, PS-b-PMANa, and PS-b-PANa. A simi1ar

trend has been observed previously in anionic and cationic surfactant reverse micelles

having similar hydrocarbon groups but different polar head groups, e.g. AOT and bi.~(2­

ethy1hexyl)amrnonium bromide.55 It was found that the greatest variabilities in heats of

solubilization of water appeared at low R values « 1), where the solubilization depended

significantly on the nature of the polar groups. In general it bas been found that the

olubilizing power, Le., the maximum amount of solubilization and the strength of the

solubilization followed the order anionies > cationies. ~ lower strength of solubilization

in the cationic surfactants was due to weaker ion-dipole interaction compared to the

anionic surfactant. This result shows that,. i:! addition to the interactions between water

and the toluene phase, the interactions between water and the core is aIso a major

contributing factor to the partition of water.

It should be noted that according tO the definition of R given in section 7.2.2., for

a constant R value the amount of water added per unit weight of AOT is larger !han that

per unit weight of the black ionomers. For instance, for a constant AOT or black ionomer

concentration of 0.03 g/g, the amount of water which is added per gram of solution for an

R value of6 is; 7.3.2.9.2.8. and 25 J,LL for AOT. PS-b-PANa, PS-b-PMANa, and PS-b-
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Table 7.3. Thermodynamic Results for the Systems Studied as a Funcùon of the Ionic

Groap Moeity at 2S°C for a Constant Water Ratio of 6 and the "!'hermodynamic

Parameters for the Transfer ofWater from Toluene to a Water Phase

IONIC Ka ÔG,· ÔH,· l:.S,· TôS,·a

GROUP (mollkg)-l (kJ/ (kJ/moJ) (kJ/molK) (kJ/mol)

mol)

S03-Na+ 190b -13 -28 -0.051 -15

COO-Na+ 190 -13 -38 -0.085 -25

Np/(Me)l- 93 -11 -40 -0.098 -29

~

COO-CS+ 270 -14 -30 -0.055 -16

H20(toI)~ -9 -30 -0.069 -21

H2O(bulk)C

a CaIcuIations performed with 3 significantfigures. b Calculated using rDMl
C CaIcuIated from data given in Tarassenkow et al, ref. 56.
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4VPMeI, respectively. Therefore. AOT reverse micelles solubilizc larger amounlS of

water than the block ionomer micelles. Also. from the defmition of R. il is seen thal for a

constant concentration of block copolymer and a COnstanl value of R. block ionomers with

longer ionic blocks contain greater quantities of waler compared 10 those with shorler

ionic block lengths.

From the distribution c(ICfficients. the free energies of waler transfer from the

solvent phase to the micelle cores (ôGIO) were evaluated. The ôGto values for the

different reverse micelle systems are shown as a function of temperature in Figure 7.7. 11

should be noted that for AOT, the values ploned were those determined from the K values

evaluated using [DM]' ôGlo is a measure of the case at which water can enter the micelle

core. For the sulfonate and carboxylate ionic groups, the free energy at 2S°C was found

to he -13 kI/moi; this shows that at this temperature, there is no difference in ôGto

whether water enters the core of the surfac:ant micelles, AOT, or the anionic block

ionomer micelles. The free energy of~r.:r for the pyridinium methyl iodide ionic group

is lower (-11 kI/moi) than those of the anionic reverse micelles. as a consequence of the

weaker solubilizing strength.

The free energy of transfer of water from toluene to the reverse micelle phase can

he compared to that for the transfer of water from toluene to the bulk water phase

[ôGtO(tol-+bulk H20)}. The value for the latter at 2S°C was evaluated from the solubility

of water in to1ueneS6 and was found to he -9 kI/moi (Table 7.3). This value is slightly less

negative than those of water transfer to the reverse micelle systems. This result suggests

that it is more favorable for water to ~ter the core of the reverse micelles at R = 6. than it

is for water to enter bulk water.

From the temperature dependence of ôGto, the enthalpic (ôHtO) and entropic

(ôStO) contributions for the transfer process were dt'termined. These values are given in

Table 73; it can he observed that the transfer of water from toluene to the micelle core is

govemed by the favorable enthalpic contribution. This enthalpy of transfer is exothermic,
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'-' -12....
Cl
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COO-Cs+

-14
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T (K)

315 320 325

Fïgure 7.7. The free energy for the water ttansfer process as a funetion of

teInperature for different systems; polystyrene-b-polYC4-vinylpyridine) ce.•).
polystyrene-b-polyCscdium methy1acry1ale) Co) and polystyrene-b-Csodium

acrylate) Ce). and AOT C.) in toluene-d8. The solid lines represent the linear

regression through the respective reverse micelle systemS.
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since water in the micelle cores is more stable than that in the toluene phase. The entropic

contribution to .6.Gto. which represents the degree of order in the system. is found to he

negative. This result shows that water solubilized in the micelle cores is somewhat more

structured than that in toluene, which is expected because of the stronger interactions of

water with the counterions and the pu]:u- head groups.

It was observed that systems with larger -Mito values had larger -.6.StO values. i.e.

the greater the interaction strength. the greater the ordering of water lTable 7.3). This

feature in which the enth:llpy and entropy compensate each other in order to create minor

changes in the free energy bas been found in other systems. For instance, a simi\ar

enth:llpy - entropy compensation bas been found for the transfer of organic molecules into

aqueous solutions of cetyltrimethylammonium bromide (CTAB) micelles.57 It bas been

suggested that such a relation may be due to experiment:ll errors.57,58 However. much

evidence has supported the existence of this compensation for a variety of processes

involvinj! small solutes and proteins in water solutions, for example, the solvation of ions,

and it arises from the properties of water as a solvent.58 In the present case, a plot of

Mito as a function of .6.StO gave a linear relation with a correlation coefficient of 0.98

(graph not shown). The slope, or compensation temperature, and the inlercept were 260

K and -16 kJ1mol, respectively.

As was done for the free energy (see above), the enthalpy and entropy for '.he

transfer process can be compared to those of water transferred from the toluene phase to

bulk water. These latter values were again determined from the temperature dependence

of the solubilh.y, in the range of 18 tO 93°c,56 and are given in Table 7.3. It was found

that for AOT, the magnitudes of Mito and .6.StOwere similar 10 those for the water transfer

from toluene to bulk water. This resull Qlggests that water solubilized in AOT is in an

environment which is energetically and sttueturally very similar to that of bulk water. For

AOT in 1Oluene, it bas been found that at R = 4, the density of the water pool approaches

that of bulk water.59 Thus. at R =6, it would be expected that the water solubilized in the
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core interacts by hydrogen bonds with other similarly solubilized water molecules. On the

other hand. for the block ionomer micelles. the Milo and 6SI
0 values arc more negative

than those for AOT and for the transfer of water from toluene to bulk water. This result

indicates that water in the block ionomer micelles interacts more strongly and is more

ordered than that in the AOT reverse micelles. FolJowing from this result, it can he

suggested that water which is transferred inta the block ionomer micelles mainly hydrates

the counterions and the ionic groups of the block forming the core. Therefore. a water

pool most likely does not form in the block ionomer micelles at this R value. The

possibility of a water pool formation in block ionomer micelles will he discussed in section

7.4.1.5.

7.4.1.4. Counterion Effect

The effect of Cs+ counterion on the transfer of water ta a block ionomer micelle,

PS(600)·b-PACs(34). was investigated for R =6. The thermodynamic parameters for the

water transfer process are given in Table 7.3. The K value for the Cs+ carboxylate sample

is higher than that for the Na+ carbo>..-ylate samples. For instance, the K values for the Cs+

and Na+ neutralized sample are 270 and 190 kgfmol. respectiveIy. Therefore. larger

amounts of water are transferred inta the Cs+ neutralized core than the Na+ neutralized

core. This result is in agr.:ement with that observed for concentrated solutions of poly

(aetylic acid) salts in which larger cations were found ta hydrate more water than smaller

cations.60 The values of Mito and âStO for the es+ neutralized sample are less negative

than those of the Na+ neutralized samples. This result is expected a.,d arises from the

Weaker ion-dipole interaction ofes+ with water due ta the larger Cs+ si.:.e.
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7.4.1.5. Possible Structure ofthe H)"drated Core in Block lonomers

From me above results, it is interesting to examine me possibility of fonning a

water pool in block ionomer reverse micelles. First. il is expected mat at low values of R,

water hydrates me counterions and polar head groups, as has bcen found in low molecular

weight surfactant reverse micelles. For higher values of R, i.e. above me hydration

requirements. it is expected mat free water would emerge in me micclle cores. The

presence of free water bas been observee! in AOT reverse micelles, in which me surfactant

molecules form a monolayer effectively surrounding me water droplel Black ionomer

micelles, in contrast to mose of AOT, contain more man one ionic group per chain. When

me block ionomer is dissolved in an extremeiy unfavorable solvent for me black fonning

me core. me micelle core can be regardee! as "frozen". i.e. me exchange of single chain.~

between micelles is extremeiy slow.61 This aspect is particularly apparent for long ionic

black lengÙlS in which me glass transition crg) of the core is higher man room

temperature. It is expected mat the addition of water would decrease the Tg of me core

and mus increase me exchange of chaîns between micelles. However. if ÙlÏS exchange is

slow. men me single chaîns would not be able to associate further in order to fonn a

monolayer which could surround me solubilized water. as in me AOT surfactants.

The absence of monolayer formation in reverse ionomer micelles contaÎning water

bas been found in a recent study by SAXS.62 This study measured me core radius <Re> of

a PS-b-PACs reverse micelle as a function ofR. The Re values were found to increase for

R values from 0 to 1.4. then remain constant from R values ranging from 1.4 to 10. This

result is in contrast to that observee! for AOT reverse micelles. in which the core radius

bas been found to increase progressively with R.16 As a result of the absence of

monolayer formation in the ionomer micelles, the micelle core can be regarded as a

hydrated ionic core and not a water pooL It is expected that a water pool could be formee!
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in block ionomer micelles if a cosurfactant were added, as has been found for other

polymeric microemulsions.35

It should be noted that for high block ionomer concentrations at R ~ 10 the

solutions were found to be c1oudy. These cloudy solutions appeared to be stahle. and no

precipitation of the black copolymers occurred. The 1H NMR spectra for higher polymer

concentrations showed the presence of (wo chernical shifts for water corresponding to that

of solubilized and of bulk water. The presence of these (wo peaks suggests that the

cxchange between the (wo water phases is slow on the NMR time scale. It should be

noted that this result is consistent with those previously 0 bserved for the formation of

water in oil microemulsions. beyond the limit of water solubilization in the systems.2.63

Thus R =10 is expected to he the maximum threshold for water incorporation in the black

ionomer micelles. after which an ernulsion is formed.

7.4.2. Relaxation Studies ofNudei in the Ion-Water Core

The molecular dynamics of the ionic cores of black ionomer micelles was

investigated by multinuclei NMR relaxation measurements. Figure 7.8 illustrates the

longitudinal and transverse relaxation rates (RI and R:ù for different water nuclei: 170.

2H. and 1H. and for the 23Na counterion as a function of R in the PS(440)-b-PMANa(40)

black ionomer. In general. the relaxation rates were found to decrease with R, indicating

an increased mobility in the •.,lubilized water molecules and the Na+ counterions. The

mechanism for 1H nuclei relaxation is by dipole-dipole coupliLg. Dipolar water-water

effects can be distinguished from other relaxation processes by progressive substitution

with deuterium wbich bas been performed in studies of bulk water64 and of water in

reverse micelles.ll•6S The other nuclei investigated, 170. 2H, and 23Na relax by

intIamolecularelectric quaclrupole couplings.
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Figure 7.8. Relaxation rates of different nuc1ei in the aqueous core of PS(440)·b·

PANa(40) reverse micelles.
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7.5. CONCLUSIONS

The distribution coefficient (K) of water partitioning hetween the toluene phase

and the cores cf reverse micelles formed from AOT and block ionomers was investigated

at R =6. For AOT, plots used to evaluate K, i.e. (Oobs - osai) 1 [~l versus 00bs were

found to deviate from linearity near the cm':'. When these plots were corrected for the cmc

values, the plots hecame linear. The K constants determined from the slope of these linear

plots and those using the initial slope of the nonlinear lines (i.e. not corrected for the cmc)

at concentrations 10 times higher than the cmc, gave essentially the same values within

cxperimental error. Therefore, the concentrations used in the determination of the K

should he co~cted for the cmc at low concentrations while above ca. 10 times the cmc,

no corrections are nee:ied.

An alternative method of determining the cmc's and the K values was by fitting

plots of 00bs versus [Dr]. The cmc's evaluated were found to agrcc with those

determined from plots of the 1H chemical shift of water at different surfactant

concentrations. The K values were also found to agree with those determined from the

slope of (OObS - Osai ) 1 [DM] versus 00bs plots. The advantage of this method is that

concentrations below the cmc are not required for the cmc evaluation.

The block ionomers studied were PS-b-PMANa, PS-b-PANa, PS-b-P4VPMeI and

PS-b-PACs with varying nonionic and ionic block lengths. Since the cmc's were much

smaller !han the concentrations employed, the relations for K were found to he linear and

no correction was required for the cmc. The K values for the PS-b-PMANa were found

to he the same as those for the PS-b-PANa block ionomers. These values were also found

te he independent of the ionic and nonionic block lengths.

The K values for the different reverse micelle systems were found to decrease in

the foUowing order according to the ionic groups, COO-CS+ > SÛ3-Na+ - COO-Na+ >

Npy+(Me)I-. This result shows !hat the transfer of water is not only affected by the
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interactions of water with the solvent, but that the nature of the interactions betwecn the

water and the core also significantly influences the transfer.

Thermodynamic parameters for the transfer process were evaluated from the

tcmperature dependence of K. The enthalpy and entropy of transfer of water ta the AOT

reverse micelles and ta PS-b-PACs was found ta he similar ta the transfer of water from a

toluene phase ta a bulk water phase. On the other hand. for the other black ionomer

micelles the -Mito and -âSt
O values were found ta he larger !han those of AOT. The

-MitO and -âSt
Ovalues increased for the different reverse micelles according ta the arder:

S03-Na+ - COO-CS+ > COO-Na+ - Npy+(Me)I-. This order reflects the stronger water

interaction and greater ordering of me solubilized water in the cores of the block ionomers

with the exception of PS-b-PACs in which the interaction was found ta he weaker due to

the larger Cs+ counterion size.

The mobility of water nuclei and of Na+ counterions was also investigated by

multinuclei re1:lxation experiments for R values ranging from ca. 5 to ca. 14. In general. it

was found that the relaxation rates decreased with R, indicating an increase in the mobility

of these nuclei.
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CHAPTER8

Conclusions, Contributions to Original Knowledge,

and Suggestions for Future Work

8.1. CONCLUSIONS AND CONTRIBUTIONS TO ORIGINAL

KNOWLEDGE

The foUowing section describes me main conclusions and me contributions to

original knowledge for each chapter. The section is divided into three parts summarizing.

respectively. me results for block polyelecttolyte micelles in aqueous media (Chapter 3).

me determination of critical micelle concentrations for block copolymers b:v static light

scattering (Chapter 4) and me results obtained on reverse micelles in organic solutions

(Chapters 4. 5 and 6).

8.1.1. Block Polyelectrolyte Micelles

Chapter 3 presented ÙIe first systematic study ofÙIe aggregation numbers, second

virial coefficients and sizes of block polyelecttolyte micelles in aqueous media. i.e. in the

absence ofa co-solvent. The micelles were focned from me association of polystyrene-b­

poly(sodium acrylate) (PS-b-PANa) block copolymers and severa! factors influencing their

micellization were investigated by static light scattering (SLS). Initially. it was found that
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gel-like particles formed upon sample dissoluùon. These aggregated parùcles were

postulated to arise from the ionic interacÙons of the PANa coronal chains which most

likely originated in the solid state. For a typical sample, PS(40)·b·PANa(520) it was

founà that as the sample was heated at 100 oC in a st:aled ampoule. the scattered intensity

and dissymmetry raùo decreased with heating time. For instance, after ca. 50 hours of

heating. no further changes occurred in the scattered intensity. TIûs disentanglement

process was also investigated for samples with different PS and PANa block lengths. It

was found that block copolymers with shorter PANa block lengths dissociated faster. The

samples in th,~ study were all heated for 5 days at 100° C in arder ta ensure a high extent

of disentanglement

The effects of the sodium chloride (NaD) content on the micellar parameters were

investigated for twO samples, PS(6)-b-PANa(180) and PS(23)-b-PANa(3OO). It was

found that the aggregation numbers (Nagg) increased with the salt concentration up to ca.

0.10 M NaCl At higher salt contents, up to 2.5 M, the Nagg va :ues remained constant

TIûs result was consistent with the theory of Dan and ruren.. which l:lredicts that at

moderately high salt concentrations micellar properties will he dominated by the insoluble

block. The radius of gyration values eRg) were independent of the salt concentration with

the exception ofPS(6)-b-PANa(180) in 0.025 M NaCL The Rg ofthis sample atO.025 M

was ca. LWO times larger than that at higher salt concentrations. The second virial

coefficient values (AV for different salt concentrations were found to he similar to those

reported in the Iiterature for poly(sodium acrylate).

The effect of the soluble and insoluble black lengths on the aggregation behavior

of PS-b-PANa was investigated in 2.5 M NaCl It was found that the Nagg values were

influenced much more by the insoluble black length than the soluble black length. The

scaling relations of the star mode! and severa! mean field models were investigated in

order to establish relations hetween the Nll88' the core radins <Re) and the Rg values as a
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function of the block lengths. In general, good agreement was ohtaincd with these

models.

The core radü values for the PS-b-PANa block copolymers in 2.5M NaCl solutions

wcre compared with those determined for similar PS based block ionomers in the solid

state. The core radii of the latter samples were evaluated from small angle X-ray

scatterïng in an independent slUdy. Good agreement hetween the two Re values wa;;

observed. Based on this result. it can he concluded that the micelles in 2.5 M NaCl

existed singly, ie. that no supermicellar aggregates were present. and that the cores were

solvent free. which is expected due to the wüavorable interactions between water and PS.

The Re values of the block polyelectrolyte micelles in 2.5 M NaCl solutions were found to

he similar to those of a nonionic block copolymer system, polystyrene-b-poly(ethylene

oxide) (pS-b-PEO) in water. This result shows that for these !WO PS based block

copolymers in aqueous media, the nature of the soluble block does not seem to have a

significant effect on the Re or Nagg values.

8.1.2. Cmc Detennination ofBlock Copolymer Micelles by SLS

Chapter 4 descnôes the development of a new method for the evaluation of the

critical mice1le concentrations (cmc's) of black copolymer mlcelles by SLS. In genera\,

cmc values can he determined from the onset of the single chain region. However, this

region is often unattainable because of the low magnitude of the cmc for black copolymer

micelles. Up to now, eurrent methods of cmc determination bave employed the Debye

eqllation which does not tal::e into account the effects of polydispersity of the insoluble

black on the cmc. Therefore, an improved method for the cmc determination of black

copolymer mic:elles by SLS was presemed in this cbapter.

This metha(. is based on a recent miœllj'mrion theory of black copolymers, the

mixed miœDemode1, which accounts for the effects of polydispersity. For instance, the
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method considercd the change of the total single chain concentration with total polymer

concentration and the polydispersity of the insoluble block. The dependence of the cmc

on the insoluble block length (NB) was described by the following

log(cmc) =a NBll3 + b

where a and b are constants. Once the a and b values are known, cmc values can he

prcdicted for samples having different insoluble block lengths and different polydispersity

indices.

The cmc values were evaluated for two systems. PS-b-PANa in tetrahydrofuran

(fHF) and polystyrene-b-poly(4-vinylpyridine) (pS-b-P4VP) in toluene. It was found that

for a block ionomer series. PS(660)-b-PANa(x) where x was varied from 2.6 to 14 units.

the cmc values could he evaluated by both the present method and the Debye equatioll.

This result was attributed to the fact that the block ionomer samples had a narrow

molecular weight distribution and a weak dependence of the cmc on the insoluble block

length (a =-0.64). On the other hand. for PS(470)-b-P4VP(52). the dependence of the

cmc on the insoluble black length was larger (a = -1.66) and only the proposed method

was able to represent the cmc value. The polystyrene-b-polyisoprene (pS-b-PI) block

copolymer system was modeled to show the effects of polydispersity on a system with a

significant dependence of the cmc on the insoluble black length (a = -1.65). It was found

that the Debye equation did not descrihe the cmc values and that the values depended on

the range of points used in the evaluatioll.

8.1.3. Black Copolymer Reverse Miœlles

Chapters 5 and 6 focused on the characterizalion of reverse micelles formed from

PS-b-PANa and polystyrene-b-poly(aaylic acid) (PS-b-PAA) block copolymers in organic

solvents. Chapter 4 presented the first systematic investigation of cmc values for block

ionomer micelles in general and aIso for the nonionic PS-b-PAA black copolymer system.
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This chapter was also the fll"st to examine the effect of the PS and PANa block Icngths on

the aggregation of PS·b·PANa block ionomers in dilute solution by SLS. The novelty of

the study in Chapter 5 was to probe the effects of different degrees of neutralization of the

PAA core ofPS·b·PAA blockcopolymer micelles by SLS and SAXS. The conclusions of

these two chapters are given below.

The cmc values for PS(660)·b-PANa(x) and PS(660)-b-PAA(x). where x was

varied from 2.6 to 18 units. was evaluated in ciifferent solvents by SLS. The cmc values

for PS-b-PANa in toluene. TIiF and chloroform and those for PS·b·PAA in toluene were

found to range from ca. 1 x 10-7 to 5 x 10-9 M. These values represent some of the

lowest cmc values wlûch have yet been reported in a systematic study of block copolymer

micelles. The molecular weight distributions of the single chains and the micelle fractions

were evaluated using the mixed micelle mode! and little segregation was found. This

result was due to the small dependence of the cmc on the insoluble block length. The a

and b constants wlûch were evaluated for these systems as weil as for others were

correlated to the interaction parameters between the polymer forming the core and the

solvent <XCOn:.sol)' It was found that when Xcorc-sol was large, the dependence of the

insoluble block length was weak (small absolute value of a) and the cmc values were low

(small value of b).

These block copolymer samples were also characterized by size exclusion

chromatography (SEC) and dynamic light scattering (OLS). By SEC, the percent of

micelljwl chains was determined. By using these values, the weight-average molecular

weights <Mw) which were determined by SLS were corrected for the unmicelliwl polymer

in order to evaluate the Mw for the micelles From these later values, the aggregation

numbers were calculated. The trends in Nagg as a function of insoluble block length were

found to he opposite 10 those observed in the anc values. The hydrodynamic radii of the

PS(660)-b-PANa(x) block ionomers were found to he simiIar in 1Oluene, TIiF, and

chloroform since the expansion ofPS is expected 10 he similarin these solvents.
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The effect of the soluble and insoluble block lengths on the aggregation of PS-b­

PANa in THF was investigated by SLS. A range of block ionomers was studied in wlùch

the PS and the PANa block lengths ranged from 190 to 2300 units and from 2.6 to 69

units. respectively. The soluble block length was found to influence the aggregation

numbers significantiy. Scaling relations were developed to describe the dependence of

Nagg and Re with the block lengths. Nagg oc NPANa 0.5 Nps -0.6 and Re oc

NPANa U.5 Nps -0.2. The surface area per chain was found to be proportional to NpANa2l5

as was predicted by the star mode!.

In Chapter 6. a description is given of the micellization of PS-b-PAA for different

degrees of neutralization of the PAA black. The scattered intensity was monitored for a

PS(600)-h-PAA(x) series where x was either 13. 34. or 45 units. as a function of the

addition of cesium hydroxide (CsOH) in methanol It was found that micellization began

for these samples when the PM chain was neutralized to the extent of 5 %. In another

part of the study. PS(600)-h-PAA(34) and PS(600)-b-PAA(45) block copolymers were

neutralized with CsOH to different degrees ranging from 5 to 150 %. freeze dried and

redissolved in toluene. The Nagg and Re values were then evaluated by SLS and SAXS.

respectively. It was found that three regions could be distinguished, depending on the

extent of neutralization of the PAA chain. In the first region. between 5 and 60 %

neutralization. it was found that Nagg was constant and Re increased. The Re values

increased due to the replacement of protons with Cs ions. which are larger in size. In the

second region, between 60 and 100 % neutralization, Nagg was found to increase and Re
remained constant. In the third region, from 100 to 150 % neutralization. no further

increase in Nagg occurred and Re values increased, most 1i1œ1y due to the solubilization of

excess Cs in the micelle core. To explain these resullS. it was postulated that the single

chains and micelles were in a dynamic state at 10w degrees of neutralization ( < 60%) and

that for higher degrees, the dynamics were considerably reduced.
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The focus of Chapter 7 was me solubilization of water inlo me cores of n:\'ersl'

micelles in toluene formed l'rom a surfactant. sodium bis(2-emylhexy\)sulfosul'Cinate

(AOT). and l'rom block ionomers having a nonionic soluble PS block attached to dinl:n:nt

ionic blocks. The block ionomers investigated were PS-b-PANa. PS-b-PMANa. PS-b­

PACs. and polystyrene-b-poly(4-vinylpyridinium memyl iodide) (PS-b-P4VPMel). This

slUdy represents me fIrst which has cxarnined me effects of a wide range of pararnetcrs.

such as me effects of me block lengÙlS. nature of me cores and me tempcrature. on me

traDsfer of water in block ionomers. The mermodynamics of water solubilization W'.L~ also

evaluated for mcse systems.

The distributior. coeffIcient (K) of water was determined from 1H chcmical shirt

measurcments. It was found mat for AOT reverse micelles. me K values were infiuenCl.'d

significanùy by me surfactant concentration range cmployed. For concentrations ncar the

ClUC, me plots used in me determination of K were non-lincar and com.-ctions for me ClUC

were required. The ClUC values were determined experimentally from plots of me 1H

chemical shift observed as a function of me inverse surfactant concentration.

Alternatively, it was found !hat using me initial slopes of me nonlinear plots at

concentrations ofca. 10 limes higher Ùlan the ClUe, the K values could be evaluated. The

values for K deterrnined by thcse two methods were found to be agree wiÙÙl' experimental

error.

For the block ionomer reverse micelles, it was found !hat the plots for the

deterrnination of K were linear. The linearity was due to the fact !hat the concentrations

employed in the NMR studies were significanùy higber than the cmc values. It was found

!hat the K values for PS-b-PANa and PS-b-PMANa were the same and no black length

dependence was observed. The K values for the different miceDar systems were compared

and found to decrease in the foUowing order for the different ionic groups: coo-cs+ >

SÛ3-Na+ - COO-Na+ > > Npy+(Me)I-. where Npy+(Me)I- represents pyridine

quartemized with methyl iodide. 'Ibis trend was exp1ained by the strOnger int=tions of
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water with the anionic reverse micelle systems compare<! to that with the cationic reverse

micelle system. It was concluded that the interactions hetween water and the micelle core

contribute significantly te the distribution of water.

The thermodynamic parameters for the water transfer process were evaluated from

the temperature dependence of the distribution coefficients. It was found that for AOT.

the enthalpy (AHt") and entropy (.6.Sto) of transfer were similar to those calculated for the

transfer of water from a toluene phase to a bulk water phase. On the other hand. for PS·

b·PANa, PS-b·PMANa and PS·b·P4VPMeI. the interaction energy was found to he

stronger (i.e. larger negative AHto value) and the water structure was found to he more

ordered (i.e. Iarger negative .6.StO value). The AHto and .6.StO values for the cesium

neutralized samples. PS·b-PACs. was found to he less negative compare<! to the sodium

ncutralized sample. TIùs result was attributed to the weaker interactions of the Iarger Cs

counterion with water compared to those of water with Na. An e.ltropy-enthalpy

compensation appearecI to exist in the water transfer process. In the reverse micelle

systems. an entropy-enthalpy compensation appearecI to exist for the water transfer

process.

The mobility of different nuclei in the black ionomer micelles was probed by

multinuclei reJaxation measuremenlS. It was found that the mobility of the water nuclei

(IH. 2H. and 170) and the 23Nacounterion increased with the addition ofwater.

8.2. SUGGESTIONS FOR FUTURE WORK

The effects of different preparation conditions on the miœ!Jization of the PS-b­

PANa black polyelectrolyte samples cao he e:ramined For instance. the block

polyelectrolytes discussed in Chapter 3 of this thesis were prepared by dissolving the block

copolymers in water and heating at 100°C for a few days. These micelles were postuIated

267



•
Chspter 8. Conclusions, Contributions to Ori,sinsJ Knowlcd,sr:, andSussc.<Iions For future Work

to be in a thennodynamic equilibriurn state since the glass transitien temperJ!urcs of the

PS cores were below 100°C. An alternative procedure would involve dissolving the block

copolymers in a mixed solvent wlùch is good for both blocks, such as a mixture of water

and dioxane. In Ibis solvent mixture. the block copolymer would be present as ~ingle

chains. Micelle formation could then be induced by progressively rcmoving the dioxane

by stepwise dialysis. Comparlson of the aggregation numhers, second virial coefficient

values and sizes of the micelles prepared by these rwo different methods could then he

made.

An interesting feature of block polyelectrolyte micelles wlùch was described in

Chapter 3 was the fact that the PANa chains in the corona appeared to he in a lùgh1y

stretched conformation. It would he of interest to examine the extent of the stretching of

these chains. For instance. the extension of the chains could he evaluated from the

difference of the hydrodynamic radius of the micelle measured by dynamic light scatterlng

(OLS) and the core radii calculated as described in Chapter 3.

This thesis also focused on the characterlzation of reverse block copolymer

micelles. Severa! aspects regarding these micelles can he examîned funher. First, the

effects of the solubilization of low molecu1ar weight polar compounds, such as water and

alcohols, and lùgh molecu1ar weight compounds such as polar homopolymers, on the

cmc's, aggregation nurnbers and micelle sizes can he investigated by SLS as well as by

DLS. Second, it would he of interest to determine the critical micelle temperatures

(CMI"s) by SLS of some nonionic black copolymer reverse micelles, such as PS-b-PVP.

It should he noted that CMI"s for black ionomer micelles would probably he nnanainable

because these values would he expected to he quite high. Third, the present studies

concentrated on the micellization of spherical particles. By inereasing the volume fraction

of the black fOIming the core, it would he expected that different morphologies would

fonn. For instance. the PS(190)-b-PANa(24) black ionomer, discussed in Chapter S, was

found ta most likely forro non-spherical micelles beca.use of the relatively high percent of
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the insoluble block. These non-spherical morphologies could he studied by transmission

electron microscopy. In addition, measurements by SLS and DLS in combination could

confmn the presence of the non-spherical morphology and would enable the

characterization of a wide range of micellar parameters.

ln Chapter 7, the hydrated ionic core of some block ionomers was discussed. A

further step would he to investigate the solubilization of other substances in the hydrated

cores. For instance, enzymes could he solubilized and their activity could he compared to

results which have been obtained on simi1arly solubilized enzymes in surfactant reverse

micelles. An advantage which could he envisaged in employing block ionomers would he

the stability of these micelles as well as the size control of the cores. The latter fact is

apparent since reiationships have been developed hetween the block length and the core

sizes.

Also, the formation of microemuIsions Ù1 block ionomer reverse micelles can he

explored. The microemuIsions could he prepared for Ù1Stance, by the addition of water

and a cosurfactant such as an alcohoL The structure and the dynamics of the

microemuIsion can he exarnined by DLS and NMR measurements. respectively. A phase

diagram for block ionomers in the presence of these two molecules can also he

constructed.
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This program is used to determine the cmc values for hlock copolymer micelles.

'These are the two Subrouùnes
, FileInput: Get the name of the input file
• The Input FILE name must have a ".pm" extension.

Then FileInput reads the cx. KcRo. nO. Mm values
cx: Experimental Concentraùon
KcRo: Experimental KcRo Values
nO: Number ofIonic Units
Mm: Polymer MW
npt%: Number of Data Points in the Set

• Limits: Input the Iniùal Values the Parameters
• amax: Maximum value for a (minimum = 0)

bmax: Maximum value for b (minimum = -10)
astep: Stepsize between iteraùons for a
bstep: Stepsize between iteraùons for b
ln: Po1ydispersity Index
Ms: PSMW

DECLARE SUB Filelnput 0
DECLARE SUB Limits 0

,These variables SHARED between the Main Program and the Suhrouùnes
•
COMMON a%. b%. c%. d%. e%. f%. 0%. npt%. Ms. ln. A2
COMMON bmin. bmax. bstep, amin, amax, astep, klO%
•

•l'm Iniùalizing the Constants
•
k10% = 10: k1oo% = 100: klooo% = 1000: k1oooo% = 10000: maxit% = 15000
a% = 1: b% =2: c% =3: d% =4: e% =5: f% =6: 0% =0: npt% =k1oo%
•
•l'm Iniùalizing the Variables
•
Khi2min = 10000: pi = 3.1416: Ms = 69000: ln = 1.1: A2 = 0%
•
•Dimensions of the Arrays SHARED between the main Program and the Subrouùues
•
DIM SHARED cx(npt%). KcRo(npt%). nO(npt%). Mm(npt%)
DIM SHARED see$(a%). file$(40). txt$(40)
o

•Dimensions of the Arrays for the Main Program
•
DIM r(klOOO%). f(klOOO%). Ci#(klOOO%)
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FilcInput
·
Limits

,More Constants for the Calculation and get Initial Time

TIMERON
PRINT "Time: "; TIMES
STtime = TIMER
lbl =b%" pi
1b2=a%/b%
k3 =a%/c%
b = bmax + bstep
•

·This is where the b Loop Stan
•

NewbValue: b = b - bstep: a = amax + astep
•

•This is where the a Loop Stan
•

NewaValue: a = a - astep
Khi2=0%

•Now for ail the Data Set Points we minimize using X. GAO Equation
•

FORj = a% TO npt%
c=cxG)

•The Contribution to the Summation must he decreased at low c values
•Test to find the right value ofk%
•
kl =kl000%
IF c < .0000001 THEN

k%=kl00%
ELSE
IF c < .000001 THEN
k%=e%

ELSE
k%=a%

END IF
END IF

•Calculate Sigma then More Constants for the Gaussian Distribution (GD)
•
sigma = (HI- a%) 1\ fb2 .. nOG)
sigma2 =sigma" sigma
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tb3 = tb2! sigma
expo = b% .. sigma2
m#=c

, Get Lower Limit of the Distribution. GD = Mean - (3 .. sigma)
'Test if it is Icwer then 1 (gmin% >= 1)
,

g=c%" sigma
gmin% = CINT(nOG) - g)
IF gmin% < a% THEN gmin% = a%

, Higher limit of the Distribuùon. GD = Mean + (3 .. sigma),

gmax% = CINT(nOG) + g)
15t#= z#- a%

, Flag ok% is set to FALSE. Set to TRUE after the Calculaùon of GD
, Flag it% controls the # of lteraùons (Maximum # of Iteraùons = 15000)
•

ok%=o%
it% =0%

HereWeGoAgain:
it%=it% +a%
IF 15t# < .00001 THEN
m#=m#-m#! (k1 >10 k10000%)

ELSE
IF 15t# < .0001 THEN
m# = m# - m#! (k% >10 k1OOO%)

ELSE
IF 15t# < .01 THEN
m#=m#- m#!(k% >10 k100%)

ELSE
m#=m#- m#! (k% >10 k10%)

END IF
END IF

END IF
z#=o%
IF ok% = 0% THEN
fl#=o%
FOR 1% = gmin% TO gmax%
f(l%) = fbl" -fb3 ... EXP(-(l% - nO(j))" b% 1expo)
fl#=fl#+f(l%)
r(I%) = 1%" (k3)
Ci#(l%) =kIO%" (-a'" r(I%) + b)

NEXTI%
ok%=a%

END IF
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FOR 1% = gmin% TO gmax%
Y# = f(I%) / fl# .. e / (e + Ci#(I%) - m#)
z#=z#+Y#

NEXTI%
otstlt = tst#
tst# = z#· a%

, Here we lest if there is a variation between the eurrent and previous z
, If the delta z is smali. or the maximum # of Iterations is reaeh
,The minimum m# is found and the XGAO Minimization Proeess
, for the Data Point is over.

IF it% > maxit% THEN GOTO finish
IF ABS(tst# - otst#) >= .0000001 THEN GOTO HereWeGoAgain

linish:

, 1have Found the Minimum for one data point.
, Print the result to screen then aeeumulatc Khi2 for KeRo

OIdPastTimc = PastTime
PastTime = TIMER - STtimc
it = PastTime - OIdPastTime
PRINT

PRINT"....•••••••••••••••••••••••••••••••..·········"
PRINT "C". "Mit
PRINT USING "+#.#11#""""" "; cxG); m#
PRINT"·················~·························"

me=m#/c
PRINT ·mc:"; : PRINT USING "+#.#11#""""" .; me
KeR=a%/ (Ms· mc+MmG)· (a% - me» + b%· Al· cxG)
PRINT ·KeR= .; : PRINT USING "+#.#11#""""" .; KeR;
PRINT" KeRo=";: PRINT USING "+#.#11#""""" "; KcRo(j)
PRINT·a; .; a, ·b: "; b; • Data point: .;j
PRINT C1NT(it% / 150); " % Iterations in .; it; • seconds "
PRINT "Total Tnne: "; PastTnne /60; " Minutes"
PRINT"············································
Khi2 = Khi2 + (KeR - KcRo(j»"2/ KeRo()). KeRo())

NEXTj
•
•One set ofData is minimize for one pair of a and b values
•
Khi2 =ABS(Khi2)

'Test if the Khi2 is better then for the previons set ofdata
•Ifso lœep Khi2, a and b values in Khi2min, al. bl. respectiveIy.
•Output these values to screen and disk as a minimum.
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· If it is not a minimum. output these values anyway. bUI nOI as minimum.
·
IF Khi2 < Khi2min TI:IEN

Khi2min = Khi2
al ='1: bl =b
BEEP:BEEP
PRINT#b%.

"+*+*************+.********••********.********•••••••****.*****"
PRINT#b%. "=> Khi2 (Min) = "; Khi2min. "'1= "; al. "b= "; bl
PRINT #b%. "Totai Time: "; PastTime; " seconds"
PRINT#b%.

11***••**•••••••********•••*••******.*********.**•••***.***.**~*"
PRINT "=> Khi2 (Min) = "; Khi2min." '1="; al." b="; bl
PRINT#b%.

ELSE
PRINT
PRINT "Khi2 = "; Khi2. If 3="; a. Il b="; b
PRINT #b%. "Khi2 = "; Khi2. "a= Il; a.. "b= Il; b
PRINT #b%. "Total Time: "; PastTime; " seconds"

END IF
CLOSE(b%)
OPEN lXtS FOR APPEND AS #b%

•Test if the b interval has been scan. IfTrue end program
•
IF b < bmin THEN

PRINT#b%.
PRINT#b%.

" "

PRINT#b%. "Khi2 (Min) = "; Khi2min." '1="; al." b="; bl
PRINT#b%.

" "

CLOSE(b%)
GOTO ThatAlIFolks

END IF

•Test if the a interval bas been scan.lf1RUE move to next b value.
ifFALSE move on to the nClet a value

IF a < amin GOTO NewbVaIue
GOTO NewaValue
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ThatAIlFolk..~:

CLS
PRINT
PRINT "That's ail Folks!"
PRINT "Hit a Kcy to Continuc"
DO
BEEP
LOOP UNTIL INKEY$ <> ....
PRINT
PRINT "Khi2min="; i(hi2min, "a(best)="; al, "b(best)="; bl
END

SUB FilcInput
SHARED npt%, ex, KeRo, nO, Mm, fileS, txtS
SHARED a%, b%, e%, d%, c%, 0%
CLS
PRINT : PRINT
INPUT "Enter Filcnamc for the data (no ,pm)"; fileS
PRINT : PRINT
txtS = fileS + ...pm"
OPEN txtS FOR INPUT AS #a%
npt%=o%
WHILE NOT EOF(a%)

npt% = npt% + a%
INPUT #a%, cx(npt%), KeRo(npt%), nO(npt%), Mm(npt%)

WEND
CLOSE#a%
txtS = fileS + ".fit"
OPEN txtS FOR OUTPUT AS #b%
ENDSUB
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SUB Limits
SHARED bmin. bmax. bstep. amin. amax. ast.:p. Ms. Hl. Al
SHARED a%. b%. .:%. f%. 0%. klO%. sœ$
TopaValues:
amin=o%
PRINT
INPUT "Input Maximum valu.: of a (a>O)"; am:!.",
INPUT "Input Minimum value of a (a>O)"; amin
INPUT "Input Step value of a"; astep
IF amin > amax THEN SWAP amin. amax
IF amin < 0% THEN amin = 0%
IF astep > amax - amin THEN aster = (amax - amin) i e%
PRINT "a (min) = "; amin. "a (max) = "; amax. "a step = "; a5t.:p
PRINT "These a Values are OK (Y)es or (N)o?"
DO
seeS = INKEY$
LOOP UNTlL seeS = "y" OR seeS = "Y" OR seeS = "N" OR see$ = "n"
IF seeS = "N" OR seeS = "n" THEN GOTO TopaValues
TopbValues:
bmin=-kIO%
PRINT
INPUT "Input Maximu."!:. value ofb (b<O)"; bmax
INPUT "Input Minimum value ofb (b<O)"; bmin
INPUT "Input Step value of b "; bstep
IF bmin > 0% THEN bmin = -bmin
IF bmin < -kIO% THEN bmin = -klO%
IF bmax > 0% THEN bmax = -bmax
IF bmin > bmax THEN SWAP bmin. bmax
IF bstep > bmax - bmin THEN bstep = (bmax - bmin) 1e%
PRINT"b (min) = "; bmin. "b (max) = "; bmax. "b step ="; bstep
PRINT"These b Values are OK (Y)es or (N)o?"
DO
seeS = INKEY$
LOOP UNTlL seeS = "y" OR seeS = "Y" OR seeS = "N" OR seeS = "n"
IF seeS ="N" OR seeS ="n"THEN GOTOTopbValues
TopkkkValues:
PRINT
~UT "Input Polydispersity Index (P1.>1)";HI
IF HI <= a% OR HI >= b% THEN HI=1.1
PRINT
INPUT "Input PS MW (e.g. MW=69OOO)"; Ms
IF Ms <= a% THEN Ms = 69000
PRINT
INPUT "Input Second V'Jrial Coefficient (e.g. A2=0)"; A2
PRINT "P.I. = "; HI. "PS MW = "; Ms. " A2 = "; A2
PRINT"These Values are OK (Y)es or (N)o?"
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DO
seeS = INKEY$
LOO? UNTIL seeS ="y" OR seeS ="Y" OR seeS ="N" OR seeS ="n"
IF seeS = "N" OR seeS = "n" THEN GOTO TopkkkValues
CLS
ENOSUB
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