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• Abstract

Quantum-confined semiconductors have been synthesized in ionomer

microdomains, demonstrating thennodynamic control of nanoparticle sizes via a priori

knowledge of ion aggregation numbers. In block ionomers, cadmium sulfide (CdS)

nanoparticle sizes are found to scale with the ionic block length (NB) as NB3/5. CdS­

polymer composites from block ionomers cao he suspended in organic solvents as reverse

micelles. Micelle stability is improved by reneutralization of acrylic acid blacks

surrounding the nanoparticle. Reloading of microreactors and controlled continued

growth of nanoparticles is demonstrated. Novel assemblies of CdS-containing reverse

micelles are fonned by secondary self-assembly in aqueous media. Scaling relations are

also detennined for microreactors containing different Metal ions. For all metal ions

investigated, the ionic core size scales as NBO.sSzO.03, in agreement with starlike models; the

proportionality constant is found to depend on the metal ion.

Coronal structure in block ionomers bas been investigated by small-angle neutron

scattering (SANS), using deuterated labels at various distances from the ionic core. Near

the outside of the polymer brosh, the scattered intensity scales with the scattering '"eClor

(q) as q-513, suggesting a semidilute environment for the labeL Chain confonnations are

influenced by neighbouring coronae above the micelle overlap concentration. Closer to

the ionic core, the chains become more crowded, and the semidilute assumption is not

applicable. For labels directly connected to the core, intensity scaling suggests highly

extended chains.
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• Résumé

Des semi-conducteurs de dimensions quantiques sont synthétisés dans des

microdomaines ionomèriques, prouvant ainsi le contrôle thermodynamique de la taille

des nanoparticules à partir de la connaissance du nombre d'aggrégation de l'ion. Pour des

ionomères blocs, la taille des nanoparticules de sulfure de cadmium (CdS) varie en

fonction de la longueur du bloc ionique (NB), typiquement selon NB
J
/
S

• Les composites de

polymères de CdS obtenus à partir d'ionomères blocs forment une suspension de micelles

inversées dans des solvents organiques. La stabilité de telles micelles est améliorée par

une nouvelle neutralisation du bloc d'acide acrylique qui entoure la nanoparticule. Il a été

démontré que l'on peut remplir à nouveau les microréacteurs et maîtriser la croissance

continue des particules. Il est possible de fonner de nouveaux assemblages de micelles

inversées contenant du CdS par auto-assemblage secondaire en milieu aqueux. Des

relations géométriques sont aussi déterminées pour des microréacteurs contenant

différents ions métalliques. Pour tous les ions étudiés, la taille du coeur ionique est

proportionnelle à NB°.58%O.OJ, ce qui correspond au modèle d'une micelle étoile; il a été

prouvé que la constante de proportionnalité dépend de la nature de l'ion métallique.

La structure de la couronne du ionomère bloc a été caractérisée par diffraction de

neutrons à faible angle d'incidence, par marcage au Deutérium à différentes distances du

coeur ionique. Proche de l'extérieur de la brosse de polymère, l'intensité diffractée varie

en fonction du vecteur de diffraction q à la puissance -5/3 (q-51J), impliquant que le

marqueur se trouve dans un environnement semi-dilué. La conformation des chaînes

dépend des couronnes voisines au delà de la concentration de chevauchement des

micelles. Plus près du coeur ionique, les chaînes sont plus nombreuses et l'hypothèse de

semi-dilution n'est plus valide. En ce qui concerne les marqueurs directement attachés au

coeur, la variation de l'intensité montre que les chaînes sont très étendues.
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• Foreword

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

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

uCandidates have the option of including, as part ofthe thesis, the text of

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

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

be bound as an integral part ofthe thesis.

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

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

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

other \Vords, results ofa series ofpapers must be integrated.

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

for Thesis Preparation". The thesis must include: A Table of Contents, an

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

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

conclusion and summary, and a thorough bibliography or reference liste

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

appendices) and in sufficient detail to allow clear and precise judgment

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

the thesis.

In the case ofmanuscripts co-authored by the candidate and others, the

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

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

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

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

in the candidate's interest to make perfectly clear the responsibilities ofail

the authors of the co-authored papers."
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•
Foreword

This dissertation consists of seven papers, each of which comprises one chapter,

with an introduction and general conclusions provided in the first and final chapters,

respectively. Following Donnai procedures, slightly modified versions of these papers

have been published in scientific joumals; others have been submined or are to he

submitted for publication. A list of the papers is given below:

Chapter 2: Ace. Chem. Res. 1996,29,95.
Chapter 3: Chem. Mater. 1995, 7, 1178.
Chapter 4: Chem. Mater. 1995, 7, 1185.

Q

Chapter 5: Macromolecules 1997, 30,4363."
Chapter 6: Chem. Mater. (submitted).
Chapter 7: Po/ymer (to be submitted).
Chapter 8: Macromolecules (to he submitted).

QIn chapter 4, Figures 4.6 and 4.7 did not appear in the original manuscript, and have been

added for the sake ofclarity.

h In chapter 5, Table 5.2 and parts of Table 5.7 were published as Supplemental Malenal

with the original manuscript.

Ali of these papers were co-authored by the research director, Dr. Adî. Eisenberg. The

review in chapter 2 aisa includes Dr. Karine Khougaz, who co-wrote the article. Chapter

4 includes Ms. Lynne McMahon and Ms. Valerie Pessel; botb of these co-authors were

undergraduate students working under the direct supervision of the author. Chapter 6

includes Dr. H. Vali from the Department of Earth and Planetary Sciences at McGiU, in

recognition of bis assistance with sorne of the transmission electron microscopy

experiments, in particular with the operation of the JEOL FX200 instrument. Chapters 7

and 8 include Dr. Yisong Yu, who SYQthesized the deuterated samples used for small­

angle neutron scattering work, along with Ors. Diep Nguyen and Dieter Schneider, in

recognition of their expertise in carrying out the SANS experiments. Mr. Vito Graziano

provided assistance in the data reduction process, and is also included as a co-author of

chapters 7 and 8. Other than the supervision, advice and direction of Dr. Eisenberg, and

the aforementioned contributions to the chapters, all of the work presented in this

dissertation was perfonned by the author.
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maximum is Â.m =332 nID. The absorbance of the untreated

polymer is shown in the insert.

Figure 3.2. UV-vis spectra of CdS fonned in a series ofstyrene-

based ionomers with variable-length spacers. The 10%p­

carboxystyrene ionomer is denoted p-COOH. The baselines

have been normalized, such that the vertical axis indicates

absorbance above the baseline.

Figure 3.3. Plot ofCdS nanoparticle diameters (2RCdS) versus ionomer side

chain length (Le). Linear regression was performed (solid line),

omitting the methactylate ionomer (L.: =1.5 Â). The dotted

horizontalline is a guide for the eye and indicates an apparent

plateau at small Le values.

Figure 3.4. SAXS data for the CdS-Cil POlymer composite. An air

background bas been subtracted. The position of the Bragg
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peak is determined to be q =0.12 A-I.
Figure 3.5. Transmission electron micrograph of the CdS-CIl polymer

composite. The dark regions indicate CdS particles dispersed

in the polymer matrix. From the micrograph, average particle

diameters are ca. 25 Â.

Figure 4.1. Absorbance spectra of CdS in PS-b-PAA copolymers with

variable poly(acrylic acid) black lengths for wet (solid lines)

and dry (dotted line) preparations. Ali samples were treated

with H2S for 5 h. The baselines bave been nonnalize<L sueh

tbat the vertical axis indieates absorbanee above the baseline.

Figure 4.2. Plot ofCdS nanoparticle diameters (2RCdS) versus the diameter

of the original ionie core (2Rcore), calculated from the scaling

relation 2Rœre = 6.5NB
3
/
5 A. Crossed circles represent

nanoparticles synthesized in raodom ionomers. The regression

Hne is through the solid circles (excluding 2Rcore > 100 A), but

has been extended manually to include the random ionomer

data. The horizontal line is a guide for the eye.

Figure 4.3. Plot of CdS nanoparticle radii (RCdS) versus the number of

repeat units in the ionie black (NB)' The dotted line shows the

best fit to the NB
3/S relation, with a =1.9 and b =9.4 Â. A linear

regression through the data is also shawn (solid line).

Figure 4.4. Transmission electron micrograph of CdS oanoparticles in

PS(470)-b-PAA(32). The dark regjons are CdS particles

dispersed in the polymer.

Figure 4.5. Normalized absorbance values for CdS.contaïning PS(1100)-b­

PAA(23) micelles in toluene solution plotted versus number of

recoveries by precipitation ioto methanoI. Symbols indicate the

preparation of micelles prior to the tirst recovery:

(.) no reneutralizatioD, (0) reneutralization with exeess NaOH

and 15 min. stining, (~ reneutralization with excess NaOH
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and ovemight stirring.

Figure 4.6. UV-vis spectra of CdS nanopanicles in PS(300)-b-PAA(4.0),

obtained by three different methods of processing the

composite.

Figure 4.7. Controlled continued growth of CdS nanoparticles in PS(320)­

b-PAA(14), by successive loadings of the microreactor and

reaction with H2S. The observed red-shift in the absorption

spectra with each loading indicates growth of the panicle.

Figure 5.1. Plots of log aggregation number (Z) (top) and log core radü

(Rcon:) (bottom) versus log NB, for black ionomer micelles of

the series PS(370)-b-PANi(y). Arrows indicate the appropriate

axis for each set ofdata. For the relation Z =KzNBa , the upper

plot Yields a = 0.77 ± 0.09 and Kz =9.5 ± 1.3. Similarly, for

Rean: = KRNBW:, the lower plot Yields 1C = 0.59 ± 0.03, and

KR = 7.0 ± 1.1 Â. The dotted lines are 99% confidence

intervals.

Figure 5.2. Plots ofaggregation numbers (Z) versus NBa (where a = 0.77)

(top) and ionic core radii (Reore) versus NBW: (where 1C =0.59)

(bottom) for micelles ofPS(370)-b-PANi(y). Arrows indicate

the appropriate axes for each set ofdata. For the lower plots,

open circles represent radii of cores with 100% bridged

counterions, RNi2+, and closed circles represent radii ofcores

with 100% unbridged counterions, RNi(Ac)+.

Figure 5.3. Plots of aggregation numbers (Z) versus NSO.
74 and ionic core

radii (Rcore) versus NB0.58 for micelles of PS(370)-b-PAX(y),

where X =Ni, Ba, and Pb. Arrows indicate the appropriate

axes for each set ofdata. For the purpose ofillustration,

RM2+ values have been used to represent the core radii for ail

Metal ions.

Figure 5.4. Plot of Kz.av versus the crystal ionic radii (rion) for block
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Ionomers containing various divalent Metal ions: Ne.... (e),

Co!+ (.), Cd!+ C.) and Pb2+(Y).

Figure 5.5. Plots of aggregation numbers (Z) versus NBo.71NA -0.50 (top)

and ionic core radii (Rcore) versus NB0.59NA-0.16 (bottom) for

micelles of Ni2+ block ionomers. Arrows indicate the

appropriate axes for each set of data. The full scaling

relations for Z and Rcore were detennined for each Metal ion

as described in the texte

Figure 5.6. (a) Plots ofz-averaged relaxation rate (rz) versus the square

of the scattering vector (q2) for different concentrations of

micellar solutions of the black ionomer PS(300)-h­

PACd(44). (b) Plots of the effective z-average diffusion

coefficient (Dz.ecr) versus concentration for the following

block ionomers: PS(730)-h-PACs(S4) (Â), PS(300)-b­

PACs(44) (0), and PS(370)-b-PACs(lS) (e).

Extrapolation of each line to infinite dilution yields the z­

average mutual diffusion coefficients (Dz).

Figure 5.7. Transmission electron micrographs ofPS(730)-b-PAA(84)

neutralized with (A) Ba2+ and (B) Pbl +. Dark regions

indicate ionic cores dispersed in a matrix of polystyrene.

Pb!+-neutralized sample (B) shows evidence of Metal

reduction, with sorne cores containing single lead particles

(indicated with an arrow) ofca. SO Â. in diameter.

Figure 6.1. (A) UV-vis absorption spectrum ofCdS-MIC, showing an

absorption edge (Àe) of457 Dm for the CdS nanoparticles.

The semiconductor particle diameter calculated from Àe is

38 Â.. (B) Transmission electron micrograph ofCdS-MiC.

The dark panicles are CdS, with an average diameter of

ca. 30 Â.

Figure 6.%. (A)Transmission electton micrograph ofspherical aggregates
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in LCM12, with Pd/Pt shadowing and (B)without shadowing.

The dark particles inside the spheres are CdS nanoparticles.

Figure 6.3. Energy-dispersive X-ray diffraction (EDAX) pattern ofone

of the aggregates containing dark particles, showing Cd and

S bands.

Figure 6.4. Schematic diagram of a large compound micelle (LCM)

containing CdS nanoparticles. The spherical aggregate is an

assembly of reverse micelles, stabilized with added black

copolymer. 172

Figure 6.5. Transmission electron micrographs of LCM10, (A) with

shadowing and (B) without shadowing; LCM21, (C) with

shadowing and (0) without shadowing; LCM35, (E) with

shadowing and (F) without shadowing. In B, the insen shows

the boxed region at a lower exposure tinte, revealing the

internai structure of the large spherical aggregate. 177

Figure 7.1. Kratky representations of scanering data for sample 1

(70-210-820-50) C.) and fi (250-220-1080-77) (e) in

toluene. (a) 3 wt. % polymer. (b) 5 wt. % polymer. Arrows

indicate the beginning of the plateau region. 196

Figure 7.2. Log-log plots of scattering profiles for sample 1

(70-210-820-50) (V) and II (250-220-1080-77) ce) in

toluene at 3 and 5 wt. % polymer. Solid lines show linear

regression for intennediate q values.

Figure 7.3. Log-log plots of scanering profiles for sample 1

(70-210-820-50) (V) and II (250-220-1080-77) (e) in

cyclohexane (40 OC) at 3 and 5 wt. % polymer. Solid Hnes

show linear regression for intermediate q values. At 3 %,

the beginning ofq-l scaling is indicated with arrows. Linear

regression for q > 0.1 A-I (3 %) is show in the insert.

Figure 8.1. Scattered intensity nonnalized with concentration, I(q)/c (1, 3,
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and 5 wt. % polymer), versus scanering vector in the

intermediate region. 220

221

Figure 8.2.

Figure 8.3.

Kratky plots for samples 1(240-190-390-48), II (370-250-180­

79), and ID (590-270-60), at a concentration of3 wt. %. Only

sample 1(Y) approaches the q-SI3 scanering ofswollen coils.

SANS profiles on a naturallog scale for samples 1(240-190-

390-48), TI (370-250-180-79), and m (590-270-60), at a

concentration of3 wt. %. Solid lines indicate linear regression

in the region q > 0.05 Â·l; the slopes of the lines yield

characteristic exPOnents for the scaling relation 1 - q-Q. 223
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Figure 8.4. SANS profiles in low-q region, for sample m (590-270-60) at

different polymer concentrations. The Bragg peak (observed
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with as the concentration is increased. 226

Figure 8.S. Plots of the Bragg peak position, qma."(, vs. cl13
• The linear
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CHAPTERI

General Introduction

1.1. Introduction

This dissertation consists of two main parts, both conceming ·'reversen micelles of

ion-containing block copolymers. First, the use of ionic cores of block ionomer micelles

as inorganic microreactors of controllable size is discussed, especially in connection with

the synthesis of quantum-confined semiconducting nanopanicles. The techniques that are

relevant to this discussion include statie and dynarnic light scanering, small-angle x-ray

scattering, transmission electron microscopy, and UV-vis absorption spectroscopy. The

second part of the thesis describes an investigation of coronal structure in block ionomers

by small-angle neutron scattering, usiog deuterated labels to probe specific parts of the

micelle corona.

The present chapter is divided ioto seven sections. The remainder ofsection 1.1 is

an introduction to polymers and copolymers, including a discussion of the synthesis and

characterization of black copolymers. Section 1.2 concems the phenomenon of

microphase separation of black copolymers in bulk. This is followed in section 1.3 by a

discussion of microphase separation of block copolymers in selective solvents to form

micelles. In section 1.4, the concept ofblock ionomers is introduced, including a summary

of other work on the characterization of these rnaterials. Section I.S provides a brief

history of semiconducting nanoparticles; this encompasses a discussion of different

1
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strategies ofnanoparticle preparation, along with a simplified description of the quantum­

confinement effect. In section 1.6, a short description of small-angle neutron scanering is

given, in which basic concepts are introduced and critical tenns are defined. Finally, the

focus and scope of the thesis is described in section 1.7.

1././. Po/vmers and Copo/l'mers: Sorne Basic Definitions

A po/ymer is àefined as a large molecule, natural or syothetic, made from smaller

structural units knoY.:n as monomers that are connected through covalent links.' T0

qualify as a monomer, a molecule must possess at least two bonding sites, though which it

cao be connected to other monomers in the process of polymerization. If the monomer

building blocks are bifunctional (i.e., possess two bonding sites), the resultant polYmers

resemble linear chains, whereas polyfunctional monomers (i.e., three or more bonding

sites) will form branched chains or large three-dimensional networks. Once they have

been incorporated into a polymer chain, monomers are often termed "structural units",

"'repeat units'\ or simply '~nitsn; the number of repeat units making up the polymer is

referred to as the degree ofpolymerization.

When a polymer consists of ooly one species of monomer, it is called a

homopo(l'mer. ' In sorne cases, polymers will be made up of (wo different repeat units,

and these are known as a copo(vmers. Iftwo distinct monomers, A and B, are considered,

it is obvious that different copolymers can be obtained through variations in the relative

amounts of A and B that are copolyrnerized. As well, the copolymers can be further

subdivided into four categories, depending on the arrangement ofA and B units within the

chain (Figure 1.1). In a random copo/ymer, the distribution of A and B along the linear

chain is essentially random, though influenced by the relative reactivities of the two

monomers. Altemating copolymers are made up ofA and B units that are distributed with

a regular altemating panern along the chain. When substantial sequences (or blacks) ofA

units are covalently linked to substantial blocks of 8 units in a linear chain, the resulting

copolymer is called a b/ock copo/ymer. In a dib/ock copo/ymer, one A block is linked to

one B black, whereas a triblock copolymer consists ofa central B block connected to two

tenninal A blacks (or vice versa); polyblock copolymers are also possible, containing any

2
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number of blacks. Grafi copolymers are formed by grafting blocks of one monomer onto

a backbone of the other monomer~much like grafting foreign branches onto the trunk of a

tree. In MOSt of the work descnbed in this thesis~ the primary rnaterials are diblock

copolymers; however, as described later, tetrablock copolymers (four blacks) are used in

SANS experiments with perdeuterated-polyslYrene labeling.

ABAAABBABBBAABAAABA

ABABABABABABABABABA

AAAAAAAAAABBBBBBBBB

B
B
B
B
B

B
B
B
B

Random copo(vmer

Altemating capolymer

Block copo(vmer

Graft copo(vmer

•

Figure 1.1. Types ofcopolymers sYnthesized from monomers A and B.

1.1.2. Sl'nthesis o(Block Copo/l'mers: Seguential Anionic Poll"meri=ation

Diblock copolymers are typically synthesized by aniomc polymerization, in which

electronegative monomers are uactivatedn by a highly electropositive initiator, resulting in

the fonnation and growth of a Ulivingn polycarbanion. The term living po/ymer is

attributed to Szwarc,2 and refers to the fact that the polymerization reaction has no formaI

tennination step; therefore, the chains continue to grow as more monomer is introdueed

into the system. A tennination step is provided by the addition ofa small Molecule with a

labile proton (e.g. methanol)~ which reacts with the polycarbanion to ukill" the chain.

In the sequential aniome polymerization ofan AB diblock copolymer, initiation of

monomer A and subsequent propagation of the living chains results in the growth of the

tirst black, followed by the addition of monomer B and growth of the second block.3
-
7

Since the degree of polymerization for each black can be controlled by the amount of

added monomer, black copolymers of well-defined compositions cao he made by this

3
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method. As weU, black copolymers synthesized by sequential anionic polymerization

generally have a low degree of molecular weight pllydispersity; this is attributed to the

rapid rate of initiation compared with that of propagation, the laner being controlled via

the speed ofmonomer addition.

The synthesis of polystyrene-b-poly(tert-butylacrylate) is of particular relevance to

the present thesis, and will therefore be described in sorne detail. Il is important to note

that water and molecular oxygen ~ill both react with polycarbanions to tenninate living

chains. For this reason, each step of this procedure is carried out under an atmosphere of

ultra-pure nitrogen, and with careful drying ofail glassware.

In the initiation step, sec-butyllithium initiator is added to a solution of a­

methylstyrene and Liel in tetrahydrofuran (THF); a-methylstyrene acts as both an

indicator and an end-capping agent, and LiCI is a stabilizer for the polymerization

reaction.J
•
7 As the solution is titrated with sec·butyllithium at room temperature, the

initiator frrst reacts with any impurities in the system, then activates the a-methylstyrene to

yield short polycarbanions of a deep red colour. At room temperature, the a­

methylstyrene monomer is above its ceiling temperature, and therefore does not

polymerize completely.

ÇH,

sec-BaU + CHFb

•

The styrene monomer is then added at low temperature (-78 OC), and the living

polycarbanions initiate polymerization ofstyrene. The colour of the solution changes from

deep red to orange-yeUow, which is the colour of "activated" styrene. The active centers

are regenerated at the chain ends as the polymerization proceeds, and the pracess

continues until all of the styrene monomer is consumed. At that point, the remaining a­

methylstyrene reacts with the living chains, and the deep red colour reappears.3

4
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·7SOC .,
+styrCDe

The polymerization resumes when the second monomer, ten-butylacrylate, is

added to the reaction flask. The initiation of the extremely reactive tert-butylacrylate

monomer by the living chains is sterically regulated by the presence of a-methylstyrene

end-cap. Terminating side reactions or chain transfer reactions are also prevented by the

Liel stabilizer, which associates with the living chain ends, thus lowering their activity.

The colour of the solution disappears completely with addition of the second monomer,

since activated tert-butylacrylate is colourless.

-78 OC
."

+f-BuA

•

ln the final step, the polymerization is tenninated by the addition ofa small amount

ofmethanol.

/./.3. Characterization ofBlock Copolvmers

After a block copolymer bas been synthesized, cenain characteristics of the

polymer must he determined in order to proceed with further exPeriments. The most

important of these characteristics are composition, average molecular weight, and

polydispersity index; for most purposes, these parameters together define a given AB

block copolymer.

Assuming that monomers A and B are known, the composition of the AB black

copolymer is defined by the relative lengths of the two blacks. This is usually expressed as

a weight or mole fraction of either black, and can he detennined quantitatively by

5
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techniques such as nuclear magnetic resonance spectroscopy (NMR) or infrared

spectroscopy (IR).7 If either monomer shows a well-defined resonance or absorption

mode by one of these methods, and if the appropriate calibration bas been obtained, then

the concentration of monomer A or B in a solution of the black copolymer can he

determined. For solutions in which the concentration of polymer is known, the

concentration ofmonomer is then converted into a relative block length.

One feature that distinguishes synthetic polymers from small Molecules is the

problem of assigning an unambiguous molecular weight to the former. This is because a

sample of synthetic pllymer contains a population of different chain lengths, the features

ofwhich are detennined partly by the statistical nature of the polymerization reaction.2 A

polymer is therefore Most suitably characterlzed by a molecular weight distribution, such

as that shown below. 1

i
'0

J
Molecular ftiIht-

Figure 1.2. An example ofa molecular weight distribution for a sample of

synthetic polymer.

From Figure 1.2, Mn is the number-average molecular weight, and is defined by

•
(1)
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where /Vi and Wi and U are the number, weight, and molecular weight of species i. Mn

can be obtained directly by methods that measure colligative properties of a polymer

solution Ce.g. osmotic pressure). The weight-average molecular weight, Mv." on the other

hand, is obtained by methods that are sensitive to the weight, rather than the number, of

molecules in solution (e.g. static light scattering). The weight-average molecular \veight is

defined by

(2)

Another useful average is the z-average molecular weight, M z, which is obtained by

methods such as sedimentation equilibrium:

" N.M.
3

Nf = 4.J; 1 1

U' ".N.M;!
4.J, 1

Llt;M;!

L/J';M;
(3)

Along with the above averages, the molecular weight distribution is characterized

by the po(vdispersity index CP.I.), \vhich describes the width of the distribution, or the

spread ofmolecular weights. The polydispersity index is defmed

(4)

•

The lowest possible value of P.1. is unity, in which case the sample is said to he

monodisperse. The value of the polydispersity index depends largely on the method of

polymerization. For example~ it was mentioned earlier that sequential anionic

polymerization can he used to obtain black copolymers with relatively low

polydispersities; by this method, P.1. values are typically between 1.05 and 1.10.7
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1.2. Diblock Copolymers in the Solid State

Block copolymers have been shown to have a number of interesting and useful

properties, which have been attributed to the unique morphological features of the bulk

polymers.8
-
lo These features arise from the covalent links between incompatible blacks;

due to thermodynamic factors, the irnmiscible blocks want to separate, but their mutual

connectivity prevents them from getting very far from each other. The inherent interest

surrounding such competitions between natural forces is aptly described by Helfand and

Wasserman:8

"Like a child contemplating the resrtlts of tying the cal 's tail to that of a dog.

scientists perhaps find a certain mischievous delight in considering the efJect ofjoining

two immiscible polymer blocks into one macromolecu/e. •.

As in most competitions between equally assertive opponents, the "resulf~ is~ in fact., a

compromise; the competing blocks separate into ~~microphases" or ~'microdomains~\ in

which they are surrounded by "like" blacks while, at the same time, being spatially close to

'\mlike" blocks. In effect, phase separation is restricted to dimensions on the order of the

polymer dimensions. The size and shape of the microdomains define the morph%gy of

the block copolymer; both theorists and experimentalists bave investigated black

copolymer morphology as a function of numerous variables (e.g., block copolymer

composition, temperature, etc.).S-IO Before looking al sorne of these morphologies~ it is

useful to consider the salient aspects of the thermodynamics of block copolymer

microphase separation.

1.2. J. Thermodynamic Considerations

The thennodynamic tendency of a physical or chemical process is genemlly

determined by the change in free energy, âG, which is calculated from entropic and

enthalpic components. 11 For the mixing of two bomopolymers, the free energy of mixing,

~Gmix, can be wrinen:

8
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(5)

•

where Mlmix is the enthalpy of mixing, T is the temperature, and ôSmi:< is the entropy of

mixing.12 Since the system will tend to minimize its free energy, mixing will take place if

ôGmix is negative; the polymers will then be miscible on a molecular level.

For the mixing of high molecular weight polymers, ASrnix is known to be very

small, such that the fcee energy is dominated by the enthalpie component. 12 Ta determine

Mlmi:r.., the enthalpy oftransferring a single unit ofpolymer A from pure A surroundings to

pure B surroundings is defined as X,ABkT, where lAS is the Flory-Huggins interaction

parameter, and k is the Boltzmann constant. For most polymers, lAS is a positive quantity,

making tJ{mix and .6Gmïx positive; therefore, the phase separation of polymers is generally

more favourable than mixing. In the case of polymer blends, favourable interactions

between specific functional groups on the two cbains (e.g. ionic interactions, hydrogen

bonding) are employed to make lAS negative, sa that dissimilar polymers become

miscible.

The phase separation oftwo homopolymers is macroscopic, as the system is driven

ta minimize the contact surface area between the two components. The size of the phases

which fonn is limited ooly by the amount of materia1.9 However, when two immiscible

polymers are joined by a covalent bond, the phase separation is restricted ta microscopic

dimensions; black copolymers therefore form microdomains with sizes that are

comparable to polymer chain lengths.

The conditions under which block copolymers will fonn microdomains are

govemed both by enthalpic and entropic factors. lo In general, microphase separation

becomes enthalpically more favourable as the interaction parameter between the blacks,

lAS, increases. However, the ordering of chains into microdomains is al the expense of

the configurational entropy of the system- a cost which becomes greater as the total

number of repeat units in the block copolymer, N, decreases. The product xAFJ/ is thus

said to define the conditions, and the extent, of microphase separation. In general, black

9
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copolymers are expected to fonn microdomains above l.~ - 10, below which the system

is disordered. 1
0 Just above this crossover, the system exists in the \veak segregation limit

(WSL); interfacial boundaries are poorly defined, and the sizes of microdomains scale as

N'''!. This scaling relation indicates Gaussian chain statistics, which is also expected in the

disordered state, suggesting that chain conformations remain largely unpenurbed in the

weak segregation limit. Under the conditions 1..~» 10, the system exists in the strong

segregation limit (SSL). Under these conditions, the interfacial boundaries are well

defined, and the "narrow interface approximation" is said to hold. As weIl, the sizes of

microdomains scale as JIl3, suggesting marked perturbations in chain dimensions.

Khokhlov has also proposed the existence of a superstrong segregation limi~13 this regime

of phase behaviour will be discussed later in the chapter, in connection with block

ionomers.

The thennodynamic factors that detennine microdomain morphology have been

described in the strong segregation limit by Helfand and Wassennan.S They identified

three main contributions to the free energy ofmicrodomain growth:

1. Interfacial contact enthalphy bet\veen microdomains ofpure A and pure B

polymers.

2. Entropy loss from chain extension within microdomains.

3. Entropy 10ss from confmement of block copolymer joints at the interface.

The first of these contributions promotes the growth of microdomains, as the system tends

to minimize the surface area of interfacial contact. This growth is restricted by the other

two contributions, bath of which result in a decrease in entropy as the microdomains·

become larger. It should he noted that the driving force for chain extension within the

microdomains is a strong tendency to maintain a constant bulk density of polymer; as the

microdomains increase in size, the chains are farced ta stretch iota the center, in arder ta

fill up space. These three factors are the basis of a Mean field model,8 which bas been

used ta describe the grawth af microdomains, alang with the conditions which result in

morphalogical transitions between lamellae, cylinders, and spheres.

10
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1.2.2. Block Copolymer Morpholo~es

In the strong segregation limit (XABN» 10), black copolymer morphology is found

to depend largely on the relative amounts of the two components (A and B), and to he

virtually independent of temperature.S
•

IO For the system polystyrene-b-polyisoprene (PS­

b-PI), seven equilibrium morphologies have been identified, and these are shown in Figure

1.3 as a function of the polystyrene volume fraction, ~S.IO For eps < 0.17, the system

fonns PS spheres in a matrix of PI. As eps ïncreases, the system progresses through PS

cylinders, PS ordered bicontinuous double diamonds (OBOD), then to PSIPI lamellae in

the neighborhood of 4»s - 0.50. The black copolymers become PS-rich as eps continues to

increase above 0.50, and the system "invertsn to fonn PI microdomains in a PS matrix.

AlI of these observed morphologies were predicted by the mean field theory of Helfand

and Wassennan for the strong segregation regime, with the exceptions of the OBOO

phase; this was subsequently discovered by Aggarwal in star-block copolYmers 14a and then

observed by Hasegawa in linear block copolymers. 14b More recent theories have called

iota question the existence of an equilibrium OBOO phase in the SSL,ISa and cenain

warkers have claimed that the OBOD is a metastable manifestation. (Sb Continued

experimental work in this area has shown that the phase boundaries described in Figure

1.3 are not rigourously defined; as weil, certain unonclassical" phases, such as hexagonally

perforated layers (HPL) have been observed. lSb

ps. PI
Lam_"ae

PI PI
C,lind.r. S,".r••

~.

PS PS
$p".rtl C,lind.r.

0.'7 0.28

P$
OIDO

0.34 0.&2

PI
Oleo

o... 0.77

•
Figure 1.3. Morphologies ofPS-b-PI diblock copolymers in the strong

segregation limit.
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In the weak segregation limit (xABN > 10), morphological transitions in black

copolymers were first described by Leibler.16 The theoretical phase diagram in Figure 1.4

for an arbitrary AB black copolymer in the WSL shows that morphology depends bath on

the block fraction, f, and on the product 1.APJl. Since lAS will change with temperature,

the morphological transitions are temperature-dependent in the weak segregation limite

The predicted critical point for microphase separation is (lAB N)e =10.5 and fe =0.5. 16

22

18
2
><

14

0.8 1

•

Figure 1.4. Theoretical phase diagram for diblock copolymers in the weak

segregation iimit. LAM, He~ and Bee correspond to lamellar, hexagonal

(cylindrical morphology), and body-centered-cubic (spherical morphology)

symmetries.

1.3. Block Copolymer Micelles

Block copolymers are aIso known to undergo microphase separation in solution,

forming spherical and non-spherical structures that are similar to micelles of small

Molecule surfactants (e.g. sodium bis(2-ethylhexyl)sulfosuccinate (AOn) in water or

organic solvents. 17
-

19 The resulting block copo/ymer micelles bave been the subject of
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extensive investigation in recent years~ due both to potential applications (e.g. drug

delivery, pollutant extraction~ viscosity modification, catalysis, nanoparticle synthesis) and

similarities to systems of theoretical interest (polymer-stabilized colloids). In this section~

sorne basic prineiples and terminology pertaining to block copolymer micelles are tirst

defined, followed by a comparison between micelles of block copolymers and those of

small molecule surfactants. Some methods of characterization are then described,

especially those of panicular relevance to this thesis. Finally, the theoretical treatment of

block copolymer micelles is considered, and scaling laws relating micelle parameters to

block copolymer composition are given.

1.3.1. Micellization o'Black Copolymers in Solution

The interesting physico-chemical properties of block copolymer solutions arise

from the tendency of block copolymers to undergo microphase separation in selective

solvents. 11
-
19 For an AB black copolymer, a selective solvent is one in which the B black

is insoluble and the A block is soluble. Above a certain concentration of the block

copolymer, known as the critical micelle concentration (croc), the insoluble B blocks will

self-assemble to minimize contact with the solvent; this results in microdomains of the

insoluble material~ surrounded and protected by the solubilized A blocks. The driving

force for micellization is enthalpie, although the shape and size of the resulting structures

are expressions of both enthalpie and entropie factors.

In many cases, black copolymer micelles are spherical in shape. Analogous to

their surfactant counterpans~ spherical micelles of block copolymers consist of a spherical

core of insoluble blocks~ surrounded by a corona, or shell~ of the solubilized blocks.

Based on the relative lengths of the soluble and insoluble blocks, two categories of.

spherical micelles cao he identified. In crew-cut micelles~ the insoluble blocks are long

compared to the soluble blocks, sueh that the micelles have large cores and shon coronal

44hair".20 Starlike micelles, on the other han~ are made up of copolymers with relatively

short insoluble blocks; the cores are therefore small and compaet~ surrounded by coronae

of long soluble blocks that extend ioto the solution?1 Though starlike micelles bear a

vague resemblance to tbeir astronomical cousins, they are certainly more closely related to

13
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star polymers, which consist of numerous polymer arms radiating from a fixed chemical

Iink.21 Representative drawings of starlike and crewcut micelles are shown in Figure 1.5.

Along with spherical micelles, other non-spherical morphologies have also been observed

in solutions ofblock copolymers.22

(1) (II)

Figure I.S. Starlike (1) and crew-cut (il) micelles.

The micellization of block copolymers occurs by a mechanism of closed

association,18 meaning that a single equilibrium exists between the micelles (M) and their

constituent single chams, or unimers (U):

zu ( C>CIflC ) M z (5)

•

where Z is the number of unimers that make up the micelle, and is called the micelle

aggregation number, or simply the aggregation number. By contrast, an open association

process involves numerous equihbria between aggregates ofdifferent sizes:

14
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M2+U~M3

M 3 + U -E----+ M 4

Mx + U oE---+ M N + t
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(6)

•

An open association process bas been found to govem the micellization of srnall molecule

surfactants in non-polar solvents. 18 The main consequence of closed association in block

copolymer systems is that the micelle sizes tend to bave relatively low polydispersities,

compared with those of micelles fonned from sorne surfactants. In the foIIowing section,

sorne additional features that distinguish block copolymer micelles from their surfactant

counterparts are described.

1.3.2. B/ock Copo/ymer and Surfactant Micelles: a Comparison o(Ana/o~es

SmaIl molecule surfactants such as AOT are generally monodisperse, so that above

the cme a11 molecules have the same tendeney to fonn micelles; in water, therefore, the

CIne is directly related to the length of the alkyl chains. In block eopol}11ler systems,

however, the relationship between cmcs and average insoluble black lengths is less clearly

defined, an experimental observation that bas been attributed to block length

polydispersity.2J As previously stated, polydispersity is an important feature ofPOlymers;

every synthetic polymer is a distribution of macromolecules with different molecular

weights. In their theoretical treatment of black copolymer micellization, Gao and

Eisenberg argue that chains with longer insoluble blacks will tend to undergo microphase

separation at lower concentrations than those with shoner insoluble blacks.23 As weU, the

authors state that, in block copolymer systems, the insoluble blocks will coil into a baIl

below the cmc; the free energy of micellization for a single chain therefore scales as N 13

(where N is the number of repeat units in the insoluble black), rather than the N sca1ing

detennined for surfactants. The model shows that cmc values for black copolymers are

not sharply defined, and that the concentration ofsingle chains continues to increase above

the croc. This is in contrast to monodisperse surfactant systems, in which the

concentration ofsingle chains is constant above the cmc (for closed association). As weil,

15
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a general lowering of the cmc was found in block copolymer systems with increasing

polydispersity ofchain lengtbs.

Another imponant difference between micelles of surfactants and black

copolymers is kinetic, rather than thermodynamic, in origin. The exchange between

micelles and unimers represented in eq 5 is a rapid process for small molecule surfactants,

with unimer residence times on the arder of 10-5
S.IS In black copolymers micelles,

however, chain entanglements within the core severely retard the enttance and exit of

single chains; kinetics are stalled even more drastically when the core-forming blacks are

below their glass transition temperature.24 In the laner case, block copolymer micelles are

said to be "frozen" or "dead", as no dynamic equilibrium exits on a reasonable rime scale.

Such micelles are often formed under equilibrium conditions (for example, in the presence

of a core-swelling solvent), and become frozen with further treatrnent; equilibrium models

can often he used successfully to describe these structures, despite a lack of dynamic

equilibrium in their final state. It should be noted that the terms ~~aggregate" and

"aggregation" generally refer to non-reversible processes; they are often applied to the

micellization of block copolymers, although micelles of this type do often exhtbit a

dynamic equilibri~ or else are fonned under equilibirum conditions. The terms

~·associate" and "~association", on the other hand, imply complete reversibility, and are

usually reserved for the micellization ofsmall molecule surfactants.

/.3.3. Character;zat;on orB/oct Capo/ymer Micelles

The study of black copolymer micelle solutions bas involved the characterization

of aggregates in tenns of critical micelle concentrations, aggregation numhers, structure,

and hydrodynamic bebaviour. 17
-
19 Techniques used to detennine these parameters include

static and dynamic light scanering, size exclusion chromatography, viscometry,

ultracentrifugation, smaU-angle x-ray scattering, small-angle neutron scanering, nuclear

magnetic resonance, fluorescence, and transmission electton microscopy. Funher details

on these techniques can be found in a review by Tuzar and Kratochvil. 19 Descriptions of

techniques that are of particular relevance to this thesis are reserved for subsequent
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chapters, with the exception of small-angle neutron scanering, the details of which are

presented at the end of the present chapter.

1.3.4. Theories orB/oct Copo/ymer Micelles: Models and ScalingRelations

Several theoretical studies of block copolymer micelles have focused on the

description of important micelle parameters in tenns of characteristics of the constituent

black copolymers.2I
.2S-

29 In these models, expressions for the total free energy of the

micelle, including terms pertaining to the core, the corona, and the core/corona interface,

are minimized with respect to such variables as aggregation number and core radius., in

order to determine the dependence of these variables on the lengths of insoluble and

soluble blacks. It should he noted that, in comparison with the theoretical treatment of

black copolymers in bulk, an additional component- the solvent- is brought to bear on

black copolymer solutions. The enthalpy of micellization is therefore detennined by

relative contributions from polymer-solvent interaction parameters for the two blacks, 'XAS

and 'lBS.

In their general fonn, scaling laws for aggregation numbers and core radii of block

copolymer micelles can be written

Z - Na N-~
B A

Rcore - N'lJ N~"(

(7)

•

\.vhere N.At. and NB are the number of units in the soluble and insoluble blacks, respectively.

This trend., where aggregation numbers and core radii increase with the insoluble block

Iength and decrease with the soluble block length, is predicted by theory and corroborated

by experimental evidence in a wide range of systems.19 The actuaI exponent values vary

from system to system, depending on such factors as the chemical nature of both blocks,

the type of solvent, and the relative black lengths; however, in scaling laws of the type

shawn in eq 7, the NB dependence is generally found to he stronger than the negative NA

dependence.
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Whitmore and Noolandi developed scaling laws using the free energy minimization

approach, to describe micellization in block copolymer-homopolymer blends (the

homopolymer is regarded as a high-molecular weight "solvent").25 They detennined that

exponents for the scaling of the core radius were in the range 0.67 < " < 0.76 and

0.1 < y < 0, indicating that the soluble black length dependence is very weak. For micelles

in low-molecular weight solvent, specifically polystyrene-b-polybutadiene in heptane,

Bluhm and Whitmore26 refined an earlier model of Noolandi and Hong,27 and obtained

R - u 0.67 N -0.01
core lYB A·

Nagarajan and Ganesh developed a more general theory that was used to calculate

aggregation numbers and core radii for several block copolymerlsolvent systems.28

Scaling laws were detennined in tenns ofthe effective number ofrepeat units, mA and mB:

m..t=N..tvA!Vs

ms=Nsvs!vs

(8)

where VA and VB are the molecular volumes of the soluble and insoluble repeat units, and Vs

is the molecular volume of the solvent. For micelles of polystyrene-b-polybutadiene in

heptane, the theory predicts that the core radius scales as Rcore - mBo.
70

mA.o.OS; this shows a

stronger soluble block lengtb dependence than that predicted by Bluhm and Whitmore for

the same system.26

Halperin21 developed a scaling theory for starlike black copolymer micelles, in

which NA » NB, and found the following:

Z - NO.s
B

R - NO.6
core B

(9)

•
The same scaling laws were detennined independenûy by Zhulina and Birshtein,29 who

investigated scaling behaviour in four different regimes of block copolymer composition.

The scaling laws in eq 9 reflect a negligtble NA dependence when NA » NB- Such

behaviour was attributed to the high curvature of the cores in starlike micelles, wbich
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allows the soluble blacks to accupy a relatively large interfacial area.21 The perturbations

of coronal chains are therefore miniInized, such that contributions of the soluble black

length to the entropic penalty of micelle growth become insignificant. Most of the black

copolymer micelles discussed in tbis thesis are starlike, so the predicted scaling laws in eq

9 are especially relevant to subsequent chapters.

1.4. Micellization of Diblock Ionomers

The focus of this thesis is the study and application ofdiblock ionomers, which are

a particular group of materials in the larger family of ion-containing block copolymers (or

ionic block copolymers). In general, ionic block copolymers consist of hydrophobie

blocks covalently linked to blacks containing a significant number of ionic moieties.2
';.30-32

A variety of synthetic ionic polymers are available, and sorne of these, including poly(4­

vinylpyridinium alkyl halides), poly(metal acrylates), poly(metal methacrylates), and

sulfonated polystyrene, have been introduced into black copolymers. The initial studies on

the colloidal behaviour of ion-containing block copolymers \Vere carried out by Selb and

Gallo~ who have written an excellent revie\v of their early work.33 In this section, the

micellization of ion-containing block copolymers is cornpared with that of nonionic black

copolyrners; the two main groups of ionic black copolymers, block polyelectrolytes and

block ionomers, are defined. The discussion then facuses on the second group of

materials, and a summary ofprevious work on diblock ionomers is provided.

/.4././onic Block Copolymers: Block Polyelectroll'tes and Block Ionomers

Much of the interest in ion-containing black copolymers arises from the extreme

incompatibility between ionic and hydrophobic blocks, which results in stronger driving

forces for microphase separation than are found in nonionic black copolymers.24
.]0-32 The

strong tendency to fonn micelles in both organic and aqueous solvents gives ionic block

copolymers unusually low critical micelle concentrations compared with their nonionic

counterparts. As weil, aggregates of ionic block copolymers show impressive stability over

long periods of rime, even at extreme temperatures. This stability, though partially
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thermodynamic in nature, contains a predominant kinetic component; due to extreme

incompatibility between the blacks, the cores of ionic block copolymers in aqueous or

organic solutions are generally free of solvent, usually resulting in glassy cores and slow

exchange between micelles and single chains.

Along with creating low critical micelle concentrations and high aggregate

stability, the large driving force for microphase separation in ionic black copolymers

allows micellization to he investigated over an impressively wide range of black

copolymer compositions. In organic solvents, the micellization of diblock ionomers bas

been observed for extremely short ionic block lengths, down to a single ionic unit.H-37 ln

aqueous environments, decreasing the length of the ionic block results in a transition from

starlike to crew-cut micelles;38 when the relative length of the ionic block is decreased

even further, a wide range of non-spherical morphologies, dependent on the black

copolymer composition, become thennodynamically favourable.22 A varied anay of

aggregate sizes and shapes can thus be obtained from a single type of material, through

changes in the relative lengths ofthe ionic and nonionic blacks.

It is useful to distinguish between two classes of ionic block copolymers: black

polyelectrolytes and block ionomers. The difference between polyelectrolytes and

ionomers has been the subject of sorne debate, and certain workers have suggested a

classification based on the ion content of the copolymer. Eisenberg and Rinaudo,

however, have classified polyelectrolytes and ionomers according to the effect of the ionic

groups on the material properties.39 According to their definitions, block polyelectrolytes

are materials in which the properties are govemed by electrostatic interactions over the

relatively large distances within the micelle coronae and between the aggregates;

conversely, block ionomers are materials in which the properties are govemed by strong,

short-range electrostatic interactions within ionic microdomains.24

It follows from the above detinitions that a given ionic black copolymer MaY he

either a black polyelectrolyte or a block ionomer, depending on the nature of the solvent

in which self..assembly occurs.24 In aqueous en'\ironments, it is the hydrophobic blacks

which fonn the micelle core, and long-range electrostatic interactions among solvated

ionic blocks allow these water-soluble systems to he classified as block polyelectrolytes;

20



•

•

Chapter 1. General Introduction

the tenn "regular micellen is also applied to the aggregates. In organic solvents, ionic

block copolymers are classified as block ionomers, or "reverse micelles", as microphase

separation results in compact ionic cores, solubilized by hydrophobic coronae. These

materials are also known as block ionomers in the bulk state; in this case, the coronal

chains form a matrix phase, in which the ionic cores are evenly dispersed. The discussion

now focuses on the micellization of ionic block copolymers in organic solvents, and the

characterization of the resulting diblock ionomer aggregates in solution and the solid state.

/.4.1. OtherStudies o(Diblock lonomer Micelles

The first study on the colloidal propenies of ion.containing block copolymers in

organic solvents was published in 1991,4 and since then a numberofinvestigations on such

systems have appeared in the literature. A large number of these studies have focused on

polystyrene·based diblock ionomers, with relatively long PS blacks covalently linked to

short ionic segments. This composition regime is known to form starlike spherical

micelles, with small ionic cores and large PS coronae. The work described in this section

involved the following species of ionic blocks: poly(metal acrylates), poly(metal

methacrylates), and quaternized poly(4-vinylpyridine) (P4VP). As weIl, systems such as

quaternized P4VP-b-PS-b-P4VP triblock ionomers4o and sodium·neutralized poly(tert­

butylstyrene)-b-lightly sulfonated polystyrene41 in nonpolar solvents have also been

investigated.

In the tirst detailed investigation black ionomer reverse micelles, polyslYl'ene-b­

poly(sodium Methacrylate) (PS-b·PMANa) and polystyrene-b-poly(cesium Methacrylate)

(PS-b-PMACs) ofvarious compositions were studied in different solvents selectively good

for polystyrene.4 Size·exc1usion chromatography (SEC) was used to demonstrate that the

resulting micelles were extremely stable, and did not show an appreciable dynamic

equilibrium over long periods of rime. For a wide range of PS·b·PMANa and PS-b­

PMACs samples, SEC coupled with viscometry was used to detennine aggregation

numbers and hydrodynamic radii as functions of black ionomer comPOsitioll- By this

metbod, the micellar molecular weights and aggregation numbers were detennined ftom a

universai calibration curve of log(['l]M) versus the SEC elution volume, where [11] is the
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intrinsic viscosity and Mis the molecular weight of the eluting sample. Hydrodynamic radii

were calculated from the following relationship:

(,,]M =(l0/ 3)Z7tR/ (10)

where Z in the micelle aggregation number and Rh is the hydrodynamic radius. Both

aggregation numbers and hydrodynamic radii were found to increase as the number of

ionic repeat units was increased for a given PS block length. Aggregation numbers

decreased as the length of the soluble PS block increased, suggesting an increase in the

solubility of single chains; however, the hydrodynamic radius was found to increase. This

finding is not surprising, since the thickness of the corona increases \Vith the length of the

PS block, resulting in an overall increase in micelle radius, despite a 10\Vering of the

aggregation number. In a subsequent study, hydrodynamic radii from SEC and viscometry

were confinned by dYQamic light scattering (DLS).~:!

Infonnation on the internaI structure of block ionomer micelles is not available

using Iight scattering techniques (SLS and DLS), due to the limited Iength scales which

can be probed with visible light. In order to probe dimensions smaller than the micelle,

therefore (e.g., the radius of the ionic core), radiation with much shorter \\'ayelengths must

be used. To this end, small-angle x-ray scanering (SAXS) bas been used to detennine

core sizes in starlike reverse micelles, in systems of polystyrene-b-poly(cesium acrylate)

(PS-b-PACs) and PS-b-PMACs in toluene.43 The interpretation of fonn factors from

SAXS data revealed that ionie core radii scale roughly as Na3/5 (where NB is the number of

repeat units in the ionic black), independent of the PS block length. This is in agreement

with the predictions of Halperin's Madel of starlike black copolymer micelles.:!1 The data

were fitted to the scaling law and a proponionality constant of6.5 Â was determined. In

further work, core sizes were detennined for quatemized PS-b-P4VP, and the same fit to

the Halperin model was obtained.44 SAXS data and computer modeling were also used to

detennine radii polydispersity indexes (RPij, which were between 1.02 and 1.04,

suggesting that the populations of ionic cores had very low polydispersities. A

comparison of ionic core radii and contour (fullyextended) lengths of the core-fonning
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blocks revealed a high degree of chain extension within the cores of block ionomers. High

extension of the core-fonning blocks was also observed for nonionic cores \vithin an ionic

matrix.45 It was therefore concluded that high degrees of chain extension within the cores

of block ionomers is due, not to electrostatic repulsion, but to the minimization of

interfacial energy between ionic and nonionic components.

As mentioned earlier, the strong segregation limit of microphase separation is

characterized by well-defined interfaces and perturbed chain confonnations \vithin the

microdomains. The high degrees of chain extension observed in block ionomers (in sorne

cases, greater than 1000/0 of the contour Iengtht5 imply that these systems are cenainly in

the SSL, and are, in fact, an extreme example of strong segregation. For such cases,

Khokhlov13 has proposed the existence of a third regime, based on the following physical

limits: (1) complete extension of the core-fonning blacks, or (2) complete occupation of

the microphase interface with AB junctions (i.e., no room for another chain to enter the

micelle). When either of these limits are reached, the system is said to enter the

superstrong segregation limit (SSSL). Although micelles of block ionomers appear to he

excellent candidates for the SSSL, core radii detennined in ref. 45 do not cornpletely agree

with theoretical scaling laws for superstrong segregation, which predict a linear increase in

Rear.: \Vith increasing N (the total degree ofpolymerization).

Another micellar parameter that bas been recently investigated is chain mobility

\vithin the PS corona:~6 Using nuclear magnetic resonance spectroscopy (NMR), the

coronal chain dynamics can be detennined in sorne detail at the segmental level. This was

demonstrated in systems of PS-b-PACs in CCL, by probing the mobility of 2H-Iabeled PS

"tags" at various distances from the ionic core. A comparative analysis of relaxation times

revealed that segmental mobility is considerably restricted close to the ionic core, and

approaches that of "free" homopolystyreoe at ca. 40 units from the ionic-nonionic

junction. Segmental mobility within the corona was also found to become more restricted

as the size of the ionic core iocreased.

It is weil established tbat reverse micelles of surfactants such as AOT are able to

solubilize significant amounts of water within their ionic cores, resulting in water pools

that can act as "microreactors" for hydrophilic reageots. The applicability of block
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ionomers for such localized, microscale (or nanoscale) chemisny is dependent on the

ability of the ionic cores to solubilize polar species of low molecular weight. The

solubilization ofwater into the cores of block ionomers bas been studied by proton NMR,

in order to detennine the distnbution of water between the micelle and the nonpolar

solvent.47
•
4s In these experiments, a single proton chemical shift was observed; this was a

weighted average of the chemical shift of water in the ionic core and in the solvent. The

single chemical shift indicated fast exchange of water between the micelle and the solven~

which suggested that the ionic cores are liquid-like in the presence ofwater.

From an analysis of the chemical shift of water protons in solutions of block

ionomers, the equilibrium constants in favour of the reverse micelles were detennined for

various nonpolar solvents, and were found to occur in the following order: cyclohexane >

benzene - toluene » THF - DMF.~7 For different ionic moieties, the equilibrium

constants in favour of \vater solubilization were found to decrease as follows: sodium

sulfonates > sodium carboxylates » methyl iodide pyridinium:~s

1.5. Semiconducting Nanoparticles: Materials of "Neglected

Dimensions"

In recent years, a great amount of attention bas focused on the synthesis and

characterization of metal and senziconducting nanoparticles. Such nanoparticles range in

size from < 1 nm to almost 10 Dm, containing from < lOto several hundred molecular

unitS.49 Much of the interest surrounding these '~ltrasmall" particles is based on their

unusual optical and electronic properties, which are quite different from those of the bulle

materials; for this reason, the study ofnanoparticles bas been said to bridge the "neglected

dimensions"so between single atoms or Molecules and bulle metals or semiconductors.S1
'

Along with such fundamental interest, the potential applications of nanoparticles to

photocatalysis, electro-optical materials, and nonlinear optical devices bas been

recognized; for such applications, particle stability, size and polydispersity control, along

with the dispersion of nanoparticles in a suitable medium, have become critical issues.

This section begÏns with a brief discussion of the quantum-confinement effect in
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semiconducting nanoparticles, or uquantum dots"; theories of small Metal particles are not

mentioned here, as they do not pertain directly to this thesis. A summary of different

strategies of nanoparticle syothesis will then be given, including the recent application of

block copolymer mÎcroreactors.

1.5./. The Quantum-Confinement Effecl

The band structure in bulk semiconductors is not a property of the individual

"'molecules" or ion pairs that make up the solid, but rather arises from the overlap of

molecular orbitaIs trom a large number of these ion pairs arranged in a crystal lanice.52 In

effect, the molecular orbitais are delocalized over the entire crystal, and the movement of

electrons is restricted ooly by the relatively small energy gap separating valence and

conduction bands. The energy of the tirst excited state~ tenned the excitan, is therefore

vinually identical to the band gap energy in bulle It should be noted that in sorne solids,

electrons are ubound" in the exciton state by electrostatic attraction to the holes left

behind in the valence band, and can only escape into the conduction band at energies

slightly higher than the exciton. In bulk semiconductors, however, the thresholds for

exciton absorption and photoconduction are nearly identical.

When the size of a semiconducting particle is comparable to, or smaller than, the

exciton in the macrocrystalline materia! (i.e., the size of the de Broglie wavelength of the

electron) the delocalized bands become quantized, and the energy of the exciton

increases.49 This situation bas been described by Brus as a particle (the electron) in a

spherical box (the nanoparticle), in which the movement of the particle is confined by an

infinitely high potential at the interface.53 Brus detennined the exciton energy for the

semiconducting nanoparticle by calculating the confinement energy of the electron:

~ ~ [ ] .,E* == E + trTC.,- _1_ + _1__ 1.8e- +...
g 2R- m m &R

~ It

(11)

•
where E* is the energy ofthe exciton, Eg is the band gap energy in bulk, me and mh are the

masses of electrons and hales in the lanice, R is the radius of the partiele, e is the charge
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ofan electron and & is the pennittivity. The band gap energy in bulk is a constant for each

semiconductor (e.g., for CdS, Eg = 2.4 eV). The second tenn on the right-hand-side of eq

Il is the quantum-confmement term, which increases as the panicle size decreases; the

third term arises from Coulombic attraction between electrons and holes, and is much

smaller than the confinement term. The "particle-in-a-box" mode1 thus predicts an

increase in the energy of the exciton as the particles decrease in size, with E*

asymptotically approaching Eg as panicle dimensions extend ioto the bulk.

The quantum-confinement effect is clearly manifested in the absorption spectra of

semiconducting nanoparticles; increases in the exciton energy are observed via "blue

shifts" (increases in energy) in the onset of absorption.s~.ss In CdS semiconductors, large

particles show an absorption onset ofaround 515 Dm, corresponding to the bulk band gap

energy of2.4 eV. Below a particle diameter ofabout 60 À, however, the absorption onset

is found ta shift to higher energies (lower wavelengths), as shown in Figure 1.6.49 Also in

the Figure 1.6, it will be noted that the spectra exhibit increasing structure as the quantum­

confinement effect becomes more pronounced.

500200 300 400
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Figure 1.6. UV-vis absorption spectra ofCdS nanoparticles with different

Mean panicle sizes.
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Using both theoretical and empirical methods, the quantum-confinement effect bas

been quantified in plots of the absorption threshold versus average particle size. Such

plots for PbS, CdS and ZnO are shawn in Figure 1.7; the band gap energies of the bulle

materials are indicated in parentheses.49 The curves for PbS and CdS are used in

subsequent chapters to detennine semiconducting nanoparticle sizes from absorption data.
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Figure 1.7. Absorption threshold and band gap energy as a function of

particle size for CdS, ZnO, and PbS.

1.5.2. Strate~es ofNanoparticle Svnthesis

A commOR goal behind many methods of semiconducting nanoparticle synthesis is

the arrested precipitation of ions ioto a crystal lanice, such that the particle is unable to

grow to bulle dimensions. Earlier methods involved the simple kinetic strategy of

controlling the rate ofcrystal growth with respect to the rate ofnucleation. This was first
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accomplished by rapid stirring of the constituent ions in dilute solutions; size control was

exerted to sorne extent through variations in the temperature, with colder temperatures

giving smaller colloidal particles.S6 lGnetic control bas aIso been accomplished in

surfactant-stabilized systems such as reverse micelles57
-60 and surfactant vesicles.61 .62 By

these methods, the particle sizes are controHed through variations in the amount of water

added to the microemulsions, or through changes in the relative concentrations of ions.

Along with their role in the kinetics of ion exchange, the surfactants also act to protect the

surface of growing semiconductor particles, preventing agglomeration of partic1es and

macroscopic precipitation. Semiconductor colloids have also been stabilized through

passivation of the particle surfaces with organic ligands.63

A more recent approacb ta nanoparticle synthesis bas involved the use of sYnthetic

polymers as media for particle growth.64-75 Several workers have employed ion-containing

polymers, in which the inorganic ions are localized in distinct regions of the polymer

matrix; these ions are then converted ta metallic or semiconducting particles through

simple reduction or substitution reactions. In commercial random ionomers such as

Nafion~69 and Surlyn,r°·71 PbS and CdS nanoparticles of a wide range of sizes have been

prepared, using various conditions of ion-loading and annealing.

Other advantages are offered by block copolymer systems, in which Metal ions are

introduced into ion-complexing microdomains, and subsequenùy converted to metal or

semiconducting particles.72
-
76 In these simple chemical conversions, the microdomains, or

cores, act as microreactors, localizing and containing inorganic reagents in a manner that

is analogous to the round-bottom flasks of larger-scale operations. The use of a black

copolymer microreactor is represented in Figure 1.8, showing two possible outcomes of

the chemical conversion: the Uraspberry" and l'cherry" morphologies.7s

In the early stages of cbemical conversion, a number of nucleation sites may fonn

throughout the microdomain, resulting in a raspberry. If, however, a single nucleation site

forros in each core, or if the raspberry useeds" come together following nucleation to fonn

a single panicle, then the microreactor and its product will resemble a cherry. The cherry

morphology is by no means "the pits", as the formation of a single particle in each core

results in a direct correlation between the particle size and the original number of ions in
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the microreactor. This provides an excellent mechanism of size control~ provided that (1)

the system can he induced to adopt the cherry morphology, and (2) the number of ions in

the microreactor can be controlled in a reliable manner. Both of these conditions are

addressed in the present thesis, with a particular emphasis on the second poin~ where

block ionomers offer sorne unique advantages.

simple
chemistry

agglomeration
of"seed"
partieles

-@
ionic core "raspberry" "cherry"

•

Figure 1.8. Chemical conversion of ions in a block copolymer microreactor,

showing ~'raspberryn and ~~cherry" morphologies.

1.6. Small-Angle Neutron Scattering

Pan of the work described in this thesis bas involved the use of small-angle

neutron scattering (SANS) to investigate coronal structure in block ionomer micelles. The

following section provides a brief introduction to the SANS technique and aspects of

instrumentation. First, the principles and tenninology of SANS are summarize~ with a

special emphasis on scattering from polymer chains. Sorne technical infonnation on bath

of the spectrometers used for this work is then presented. Details on data analysis and

specifie experimental parameters are given in subsequent chapters, and are therefore

omitted from this introductory discussion.
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1.6.1. A Basic Introduction to Small-An~le Neutron Scattering

The scattering of neutrons incident on a sample is attributed to interactions with

the nuclei in the system, resulting in secondary waves that are Hscattered" in aIl directions;

the scattered waves are out ofphase with the incident waves, and have amplitudes that are

dependent on the nuclei.77 The square of the SUIn of the amplitudes for radiation scattered

at aIl angles gives the scattered intensity function, I(q), where q is the scattering vector,

which is the vector difference between incident and scattered neutrons. q is defined as

follows:

(12)

•

where À. is the neutron \vavelength and e is the scattering angle.

The scattering function is the SUIn of two signaIs, attributed ta coherent and

incoherent scattering. Coherent scanering is dependent on the scattering vector, and is

due to the interference between scattering from individual nuclei; it contains infonnation

on the spatial distribution of nuclei and therefore on the structure of the sample. The

contribution from incoherent scanering arises from the random distribution of isotopes

and nuclear spin states, and results in a constant background that is not dependent on the

scattering vector. The incoherent scattering is generally subtracted in the data reduction

procedure, and infonnation on structure is obtained from the coherent scanered intensity.

The power of a nucleus to scatter neutrons is defined by its scattering length, b, or

the scattering cross section, 0' =41tb2
• Variations in the scattering cross section are not

systematic as one moves across the periodic table, and G can vary significantly between

isotopes orthe same elemenL The most common (and mast useful) example is hydrogen

and deuterium, where deuterium bas a significantly higher scattering cross section than the

lighter isotope. This pennits molecules to he ulabeled", by replacing hydrogen atoms with

deuterium, such that scattering from labeled Molecules contributes most strongly to the

scattered signal. For example, in the present work, perdeuterated polystyrene labels are

placed in different parts of the micelle corona. Since the entire micelle, with the exception
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of the labels, is contrast-matched with the surrounding solvent (i.e., bas the same

scattering cross section as the solvent), ooly the labels are 4~sible" to the neutrons. The

scattered intensity therefore reveaJs specific information on the confonnation of

perdeuterated labels in different regions ofthe micelle corona.

The coherent scattered intensity, I(q), is the product of the fonn factor and the

structure factor:

l(q) = P(q)S(q) (13)

where the fonn factor, P(q), arises from intraparticle interference and the structure factor,

S(q), is due to interparticle interference. Since the determination of chain conformations

for individual labels is the aim of the present work, the forro factor is the more important

contribution. Methods of separating fonn and structure factor contributions will he

discussed in a later chapter.

The form factor can be regarded as the Fourier transform of the distribution of

pairs ofscanering centers (i.e., nuclei) within the particle:

(14)

•

where n(r) is a number distribution of scanering pairs separated by distance r; the

expression is integrated over the entire particle. For polymer chains, the expression within

the integral must also averaged over ail possible chain conformations and spatial

orientations ofthe molecule.77

Tbrough the Fourier transform, the variables q and rare said to be conjugated; that

is, as the scattering vector ïncreases, the dimensions that are probed within the particle

decrease. Because of the relatively smaIl wavelengths that are available using neutrons,

SANS allows length scales down to < 10 A. to he probed, while light scattering tecbniques

are unable to resolve dimensions smaller than most colloidal particles.
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A scanering profile is sometimes regarded as a "microscope", \vith larger values of

q corresponding to smaller length scales and therefore higher magnification.77 For

polymer chains, it is useful to distinguish three regions of ""low", ""intennediate", and

"'high" magnification. In the region of small scattering vectors (1ow magnification), the

scattering probes length scales on the order of the radius ofgyration Rg of the chains. This

region is referred to as the Guinier regime, and is generally defined as q < IIRg• If the

polymer chains are made up of statistical segments of length f, an intennediate region of

scattering is defined IIRg < q < Ill, in which information on chain statistics (e.g., chain

"stiffuessj can be obtained. This region is ofparticuIar interest in subsequent discussions.

For very high scattering vectors in the region q > III (high magnification), the neutrons

"see" the individual segments that make up the chains, and the profile resembles that of a

rigid rod. It should he noted that if a polymer chain is very stiff, the region q > III may

correspond to scattering vectors nonnally associated with the "intermediate" region,

suggesting that the chain resembles a rigid rad al relatively large length scales.

/.6.2. Spectrometer Specifications

The four main features of a small-angle neutron spectrometer are the neutron

source, the monochromator, the collimator, and the detector. These are discussed briefly

below, in reference to both spectrometers used in this work: (1) Beamline H9-B al the

High Flux Bearn Reactor, Brookhaven National Laboratory (BNL) , Upton, NY and (2)

Beamline NG7 at the Cold Neutron Research Facility, National Institute of Standards and

Technology (NISn, Gaithersburg, MD.

1.6.2.1. BNL Spectrometer

The High Flux Bearn Reactor at BNL uses highly enriched Uranium-235 fuel and a

heavy water moderator to sustain a controlled nuclear reaction; the reactor is expressly

designed to maximize the number of neutrons available to extemal beams. Fast and

epithermal neutrons from the region of the fuel cells escape to a 0 20 reflector surrounding

the core, where they are funher moderated and converted to thermal neutrons. The useful

thermal neutron population peaks in the reflector, where the neutrons are accessible to
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various beam tubes. In beam tube H9, thennal neutrons from the reflector are scattered

within a liquid-hydrogen cold neutron moderator, providing intense beams of low-energy

"cold" neutrons (~ 5 meV).

At beamline H9-B, the cold neutrons pass through a Be-tilter, then are guided

along a flight path with Ni-coated neutron guides. Monochromatization is achieved with

exchangeable Ni-Ti or Fe-Mn multilayers with bilayer spacings between 50 and 150 À.

The monochromatic beam is then collimated over a length of 2 m by a series of apertures

of decreasing diameter. The typical diameter of the primary beam al the sample is ca. 6

mm. Scattered intensity from the sample is detected using a high-resolution area detector

of 50 x 50 cm2 consisting of a 128 x 128 pixel grid. To vary the range of the scattering

vector, the sample-to-detector distance is variable between 50-200 cm. Beamline H9-B is

shown in the schematic in Figure 1.9.
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Figure 1.9. Schematic plan ofspectrometers instaIled at H9 (HFBR, Brookhaven

National Labs).
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1.6.2.2. NI5T Spectrometer

The SANS spectrometers at NIST (including NG7) are installed at the end of

straight neutron guides in the guide hall of the Cold Neutron Research Facility. Before

entering the neutron guide, neutrons from the research reactor are slowed down in a

liquid-hydrogen neutron moderator. The mainly ucold" neutrons are then passed through

Be and Bi filters, to eliminate residual epithennal neutrons and core gamma radiation,

respectively. Monochromatization is accomplished mechanically, using a helical channel

velocity selector with variable speed and pitch; this enables both the Mean wavelength (5

to 20 À) and wavelength spread (0.10 to 0.30 FWHM) to he varied.

The monochromated beam is collimated using circular pinhole irises in a 15 m

evacuated flight path. Incorporated ioto this flight path are eight 1.5 m long neutron

guides that cao be shifted in or out to vary the beam divergence and flux on the sample.

The post-sample flight path consists of a long cylindrical section that fonns an

evaculated enclosure for a 2D positron-sensitive detector (64 x 64 cm! with lem! spatial

resolution). The sample-to-detector distance cao he varied continuously from 1.3 to 15 m.

A schematic ofthe NG7 spectrometer is shown in Figure 1.10.
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Figure 1.10. Schematic plan ofbeamline NG? (Cold Neutron Research Facility,

NIST).
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1.7. Focus and Scope of the Thesis

As mentioned at the beginning of chapter l, this dissertation concems two

different aspects of block ionomers. First, the thesis addresses the use of ionic cores in

block ionomers as microreactors ofcontrollable size, with an emphasis on semiconducting

nanoparticles synthesis. The focus then shifts from the ion-containing cores to the soluble

coronae of the micelles; in this context, an investigation of coronal structure by small­

angle neutron scattering (SANS) is discussed.

The synthesis and characterization of Metal and semiconducting nanopanicles in

various media has been an active area of research for about 15 years, in which rime

attention has gradually shifted from purely fundamental investigations to the search for

new and useful materials. The first goal of the present \vork was to explore the numerous

advantages ofblock ionomers for nanoparticle synthesis, such as size control, stability, and

versatility. Earlier studies of random and block ionomers were an important impetus for

this research, as these investigations Yielded useful infonnation on ion aggregation

numbers as a function of ionomer composition. This a priori knowledge provides unique

control of ionic aggregate sizes, and its application to the size control of nanoparticles is a

central therne ofthis thesis. The characterization ofblack ionomer composites has not yet

included detailed investigations of their electronic and photocatalytic properties; ho\vever,

such studies will be an important aspect offuture research.

Several workers have investigated the coronal region of block copolymer micelles

using small-angle neutron (SANS) and small-angle x-ray scattering (SAXS) techniques.78
­

83 These studies descnbed average coronal structure, detemtined from contrasting the

entire micelle corona. In related star polymer systems, perdeuterated labels have been

used in conjunction with SANS experiments, in order to obtain selective contrast of

spherical polymer brushes al different radial distances.84-87 It is recognized that such

labeling techniques offer detailed and spatially-specific infonnation, and their application

to the dense brushes of black copolymer micelles presents some interesting PQssibilities.

The second goal of this work, therefore, was the systematic investigation of coronal

structure in block ionomers, using perdeuterated labels situated at various distances from

the ionic core.
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Chapter 2 of the thesis is a review of recent investigations of ion-containing block

copolymers in aqueous and organic media. This article was originally wrinen for Accollnts

of Chemical Research,30 and is included to supply supplemental information on related

research in the growing field of ionic block copolymers. It should be noted that some of

the work presented in subsequent chapters is aIso summarized in this review.

Chapters 3 and 4 concem the sYnthesis ofsemiconducting nanopartic1es in ionomer

Hmicroreactors". Chapter 3 introduces the concept ofnanoparticle size control via a series

of random ionomers with variable-length spacers; this provides a model for controlled

particle growth~ in which the mecbanism of size control is very sunilar to that found in

block ionomers. In chapter 4, the discussion tums to CdS nanoparticle synthesis in block

ionomer micelles, and to the study of the resulting composites \vith respect to versatility,

stability, and processability.

In chapter 5, the system of block ionomer microreactors is expanded to include a

broader range of metal ions. The dependence of aggregation numbers and related scaling

relations on the choice of metal ion is discussed in the context of nanoparticle synthesis.

An extensive study of block ionomers containing different metal ions is presented..

including characterization by static light scanering, size-exc1usion chromatography. and

transmission electron microscopy. As well, an investigation ofhydrodynamic beha\'iour in

block ionomer colloids by dynamic light scattering is described.

Chapter 6 concerns the controlled assembly of CdS-containing micelles in aqueous

media to form novel, water-soluble aggregates of semiconducting nanoparticles. lbis

work demonstrates the versatility of block ionomer composites, which cao serve as

"building blocks" for interesting secondary structures.

Chapters 7 and 8 are dedicated to the investigation of coronai structure in black

ionomers by SANS. Chapter 7 describes the study of two black ionomer samples with

similar aggregation numbers and perdeuterated labels Iocated al slightly different distances

from the ionic core. An investigation ofchain stiftbess under various conditions ofsolvent

and block ionomer concentrations is presented. In chapter 8, the continued investigation

ofcoronal structure, including a wider range of label positions, is descnoed. As a detailed
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picture ofcoronal structure emerges, block ionomers are compared with the ublob99 model

ofspherical brushes, and with Gaussian star polymers.

The final cbapter includes general conclusions, a discussion of contributions to

original knowledge, and suggestions for further work.
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CHAPTER2

Micellization of Ionic Block Copolytners

2.1. Introduction

The investigation of ion-containing black copolymers in solution has revealed that

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

solvents.14 Studies of the fonnation and characteristics of these aggregates have

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

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

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

interest in tbis field.

For many years, the phenomenon of micellization bas been known to occur in

solutions of small Molecule amphiphiles (or surfactants) above a concentration known as

the critical micelle concentration (crnc). The cmc is a function ofboth the amphiphile and

the solvent environment, and also tends to vaxy with the method of detection. However,

in general terms, we can state that, below the cmc, single amphiphiles exist in solution

while, above the croc, associates (or aggregates) tend to fonn. Due to differences in the

kinetics of exchange between unimers and the self-assembled structures, the tenn

~'associate" is generally reserved for surfactant micelles, while micelles of black

copolymers are often referred to as Uaggregates". This point will he further discussed later

on.

To understand the fonnation of spherical micelles, it is important to realize that

amphiphilic molecules consist ofbath an ionic or nonionic polar moiety, and at least one
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hydrocarbon chain. Since these two pans of the Molecule have very different solubilities,

amphiphiles in soJution above the CInC will tend to undergo microphase separation. For

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

(AOn Molecules will cluster together to forro a liquid-like core, surrounded and

protected by the solubilized ionic head groups.

The subject of the present article is the selt:assembly of ionic block copolymers,

which is in many ways analogous to the micellization of surfactants in solution. In our

discussion, we hope to show that the combination of extremely high aggregate stability,

low cmcs, and a wide range of aggregate sizes gives ionic block copolymers

unprecedented versatility, and opens the door to Many potential applications. Before

embarking on a description of ion-containing block copolymers, however, a more general

discussion ofblock copolymer micellization is required.

It has long been known that block copolymers in selective solvents will forro

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

corona composed of soluble blacks. Like their surfactant counterparts, micelles of black

copolYmers show an extremely narro\v size distribution. The tenn micelle has been

applied to these colloidal aggregates, due to the structural similarities with surfactant

micelles; however, we shaH see that micelles of block copolymers and small molecule

surfactants are quite different in tenns of their lability and exchange kinetics. For a

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

sorne excellent reviews have been published in the field.s-7

Along with a number of experimental studies, block cOPQlymer micelles bave been

the subject of considerable theoretical treatment in recent years.S
-
21 Of particular

relevance to the present review are theories proposed by Zhulina and Birshtein12 and by

Halperin16 for "starlike" micelles. These micelles are spherical with small cores and

expanded coronae, which fonn when the length of soluble black is considerably longer

than that of the insoluble black. Conversely, "crew-cut" micelles"" "3 are structures with

large cores and short coronal "hair", fonned from asymmetric black cOPQlymers with

relatively long insoluble blacks. In the fonner case, theory predicts that the radius of the
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core (Rcore) is independent of the soluble block length, and scales as Ng
3
/
s, where NB is the

number ofunits in the insoluble black.

At this point, it is important to mention that the theoretical treatrneot of black

copolymer micelles, resulting in scaling relations such as the one given above, is generally

based on thermodynamic considerations, and assumes an equilibrium bet\veen single

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

labile structures, the kinetics of exchange between block copolymer micelles and single

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

micelle core. This is especially true in the case of the ionic black copolymer 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, 00 a reasonable time scale, the micelles of ionic block copolymers

May be regarded as "frozen" structures, with no dynamic equilïbrium between micelles and

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

to assume that a dynamic equilibrium does exist at some stage of micelle fonnation, even

though the fmal 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 tenn "micelle" in

describing frozen aggregates ofblock copolymers.

Several theoretical treatments of block copolymers in selective solvents have

addressed the phenomenon of the critical micelle concentration.9.1S-20 However, until very

recently, the polydispersity of the insoluble blocks had not been properly considered. In a

new model for the micellizatioo of block copolymers in solution, Gao and Eisenberg21

refined the treatment 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 ioto colloïdal spheres below the cmc, such that the driving force for

micellization is the van der Waals interaction between spherical panicles.

T0 illustrate the effect of polydispersity on the cmc, a plot of single chain

concentration (S) as a function oftotal black copolymer concentration for a polystyrene-b­

polyisoprene (PS-b-PI) 1 n-hexadecane system is shown in Figure 2.1.21 For an average

insoluble black length of67 styrene units, the concentration ofsingle chains is plotted for
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Figure 2.1. Single chain concentration as a fimction of the total block copolymer

concentration at different polydispersity indexes in the PS-b-PIIn-bexadecance system.

The polystyrene block length is 67 unïts.
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various polydispersity indexes CP.I.). The horizontal line above the cmc for P.1. = 1.00

indicates a sharp pseudo-phase transition, which, for polydisperse systems, is replaced by a

continued increase in S with concentration above the cmc. As a result, the cmc (denoted

by arrows in the figure) decreases with increasing P.I. and becomes much less distinct.

We DOW tom our attention to the colloidal behaviour of iooic block copolymers,

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

nonionic units. In an AB diblock, for example, a black of nonionic A units is covalently

linked to a block of ionic B units. Due to the high degree of incompatibility bet\veen the

iooic and nooionic blocks, iornc block copolymers in solution exhibit extremely low

cmcS26-28 and high aggregate stability.3.';

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

polyelectrolytes and block ionomers. According to the defmitions of polyelectrolytes and

ionomers proposed by Eisenberg and Rinaudo,29 the properties of block polyelectrolytes

are govemed by electrostatic interactions over the relatively large distances \vithin the

corona and between the micelles, while the properties of block ionomers are govemed by

short-range interactions within the micelle core.

The classification of ionic block copolymer as either block polyelectrolytes or

block ionomers is determined by the nature of the solvent. Ionic block copolymers in

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

up of the soluble ionic blocks. In organic solvents, iooic block copolymers can he

described as block ionomers, with iooic micelle cores surrounded by the nonionic soluble

blacks. Following the tenninology adopted for surfactants, ionic block copolymers in

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

micelles, respectively. In the starlike micelle regime, block ionomers generally have long

nonionic blocks and short ionic blacks, whereas black polyelectrolytes have long ionic

blocks and short nonionic blocks. The so-called crew-cut polyelectrolytes, on the other

hand, have relatively short iooic blocks, surrounding a large nonionic core. Crew-cut

micelles ofblock ionomers, to our knowledge, have not been investigated.

This chapter presents an overview of the literature on ioDic black copolymers in

nonaqueous and aqueous solutions, with particular empbasis on work perfonned in this
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group. We will begin with a summary of the recent work on block ionomer micelles,

followed by a discussion ofblock polyelectrolytes.

2.2. Ionic Block Copolymers in Organic Solvents

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 blacks. Dihlock ionomers of this type, in which the ionic block is

poly{rnetal acrylate), poly(metal methacrylate), or quatemized poly(4-vinylpyridine), will

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

investigation of quatemized polystyrene-b-poly(4-vinylpyridine)-b-polystyrene (PS-h­

P4VP-b-PS) triblock ionomers in THF has also been reported.30 Another related system is

sodiurn-neutralized poly(tert-butylstyrene)-b-lightly sulfonated polystyrene, which bas

recently been studied by light scanering in nonpolar solvents.31

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

into four parts. The first part will deal with the characterization of fundamental

parameters ofhlock ionomers using numerous techniques (size-exclusion chromatography,

light scanering, srnall-angle x-ray scattering, etc.). The second part will discuss the

problem of CIlle determination 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 described. Lastly, an interesting application of block

ionomers will be presented: the size control of quantum-confined nanoparticles within a

polymer hosto

2.2./. Characterization o(Fundamental Parameters

Until quite recently, experimental work on the propenies of ionic black

copolymers in organic solvents was very limited. In the fust detailed study of diblack

ionomer reverse micelles,3 the aggregation behaviour 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. dimethylfonnamide (DMF), tetrahydrofuran (THF»). Using size-exclusion
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chromatography (SEC) coupled with intrinsic viscosity measurements, micellar

characteristics such as aggregation number and hydrodynamic radius were investigated

systematicallyas a function ofthe ionic and polystyrene block lengths.

Typical size-exclusion chromatograms of block ionomers in selective solvents

show up to three distinct peaks, anributable ta micelles, single chains, and

homopolystyrene.3
.31 The micelle peak appears at the lowest elution volume, due to the

large size of the micellar aggregates relative to that of the unimers. The relative area

under the micelle and single chain peaks depends on the composition of the block

ionomer, with longer ionic blocks resulting in a higher percentage ofmicellized materiaI.

When a mixture of micelles with different molecular \veights \Vas injected

repeatedly into the SEC column, the bimodal shape of the chromatogram was retained

over 3 days, indicating the lack of a dynamic equilibrium between micelles and single

chains.3 The existence of a single chain peak \Vas attributed to a distribution in the length

of the ionic block, with single chains having a lower ion content than aggregated chains.

Infrared spectroscopy of micelle and single chain fractions supported this hypothesis.

Despite the absence of adynamie equilibrium, the term micelle is used for block ionomers,

on the basis of the structural and behavioural similarities with other block copolymer

micelles.

A combination of SEC and viscometry \Vas used to detennine aggregation

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

micelles.~ Both the aggregation number and the hydrodynamic radius were found to

increase as the length of the insoluble block increases. However, as the length of the

soluble black increases, the aggregation number decreases and the hydrodynamic radius

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

thickness as the length of the polystyrene segment increases; thus the overall radius of the

micelle increases, despite a lowering ofthe aggregation number.

The above trends were confinned by dynamic light scattering (OLS)

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

of polar solvents to different solutions of black ionomers. After an initial decrease in Rh
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upon addition of the polar solvent, the sizes of reverse micelles \vere found to remain

constant over a period ofseveral months.

One of the attractive features of black ionomer micelles is the wide range of

aggregate sizes that are possible in these systemsyas micel1izatian is found to occur down

to very short ionic block lengths. In fac1y when the length of the ionic block is reduced to

a single ionic uni~ one obtains a useful conceptual bridge bet\veen micelles of black

copolymers and those of surfactant amphiphilesy which generally possess a single ionic

head group. Related ta this discussion are the telechelic ionomers,33 in which single ionic

groups or zwitterions are fixed to bath ends of the polymer chai~ and the monochelic

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

monochelicsy viscometry and statie light scanering (SLS) have been used to determine

cmcs and aggregation numbers of carboxylate-tenninated polystyrene chains in solvents of

low dielectric constant.36 The aggregation behaviour of ly2-dicarboxyethyl-tenninated

polystyrene in cyclohexane has also been studied.37

It has been found that small-angle x-ray scattering (SAXS) is a useful technique for

obtaining structural infonnation on block ionomer micelles. SAXS has been used to

investigate micellar core sizes of polystyrene-b-poly(cesium acrylate) (PS-b-PACsl and

PS-b-PMACs in toluene for several ionic block lengths.38 Typical SAXS profiles for

block ionomer micelles (Figure 2.2) are a combination of a shape factor. which

characterizes the size and shape of the scatterers (i.e.ythe ionic cores)y and the structure

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

related ta order within the micelle solution.

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

systems were found to obey the starlike model, scaling as NB3/5, independent of the PS

black length. A proportionality constant of6.5 À was detennined. The applicability of a

thennodynamically-derived scaling relation is a good indication that block ionomer

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

of micelle fonnation. These micelles are fonned by neutralization of single chains of acid­

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

neutralized,39 it is Iikely that micelles and single chains are in dyoamic equilibrium. At

50



•
Chapter 2. Micellization ofIonie Black Copolymers

O.IOg/mL

O.02g/mL

'.. .~,.--I ... ..1':"'- _ •.......-,.,. .,.... ~. '-.. ... ~ -- ..-." .
.,,~~~. O.05g/mL. :

•
~~

'01'. •• •• •
.... ~,. ~••• a •

• ~. .. ... '" 4'" .......... .. ,.. .~ -. ..__ ._.... • •••al • • /
.. ,. a •• ~.. 001g mL• ••• ••• •. ..

•

~I\,

....-'.
• .....-..A.....~..,.,..~...:..~." .... .. ......\,.. ..• .411.· •.. . .

1 •• •

•

...
• •• •• •• •

J

".: .

~

••• •• •,.

0.00 0.05 0.10

q (1)-1
0.15

•
Figure 2.2. SAXS profiles of PS(600)-b-PACs(45) diblock ionomer in toluene, for

concentrations from 0.01 g/mL to 0.10 glmL.
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sorne point, the equilibrium structures become frozen as solvent is excluded from an

increasingly ionic core.

In further SAXS work,~o the study of black length dependence was extended to

include quatemized PS-b-P4VP. The same fit with the Halperin model was obtaine~

supporting the relationship Reore = 6.5NBJ
/
5 Â. 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.4l This result proved that chain extension

within the cores of block ionomers is due to the minimization of interfacial energy rather

than to short-range ionic interactions. SAXS results~ together with computer modeling

of spherical shape factors, have been used to detennine the radii polydispersity indexes

(RPI) of ionic cores.JS These were found to be between 1.02 and 1.04, considerably

smaller than the polydispersity indexes ofthe polymer chains.

2.2.2. Critical Micelle Concentrations orB/ock lonomers

A wide range of techniques has been used to detennine the critical micelle

concentrations of block copolymers in selective solvents, 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 Kc/R(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 Kc/R(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 crocs of block ionomer micelles make their detennination by.

ernpirical methods difficult, as the unimer region is often at concentrations below the Iimit

of detection. However, the cmcs can be 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 developed,26 based on the

micellization model of Gao and Eisenberg.21 Figure 2.3 shows plots of cmc vs. the

insoluble black length for various systems,43-46 including AOT surfactant in benzene and
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aqueous and organic mediums, respectively.
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nonionic black copolymers in selective solvents. From these plots, one can compare the

extremely low cmcs of block ionomer micelles with the wide range of cmcs observed for

other self-assembling species.

2.2.3. Characterization 0'Wace,. Solubilization and Chain Dynamics bl! NMR

An important feature of surfactant reverse micelles is their ability to solubilize

waler within the ionic core, creating \vater pools which can act as Itmicroreactors" for

hydrophilic reactants. Black ionomer micelles in nonpolar solvents are also able to

solubiIize small quantities of water, and the distribution coefficient of water between the

ionie core and the solvent bas been studied by proton NMR.·n.4S A single chemical shift

for the water protons is observed, wbich is a weighted average of the chemical shift of

waler in the reverse micelle and in the nonpolar solvent. The appearance of a single

ehemieal shift indicates that the exchange of water between the ionic core and the solvent

phase is very fast within the rime scale of the NMR experiment. On these grounds, it

seems that the ionic core is liquid-like in the presence ofwater.

From measurements of the observed chemical shift of the water protons,~7 the

distribution coefficients in favour of water solubilization in different solvents were found

to oceur in the follo\\'Ïng order: cyclohexane > benzene - toluene > chlorofonn » THF ­

DMF. Distribution coefficients were also investigated for ionic blocks \vith different

functional groups,48 and at 25 oC they were found to decrease as follows: cesium

carboxylate > sodium sulfonate - sodium carboxylate » pyridinium methyl iodide.

NMR has also proven useful in the measurement of coronal chain dynamics at the

segmentallevel. In systems of PS-b-PACs in carbon tetrachloride (CC4), the mobility of

2H-Iabeled polystyrene segments was probed at various distances from the ionic core.49

2H 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 aIso found that segmental

mobility decreased with increasing length of the ionic block. This result cao be explained

on the basis ofgeometrical considerations; for starlike micelles, the segmental density al a
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particular distance from the core is higher when the ionic core is larger, resulting in a

larger number ofsteric interactions.

2.2.4. Semiconductor Nanoparticles in BIDck lonomer Micelles

The control of ionic core sizes through variations in the insoluble block length

make block ionomers attractive rnaterials for the fonnation of polymer.nanoparticle

composites. For example, the neutralization of polystyrene·b·poly(acrylic acid) (PS·b­

PAA) block copolymers can introduce a wide range of Metal ions into the core; the

reduction of these ions, or treatment with H2S, will effeet the fonnation of ultra·small

Metal or Metal sulfide particles within the cores,50 with sizes detennined by the

aggregation number of the black ionomer host.51

One such application ofblock ionomers has been demonstrated by the precipitation

of quanrum·confmed CdS nanoparticles within the cores of polystyrene·b-poly(cadmium

acrylate) (PS-b-PACd).51 Quantum confinement arises from the extremely small sizes of

these crystallites « 60 Â), and results in excited states which are more energetic than

those of bulk CdS. Ta prepare the composites, the ionic cores were placticized with

water, after which the films were treated with H2S for 8 hours. CdS particle sizes were

detennined from blue-shifts in the UV-vis spectrum, and these were plotted against the

size of the original core (Ranc = 6.S NB3/5 Â). A linear relationship was found between CdS

particle sizes and ionic core sizes, up to a particle diameter of 50 Â, where the particle

sizes level off (Figure 2.4). Below 50 Â, it appears that excellent size control of CdS

particles can he achieved by selecting the appropriate ionic core size. Also shown in the

plot are CdS nanopanicles synthesized in the multiplets of random ionomers (dotted

circles), which allow for synthesis ofpanicles down ta 18 Â.52

The stability of the CdS-polymer composites was shown by dissolving the

materials in organic solvents (e.g. toluene, THF) to fonn clear yellow solutions of CdS­

containing reverse micelles.S
I The micelles were stabilized by reneutra.lizing the PAA

block with NaOH. The yellow powders were then repeatedly precipitated ioto MeOH and

redissolved, without significant changes in the UV-vis absorption spectrum of the

composite.
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2.3. Ionie Block Copolymers in Aqueous Solutions

In this section, two types of block polyelectrolyte micelles will be discussed,

starlike and crew eut micelles. One of the earliest studies of black polyelectrolytes was

performed by Schindler and Williams, in which phase separation in films of polystyrene-b­

poly(vinylpyridinuim methyl bromide) was investigated.53 Much of the pioneering studies

of black polyelectrolyte starlike micelles in solution was perfonned by Selb and Gallot,

and their work has been reviewed.:.1 It should be mentioned that the micellization of

block polyelectrolytes on the surface of water has aiso been extensively studied.5
4-58

However, in general, studies of block polyelectrolyte micelles bave been scarce. To date

there are two theoretical models dealing \Vith the micellization of block

polyelectrolytes. 19
.5

9

The following section will tirst focus on the characterization of aqueous starlike

micelles by a variety of techniques. The effects of several factors, such as the solvent

quality (i.e. salt concentration and temperature), block size, degree of neutralization, and

solubilization on the micellization \viIi be discussed. In the second part of this section, an

overview of a aqueous crew cut micelles and a number of related morphologies, will he

addressed.

2.3./. Characterization ofStarlike 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 number of

the micelles. The quality of the solvent for black polyelectrolyte chains can he influenced,

for example, by the addition ofsalt or by changing the temperature. The effects of solvent

quality on the micellization of two black polyelectrolyte systems, polystyrene-b-poly(4­

vinyl-N-ethylpyridinium bromide) (PS-b-P4VPEtBr) and PS-b-PANa, as weIl as the

influence ofblock lengths, will now he discussed.

The solvent quality for PS(26)-b-P4VPEtBr(140) in a water (34 \\'t. %) 1methanol

mixture was explored as a function of LiBr concentration by SLS and sedimentation

velocity.l Il was found that the weight fraction of the micelles and the apparent Mw
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increased at low salt content and remained essentially constant al 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 cmc 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 cmc 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 cmc and a decrease in the aggregation

number.

The effect of the solvent quality on micellization was found to depend on the

length of the copolymer blocks. For instance, Selb and Gallot found that for short PS

block lengths « 30 units), the cmc and molecular weight \Vere strongly affected by the salt

concentration. However, for larger PS black lengths, (> 30 units), the effects of

ternperature and salt concentration were Jess important. Thus, it cao be suggested that at

high PS black lengths, the rnicellization process is dominated primarily by the insoluble PS

block.

Block polyelectrolytes fonned from PS-b-PANa in aqueous solutions have aIso

received considerable attention.2628.60 In this system, micelle formation occurred \vhen

single chains of PS-b-PAA were dissolved in methanol, due to microphase precipitation of

the polystyrene blacks. The micelles were then neutralized by the addition of NaOH, and

the subsequent ionic form precipitated from solution. It bas been observed that 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, heating the

aqueous solutions at 100 oC for a period of rime rendered the copolymer micelles soluble.

This heating process was followed by viscometry and SLS.26
•
6O Due to their glassy cores,

these aqueous micelles are most likely kinetically-frozen aggregates at nonnal

concentrations, although we shall see that they do exhibit a cmc at very high degrees of

dilution.

The cmcs of PS-b-PANa in water are shown in Figure 2.3.26 These values were

detennined by fluorescence measurements using previously established methods.4S It was
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found that the PS black length bas a mucb greater effect on the croc than the soluble

PANa black length. For instance, an increase in the PS black length from 6 ta 110 units,

for a constant PANa black length of 1000 units, decreased the cmc by a factor of 320,

while an increase in the PANa black length from 300 to 1400 lowered the cmc by a less

than a factor of2.26

A recent study explored more systematically the effects of the PA..Na black length

and salt concentration on the cmc values.28 A wide range of samples were investigated,

with PS black lengths ranging from 6 to 110 units and PANa block length ranging from 44

to ca. 2400 units. For t\vo series consisting of PS blacks of Il and 23 units, it was

observed that the crnc increased as a function of the PANa black length. passed through a

maximum, then decreased as the PANa black length increased further. This maximwn can

be explained by a balance of solubility effects. The change in the cmc values \\ith

increasing PANa black length was found ta become less dramatic for longer PS block

lengths (e.g. 110 units), in agreement with results ofSelb and Gallot.

The effect of NaCI concentrations (cs) (0.1 to 2.5 M) on the cmc was also

investigated for the PS-b-PANa system.2S The crnc values were found to decrease when

the salt concentration increased, and log cmc versus c/2 was linear for most of the series

investigated. The slope, d (log croc) 1 d (ct2
), \Vas found ta be a function of the PS block

length. For three different series with PS black lengths of 6, II and 23 units, d(log cmc) 1

d(c/2
) plotted against the PANa length exhibited sigmodal behaviour. This relationship

was related to conformational changes of the polyelectrolyte chain as a function of the

PANa black length.

SLS has also been used ta cbaracterize the PS-b-PANa system in 2.5 M NaCl.6o

lt was found that for short PS black lengths (i.e. 6 units) the micellization was strongly

affected by the PANa block length. However, as the PS block length increased, the effect

of the PANa black length on the aggregation numbers decreased. Aggregation numbers,

calculated core radii, and radii ofgyration (Rg) were compared with the scaling predictions

of the starlike model. It was found that the scaling relations were a good representation of

the Rcore and Rg values. The calculated RCOff: values for this system in 2.5 M NaCI agreed

with the values detennined by SAXS for sunilar samples measured in the solid state.41
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This 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(methacrylic acid) (PS-b-PMAA) have been

extensively studied in mixed solvents ofdioxanelwater and water.61 -66 It has been pointed

out that such micelles may he kinetically ftozen when the solvent is very poor for the PS

core (i.e. water rich solvents). The micellization process and coronai structure are

influenced by the degree of neutralization (a) of the polyelectrolyte, as observed using

DLS, viscosity and SLS by Kiserow et. al.63 At Iow concentrations and ionic strengths,

the apparent hydrodynamic diameter increased gradually with a, due to the srretching of

the ionized carboxylic groups. However, at higher concentrations, a maximum in Rh was

observed, corresponding to a. values of ca. 0.25-0.35. Similarly, at this a value, a

maximum was observed in the viscosity and a minimum in the scattered light intensity.

These results imply that a certain amount of ordering in the solutions exists as a result of

repulsive interactions between highly charged micelles. Two weIl defined maxima were

detennined from DLS, corresponding to the collective mode and the diffusion of clusters

of strllcturally organized micelles. Clusters of micelles have also been seen in such

aqueous micellar systems as PS_b_PE067 and Triton X_IOO.6s

Solubilization of organic Molecules into block polyelectrolytes is a subject of

considerable interest due to numerous potential applications. Morishima et al. investigated

the quenching of fluorescence probes in hydrophobie domains fonned in poly(9­

vinylphenanthrene)-b-poly(methacrylic acid) (pVPh-b-PMAA) in water.69 The

solubilization of organic molecules ioto aqueous solutions of PS-b-PMAA was also

followed by fluorescence spectroscopy61.63 and DLS.63 Valint and Bock solubilized

toluene in block copolymers ofpoIy(tert-butylstyrene)-b-poly(styrene sulfonate) (pTBS-b­

PSS) in water and found an inerease in the viseosity.70

2.3.2. Characterization ofCrew-Cut Micelles

Crew-cut micelles were prepared and eharacterized from polystyrene-b-poly(4­

vinylpyrindinium iodide) (PS-b-P4VPMel) in water.71 These micelles eonsisting ofa large

hydrophobie PS core and a relatively thin hydrophilic ionic corona {p4VPMen were found
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to fonn 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 detennine the effect ofdifferent selective solvents, !Wo procedures were used. In

the first, water was added dropwise to the DMF solution; altematively, Methanol was first

added, followed by water. In bath cases, the solutions were dialyzed against distilled

water to remove DMF and Methanol. The diameters of the micelle cores \vere measured

by transmission electron microscopy (TEM), and were found to be smaller for the

samples prepared by the addition of water, compared with those prepared from water and

methanoL A1so, the aggregation numbers and polydispersity indexes, calculated ftom

TEM results, were found to be lower for the micelles prepared from the addition of \vater.

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 band,

and styrene and a methanoVwater mixture on the other.

Recently, cre\v-cut micelles were prepared from PS-b-PAA in water.71
•
i3 Different

micellar morphologies were observed by TEM depending on the relative block lengths.73

Sorne of these morphologies consist of spheres, rods, lamellae, and vesicles. Typical

examples of these structures are shown in Figure 2.5. In addition, compound micelles

were observed, in which reverse micelle-like aggregates are contained in up to

micrometer-size spheres having hydrophilic surfaces. When the samples were dried,

ordered needIe-like solids fonned spontaneously. After soaking in water, the separated

needle-like solids showed birefringence under crossed polaroids. This phenomenon may

suggest that the soliels bave crystal-like structure, in which the repeat unit is the micelle

particle which is several tens ofnanometers in diameter.

The PS-b-PAA spherical crew cut micelles were characterized in water by TEM

and DLS for a wide range of block lengtbs.72 The Rcore values scaled as

Rcore - NpsO.
4NpAA.{J.IS illustrating an influence ofthe soluble black length on the Rcore values.

From DLS measurements9 the Rh values were determined, and the thickness and the

degree of extension of the coronal chains were estimated from the Rcore and Rh values. It

was found that the ionized fonn of the PAA chams (at pH ca. 7) in the coronae had a
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Figure 2.5. Multiple morphologies of crew-cut aggregates fonned from PS-b-PAA block

copolymers having different compositions (a) PS(740)-b-PAA(55) (b) PS( 180)-b­

PAA(15) (c) PS(200)-b-PAA(S) (d) PS(200)-b-PAA(4).
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highly extended conformation. This result was attributed to the charged nature of the

PAA chains, the low degree of curvature of the core and the relatively low concentration

ofmicelles in the DLS experimenL

2.4. Conclusions

This review bas anempted to summarize sorne recent findings in the field of ionic

block copolymer micelles. Both block ionomer micelles and block polyelectrolyte micelles

have been characterized extensively by a wide range of techniques. Low cmcs, high

micelle stability, and control over aggregate sizes via copolymer composition make ionic

black copolymers of interest for a number ofpossible applications, including drug delivery

and material science. The solubilization ofwater ioto the cores of reverse micelles and the

preparation ofquantum-confined CdS nanoparticles of controlled sizes have illustrated the

potential of these systems as microreactors ~ for example, the controlled precipitation of

metallic and semiconducting clusters. Crew-cut micelles have aIso been discussed as

interesting new morphologies, providing further evidence ofthe versatility which is offered

by solutions of ionic black copolymers.

In the next chapter, another type of ionic copolymer, namely a series of random

ianamers, is applied ta the SYnthesis ofsemiconducting nanoparticles. These materials are

stnlcturally quite different from the ionic block copolymers described in the present

chapter, in that the ionic groups are distributed statistically throughout the chain, rather

than in distinct blacks. However, the occurrence of microphase separation in these

materials, to fonn discreet ionic multiplets in a polystyrene ma~ is analogous to block

ionomer micelle fonnation in organic solvents. We begin our detailed discussion of

nanoparticle size control with the random ionomer system, before progressing ta the wider

range ofsizes that is accessible using block ionomers.
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CHAPTER3

Size Control of Nanoparticles in

Semiconductor-Polym.er Composites:

1. Random. Ionom.er Microreactors

3.1. Abstract

A priori knowledge of ionic aggregate sizes in random ionomers has been applied

ta the synthesis of semiconducting nanoparticles of predictable sizes. The size control of

quantum-confined cadmium sulfide (CdS) and lead sulfide (PbS) particles in the range of

2R = 18-23 Â is accomplished within styrene-based random ionomers \vith ionic groups

lacated at the ends of side-chains of variable lengths. The CdS and PbS nanopanicles are

precipitated within the ionic aggregates (multiplets) of the ionomer, to fonn composites

cansisting of semiconducting panicles dispersed in a polymer matrix. The sizes of the

nanapanicIes are found to increase linearly with increasing side chain length. A previous

study has shown that the sizes of ionic multiplets also increase with the length of the side

chain; the present finding therefore suggests that the sizes of nanoparticles are controlled

by ionic aggregation numbers in the ionomer. The semiconductor-polymer composites are

characterized by UV-vis spectroscopy, small-angle x-ray scattering (SAXS) and

transmission electron microscopy (TEM). This is the tirst of two chapters in which the

size control of semiconducting nanoparticles is accomplished through primary ionic

aggregate sizes in ionomers.
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3.2. Introduction

The study of semiconducting nanoparticles, and their controlled precipitation in

various media, has received much anention in recent years. Such nanoparticles exh10it

electrical and optical properties different from those of bulk semiconductors, and contain

anywhere from several hundred to <10 ion-pair units. In this regime of ultrasmall sizes,

the particle diameter is comparable to or less than the diameter of the bulk semiconductor

exciton, such that quantum confinement of electron-hale pairs increases the band gap

relative to that in the bulk materials.

In the quantum-confined regime, the control of particle sizes allows the band gap

ta be "tunedn to give the desired electrical and optical properties. For cadmium sulfide

(CdS) particle diameters below ca. 60 Â, the absorption spectrum is "blue shifted" from

the bulk, and correlations have been made between the absorption threshold and the size

of the particles, using both theoretical calculations l
-
3 and experimental measurements.';.s

The control of semiconducting nanopanicle sizes has been achieved in a wide range of

colloidal and solid-state media, including reverse micelles,6-9 surfactant vesicles,IO·11

zeolites,12 and several types of ion-containing po1ymers. 13-26

Ionomers have been recently defined as ion-containing copolymers "in which the

bulk properties are governed by ionic interactions in discrete regions of the material (the

iouic aggregates)".27 Microphase separation of ionomers results in the fonnation of ionic

aggregates \\rithin a matrix of the nonionic polymer component. It is convenient to

distinguish between (\\'0 types of ionomers: random and block ionomers. In random

ionomers, there is a statistical distribution of ionic units along the polymer chain. Black

ionomers, on the other hand, consist of strands (or blacks) of ionic units and strands of

nonionic units, linked in sequence through covalent bonds; a common case is the AB

diblock ionomer, in whicb a black of nonionic A units is joined to a block of ionic B units.

In both random and black ionomers, the relationship between morphological

characteristics in the solid state, and the structure or composition of the ionomer,

introduces a convenient method of controlling ionic aggregate sizes. As a detailed

understanding ofionomer morphology bas developed, it has become possible to fonn ionic

aggregates ofa specific size, simply by selecting an appropriate ionomer.
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In the case of random ionomers, recent advances have greatly increased the

understanding of microstructure and physical properties of these systems. A model of

random ionomers has been developed by Eisenberg, Hird, and Moore (the EHM model),2s

and is based on ionic aggregates (or multiplets) that are surrounded by regions of

restricted mobility in the bulk polymer. At sufficiently high ion contents, these regions

overlap to form "clusters" ofmultiplets, resulting in phase-separated behaviour.

A recent study has shown that it is possible to control aggregate sizes in random

ionomers by varying the structure of the ionie unit.29 For a series of styrene-based

ionomers with variable-Iength side cbains between the polymer backbone and the ionic

groups, it was found that the ionomers with longer side chains formed larger multiplets;

this trend was attributed to decreased steric hindrance ta ionic aggregation when the ionic

groups are further removed from the backbone. For example, SAXS results showed that

the multiplet aggregation numbers increased from ca. 30 to ca. 75, when the length of the

side chain was increased by 9 methylene groups.

In diblock copolymers, microphase separation results in a range of morphologies

from lamellar to spherical, depending on the volume fractions of the component blocks.3
O­

31 A number of theories have been developed which allow the morphology of diblock

copolymers to be predicted in tenns offundamental parameters;30.31.33-36 these are based on

quantitative expressions for the free energy, which is minimized to detennine the

equilibrium shape of the microdomains for various relative block lengths. When the

volume fraction ofone block is relativeLy Low, it has been observed that the microdomains

have a spherical morphoLogy.30.37

In diblock ionomers, spherical ionic aggregates are fonned in a matrix of the

nonionic component, even at exttemely short ioDic bLack lengths.38 It is frequently found .

that Halperin's model for starlike diblock copolymers39 is well-suited for descnoing the

sizes of spherical ionic microdomains, both in the bulk40a and in solution.40b In solution,

diblock copoLymers fonn micelles, which consist of a core of the insoluble blacks,

surrounded by a corona of the soluble blacks. Halperin's model states that the size of the

micelle cores (which become spherical microdomain in the solid state), is detennined

exclusively by the length of the insoluble blacks (NB), such that the core radius scales as
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• Other models, such as those developed by Leibler, Orlan<L and Wheeler'u and

Noolandi and Hong,42 have aIso been used to predict the core radii and critical micelle

concentrations of block copolymers. Investigations of block ionomers have included

detailed SAXS studies of polystyrene-b-poly(meth)acrylate systems, which confmn the

relationship between the length of the ionic block and the size of the ion-containing core,

and demonstrate the control ofionic aggregate sizes through ionomer composition.40

From this description of random and diblock ionomers, it is evident that size

control of ionic aggregates can be achieved by selecting an ionomer of a particular

structure and composition. When both groups of ionomers are considered, a wide range

of aggregate sizes is accessible. In random ionomers, aggregation numbers in the

neighborhood of 2-75 ion pairs are possible, \Vith multiplet radii in the range of

< 5-10 Â.29 In diblock ionomers with spherical microdomains, the radii of the ionic core

can be varied conveniently in the range of 15-100 Â, by selecting the appropriate ionic

block length. In such cases, the aggregation numbers of the ionic cores vary from ca. 20

to ca. 200 chains;40b this means that the largest spherical cores in block ionomers are ionic

aggregates ofseveral thousand ion pairs.

The sYQthesis of metal sulfide and metaIlic nanoparticles within ion-containing

polymers has been demonstrated by several groupS.13-26 Ion-containing homopolymers,

random ionomers, and ion-complexing block copolymers have all been used to synthesize

various metallic and semiconducting particles, resulting in composite materials consisting

of nanopartic1es dispersed in a polymer matrix. Such composites have been shown to

exhibit a \vide range of interesting optical, electronic, and photocatalytÎc propenies. 13­
IS.16.43.~

In studies involving random ionomers, CdS particles have been precipitated in

perfluorosulfonate (Nation) films,13-18 and PbS particles have been synthesized in ethylene­

based (Surlyn) polymers. 19
.20 The latter work demonstrated size control of PbS particles

within the random ionomer, forming a range ofpartiele sizes from monomolecular to bulk

PbS. In these studies, size control was achieved through control of the initial ion

concentration and subsequent annealing conditions, and not through control of the primary

ionomer aggregate sizes.
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Synthesis of inorganic nanoparticles within the metal-complexing microdomains of

polystyrene-b-poly(2-vinylpyridine) bas been reported by MolIer.21 Subsequently, Schrock

and coworkers demonstrated the SYDthesis of CdS and ZnS particles \vithin the

microdomains of diblock copolymers formed by ring-opening metathesis

polymerization.22
.13 These workers have also used the norborene-based metal-complexing

blocks of such polymers to fonn metallic particles of platinum, palladium, gold and silver

in the micro-separated domains.24
.1S TEM results sbowed that small particles of narrow

size distribution were fonned preferentially within metal-complexing microdomains of

lamellar and cylindricaI morphology. Single particles within microdomains of spherical

morphology were also observed, suggesting the existence of a "cheny" morphology

following nanoparticle synthesis.2S

This work demonstrates the control of semiconducting nanoparticle panicle sizes

by the control of primary ionic aggregation numbers in several styrene-based ionomers.

Ionomers are prepared by neutralizing the acid-form copolymer with metal acetates or

metal hydroxides., such that metallic cations are localized in aggregates of a controlled

size. These aggregates are the source of metal ions in metal sulfide formatio~ and thus

serve as "microreactors" for the synthesis of semiconducting panicles. The size of the

resulting particles should ultimately be limited by the number of cations in the aggregate,

which is directly related to the ionic aggregation number. The present chapter investigates

random ionomers with variable length side chains as a medium for the synthesis of metal

sulfide nanoparticles. The sizes of the semiconducting particles were detennined from the

absorption edge ofUY-vis spectra, and compared with SAXS and TEM measurements.

3.3. Experimental

3.3.1. Polvmer Materials

The synthesis of styrene-based ionomers with variable length para-methyl

alkanoate side chains bas been described in a previous publication.45 Preparation of these

materials involved direct attachment of the tenninally carboxylated aIkyl chains to the para

position of the styrene rings througb alkyl aryl ether linkages, to produce the following

precursors: poly[styrene-co-4-[(carbomethoxymethy)oxy]styrene], poly[styrene-co-4-
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[(carbomethoxybutyl)-l-oxy]styrene], and poly[styrene-co-4-[(carbomethoxydecyl)-l­

oxy]styrene] .

The precursors were hydrolyzed by refluxing (under nitrogen) \vith excess sulfuric

acid Ù1 a 90:10 tetrahydrofuran/water solution for 3-5 days. Structure l (Diagram n
shows the resulting polymers in the acid fo~ with variable-Iength spacers (n =1, termed

C2 ether; n =4, termed Cs ether; n = 10, termed CIl ether). The carboxylic acid content

was detennined by titration ofthe hydrolyzed polymers with a standard 0.05 N methanolic

NaOH solution. The acid content of the C2-CII ether series was detennined to be 18

mol%.

The synthesis ofpoly[styrene-co-4-(carboxy)styrene] (acid content 10%, Structure

II) was also described in a previous paper.';6 Poly[styrene-co-methacrylic acid] (acid

content 14%, Structure III) was prepared by standard free radical polymerization

techniques.

o
(~H~ntOOH

Sttucture 1

COQH

p-COOH

Structure II Structure m

•

N.B. The numbers outside the brackets indicate styrene units per ionic unit,
and represent average values.

DiagramI

73



•

•

Chapter 3. 5ize Control ofNanoparticles 1.

3.3.2. Preparation o(Cd and Pb-Neutralized Ionomer Films

Transparent films of the Cd and Pb-neutralized ionomers \Vere required for UV-vis

analysis of the subsequent CdS and PbS-contaïning composites. Each polymer '.vas cast in

its acid form onto glass slides, from concentrated solutions in N,N-dimethylfonnamide

(DMF). DMF was evaporated under vacuum at 130 oC, and the films were left to dry

ovemight under the same conditions. The polymer films were neutralized by irnmersing

them for 3 days in a 0.25 M solution of cadmium acetate dihydrate (Aldrich) in 70:30

methanoVtoluene (v/v), or in a 0.12 M solution oflead acetate trihydrate (Analar) in 80:20

methanol/toluene (v/v), to obtain Cd and Pb-neutralized films, respectively. The solutions

were changed regularly over the 3 day period ta remove acetic acid. Small amounts of the

Cl, Cs, and CIl samples were scraped from the glass slides and mixed with dried KBr.

FTIR spectral analysis of these samples indicated between 80% and 90% neutralization by

the present method. Following neutralization, the polymer films were soaked for 3 days in

methanol/toluene solutions, to wash away excess metal acetate such that ail cadmium and

lead ions were bound to the ionic groups of the polymer. During neutralization and

rinsing, the films were s'\vollen with toluene, facilitating multiplet fonnation.

The films tumed from transparent to cloudy during the rinsing step. After rinsing,

the films '\vere heated with a heat gun until transparency retumed, then the neutralized

polymer films were dried under vacuum at 130 oC for 3 days.

In theory, the ratio of doubly-bound ta singly-bound Cd2
+ and Pb2

+ ions is

detenninable from FTIR analysis of the neutralized copolymer films. The quality of the

obtained spectra, however, made such quantitative analysis impossible in the present case.

This method \Vas more successful with neutralized block ionomer films, and will he

discussed further in Chapter 4 ofthe thesis.

Ionorner films for small-angle X-ray scanering were prepared in an identical

manner~ except that generally thicker films were cast, and the transparency of the films

\Vas no longer critical. Ionomer films were prepared on Teflon sheets, and the subsequent

composite films were then stacked to obtain thick films (ca 1 mm) for SAXS analysis.
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3.3.3. Reaction o(lonomer Films with Hvdro&en Sulfide

After drying, the Cd and Pb-neutralized films were reacted for 5 hours in a c10sed

flask with dry H2S at annospheric pressure and 25 oC. This was assumed to be sufticient

time for all of the counterions in the ionic aggregates to be converted to CdS or PbS.

Acrylate units were converted to acrylic acid in the course of the reaction. Within the tirst

ten minutes of the reaction, colour changes indicated the fonnation of Metal sulfide

particles. CdS-containing films were pale yellow, while PbS-containing films ranged from

dark orange to yellow in colour, depending on the host ionomer. Following the reaction,

the films were left under vacuum in a desiccator ovemigh~ to remove excess H2S.

3.3.4. Transmission Electron Microscop'y

Electron microscopy was perfonned on a Phillips EM410 instrument. A film of

the CdS-Cil polymer composite was prepared for electron microscopy by microtoming

(film thickness, ca. 800 Â), and the microtomed sample was then mounted on a copper

grid.

3.3.5. UV-Vis Absorption Spectroscopy

UV-vis absorption spectra were obtained on a Hewlett-Packard 8452 diode array

spectrophotometer. CdS and PbS-containing films were scanned between 250 and 550

nm, and between 200 and 800 Dm, respectively. Absorption from the polymer and the

glass slide was subtracted from each spectnlm.

3.3.6. Small-An&/e X-rqv Scalterinr

Small-angle X-ray scattering experiments were carried out at Laval University,

Quebec, on a Rigaku rotating-anode instrument (À. = 1.548 A). The CdS-containîng

polymer films were scanned from q =0.02 to 0.35 Â-I. An uair" background signal was

also scanned, and this was subtracted from each scattering profile. Low scattering

intensities relative to the background resulted in very low signal to noise ratios. However,

for the CdS-Cil polymer composite, a Bragg scattering peak was observed, and this was

used to calculate the average spacing between scattering centers (dBragg =2rrJq). The
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number of CdS units per particle, nCdS, was then detennined by space-filling calculations

for a simple cubic lanice, using the appropriate assumptions.29

3.4. Results and Discussion

3.4.1. UV-Vis Absorption Data for CdS Partie/es

Figure 3.1 shows an absorption spectrum for quantum-confmed CdS particles

synthesized in the 18 mol.% Cil ether ionomer. Absorbance from the glass slide and ftom

the polymer before reaction with H2S was subtracted from the spectnun. The insert

shows the absorption spectrum of a styrene-based ionomer before treatment with H2S.

Neither the glass slide Dor the polymer show significant absorbance above 300 nm, so the

subtraction procedure does not interfere with the relevant spectral features. As indicated

in Figure 3.1, the absorption edge, J~, is obtained trom the intersection of the sharply

decreasing region of the spectrum with the baseline. The exciton maximum, Âm, is an

example of spectral structure, and indicates a relatively narrow distribution of particle

sizes.47 For smaller CdS panicles, Àm could not he detennined from the absorption

spectra, as this feature was obscured byabsorption from the polymer and/or glass.

The side chain lengths (Lse) of the host ionomers (Table 3.1) were calculated

assuming a fully-extended side chain.29 Figure 3.2 shows the absorption spectra of CdS

nanoparticles in polymers with variable-Iength spacers. Comparison of these spectra

shows that the wavelength of the absorption edge increases with the length of the side

chain, suggesting a concomitant increase in nanoparticle sizes.

For all spectra obtained in this study, the absorption edge, Â.e, was converted into

an associated CdS particle size, using Henglein's empirical curve which relates the

wavelength of the absorption threshold to the diameter of the CdS particless (the curve

was digitize<L and the best-fitting function was used to calculate particle diameters48
). For

the spectnJm shown in Figure 3.1, it was aIso possible to calculate a panicle size

corresponding to Âm. The difference between the particle size calculated from Àe and that

calculated from Àm gives the quantity d1l2, Il which indicates the width of the sizc

76



•
Chapter 3. 5ize Control o{Nanoparticles 1•

0.7

2

1 1
0.6 1

~

1
uc

1
e:-e l

1
0
fi)

(1.) .&)

u 0.5 1 <
= 1~-e 1 \...
0 1 0
rn

1
300 400 SOO

~

-< 0.4 1
Î .. (nm)

1

1

1

0.3 1

Àe1 ÀJi' m ~
- -----

300 400 500

Â. (nm)

•

Figure 3.1. UV-vis absorbance spectrum of CdS fonned in the 18% Cil ionomer. The

polymer absorbance bas been subtracted from the spectrum. The absorption edge is Àe =
390 nm and the maximum is Àm =332 nm. The absorbance of the untreated POlymer is

shown in the insert.
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Figure 3.2. UV-vis spectra of CdS fonned in a series of styrene-based ionomers with

variable-Iength spacers. The 10% p-carboxystyrene ionomer is denoted p-COOH. The

baselines have been nonnalized, such that the vertical axis indicates absorbance above the

baseline.
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distribution. Assuming a Gaussian distribution of particle sizes, d l f2, can be used to

calculate the radius polydispersity index (RPO, aoalogous to the polydispersity index (p.!.)

of polymer molecular weights. From the spectrum shown in Figure l, the CdS distribution

has an RPI value of 1.03. This is a good indication that the panicle sizes have a very

narrow distribution.

UV-vis data and corresPOnding CdS particle diameters (2RCdS) are listed in Table

3.1. T0 test the reproducibility of the results, each composite was prepared three times

from the copolymer in the acid forro. Average values of repeat preparations are reported

in the table. OnIy two preparations of the methacrylate composite were performed, as the

same value ofÂ.e was obtained both times for this sample.

Table 3.1. Nanoparticle sizes from UV-vis data for CdS and PhS in styrene-based

random ionomers with variable-Iength spacers. The number of CdS and PhS ion pairs in

the nanoparticles are compared with aggregation numbers in Cs-neutralized ionomers.

polymer L'il: i-e(CdS) Àe(PbS) 2RCdS 2RpbS nCdS IlPbS ncsQ

(A) (nm) (nm) (Â) (A)

Methacrylate, 14% 1.5 340 459 18.5 19.8 66 77

p-carboxystyrene, 10% 5.3 335 453 18.1 19.6 62 74

C2 ether, 18% 8.0 344 18.8 70 28

Cs ether, 18% 11.5 374 506 21.7 21.9 107 104 44

Cil ether, 18% 18.7 388 535 23 23.3 130 125 74

a Determined in 14% ether ionomers.

Figure 3.3 shows the CdS particle diameters, 2RCdS, plotted vs. side chain length,

L se• The error bars indicate standard deviatioDs of repeat preparations. From the p­

carboxystyrene (Ls: = 5.3 A) to the Cil ether (Ls:: = 18.7 A), the plot indicates that CdS

particle diameters increase linearly with the side chain length (slope =0.41, correlation

coefficient, Tl =0.97) ftom 2RcdS =18 A to ca. 23 Â. This is in agreement with the

previous observation that multiplet sizes increase linearly with the length of the side chain.

It is a150 interesting to note that the sl0Pe of the present line (0.41) is identical to that
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Figure 3.3. Plot of CdS nanoparticle diameters (2RCdS) versus ionomer side chain length

(Lsc). Linear regression was performed (solid line), omitting the methacrylate ionomer (Ls;:

= 1.5 A). The dotted horizontal line is a guide for the eye and indicates an apparent

plateau at small Ls: values.
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found previously for the plot of ionic aggregate radius of cesium-neutralized ionomers

versus side chain length.29 It should also he noted that the majority of points faU within 1

À of the particle diameter on the regression line. The similarity in the behaviour of

multiplet sizes and nanoparticle sizes with increasing side chain length suggests that

multiplet size is the limiting factor in CdS nanoparticle growth; it therefore seems

reasonable to conclude that the particle sizes are effectively controlled by the ionomer

morphology in umicroreactorsn of ionic multiplets. It should be noted that the

methacrylate and p-carboxystyrene copolymers have lower ion percentages than the side­

chain ether series, and tbis will lower their aggregation numbers slightly with respect to

the other ionomers used in the study. However, since the effect of variable side-chain

lengths has been shown to be more significant than the effect of ion percentage,29 it was

considered valid to plot the results ofail five ionomers on the same graph.

The Methacrylate point (LSl: =1.5 A) seems to fall within a plateau region, as 2RcdS

values level offat ca. 18 Â for small values ofL sc• This lower limit May he due to a degree

ofassociation or ripening ofextremely small CdS particles. It is also possible that the size

distributions broaden as the particle sizes decrease, such that, in the plateau region

observed in Figure 3.3, the particle sizes calculated from Àe remain constant while the

average sizes continue to decrease. This possibility is supported by previous SAXS data

on random ionomers with variable side chain lengths, which show that the size distribution

of ionie aggregates is narrower in ionomers with longer side ehains.29

Table 3.1 also lists the number of CdS units in the nanoparticles, nCdS, ealculated

from RCdS values. For this calculation, spherical particles (V = (4/3)1tR3
) were assumed;

also, the volume per CdS ion pair in the nanoparticles was assumed to be identieal to the

bulk value, 50 Al.

3.4.2. SAXS Data

Figure 3.4 shows a lypical air-subtracted SAXS profile for CdS-contaîning

polymer films prepared by the present metbod. The scattering profile shows a definite

peak, related to the Bragg spacing between the scattering centers (the CdS-containing

multiplets) by dsrau = 21t1q. However, due to low scattering intensities obtained, the
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Figure 3.4. SAXS data for the CdS-Cil polymer composite. An air background bas been

subtracted. The position ofthe Bragg peak is detennined to be q = 0.12 A-t.
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subtraction procedure resulted in significant negative intensity values (not sho\vn in the

figure). As weIl, the number of counts obtained per scanering vector was relatively low.

These factors contributed to a large margin of error in the peak positions. For the CdS­

ClI polymer composite, which showed the most detined scanering pea~ nCdS was

calculated from the position of the peak shawn in Figure 3.4 (q =0.12 À-·), using space­

filling calculations for a simple cubic arrangement of multiplets.29 The use of this

particular lanice model is discussed below.

In ref. 40a, the sizes of ionic cores in block ionomers were calculated from the

structure factors of SAXS profiles, assuming various arrangements of cores \vithin the

polymer matrix. Simple cubic (sc), face-centered cubic (fcc), body-centered cubic (bcc),

and hexagonal close packed (hep) were aU applied in space-filling calculations. In general,

the assumption of a sc lanice resulted in the best agreement with core sizes calculated

directly from the fonn factor. The simple cubic arrangement of cores (or multiplets) in

ionomers is not necessarily the most accurate description; however, it should be noted that

the assumptions involved in other lanice models are, most likely, equally unrealistic.

Along with the assumption of a simple cubic arrangement of multiplets, the space­

filling calculation involved the assumption of a single CdS unit per carboxylic acid group

on the polymer chain. Although cadmium is a divalent counterion, this is not

unreasonable, as the polymer films were neutralized with a large excess of cadmium

acetate, which should favour the singly bound cadmium acetate counterio~ Cd(Act. The

value of nCdS calculated from SAXS data for the Cl. ionomer was 110, compared with nCdS

= 134, calculated from UV-vis data for the same ionomer (Table 3.1). This reasonable

agreement provides confirmation ofparticle sizes detennined using UV-vis spectroscopy.

3.4.3. Electron Microscopy

Figure 3.5 shows an electron micrograph ofCdS PaIticles in the Cl. polymer. The

small dark regions indicate well-defined CdS-containïng multiplets, scattered evenly

throughout the (grey) polystyrene matrix. The dark regions indicate particle diameters of

ca. 25 Â, continning UV-vis results. It should he noted that the microtomed composite
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Figure 3.5. Transmission electron micrograph of the CdS-CIl polymer composite. The

dark regions indicate CdS particles dispersed in the polymer matrix. From the

micrograph, average particle diameters are ca. 25 Â.
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filin (800 Â) does not constitute a monolayer, so a statistical assessment of the size

distribution from the micrograph bas not been attempted. The monolayer thickness was

defined as the dimension ofa cube consisting ofa single CdS-containing aggregate and the

surrounding styrene (simple cubic arrangement of multiplets), and was calculated to he ca.

60 Â. This value corresponds to an average of 13 monolayers in the microtomed film.

3.4.4. UV-Vis Absorption Data fOr PbS Partie/es

Data for PbS nanoparticles fonned in the same series of ionomers are listed with

the CdS data in Table 3.1. These values were obtained from a single preparation of each

PbS-polymer composite. The correlation between absorption edge values and PbS

particle diameters was made using a theoretical model developed by Wang et al. I9A9 The

number of PbS units in the nanoparticles, nPbS, was calculated from the spherical particle

volume and the volume of a single PbS unit in bulk~ 53 A? Data for PbS particles within

the C! polymer are not reported, as a reliable absorption edge could not he determined

from the spectrum of this composite. Comparison between nPbS and nCdS values for the

same ionomers shows good agreement~ which lends further support to the daim that

particle sizes are controlled by the size of the ionic multiplet. It seems possible to use a

selected polymer host to fonn nanoparticles of different materials containing identical

numbers of ion pairs, assuming that the nature of the counterion does not significantly

affect the size of the multiplets.

3.4.5. Comparison l,,'ith A~e~ation Numbers in Cs-neutralized Ionomers

Table 3.1 also lists multiplet aggregation numbers for 14% Cs-neutralized ether

ionomers (nes), detennined from SAXS data by Moore and coworkers using space-filling.

calculations.29 Despite differeoces in ion content and method of preparation, it is still

interesting to compare nCdS and nPbS with nes. This is, in effect, a comparison of ionomer

aggregation numbers for differeot counterions, assuming that nCdS and nPbS correspond to

the aggregation numbers of the Cd and Pb-neutralized multiplets prior to reaction with

H2S. This assumption requires 100% conversion of the Metal counterions ioto the

semiconductor particles. The results for the Cd and Pb-neutralized CrC l1 ether series,
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detennined by UV-vis spectroscopy of the semiconductor particles, are within a factor of

2 of SAXS-determined results for the Cs-neutralized samples. It is not surprising that

aggregation numbers detennined from UV-vis data (ncdS, nPbs) are generally larger than

those detennined from SAXS (nes), since, in a distribution of partiele sizes, the UV-vis

absorption edge corresponds to particles larger than the mean.4 SAXS results, on the

other band, are based on the average spacing between scanering centers, and therefore

reflect average panicle sizes. The lower ion percentage in the Cs-neutralized samples will

also contribute to lower aggregation numbers compared with Cd and Pb-neutralized

ionomers prepared in this study. A more thorough comparison of the dependence of

aggregation numbers on the nature of the counterion is discussed in chapter 5, in the

context of black ionomers.

3.4.6. Long-term Stability

To test for long-term stability, the CdS-polymer composites were stored under

ambient conditions for a period of 7 months, after which UV-vis spectra were obtained.

Values of Àe and 2RcdS after 7 months storage are listed in Table 3.2, along with the

original data for the same composites. In most cases, an increase in particIe diameter from

1-3 Â was observed, possibly due to long-term ripening under ambient conditions.

Table 3.2. UV-Vis absorption data and CdS nanoparticle sizes before and after 7 montbs

storage under ambient conditions.

Àe 2RCdS Àe 2RcdS

polymer after 24h afte~ 24h after 7 months after 7.months
(nm) (A) (nm) (A)

methacrylate,14% 340 18.5 349 19.3

p-carboxystyrene,10% 332 17.9 353 19.6

C2 ether, 18% 344 18.8 354 19.7

Cs ether, 18% 376 21.9 381 22.5

Cil ether, 18% 390 23.6 411 26.7
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3.5. Conclusions

This investigation bas shown that size control of semiconducting nanoparticles can

be achieved wough a knowledge of primary multiplet aggregation numbers in the host

ionomer. A linear relationship between the ionomer side chain length and the resulting

CdS particle diameter bas been found, along with excellent agreement between values of

nCdS and nPbS determined independently for the same ionomers. Agreement between nCdS

values determined by UV-vis and SAXS data was found for the CIl ionomer. TEM

results show CdS particles even1y dispersed in the polymer matrÏx. It bas been inferred

that CdS or PbS precipitation is restricted to the ionic multiplets of the polymer hos~

which act as "microreactors" in nanoparticle formation. Multiplet size is therefore the

limiting factor in particle growth. In random ionomers, the multiplet sizes are controlled

by varying the length of the ionomer sidec~ with longer side cbains resultiog in larger

multiplets and thus larger semiconducting particles. With an understanding of the

relationship between ionomer structure and morphology, the use of predictable multiplet

sizes to control the sizes of nanoparticles within ionomers may have the advantages of

precision and convenience over other methods of size control, such as controlling the

initial ion concentration and/or thennal annealing of panicles following precipitation.19
.20

This method ofsize control, ofcourse, is not limited ta semiconducting quantum dots, and

other types of nanoparticles (e.g. magnetic, catalytic, etc.) within random ionomer

aggregates are also conceivable.

This chapter bas shown size control in the narrow range of 18-23 Â using random

ionomers of various side chain lengths. In the next chapter, a similar mechanism of size

control is investigated in black ionomers, by the synthesis of semiconducting nanopanicles

in the larger ion aggregates of these materials. Along with the wider range of aggregate

sizes that is accessible in black ionomers, microreactors of this type offer the unique

advantage of solution stability, as they can be suspended in organic solvents in the foon of

reverse micelles. Stability to other methods ofcomposite processing is aIso investigated in

this work, and other aspects ofsystem versatility are demonstrated.
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CHAPTER4

5ize Control of Nanoparticles in

Sem.iconductor-Polym.er COl11posites:

II. Diblock Ionom.er Microreactors

4.1. Abstract

The size control of semiconducting nanoparticles via primary aggregate sizes in

ionomers has been extended to include the precipitation of cadmium sulfide (CdS) within

the spherical ionic cores of PS-b-PACd diblock ionomers of various ionic black lengths.

This procedure yields nanoparticles in the range of 2R = 29-50 Â., using ionic black

lengths of 4 to 32 repeat units. The sizes of quantum-confined CdS particles fonned in

water-plasticized ionic cores, determined by UV-vis spectroscopy, are found to increase

linearly with the size of the original core (correlation coefficient r =0.99), and scale with

the ionic black length as NB
3
!S, in agreement with the Halperin model of starlike micelles.

Comparisons between the number of ion pairs in CdS particles and the number of

countercations in the original cores are used to show that, except in the largest ionic cores,

a single particle per core is obtained (cherry morphology). The stability of the CdS­

containing micelles in a selective solvent is enhanced considerably by re-neutralizing the

poly(acrylic acid) layer surrounding the nanoparticle within the core. These stabilized

micelles can be dissolved in an organic solvent, precipitated into Methanol, and redissolved

several limes, without significant changes in the UV-vis absorption spectnlm. Il is also
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found possible to process the CdS-polymer composites by casting from toluene or

compression molding at 130 oC, without affecting the nanoparticle sizes. Particle sizes

cao he increased by re.neutralizing the CdS-contaïning micelle cores \Vith cadmium

acetate, followed by secondary treatment with H2S. Thus by successively ·'reloading" the

microreactor, nanoparticles of37 Ain diameter are enlarged to 56 Ain nvo steps.

4.2. Introduction

The controlled precipitation of quantum-confined semiconductor particles such as

cadmium sulfide has been achieved in a wide range of media, including surfactant

micelles,l-4 vesicles,S.6 zeolites,7 random ionomers,s-15 and ion-complexing block

copolymers. I
6-20 Several studies have been concemed \Vith the control of nanoparticle

sizes by variations in the methods of preparation, though techniques of synthesizing

monodisperse particles of predictable, thennodynamically-eontrolled sizes are still quite

rare. The aim of this work is to apply a priori knowledge of ionic aggregate sizes in a

wide range of ionomers, in arder ta use these materials as hosts for the precipitation of

semiconducting nanoparticles ofpredictable sizes.

In the previous chapter, CdS particle sizes \Vere controlled in the narrow range of

18-23 Â in diameter, using the relatively srnall aggregates of styrene-based random

ionomers.11 The sizes of these aggregates are controlled via the length of the spacers

which separate the backbone from the ionic functional groups, with longer spacers

resulting in larger aggregates.22 The present chapter describes the size control of

nanoparticles by precipitation of CdS ,vithin the spherical microdomains of cadmium­

neutralized polystyrene-b-poly(acrylic acid) copolymers with variable ionic block lengths.

As in the case of random ionomers, this size control, in principle, is thennodynamic in

origin, as the sizes of growing particles are limited by the number of ions within the

original aggregate. The ionic aggregates in black ionomers are very much larger than

those in random ionomers, and these rnaterials therefore allow the size control of CdS

nanoparticles to be extended into a range ofsizes not accessible with random ionomers.

It is well known that the morphology of microphase-separated regions in bulk·

phase diblock copolymers (spherical, cylindrical, or lameUar) is detennined by the relative
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volume fraction of the component blacks, while the size of these regions is determined by

the absolute length of the microdomain-forming block.23
-
25 For highly asymmetric AB

diblock copolymers, the shorter black fonns spherical microdomains within a matrix of the
• 23'6major component. -

Microphase separation into spherical microdomains in the bulk is analogous to the

fonnation ofdiblock copolymer micelles in a selective solvent, in which the short insoluble

blocks fonn a spherical core, surrounded by a corona of the soluble major component.

Halperin's model of starlike diblock copolymer micelles,21 among other theories, addresses

the sizes of the spherical cores. The model states that the core radius scales as NaJJS,

where lVs is the number ofunits in the short insoluble black. Small-angle X-ray scanering

studies of black ionomer reverse micelles with relatively short ionic blocks \vere found to

agree well with the Halperin model, and a proportionality constant of 6.5 Â was

determined by fining the measured ionic core radii (Rcore =6.5Â NB3
:
S

).2S

The predictability of core radii in microphase-separated diblock ionomers allows a

desired core size ta be obtained simply by selecting the length of the ionic black. Using

anionic polymerization, polystyrene-b-poly(tert-butyl acrylate) diblock copolymers with

specific poly(tert-butyl acrylate) block lengths can be sYQthesized routinely, and

subsequent hydrolysis and neutralization allows a particular type of metal ion (or

combinarion of ions) to be incorporated into cores of controlled sizes. Cadmium­

neutralized polystyrene-b-poly(acrylic acid) ionomers are converted into CdS-copolymer

composites by reaction with H2S; simple chemistry within the "microreactor'· core effects

the precipitation of CdS nanoparticles and the re-protonation of the carboxylate groups.

The acrylic acid layer then offers the possibility of perfonning further chemistry close to

the surface of the semiconductor particle. For example, reneutralizing the acrylic acid

units with sodium hydroxide should increase the stability of the composites in solution, as

the solubility of poly(sodium acrylate) is much lower than that of poly(acrylic acid) in

organic solvent. Along with stabilizing, or "fixing", the CdS-contaîning micelle,

reneutralization allows a wide range of ions to he incorporated al the surface of the CdS

particles. The following schematic shows particle fonnation (cherry morphology) and

subsequent "fixing" within the black ionomer microreactor:
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In organic solvents, the polystyrene blacks (represented by the grey background in

the schematic) will constitute the soluble coronae of reverse micelles, protecting the CdS

panicles from agglutination and macroscopic precipitation. Isolated CdSe nanoparticles,

soluble in organic solvent, have previously been fonned by functionalizing the surface of

the panicles with phenyl ligands.29 As weil, ion-containing polymers have been used to

stabilize CdS nanopanicles in aqueous solution, and to isolate the materials as re­

dispersible powders.30 The present study ofsemiconducting nanoparticles \\"ithin the cores

of diblock ionomer reverse micelles demonstrates a novel combination of selected aspects

of past work, in the fonn of polymer-stabilized nanoparticles of predïctable sizes that are

highly stable and soluble in a wide range organic solvents. The stability of these malerials

is of interest in view of potential applications; for example, CdS particles have been used

for the photochemical reduction of water both in colloïdal solutions of reverse surfactant

micelles31 and in polymer films.32.9 A CdS-polymer composite that can be dissolved in

organic solvents and then recovered as a solid, without changes in fundamental properties,

offers the unique possibility of a photocatalytic material that is equally effective in

colloidal and bulk media.
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4.3. Experimental

4.3./. Svnthesis o'Dib/ock Copolvmers

The synthesis of the block ionomers used in the present study was perfonned

according to known procedures;33-35 hence~ ooly a brief summary is presented here. Series

of polystyrene-b-poly(tert-butyl acrylate) with polystyrene blocks of constant length and

poly(tert-butyl acrylate) blacks of variable length were synthesized by anionic

polymerization. The initiator used in the synthesis was sec-butyllithium capped \vith a few

units of CL-methylstyrene. The block copolymers in the ester fOIm \Vere then bydrolyzed to

polystyrene-b-poly(acrylic acid) (PS-b-PAA) by refluxing ovemight in toluene solution

with p-toluenesulfonic acid as the catalyst. The polymers were recovered by precipitation

into methanol and were then dried in a vacuum oven at 70° C for 24 h. The molecular

weight of the polystyrene blocks and the polydispersity indexes of aIl copolymers \vere

detennined by SEC. Polydispersity indexes ofblock copolymers used in the present study

varied between 1.04 and 1.10. The composition of the copolymers \\·as determined by

FTIR~ using the copolymers in the ester fonn.

The copolymers PS-b-PAA were dissolved in benzene/methanol (5% Methanol

w/w) at a concentration ofabout 1% (w/w). The acid blacks \vere neutralized byaddition

of excess cadmium acetate dihydrate in methanol (1.5 mol cadmium acetate dihydrate : 1

mol acrylic acid repeat units). The solutions were stirred for 3-4 h~ then the black

ionomers \vere recovered by freeze drying. They were subsequently dried in a vacuum

oyen at 70 oC for 24 h ta remove any remaining solvent and acetic acid by-product.

Excess cadmium acetate was removed by repeated washings of the block ionomers in

methanol; the washed polymers were dried ovemight under vacuum at 70 oC. FTIR was

used to confinn that the polymers were 100% neutralized. The composition of each of the

diblock ionomers used in this work is presented in Table 4.1, using the following

nomenclature: PS(300)-b-PACd(4.0) indicates a diblock copolymer consisting of a

polystyrene block of 300 repeat units covalently linked to a poly(cadmium acrylate) black

of4.0 repeat unïts.
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4.3.2. Determination of the Degree of uBridg.ed" Cadmium in Neutralized

Diblock CODo/ymer Films

The percentage of bridged Cd2
+ ions within neutralized and rinsed polymer films

was calculated from the length of the ionic black and the total number of carbonyl

moieties (both acetate and acrylate) in the polymer chain. The laner quantity was

detennined by FTIR using the following calibration procedure. Known quantities of

cadmium acetate dihydrate and polystyrene-b-poly{tert-butyl acrylate) (PS(SO)-b­

PtbA(330» were dissolved in methanol, and films were cast from the mixed solutions onto

KBr windows. For various mole percentages of cadmium acetate carbonyl moieties, the

ratio of carbonyl absorbance (1550 cm-I) to polystyrene absorbance (700 cm-I) was

calculated from the obtained spectrum. A calibration curve was plotted~ and this was used

to analyze spectra ofCd-neutralized black coPOlymers.

4.3.3. Preparation ofCadmium Sulfide-Diblock Copolvmer Films

Thin, optically transparent films of polystyrene-b-poly(cadmium acrylate) (PS-b­

PACd) with various ionic block lengths were cast onto glass slides by spin coating from

toluene solution, or by casting from tetrahydrofuran solution. The ionic core sizes in the

polymer films are Dot affected by the solvent or method of casting. CdS-diblock

copolymers composite films were then prepared by (wo methods~ which sball be called

"dry" and "wet" preparations. In the dry preparation method, the films were dried in a

vacuum oyen at 1300 C for 4 days to remove aIl traces of water. The dried films of PS-b­

PACd were then treated with dry hydrogen sulfide (H2S) for 5 h at 25 oC. After about 15

min, the transparent films turned from colourless to light yellow. The H2S-treated films

were stored ovemight in a desiccator under vacuum, to remove excess H2S. In the wet.

preparation method, the PS-b-PACd films after casting were dried in a vacuum oven at

130 oC ovemight to remove any remaining solvent. They were subsequently exPOsed ta

an atmosphere of 100% humidity for several days, by storing over water in a closed

container at ca. 70 oC. The "wet" ionomer films were then exPOsed to "wet" H2S

(bubbled through water at 70 OC) for periods of 4 Il, 5 h, and 8 h. After 8 h exPOsure to

H2S~ FTIR was used on the treated films to confinn 100% conversion of poly(cadmium
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acrylate) to poly(acrylic acid). The transparent yellow films of CdS-diblock copolymer

composites were then stored ovemight in a desiccator under vacuum to remove excess

H2S.

4.3.4. UV-Vis Absorption Spectroscopy

lN-vis absorption spectra of the CdS-diblock copolyrner composites (yellow

transparent films) were obtained on a Hewlett-Packard 8452 diode anay

spectrophotometer~by scanning between 250 and 550 nm. A clean glass slide was run as

a blank, such that anyabsorbance from the glass was subtracted from each spectrum. The

absorption edge~ Àe, was determined for each spectrum as described in the preceding

chapter. For quantum-confmed CdS nanoparticles (2RCdS < ca. 60Â), the absorption edge

is known to be blue-shifted relative to the bulle material, with smaller particles showing a

greater blue shift. Semiconductor particle sizes, 2RcdSO"C), can thus be detennined from

the absorption edge of the blue-shifted spectra.. using the appropriate correlation cUllle.36

Along with a characteristic absorption edge, ail spectra possessed either a distinct

maximum, Àm~ or shoulder, 4. and these features \\rere also used to calculate CdS particle

sizes (2RcdS(Àm.sh))' Table 4.1 lists relevant spectral features and associated CdS particle

sizes for several PS-b-PACd ionomers ofvarying poly(cadmium acrylate) black lengths.

4.3.5. Transmission Electron Microscopy

Electron microscopy was performed on a Phillips EM41 0 instrument. CdS-diblock

copolymer composite films were prepared for electron microscopy by microtoming

(microtomed film thickness = ca. 800Â), and the microtomed sample was then mounted

on a copper grid.

4.3.6. Preparation o'Cadmium Sulfide-Dib/ock CopO/Ymer Micelles in Solution

CdS-contaînîng micelles in toluene solution were prepared by a method analogous

to the preparation of the CdS-diblock copolymer films. PS-b-PACd samples in the

powder fonn were exposed to an atmosphere of 100% hurnidity for a period of 1 week.

They were then treated with "wet" H2S for Sb; during exposure to H2S~ the powders
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tumed from white to yeUow~ with samples of longer ionic block lengths becoming more

intense yellow in colour. To fonn micelles in solution, the yellow po\vder was dissolved in

toluene; a clear yellow solution was obtained. Altematively, to reneutralize the

poly(acrylic acid) black, the yellow powder was dissolved in tetrahydrofuran, and a

selected amount of sodium hydroxide (NaOH) or cadmium acetate dihydrate in methanol

solution was added with stirring. The yeUow composite was recovered by evaporation of

the solvent. A solution of reneutralized Cd5-containing micelles was then obtained by

dissolving the solid in toluene.

The micelles with and without reneutralization \vere repeatedly precipitated from

toluene into Methanol, filtered, dried under vacuum at 70 oC for 4 h, then redissolved in

toluene. The solution stability of CdS-block copolymer composites was monitored, by

preparing constant weight percent solutions of the yellow powders in toluene after each

recovery, and comparing the absorbance and absorption edge of the obtained UV-vis

spectra.

Following nanoparticle fonnation, the microreactors were also ureloaded" with

cadmium, in order to increase the semiconductor particle sizes by secondary exposure to

H2S. For this experiment, the CdS-containing miceUes of PS(320)-b-PAA(l4) were

reneutralized by stirring with cadmium acetate (1 mol cadmium acetate : 1 mol acrylic acid

repeat units) in THF solution for a week. The reneutralized micelles were then recovered

by precipitation into Methanol, and the powder was dried at 70 oC for at least 4 h. The

yellow powder was then exposed to "wet" H2S for 8 h. The absorption edge of the

micelles in toluene solution was detennined. This process was repeated by neutralizing

\Vith cadmium acetate once again, then exposing the powder to "wet" H2S for a third lime.

4.4. Results and Discussion

4.4. J. Control ofCdS Partic/e Sizes in Dib/ock Capolymer Films

The absorption spectra of CdS nanopanicles prepared by the "dry" method in the

series of ionomers PS(300)-b-PACd(x) (x = 4.0, 10, 25, 44) revealed very similar

absorption edges, corresponding to a partiele size of 2RCdS = ca. 21 Â. The CdS

absorbance was generally higher for longer ionic block lengths, although this trend was
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somewhat obscured by slight differences in film thickness. For the dry preparation~ it

appears that ionic core sizes do not influence the sizes of CdS panicles that precipitate

within the core; restricted diffusion within the high viscosity PACd core may contribute to

the kinetic control of particle growth and a smaIl particle size common to all copolymer

compositions. This results in a raspberry morphology~ with small (ca. 21 A) CdS useedsn

dispersed throughout the core. Of course, rnaterials with larger cores will have a greater

number of seeds in each core, and therefore a higher concentration of CdS within the

composite; this explains the higher absorbance values for CdS prepared in block

copolymers with longer ionic blocks, despite marked similarity in the values of the

absorption edge.

Table 4.1. UV-vis absorption data and sizes of CdS nanoparticles in block ionomers.

polYmer Àe 2RCdS(Àe) Àm.sh 2RcdS(}..m.sh) dl/2 RPI

(±2 nm) (±1 Â) (±2 nm) (±I A) (À)

PS(300)-b-PACd(4.0) 421 29 353 20 9 1.05

PS(470)-b-PACd(5.0) 421 29 353 20 9 1.05

PS(3 OO)-b-PACd( 10) 435 32 394 24 8 1.03

PS(320)-b-PACd( 14) 457 38 421 29 9 1.02

PS(730)-b-PACd(22) 469 42 435 31 Il 1.03

PS(300)-b-PACd(25) 479 47 438 32 15 1.05

PS(470)-b-PACd(32) 485 50 459 38 12 1.02

PS(300)-b-PACd(44) 485 50 459 38 12 1.02

PS(730)-b-PACd(84) 485 50 459 38 12 1.02

ln contras~ absorption spectra ofquantum-confined CdS particles prepared by the

wet method revealed spectral features with a clear dependence on the ionic block length of

the host polymer. Figure 4.1 shows a series ofspectra ofwet-prepared CdS nanoparticles
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Figure 4.1. Absorbance spectra of CdS in PS-b-PAA copolymers with variable

poly(acrylic acid) black fengths for wet (solid lines) and dry (dotted fine) preparations. AlI

samples were treated with H2S for 5 h. The baselines have been nonnalized, such that the

vertical axis indicates absorbance above the baseline.

100



•

•

Chapter 4. 5ize Control ofNanoparticles Il.

in the diblock copolymers PS(300)-b-PAA{x) (x = 4.0~ 10, 25, 44) and PS(320)-b­

PAA(l4), along with a spectrum of dry-prepared CdS in PS(300)-b-PAA{44). Each

spectrum exhibits a distinct exciton shoulder or maximum, ,vhich is an indication of

relatively narrow size distributions.37 The ~'blipsn at ca. 360 nm are due to a tilter change

in the instrument; other irregularities arise from nonunifonnities in the films. It is clear

from the absorption edges that the wet-prepared CdS panicles are larger than the dry­

prepared particles, and that the wet-prepared particles sho\\-' an increase in size with

increasing acrylic acid block lengths. This is attributed to plasticization of the cores with

water, \vhich decreases the viscosity of the medium in which CdS precipitation occurs.

Two mechanisms of panicle fonnation in the plasticized core can be imagined. In

the first case, small seed particles ofcadmium sultide fonn initially as H2S diffuses into the

ionic core; the mobility within the core then allows these particles to ditlùse and associate.

In the second case, the increased mobility in the plasticized core results in an increase in

the rate ofparticle growth with respect to the rate ofnucleation, restricting nucleation to a

single site per core. In both cases, the end result is a cherry morphology, with a single

CdS particle in each water-plasticized core. The size of the particles should thus he

dependent on the number ofcadmium ions in the original ionic core.

The relationship bet\veen \vet-prepared CdS particle sizes (after treatrnent ,vith

H2S for 8 h) and original ionic core sizes in the host polymer (before H2S treatment) is

shown in Figure 4.2. CdS particle sizes (Table 4.1) were calculated from Î-e values using

Henglein's correlation curve; ionic core diameters \vere calculated from ionic block

1engths, using the scaling relation (Rcore = 6.5 NB
3
!5Â). The validity of this equation for

cadmium-neutralized diblock ionomers is suggested by initial SAXS results.3s Results for

polymers with various polystyrene block lengths are ploned on the same graph, as the

length of the nonionic block is known to have little influence on the size of the spherical

core.27 As shawn in Figure 4.2, CdS nanoparticle diameters increase linearly with the

ionic core diarneters (slope =0.31 correlation coefficient, ,; =0.99), indicating that the

partic1e sizes are indeed controlled by the sizes of the original ionic aggregates up to a

core diameter of ca. 100 À. CdS nanoparticles prepared in random ionomers21 are also
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Figure 4.2. Plot ofCdS nanoparticle diameters (2RcdS) versus the diameter of the original

ionic core (2Rcore), calculated from the scaling relation 2Rcore =6.5NB3
/
5 Â. Crossed circles

represent nanoparticles synthesized in random ionomers. The regression line is through

the solid circles (excluding 2Rcore > 100 A), but bas been extended manually to include the

random ionomer data. The horizontalline is a guide for the eye.
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included in Figure 4.2~ with panicle sizes plotted versus multiplet radii (reponed for

cesium-neutralized ionomers of variable chain lengths21). The linear regression for

particles prepared in diblock ionomers (closed circles) is found to pass very close to the

random ionomer samples (crossed circ1es); this suggests that the control of nanoparticle

sizes via ionic aggregate sizes in diblock ionomers is an extension of the same type of size

control observed in random ionomers. The smaller CdS particle sizes calculated from Am

or Â.sh (Table 4.1) were also plotted against Rœre~ and a linear correlation was found with a

correlation coefficient ofr2 =0.98.

For ionic core sizes 2Rcore > 100 A~ the size control described above is lost, and the

CdS particle size levels off at ca. 50 Â. The observed plateau in Figure 4.2 may he

explained in the following way. In very large ionic cores~ the diffusion of material through

large volumes results in relatively slow rates ofparticle growth with respect to the rates of

nucleatio14 such tbat several panicles per core are formed. This results in a kineticaIly­

controlled partiele size, dependent on the viscosity of the plasticized core~ \vithin a

raspberry morphology. It should he noted that the CdS spectra in the plateau region are

still blue-shifted from the bulk material~ which stans to absorb near 515 om.31 The two

regions ofFigure 4.2~ therefore, indicate two kinds of size control over quanturn-confmed

CdS particles: up to 2Rcore =100 Â~ the sizes of CdS particles are limited by the sizes of

ionic aggregates (thermodynamic control, cherry morphology), while for 2Rcorc > 100 Â~

the viscosity within the cores is the limiting factor (kinetic control, raspbeny morphology),

independent of the sizes ofaggregates.

The CdS particle radii (excluding the plateau ~region of Figure 4.2) were aIso

plotted against the ionic black lengtb, and these points were fitted to the Haiperin27 scaling

relation R - Na3!S using the equation RCdS = aNB3/5 + b; a and b were found to he 1.9 Aand

9.4 Â, respectively. The fit is shown in Figure 4.3, along with a linear approximation,

which does not deviate significantly from the Halperin scaling relation in the region of

interest. Unlike the scaling relation for ionic core raOO, the equation for RCdS does not

pass through the origin. It is notewortby that the value of the y intercept, R CdS = 9.4 Â,

which represents a limiting case for black lengths tending to 0 units, corresponds very

closely to our previously detennined CdS particle diameter in the polystyrene-
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Figure 4.3. Plot of CdS nanoparticle radii (RCdS) versus the number of repeat units in the

ionic black (NB). The dotted line shows the best fit to the NB3
/
s relation, with a = 1.9 and

b = 9.4 Â. A Iinear regression through the data is aIse shown (solid line).
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poly(cadmium methacrylate) random ionomer (2RCdS = 18.5 Â).!l This lends funher

credence to the claim that the size control of CdS panicles in block ionomers 15 an

extension of the same type of size control, based on the size of the original ionic

aggregate, which has been demonstrated in random ionomers.

Within the region of apparent thermodynamic control (Rcore = 30-100 À), il has

been assumed that all cadmium ions in the core become incorporated into a single

cadmium sulfide particle (cherry morphology). The validity of this assumption can he

tested by determining the number ofcadmium ions in the ionic core, and comparing this to

the number of cadmium ions in the subsequent CdS particle. Assuming spherical cores

and nanoparticles, these numbers were calculated using values ofRcore and RCdS, along with

the unit volumes the ionic core rnaterial and monomolecular CdS. The volume ofa single

unit of CdS was calculated from its bulk density and molecular weight to he 50 Al. There

are two possibilities for the unit volume of the ionic core, depending on the binding of

countercations following neutralization with cadmium acetate. In the fust case, Cd2+

cations are each bound to two carboxylate anions, resulting in one counterion shared

bet\veen (Wo units of acrylate. In the second case, the singly bound Cd(Act cation is

invoked.. such that there is one counterion for each acrylate unit. The core radius was

assumed to be independent of the nature of cadmium binding, as implied by the equation

Rcore = 6.5NB )'S À. Quantitative FTIR analysis of the neutralized copolymers showed

combinations of doubly and singly bound counterions, with percentages of Cd!+ bridging

ranging from 100% in PS(300)-b-PACd(4.0) to 24% in PS(730)-b-PACd(84). In Table

4.2, the two extreme cases bave been considered independently, so that the number of

cadmium ions within a core containing 100% doubly bound cadmium, nCd(ll), and the

number of cadmium ions within a core containing 100 % singly bound cadmium, nCd(l),

are reported separately. The unit volumes of the ionic core materia! for bath cases were

calculated approximately, starting from the experimentally-determined density of

poly(cesium acrylate) (d =2.0 g/ml).J9

Table 4.2 also lists two sets of numbers for the CdS nanoparticles; nCdS(Àe)

corresponds to larger particles in the distnbution, while nCdS(Àm.sh) corresponds to particle

sizes closer to the mean.6 For the two shortest black lengths, nCd(l) and nCd(ll) are in
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reasonable agreement with nCdS(Àm.sb); for longer black lengths, nCd(l) and nCd(ll) show

better agreement with nCdS(Àe). The copolymers PS(300)-b-PACd(44) and PS(730)-b­

PACd(84) result in nCdS values significantly lower than the number of cadmium ions in the

original core. This is not a surprising result, if we assume that there are several CdS

particles in ionic cores which are >100 Â in diameter, as is suggested by the plateau region

observed in Figure 4.2. For other polymers, however, reasonable agreement between the

numbers of cadmium ions in the microreactor and the number of CdS units in subsequent

nanoparticles suggests that a cherry morphology is ohtained.

Table 4.2. Calculated number ofcadmium ions in the ionic cores and comparison with

the number of ion pairs in subsequent CdS nanoparticles.

polymer nCd(I) nCd(lI) nCdS(Àe) nCdS(i..m.sh)

PS(300)-b-PACd(4.0) 56 47 260 84

PS(470)-b-PACd(5.0) 82 68 260 84

PS(300)-b-PACd( 10) 290 240 340 150

PS(320)-b-PACd(l4) 520 430 580 260

PS(730)-b-PACd(22) 1200 990 780 310

PS(300)-b-PACd(25) 1500 1300 1100 340

PS(470)-b-PACd(32) 2100 1700 1300 580

PS(300)-b-PACd(44) 4600 3800 1300 580

PS(730)-b-PACd(84) 14000 12000 1300 580

A TEM micrograph of CdS-containing PS(470)-b-PAA(32) is shawn in Figure

4.4. The dark regions are the CdS nanopanicles, which appear evenly dispersed in the

polymer matrix. The particle size measured ftom the micrograph is ca. 50 A, confirming

the value detennined from the UV-vis spectrum. The irregular shape ofsome ofthe dark
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Figure 4.4. Transmission electron micrograph of CdS nanoparticles in PS(470)-b­

PAA(32). The dark regions are CdS panicles dispersed in the polymer.
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regions is probably due to overlapping particles in different layers of the microtomed film.

A total micelle diameter of 200 Â bas been calculated for the solid state, which indicates

that the microtomed film (thickness = ca. 800 Â) contains about 4 overlapping

monolayers.

4.4.2. Polvdis.persity o'CdS Particle Sizes

In UV-vis studies of quantum confined semiconductors, absorption spectra which

exhibit distinct maxima and/or shoulders are generally associated with relatively

monodisperse size distributions. A useful measure of the polydispersity of the sample is

obtained by calculating dl12,
6 defined as

(1)

Ifa Gaussian distribution ofparticles is assumed, d l l2 can be taken to be twice the standard

deviation (2cr2R), and 2RcdSO.m.sh) will approximate the mean particle diameter. A radius

polydispersity index (RPI) can thus he defined for each distribution:

(2)

•

As shawn in Table 4.1, RPI values for the CdS particles obtained in black

ionomers are low, hetween 1.02 and 1.05. Very similar polydispersities have been found

for the radii of ionic cores in black ionomers, as detennined by SAXS.30 It should he

noted that the assumption of a Gaussian distribution MaY not he entirely realistic, and

therefore the RPIs listed in Table 4.1 are only approximate values. In sorne cases, it is

conceivable that the polydispersities of CdS particles would he higher than the

polydispersities of the original ionic cores. Such a situation would arise, for example,

from slight non-unifonnities in the degree ofconversion throughout the composite; smaller

particles in the distribution could therefore represent incomplete conversion from Cd2
+ in

the core to a single particle of CdS. Incomplete conversion would explain sorne of the
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results in Table 4.2; for example, in sorne cases, the number of CdS units that make up

larger particles in the distribution (nCdS(Âe» show the best agreement \vith ion aggregation

numbers in the original core.

4.4.3. Solution Stability and "Fixin~" of CdS-Containin~ Block Copolymer

Micelles

Nonnalized absorbance values (Anorm) for CdS-containing micelles of PS(IIOO)-b­

PAA(23) in toluene (identical weight percentages) versus the number of sequential

recoveries are shown in Figure 4.5. The absorbance was detennined at 400 nm, close to

the shoulder of the absorption speCtnm1; the polymer host in toluene shows no absorbance

at this wavelength, 50 that ooly the absorbance of the CdS nanoparticles was monitored.

Absorbance values were nonnalized by dividing the absorbance after each recovery by the

value that was detennined prior to the tirst precipitation of the micelles into methanoL

Thus, a nonnalized absorbance value of 1 is obtained for "0 recoveries·· on the horizontal

axis. Since micelle solutions of identical weight percentages were prepared after each

recovery, a drop in the absorbance of the solution may he interpreted as a drop in the CdS

concentration of the composite. A nonnalized absorbance value of 0.5, for example,

indicates (according to Beer's law) a 50% loss ofCdS from the micelles.

Three different methods ofpreparation were used prior to the tirst precipitation of

the micelle solution into methanol. In the first case, the yeUow powders were simply

dissolved in toluene, without reneutralization of the poly(acrylic acid) block; this resulted

in a nearly linear drop in the absorbance (Figure 4.5), with a 60% Joss of CdS after 4

recoveries from toluene. It is possible that thi5 loss is due to the presence of a micelle­

single chain equilibrium for PS-b-PAA in toluene, which results in the partial dissociation

of the micelles upon dissolution. The CdS-micelles that were reneutralized by ovemight

stirring in excess NaOH, however, showed a greatly improved stability with respect to the

nonnalized absorbance. After an initial rise to 1.1 and a subsequent drop to about 0.9, the

nonnalized absorbance was found to plateau, indicating that no further CdS was lost until

the seventh recovery. This enhanced stability with respect to the concentration of CdS in

the composite may be attributed to the enhanced solution stability of the micelles
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Figure 4.5. Nonnalized absorbance values for CdS-containing PS(lIOO)-b-PAA(23)

micelles in toluene solution plotted versus number of recoveries by precipitation into

methanol. Symbols indicate the preparation ofmicelles prior to the tirst recovery: (-) no

reneutralization, (0) reneutralization with excess NaOa and 15 min. stirring, (Y)

reneutralization with excess NaOH and ovemight stirring.
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following reneutralization; thus, reneutra1ization of the poly(acrylic acid) block can be said

to "fix" the micelles. Since poly(sodium acrylate) bas a much lower solubility in toluene

than poly(acrylic acid), it is likely that single chains of PS-b-PANa have a much lower

critical micelle concentration (or cmc) than single chains of PS-b-PAA. Considering the

kinetics of the system, it is also possible that ~1ixing" results in an effective freezing of the

core, such that the characteristics of the micelle approach those of a stable, non­

equilibrium aggregate.

Following the plateau region (Figure 4.5), after 6 recoveries, a clear drop in the

normalized absorbance is observed for the sample reneutralized with ovemight stining in

NaOH. This observation can be explained by the following chemical reactions, which will

partially convert the poly(sodium acrylate) back to poly(acrylic acid) after several

precipitations in Methanol:

(3)

As shown in Figure 4.5, an intennediate degree of stability was found for micelles

reneutralized by IS min. stirring with NaOH.

Table 4.3 shows the spectral features for CdS-containîng micelles of another

polymer, PS(320)-b-PAA(14), after sequential recoveries from toluene by the same

method. In this case, the reneutralized micelles were prepared by stirring with cadmium

acetate (1 mol cadmium acetate : 1 mol acrylic acid repeat units), either ovemight or for a

period of 1 week. An interesting result is the greater stability of the nonnalized

absorbance (detennined at 400 mu) for unneutralized micelles of PS(320)-b-PAA(14),

compared with unneutralized micelles of PS(11OO)-b-PAA(23). Unlike the linear drop in

absorbance which was observed for the PS(llOO)-b-PAA(23) composite without

reneutralization (Figure 4.5), Table 4.3 shows that the composite of PS(320)-h-PAA(l4),

prepared in an identical manner, suffered only a 3% drop in absorbance after 4 recoveries.

lbis result points to a greater tendency for micelles ofPS(llOO)-b-PAA(23) to dissociate
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iota single chains upon dissolution in toluene. This cao be explained by the much longer

soluble blocks in the PS(llOO)-b-PAA(23) copolymer, which increases the solubility of its

single chains compared with those ofPS(320)-b-PAA(14). For bath reneutralized micelle

preparations of PS(320)-b-PAA(l4), impressive solution stability is shown by the

norrnalized absorbance values in Table 4.3; up to 10 recoveries into Methanol were

achieved with ooly a 25% drop in the CdS absorbance.

Table 4.3. UV-vis absorption data for CdS-containing micelles ofPS(320)-b-PAA(l4),

after sequentiaI recoveries from toluene by precipitation ioto methaool.

numberof Àea Anarm
o

Àeb Anocm
b

Àe
c A narm

c

recoveries (nm) (orn) (nm)

0 449 1.00 452 1.00 456 1.00

1 456 1.10 452 0.99 456 0.98

2 456 1.26 454 0.91 457 0.96

3 453 1.01 454 1.01 457 0.97

4 455 0.97 453 0.92 457 1.09

5 455 0.66 453 0.87 456 0.97

6 454 0.83 458 0.78

7 454 0.85

8 453 0.80

9 455 0.77

10 453 0.75

a No reneutralization. b Reneutralized by stirring with excess cadmium acetate ovemighL
C Reneutralized by stirring with excess cadmium acetate for 1 week.

The slight increase in the absorption edge, i.e, after the first recovery of the

unneutralized composites (from Àe =449 nm to 456 nm) may he attributed to a cenain of

degree of Ostwald riPening (Table 4.3). The reneutralized materials, on the other band,

show impressive stability in the absorption edge, indicating that the sizes of CdS particles

within the micelles do not change, even after repeated precipitation of the composite ioto
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methanoL Comparing Àe values before the tirst recovery for different methods of micelle

preparation, it is found that the absorption edge increases slightly with stirring lime in the

reneutraIizing solution; frOID this information, it seems that sorne ripening occurs as the

micelles are reneutralized over an extended period of stining in THF. However, it should

be noted that the increase in Àe from 449 to 456 ~ after 1 week stirring in THF,

represents only a 2 Â increase in the CdS panicle diameter.

4.4.4. Composite Stabilitv Under Various Methods o(Processin~

T0 test the stability of semiconducting nanoparticle sizes under different methods

of processing the composite powder, the CdS absorption edge in micelles of PS(300)-b­

PAA(4.0) was obtained in the following three ways. First, a spectnlm was obtained in

solution by dissolving the powder in toluene (without reneutralization). Second, a

transparent film of the composite was prepared by compression molding the powder at

130 oC (above the Tg of the polystyrene matrix) for 7 minutes. Finally, the CdS-contaïning

micelles were cast from a 10% toluene solution onto a glass slide, and a spectrum of the

transparent film was obtained. The absorption spectra for the three preparations are

sho\vn in Figure 4.6; despite obvious difference in the quality of the spectra, all three

spectra sho\v identical absorption edges, indicating that the nanopanicle sizes are

insensitive to various methods of composite processing. This indicates a definite

advantage for such composites, which couId he cast as films or molded into various

devices, without changes in the photo-electrical propenies of the matena!.
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Figure 4.6. UV-vis spectra of CdS nanoparticles in PS(300)-b-PAA(4.0), obtained by

three different methods ofprocessing the composite.
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Figure 4.7. Controlled continued grO\vth ofCdS nanoparticles in PS(320)-b-PAA(l4), by

successive Ioadings of the microreactor and reaction with H2S. The observed red-shift in

the absorption spectra with each loading indicates growth ofthe particle.
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4.4.5. Controlled Continued Particle Growth

It was also found possible to ~~reloadn the microreactors with Cd2
+ ions, by

reneutralization of the acetic acid layer with cadmium acetate. This strategy allowed the

sizes of nanoparticles to he increased in a controlled manner, as shown in the following

schematic:

CdS

For the CdS-containing PS(320)-b-PAA(l4) micelles, reneutralization and

secondary H2S treatment resulted in a noticeable increase in the intensity of the yellow

colour of the composite powder. Comparison of UV-vis spectra after 1 and 2 loadings of

the microreactors showed a red-shift in the absorption edge from 456 nm ta 488 mn

(Figure 4.7); this corresponds to an increase in the particle diameter from 2RcdS = 37 Ata

52 Â, or an increase in the spherical particle volume from VCdS = 27000 Â.3 to 74000 Â.3.

This increase in nanoparticle size is attributed to counterions in the reloaded microreactor

being convened to CdS upon treatment with H2S; the newly-fonned CdS deposits on the

surface of the original particle, thus increasing its diameter. Sïnce the volume of the

particle more than doubled, it is seems that all of the counterions in the reneutralized

PACd layer became incorporated ioto the growing CdS particle; excess cadmium acetate

in the core mayalso have been involved. The next reneutralizationIH2S treatment (third

loading) resulted in further growth of the particle to 2RCdS =56 Â (le =494 nm, Figure

4.6), corresponding to an increase in the particle volume of 18000 Al. This result

suggests that, after the third loading, about 2/3 of the counterions in the microreactor

became iocorporated into the growing particle. It is possible that the remaining 1/3 of the
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cadmium ions were converted into smaIl CdS seed panicles surrounding the larger

particle.

4.5. Conclusions

This work bas demonstrated the size control of CdS nanoparticles in the range of

2RcdS =29-50 Â, within the water-plasticized cores of diblock ionomers. For ionic cores

up ta 100 Â in diameter, the sizes of quantum-confined CdS particles increased linearly

with the sizes of the original cores, while for cores with diameters > 100 A, a particle size

of 50 Awas obtained, independent of the original core size. In completely dry ionic cores,

CdS particles of ca. 21 A were obtained for ail ionic block lengths. This size control of

CdS nanoparticles through a priori knowledge of primary ionic aggregate sizes is an

extension of earlier work in SfYrene-based random ionomers, in which size control in the

range of2RcdS=18-23 Awas accomplished.

The solution stability of CdS-containing diblock copolymer micelles has also been

shawn by repeated precipitation of the micelles into Methanol and redissolution of the·

recovered powder in organic solvent. By "fixing" the micelles (reneutralization of the acid

black), the solution stability of the composites was significantly improved. For solutions

of "flXed" micelles, numerous sequential recoveries of the composite were perfonned

without significant changes in the CdS nanoparticle sizes, or losses in CdS absorbance.

By reneutralizing the CdS-contaïning micelles with cadmium acetate (reloading the

microreactor) and subsequent exposure to H2S, it was found that the original particle sizes

could be increased. By this method, panicles up to 56 A in diameter were obtained,

demonstrating the possibility of "secondary" size control for CdS nanopanicles with

diameters > 50 A.
This combination ofprecise size control, solution and meit stability, and controlled

continued growth makes PS-b-PAA-based diblock ionomers unique polymer hosts for the

fonnation of quantum-confined CdS-polymer composites, or similar rnaterials containing

other types of particles. This system combines the advantages of semiconductor particies

evenly dispersed in a polymer matrix with those ofparticles stabilized in colloidal solution.

As weil, it should be noted that, unlike other work involving small particles in block
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copolymers,I6-20 the incorporation ofMetal ions ioto the core ofPS-b-PAA involves simple

carboxylate-counterion associations, and does not rely on the coordination ofmetals to the

core-fonning blacks. Therefore, Metal ions that do not undergo complex formation (e.g.

group lA and lIA metals) can also he incorporated into the core by neutralizing the

poly(acrylic acid) block with the appropriate reagents. Subsequent chemistry within the

core could then be carried out to fonn a wide range of metallic nanoparticles of

predictable sizes and varYing composition.

An important question arises from the possibility of incorporating different Metal

ions into the cores ofblock ionomers: How does our choice ofmetal ion affect the sizes of

the aggregates? Or, perhaps more importantly: Can reliable scaling relations he

detennined, in arder to control the sizes of aggregates containing different Metal ions?

The next chapter seeks to answer these questions, for series of starlike block ionomers

neutralized witb six different Metal ions. Although the main thrust of this work is the

potential for nanoparticle size control, the cbapter concentrates on the characterization of

aggregate sizes, rather than the application of microreactors to inorganic particle

synthesis.

Ackno\vledgments

The authors gratefully acknowledge Ors. Mark Andrews and Xing Fu Zhong for

helpful discussions. This work was supported by the Natural Sciences and Engineering

Research Council of Canada (NSERC). M.M. also acknowledges the financial support of

NSERC.

118



•

•

Chapter 4. 5ïze Control o{Nanoparticles II.

References

(1) Meyer, M.; Wallberg, C.; Kurihara, K.; Fendler, 1. H.; J. Chem. Soc.. Chem.

Commun. 1984, 90.

(2) Lianos, P.; Thomas, J. K. Chem. Phys. Lett. 1986, 125,299.

(3) Petit, C.; Lixon, P.; Pileni, M. P. J. Phys. Chem. 1990, 94, 1598.

(4) Pileni, M. P.; Motte, L.; Petit, C. Chem. Mater. 1992, 4,338.

(5) Tricot, Y.-M.; Fendler, J. H. J. Phys. Chem. 1986, 90, 3369.

(6) Watzke, H. J.; Fendler, J. H.J. Phys. Chem. 1987,91,854.

(7) Wang, Y.; Herron, N. J. Phys. Chem. 1987, 91, 257.

(8) Krishnan, M.; White, J. R.; Fox, M. A.; Bard, A. J. J. Am. Chem. Soc. 1983,

105, 7002.

(9) Mau, A. W.- A.; Huang, C. B.; Kakuta, N.; Bard, A. J.; Campion, A.; Fox, M.

A.; White, J. M.; Webber, S. E. J. Am. Chem. Soc. 1984, 106, 6537.

(l0) Kuczynski, J. P.; Milosavljevic, B. H.; Thomas, J. K. J. Phys. Chem. 1984, 88,

980.

(lI) Wang, Y.; Mahler, W. Opte Commun. 1987,61,233.

(12) Hilinski, E. F.; Lucas, P. A.; Wang, Y. J. Chem. Phys. 1988,89,3435.

(13) Wang, Y.; Suna, A.; McHugh, J.; Hilinski, E. F.; Lucas, P. A.; Johnson, R. D.

J. Chem. Phys. 1990, 92, 6927.

(14) Wang, Y., Suna, A.; Mahler, W.; Kasowski, R. J. Chem. Phys. 1987,87, 7315.

(15) Mahler, W. Inorg. Chem. 1988,27,435.

(16) Moller, M. Synthe Met. 1991, 41-43, 1159.

(17) Cummins, C. C.; Schrock, R. R.; Cohen, R. E. Chem. Mater. 1992,4,27.

(18) Vue, 1.; Sankaran, V.; Cohen, R. E.; Schrock, R. R. J. Am. Chem. Soc. 1993,

115,4409.

(19) Ng Cheong Chan, Y.; Craig, G. S. W.; Schrock, R. R.; Cohen, R. E.

Chem. Mater. 1992,4,885.

(20) Ng Cheong Chan, Y.; Schrock, R. R.; Cohen, R. E. J. Am. Chem. Soc. 1992,

114, 7295.

119



•

•

Chapter 4. 5ize Control ofNanoparticles II.

(21) Moffitt, M.; Eisenberg, A. Chem. Mater. 1995, 7, 1178.

(22) Moore, R. B.; Bittencoun, D.; Gauthier, M.; Williams. C. E.; Eisenberg, A.

Macromolecules 1991.24. 1376.

(23) Molau, G. E. In Block Polymers. Aggarwal. S. L., ed.• Plenum: New Yor~

1970, p.79.

(24) Helfand, E.; Wassennan, Z. R.; In Developments in Block Copo(vmers,

Goodman, 1., ed., Applied Science Publishers: London, 1982.

(25) Aggarwal, S.L. In Processing, Structure and Properties ofBlock Copolymers,

Folkes, M. J., ed., Elsevier: London, 1985.

(26) Hashimoto, T.; Fujimura, M.; Kawai, H. Macromolecules 1980, 13, 1660

(27) Halperin, A. Macromolecules 1987, 20, 2943.

(28) Nguyen, D.; Williams, C. E.; Eisenberg, A. Macromolecules, 1994,27,5086

(29) Steigerwald, M. L.; Alivisatos, A. P.; Gibson, J. M.; Harris, T. D.; Kortan, R.;

Muller, A. J.; Thayer, A. M.; Duncan, T. M.; Douglass, D. C.; Brus, L. E. J.

Am. Cltem. Soc. 1988, 110, 3046.

(30) Fojtik, A.; WeBer, H.; Koch, U.; Henglein, A. Ber. Bunsenges. Phys. Chem.

1984, 88, 969.

(31) Meyer, M.; Wallberg. C.; Kurihara. K..; Fendler, J. H. J. Chem. Soc., Chem.

Commun. 1984. 90.

(32) Meissner, D.; Memming. R.; Kastening, B. Chem. Phys. Leu. 1983, 96, 34.

(33) Desjardins, A.; Eisenberg, A. Macromolecules 1991, 24, 5779.

(34) Long, T. E.; Allen, R.O.; McGrath, J. E. In Chemical Reactions On Polymers;

Benham, J. L.; Kinstel, J. F., eds.; ACS Symposium Series364; American

Chemical Society: Wasbington, OC, 1988; Chapter 19.

(35) Gauthier, S.; Duchesne, D.; Eisenberg, A. Macromolecules 1987, 20, 753.

(36) Spanhel, L.; Haase, M.; Weiler, H.; Henglein, A. J. Am. Chem. Soc. 1987, 109,

5649.

(37) Henglein, A. Chem. Rev. 1989,89, 1861.

(38) Nguyen, D. et al. Results to be published.

(39) Nguyen, D. PhD thesis McGill University: Montreal, 1994.

120



•

•

CHAPTER5

Scaling Relations and Size Control of Block

IonoIner Microreactors Containing

Different Metal Ions

5.1. Abstract

Black ionomer micelles of polystyrene-b-poly(metal acrylate) containing a wide

range of metal ions have been characterized, in arder to establish a priori size control for

this system of inorganic microreactors. A variety of techniques have been employed,

including size exclusion chromatography (SEC), static light scanering (SLS), dynamic

light scanering (OLS), and transmission electron microscopy (TEM). Scaling relations for

aggregation numbers (Z) and ionic core radii (Rcore) as a function of the ionic black length

(NB) are detennined: Z - NBo.7~ :0.08; Rcore - NBo.58 :0.03, \vhere the proportionaIity constants

Kù \' and KR.av are dependent on the metal io~ and decrease as Ne+- > Cs· > Co!· > Ba!· >

Cd!+- > Pb!+-. For Most Metal ions, linear plots of Rcore vs. Nao.58 yjeld correlation

coefficients of? ofca. 0.99, indicating excellent size control of ionic core radii. It is also

found that Kl.A'" decreases linearly with the crystal ionic radius (rion) for black ionomers

neutralized with metal acetates. The role of the metal ion on micelle growth is discussed.

Comprehensive scaling laws are also determined ta include the soluble black length

dependence, and similar exponents are found for Most metal ions. DLS results show R/Rh

values between those ofstars and compact spheres. The coronal brush height (H) is found
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to scale H - ZJ.J :o.INAO.9 :O.1y in reasonable agreement ,vith the Daoud and Cotton model

for starlike systems.

5.2. Introduction

It has been known for sorne rime that block copolymers tend to self-assemble in

selective solvents, fonning aggregates that are structurally analogous to micelles of

associated surfactant molecules. I
-
3 The driving force for micellization is generally

attributed to microphase precipitation of the insoluble blacks, although the final structure

of the micelle is an expression of both enthalpic and entropic factors. When there are

relatively small differences between the polymer-solvent interaction pararneters of the two

blocks (XAS, lBS), the micelles exist in the weak segregation limit, with low interfacial

tension bet\veen the micelle core and the surrounding solvent.

More recently, an increasing amount of attention has facused on the micellization

of ionic diblack copolymers, which consist of an ionic block covalently linked to a

nonionic block.+6 These materials can he c1assified as polymeric amphiphiles, ,,,rith large

solubility differences between hydrophilic and hydrophobic moieties. Two types of ionic

diblock copolymer micelles cao be distinguished, depending on the nature of the selective

solvent. In aqueous media, ionic diblock copolymers exist as block polyelectrolyte

micelles, sometimes referred to as L'regular micelles", with hydrophobic cores solubilized

by ionic coronae. In organic media, the insolubility of the hydrophilic ionic blacks results

in block ionomer (or "reverse'') micelles. Compared with their nonionic counterparts,

both classes of ionic diblock coPOlymers are characterized by extremely low critical

micelle concentrations (cmcs), indicative of strong driving forces for micellization. The

interfacial tension between the cores and the solvent (and between ionic and nonionic

blocks) is relatively high, and the micelles exist in the strong or perhaps even superstrong

segregation limiL

The present chapter concems the detailed study of diblock ionomer micelles in

organic solvents, specifically micelles of PQlystyrene-b-poly(metal acrylate) ionomers.

These aggregates generally consist of black copolymers in which the number of insoluble
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ionic repeat units (NB) is very small compared with the number of soluble styrene repeat

units (NB « NA), and fall into the category of "starlike" micelles due to their small,

compact cores and large, extended coronae. An interest in these rnaterials bas been

spurred by the potential applications of PQly(metal acrylate) ionic cores as inorganic

microreactors of controllable size, in which various Metal counterions can be convened

via simple chemistry to metallic or semiconducting nanopanicles. The size of the

inorganic particles growing in such microreactors will be detennined by the aggregation

number of the block ionomer; after chemical conversio~ the core regions will then protect

the particles dispersed in the matrix phase from growth mechanisms such as agglomeration

and Ostwald ripening.

In chapter 4, the sYQthesis of CdS nanoparticles \vithin reverse micelles of

polystyrene-b-poly(cadmium acrylate) (PS-b-PACd) was described.7 In this work,

chemical conversion within inorganic microreactors involved the simple reaction of ion­

containing cores with hydrogen sulfide (H2S). The panicle sizes showed excellent

correlation with the sizes of the original ionic cores, demonstrating that size control of

CdS panicles is possible. The CdS-polymer composites were reneutralized with NaOH to

increase micelle stability, after which the materials could be repeatedly dissolved in organic

solvents and precipitated into Methanol, or compression-molded above 100 oC, without

the observation of Ostwald ripening or particle agglomeration. The CdS D3Ilopanicles

were found to he relatively monodisperse, with radius polydispersity indexes (RPI) of ca.

1.04. Controlled secondary growth ofCdS nanopanicles within the micelle cores was also

demonstrated, by "reloadingn the PAA blacks with cadmium acetate, followed by

secondary reaction with H2S.

Other groups have also employed ion-containing polymers in the synthesis of

nanoparticles,8.12 although clear correlations between the composition of the polymer host

and the size of the particles are still rare. In most polymer systems, the strategy for

nanopanicle synthesis involves the fonnation of micelles with metal-complexing insoluble

blacks, followed by the incorporation of metal ions into the cores and their subsequent

conversion to metals or semiconductors. Black copolymers with such core-fonning

blocks as poly(2-vinylpYrldine),8 norborene-based polymers,9.10 poly(4-vinylpyridine),11
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and poly(ethylene oxide)12 have all been applied to synthesize a wide range ofmetallic and

semiconducting nanoparticles.

In the present work, the preparation ofmicroreactors employs a different approach

to the incorporation of Metal ions into the micelle cores. T0 fonn reverse micelles of

polystyrene-b-poly(metal acrylate) ionomers, single chains of polystyrene-b-poly(acrylic

acid) (PS-b-PAA) are neutralized with various metal ions, which induces self-assembly of

insoluble ionic blocks. In contrast to the methods employed in ret: 's 8-12, micellization

and the incorporation of ions into the micelle core do not occur in separate steps; rather,

these are simultaneous and mutually dependent processes arising from the neutralization of

acid units. Along with the inherent stability of the micelles, it is proposed that the present

strategy offers several other advantages over other systems, such as: (1) the controlled

introduction of Metal ions by acid-base titration, (2) the effective localization of ions

within the micelle core, and (3) the wide range of complexing and non-complexing metals

that can he incorporated ioto the core. It is important to note that, since micellization is

initiated by the neutralization of the acid block~ the effect of the nature of the counterion

on self-assembly must be considered, and is of fundamental importance to the quest for a

priori size control.

From the point of view of rnaterial science, the control of nanoparticle sizes within

a polymer matrix is of great interes4 as a means of producing composites with specific

electronic and optical properties. These properties are largely detennined by the sizes of

metallic or semiconducting nanoparticles within the ma~ through various quantum­

confinement and surface effects. 13.14 Thus, if nanoparticle sizes are controlled by the

composition of the matrix, a situation arises in which the properties of a polymer/inorganic

composite are easily 6~edn through the selection of an appropriate polymer hosto The

control of block copolymer composition cao be achieved by well-established techniques of

sequential anionic polymerization. However, in order to establish relationships between

the composition of the black copolymer and the ultimate sizes of the guest nanoparticles,

two conditions must he met. First, a priori knowledge of micelle aggregation numbers as

a function of soluble and insoluble black lengths should he obtained for the system of

interest. Second, the complete conversion of ions to a single particle in each core should
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be achieved, such that the size of the panicles and the micelle aggregation number are

closely correlated. Single particles in the cores of block copolymer micelles are descnèed

in the literature, and are generaIly fonned by beatinglO
•
12 or placticizing7 the ion-containing

microdomains. In the field of malerial science, however. little attention has been given to

the first of these conditions.

This work continues earlier investigations of polystyrene-b-poly(methacrylic acid)

(PS-b-PMAA) and PS-h-PAA-based block ionomers, in which cesium and sodium were

the counterions of the neutralized acid block. ls
-
17 In these systems, gel-penneation

chromatography, viscometry, dynamic and starie light scattering, transmission electron

microscopy, and small-angle x-ray scattering were used to probe micelle aggregation

numbers and ionic core sizes as a function of black lengtbs. Here, a \vider range of

counterions from across the periodic table are used, in order to establish scaling

relationships between black copolymer composition and micelle aggregation numbers for a

variety of potential inorganic microreactors. Simple reduction chemisny within one type

of microreactor is also demonstrated, through the production of Pbo particles in the cores

of Pb:!"- block ionomer micelles. Along with such applications to material science, this

investigation is also of interest on a more fundamentallevel, as it is the tirst detailed study

ofhlock ionomer micellization as a function ofcounterion.
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5.3. Experimental

5.3.1. Synthesis ofPS-b-PAA Dib/oct CODo/vmers

The diblock copolymers used in the present study (Table 5.1) were synthesized by

known procedures; 15.18.19 therefore, onlya brief summary is presented here. In the table, x

=NA, andy=NB•

Table S.l. Molecular characteristics ofpolystyrene-b-poly(acrylic acid) copolymers.

PS(x)-b-PAA(y) mol % PAA Mn P_I.

(gmor1
)

370-b-3 0.8 38800 1.04

370-b-7 1.9 39000 1.04

370-b-ll 2.9 39300 1.04

370-b-15 3.9 39600 1.04

370-b-19 4.9 39900 1.04

370-b-26 6.6 40400 1.06

730-b-84 10.3 82100 1.08

300-b-44 12.8 34600 1.05

Sequential anionic polymerization was used to prepare series of polystyy'ene-b­

poly(rert-butylacrylate) (PS-b-PtbA) with polystyrene blocks of constant length and

poly(tert-butylacrylate) blocks ofvariable length. In this procedure, the styrene monomer

is polymerized first, then a precise amount of the second monomer is added to the solution

of ~'living" polymer chains. A sample of block copolymer is extracted from the t1ask,

followed by the next addition of the second monomer. Thus, six samples of diblock

copolymers with identical polystyrene blacks of 370 units and six different PtbA black

lengths, ranging from 3 to 26 repeat units, were prepared in a single synthetic run. The

other two diblock copolymers used in this study, PS(300)-h-PtbA(44), and PS(730)-b­

PtbA(84), were individual samples from two independent series.
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For aIl series of diblock copolymers, aniomc polymerization in tetrahydrofuran

(THF) was initiated by sec-butyllithium capped with a fe\v units of a-methylstyrene. The

molecular weights of the polystyrene blocks, and the polydispersity indexes of each block

copolymer, were detennined by size-exclusion chromatography (SEC) in THF. As shown

in Table 5.1, aU block copolymers used in the present srudy had polydispersity indexes

between 1.04 and 1.08. The length of the rert-butylacrylate blocks were detennined by

quantitative Fourier-transfonn inftared spectroscopy (FTIR) of samples dissolved in

carbon tetrachloride. Block copolymers in the ester form were then hydrolyzed, by

refluxing ovemight in toluene with smaiI amounts ofp-toluenesulfonic acid catalyst. The

polymers in the acid form were precipitated ioto methanol, then dried in a vacuum oven at

70 oC for at least 24 h. A few samples sbowed incomplete hydrolysis, and these \Vere

subsequently hydrolyzed to completion by dissolving the polymers in an 80/20 mixture of

toluene/acetic acid (v/v) and refluxing for 2 h with methanesulfonic acid catalyst.2o

5.3.2. Preparation orB/ock Ionomer Micelles

Block copolymers in the acid fonn were dissolved in benzene/methanol (10%

Methanol v/v) to obtain solutions of2% polymer (w/w). To form micelles containing Cs"',

Ba!+-, Cd!-+-, Pb2
+, Ne·, and Co!·, single cbains of PS-b-PAA \Vere neurralized by the

addition of methanolic solutions (O.lO or 0.25 M) of cesium hydroxide monohydrate

(Cs(OH)·H20), barium hydroxide octahydrate (Ba(OH)2·8H20), cadmium acetate dihydrate

(Cd(Ac)2·2H20), lead acetate trihydrate (Pb(Ach·3H20), nickel acetate tetrahydrate

(Ni(Ach·4H20), and cobalt acetate tetrahydrate (Co(Ach·4H20), respectively.

For the neutralization of PS-b-PAA with Cs(OH)·H20, a stoichiometric quantity of

neutralizing agent \vas added. Neutralizing agents with divalent cations \vere added in

excess (R = moles ofneutralizing reagent / moles ofacrylic acid repeat units), such that R

= 1.5. It should be noted that, in the case of divalent counterions, this represents an

excess of 3 equivalents (i.e. moles of acetate or hydroxide ions) per mole of acrylic acid

units.

After addition of the neutralizing agent, ail solutions were stirred for al least 1 h.

Neutralized block ionomers (reverse micelles) were recovered by freeze-drying, then dried
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under vacuum at 70 oC to remove remaining solvent and acetic acid. Excess metal acetate

or metal hydroxide was removed by repeated washings of the micelles in Methanol, and

the washed polymers were dried ovemight under vacuum at 70 oC. FTIR spectra

confirmed that the ionomers were 100% neutralized.

5.3.3. Size-Exclusion Chromatowaphy orBlock lonomers

Size-exc1usion chromatography (SEC) measurements of the reverse micelles were

perfonned using a Varian Model 5000 liquid chromatograph equipped with a retractive

index detector. The data were collected and analyzed on a Varian 05-604 computer with

appropriate SEC software. After freeze drying and washing of the neutralized samples,

small amounts of block ionomer were dissolved in THF. These solutions were filtered

through membrane fiIters with a nominal pore size of 0.45 Ilm, then diluted to a

concentration of about 2 g!L before injection ioto the SEC columns. Chromatograms

generally showed two peaks at high and low elution volumes. attributed to single chains

and micelles, respectively. The \veight percentage of micellized chains was calculate4

from the relative areas under the 1'''·0 peaks. The error on the values, determined from

three repeat measurements, was typically ca. 1%.

5.3.4. Starie Light Scattering

Static light scattering (SLS) experiments were perfonned on a Oawn-F multi-angle

laser photometer (Wyatt Technology) fitted with a He-Ne laser (632.8 nm). Data

acquisition and Zimm plot processing utilized DawnF and Aurora (Wyatt) software,

respectively. Stock solutions of block ionomers were prepared by dissolving the

neutralized polymers in toluene. To eliminate dust from ail samples, stock solutions were .

filtered twice through membrane filters with a nominal pore size of0.45 J1m, transferred to

a dust-free scintillation vial, then diluted with filtered solvent. After each set of five repeat

measurements, the micelle solutions were diluted with a known quantity of filtered toluene

and allowed to sit for 10 minutes. Measurements were obtained at five different

concentrations, in the range of 2.0 - 0.1 mg/mL. The exact range of concentrations for
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each sample depended on the molecular weight of the reverse micelles, and was selected

such that reasonable scattered intensity was obtained without saturation of the detectors.

5.3.5. Dvnamic Light Scattering

Dynamic light scattering (OLS) experiments were perfonned on a Brookhaven

Instruments photon correlation spectrometer equipped with a BI-2030 digital correlator

and a He-Ne laser (632.8 nm) from Spectra Physics. The angle of detection was varied

between 50 and 1450 using a goniometer apparatus. AlI measurements were made at

25 oc over a range of concentrations and detection angles. Five repeat measurements of

r(s-I) (the relaxation rate of the autocorrelation functio~ gl(T» were made at each angle

and concentration and average values were taken.

To ensure that DLS measurements were not affected by dust, aIl glassware was

rinsed, tirst with filtered reagent-grade acetone then with acetone condensed from the

vapour. Stock solutions of selected block ionomers in toluene were prepared, and these

were filtered through membrane fiiters with a nominal pore size of 0.45 }lm. Successive

dilutions of sample solutions \Vere performed by the addition of known quantities of

toluene, filtered through 0.20 J.lm membrane filters.

5.3.6. Transmission Electron Microscof!Y

Transmission Electron Microscopy (TEM) was perfonned on a Phillips EM410

instrument. Solid-state black ionomers were prepared by casting solutions of reverse

micelles from THF, followed by the evaporation of solvent. The films were then

microtomed to a thickness of ca. 800 A and mounted on a copper grid. Of the ionomers

prepared in the present study, those containing metal ions with the highest atomic numbers

(pb2
., Cs·, Ba2

+, and Cd2j were investigated by TEM, in order to obtain adequate

contrast ofelectron density ftom ions within the polymer.
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5.4. Results and Discussion

The following Results and Discussion section is divided into four parts. In section

5.4.1, size-exclusion chromatography (SEC) and static light scattering (SLS) results are

describe~ including the calculation ofaggregation numbers and ionic core radii for a wide

range ofblock ionomers. The detennination of scaling relations for micellar parameters as

a function of ionic and nonionic block lengths is then discussed in section 5.4.2. Scaling

relations for block ionomers containing different Metal ions are compared~ and speculation

upon the role of the counterion in micellar growth is made. Section 5.4.3 pertains to

dynamic light scanering (OLS) results; the hydrodynamic behaviour of block ionomers is

discussed~ especially in connection with its relevance to micellar structure. Finally, in

section 5.4.4, transmission electron micrographs (TEM) of selected block ionomers

containing different Metal ions are considered, including one in which Pb1
+ ions have been

partially converted into Metal particles.

5.4./. SEC and SLS orBlock lonomers

5.4.1.1. Basic SLS Theorv

If colloidal particles are of sufficient size (>N20), they are found to scatter light

according to the following relation:!'

Kc 1
--= +2A,c
R(a) P(9 )M,\" -

(1)

where R(9) is the Rayleigh ratio at the angle of measurement, pee) is the particle

scanering function~ Mw is the weight-average molecular weight of the particle, and Al is

the second viciaI coefficient The optical constant, K, is defined:

•
(2)
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where n is the refi'active index of the particle, dn/dc is the specific reftactive index

increment at constant chemical potential, NA is Avogadro's number, and 1-0 is the

wavelength ofscattered light in a vacuum.

For SLS of block copolymer micelles, dn/dc is a function of the reftactive indexes

of both blocks; Zimm plot analysis yields an apparent molecular weight, Mw.app, which

must be adjusted according to the chemical heterogeneity of the block copolymer to

detennine a true molecular weight."" "3 However, for black ionomer micelles of the type

studied in the present work, il bas been found that dn/dc is identical to that ofpolystyrene

in the appropriate solvent, such that Mw.app is close to the true value of M......1~ In eq 2, the

specifie refractive index increment for polystyrene in toluene, dn/dc = 0.11, was therefore

used to calculate K for all reverse micelles in this work. The low \veight fraction of the

ionic block and the compact nature of the small micelle core are both factors which make

the chemical heterogeneity negligible in these materials.

5.4.1.2. SEC and SLS Results

The weight fraction of micelles, fmie, was detennined for each sample using SEC

chromatography, from the relative areas ofthe micelle and single chain peaks; these values

are listed in Table 5.2. In block ionomers, which do not exhibit significant dissociation­

association equilibria on a reasonable lime scale, the single chain fraction is attributed ta a

mixture of homopolymer and diblacks with ionic segments that are tao shon to self­

assemble. 15 For the shortest ionic blacks Cv =3 repeat units),fmie values are found to he

lowest in the Cd!+ ({mie =0.04) and Pb!+ ifmic =0.08) ionomers, indicating higher single­

chain solubility and weaker ionic interactions for these two counterions. Ionomers

neutralized with Cs+ exhibit an intennediate micelle fraction for the shonest ionic black .

([mie = 0.13), while Ba2+, Ne+, and Co2+ionomers show the lowest solubility ([mir: = 0.37 ±

0.02). For ail counterions, single-chain solubility is found to decrease dramatically wheny

> 3, as evinced by a marked increase infmie.
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polymcr Typc of Mctal Ion
composition Cs Ba Cd

PS(,\')-b-PAA(l') fl1lit Mw tOI X 10'(' Mw.mit x 10'(' j;\Ii~ Mw,tot X 10'(' Mw,llIiC X lO'ô fmlc MW,IIlI X 10'(' MW•llliC X 10'('.
(g mor l

) (g mor') (g mor') (g mor l ) (g mor') (g mor')

310-h-3 0.13 0.68 5.0 0.35 O.KI 2.2 0.04 0.26 6

310-h-1 0.14 1.28 1.12 O.HO 1.2 1.5 0.12 0.94 1.29

310-b-11 0.86 2.04 2,31 0.K1 1.()5 I.K9 0.K5 1.9 2.2 i
310-b-15 0.89 2.95 3,3 0,K9 1.90 2.13 0.89 1.59 1.7K li
310-b-19 0.90 3.35 3.7 0.90 2.55 2.K3 0.91 2.01 2.20 ~

310-h-26 0.91 J.99 4.38 0.90 3.95 4.JK 0.90 3.7 4.1 â-
730-b-84 0.15 12.4 16.S 0.73 10.7 14.6 0.17 9.1 12.6

~.

~JOO-h-44 0.81 K.08 9.3 0.72 13.3 IK.5 0.88 11.0 12,5 -Q'
Pb Ni Co fï1

---M~.IOI X 10'('
S·

ps(x)-b-PAA(J') fnite MW,IOl X 10'(' Mw•1l11t X 10'(' '/;lIic Mw,ll1le X 10'(' ."n'te M W•IPI X 10'(' M W•lIIie X 10'(' b:l

(g mor l
) (g mor l

) (g mor') (g mor l
) (g mor l

) (g mor l
)

[
ê;"

J10-b-J O.OK 0.29 3,1 0.39 0.41 0.98 0.36 0.27 0,68 6

J70-h-7 0.74 0.62 0.82 0.H3 1.07 1.28 0.83 1.00 1.20 ~
J70-b-11 0.85 1.43 1.68 0.K8 2.20 2.49 0.87 1.35 1.~5

J70-b-IS 0.89 1.31 1.41 0.89 2.64 2.96 0.89 2.25 2.52

J70-b-19 0.90 0.91 3,H5 4.23 0.90 3.48 3.86

310-b-26 0.92 2.23 2.42 0.91 4.22 4Jt3 0.91 4.3 4.1

.... 730-h-84 0.78 8.69 11.1 0.77 13.~ 175 0.16 Ut3 24.1
CJ,)
N

300-b-44 0.88 5.41 6.21 0.84 11.0 III 0.85 29 34
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From Zimm plot analysis,2l the total molecular weights of block ionomers in

toluene, M",,·,toh were determined (Table 5.2). Since there are both single chain and miceUar

fractions present in solutio~Mw•tot is a weighted average of these {wo components:

(3)

where fmic and Mw.mic are the weight fraction and molecular weight of micelles in solution,

andfsc and Mw.sx; are the weight fraction and molecular weight of the single chains.

With values of/mie determined from SEC, and Mw,rot from SLS measurements, the

micellar molecular weights, Mw.rnic, were calculated using eq 3 and are listed in Table 5.2.

For these calculations, the average molecular weight of the single chains, MW$' was

assumed to be equal to that of the polystyrene block.

Aggregation nurnbers were calculated from values of Mw.mic, and the molecular

weights of unimers making up the micelles. In general, the molecular weights of

micellized chains depend on the final chemical state of the insoluble block, i.e. the

percentage of "bridged" counterions in the micelle core. In the case of neutralization with

metal acetates.. two equilibria for counterion binding are possible:

(1)

(II)

(4)

•
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For any PAA black neutralized with metal acetate, a mixture of 1 and II is the most

probable state,7 though for the purpose ofcomparison it is generally assumed that one of

these two equilibria is dominant. In the cases of Ba2
.... and Cs...., which were introduced in

the form of Metal hydroxides, these chemicaI equilibria are not operative, and all

counterions are either bridged or unbridged, depending on the ionic valence.

It should he noted that, since the ionic content in these block ionomers is very low,

the molecular weight of the micellized chains is ooly weakly dependent on the extent of

counterion bridgjng. Even for samples with the highest ionic content, aggregation

numbers of lOO%-bridged and lOO%-unbridged micelles differ by only 10%; for Most

samples, the differences are much smaller. For the sake of simplicity, therefore,

aggregation numbers for black ionomers containing ail bridged divalent counterions are

reported (Table 5.3). Aggregation numbers for each counterion show a general increase

with ionic block length, though exceptions are found for the shortest ionic blacks. The

diblock PS(370)-b-PAA(3), neutralized \Vith Cs"', Bal~, Cd!"', and Pb!+ gave anomalously

large aggregation numbers, indicating the possibility of supennicellar agglomeration or

nonspherical aggregate fonnation. Large aggregation numbers for extremely short ionic

block lengths were observed previously in black ionomers containing univalent ions.24

The four anomalous samples were omined from ail scaling analyses.

Table 5.3. Aggregation numbers of block ionomer micelles containing different

Metal ions.

polymer Type ofMetal Ion

composition

PS(x)-b-PAA(y) Cs· Ba2• Cd2... Pb!· Ne'" Co2
-

370·b-3 127 58 140 80 25 18

370·b-7 43 38 33 21 33 31

37o-b-ll 58 47 56 41 63 39

370-b-15 80 52 44 36 74 63

370·b-19 88 69 54 105 95

37o-b-26 100 104 98 56 113 115

• 730-b-84 177 167 145 123 207 285

300·b-44 230 490 340 159 360 950
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The aggregation number, Z, is related to the total volume of the micelle core by

Vcore =ZNBv, where NB is the number of units in the insoluble block and v is the volume of

a single repeat unit. The radius ofa spherical ionic core can then be calculated:

R =3 3~ore
core 41t (5)

•

To detennine v, the density of metal acrylate cores were calculated from the knO\vn value

for cesium acrylate (d =2 glmL),25 assuming that core and bulk densities \vere identical;

considering the extremely bigh interfacial tension between soluble and insoluble blocks,26

soivent-swelling in the core is very unlikely, and this assumption is believed to he valide A

more problematic question, however, is that of bridged or unbridged counterions; the

volume per repeat unit in the bridged and unbridged cases are quite different and,

consequently, the core radii will also he different for a given aggregation number.

Although FTIR has allowed for qualitative comparisons of the extent of counterion

bridging for different methods of preparation, this is not considered to be a quantitative

technique; future experiments \viII therefore involve more precise elernental analysis ofour

black ionomers. For the rime being, two sets of ionic core radii are reported for ail

sampIes prepared using metal acetates (Table 5.4): one for the case of lOO%-bridged

counterions, RM2+, and another for the case of 100%-unbridged counterions, RM(AC)+. It

should be noted that the true chemical state of the core material, and the true core radius,

should lie somewhere bet\veen these extreme cases; however, given the appropriate

assumptions with regard to the chemical state of the core, the Uextreme" radii can he

calculated to up to three significant figures, which makes them more useful quantities for

the purpose ofscaling analysis.
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Table 5.4. Ionie eore radii (Â) ofblock ionomer micelles eontaining difTcrent metal ions.

Type of Metal Ion

potymer C~ Ba Cd Pb Ni Co
-

composition Re.· Rna2. UnllAclt RCd2t R1'h(AClt R1'h2t RN~"c:)t RNi2t R('o(f\c)t Rr"h

PS(.t).IJ-

PAAb')

J70-b-J 24.9 18.6 29 25 24.3 20.7 16.4 14.0 14.5 12.4 i310-b-7 23.0 21 23.8 20.2 20.4 17.5 23.6 20.2 23.1 19.7
fi

370-b-ll 29.5 26.8 33.0 2K.l 29.7 25.6 34.1 29.2 29.1 24.9 !JI

370-b·15 36.4 30.H 33.7 28.8 31.2 27.0 39.8 34.2 37.7 32.4 ~-
370·b·19 40.7 36.4 38.8 33.3 48.2 41.5 46.8 40.3 ~'

370-b-26 47.2 46.4 52.3 45.1 43.1 37.7 54.6 47.3 55.0 47.6 ~
S"

730·b-84 R4.4 RO 87.0 76.0 81.4 72.4 98.0 85.6 109 95.2 S·
~

300·b-44 74.2 93 92 KI 70.R 63.6 95 K3 130 115 Si'
~

0-
P.-
ô"
5

~

....
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5.4.2. Dependence of Micellar Parameters on Insoluble and Soluble Block

Lengths

Both theoretical and empirical methods have been used to determine relationships

between micellar parameters and block lengths. In the theoretical approach~17-31

expressions for the total free energy of the micelle~ including terms Pertaining to the core,

the coronae~ and the core/coronae interface, are minimized with respect to such variables

as aggregation number and core radius, in order to detennine the dependence of these

variables on characteristics of the block copolymer. Empirical studies, on the other hand,

involve the detennination of micellar characteristics for severa! block copolymer

compositions~ followed by the selection of scaling laws that best fit the data.31 The laner

approach is the fecus of the present study~ along with the additional goal of investigating

the relationship between scaling laws and the metal ions in the core.

In their general fonn, scaling laws for the aggregation numbers and core radii of

block copolymer micelles can be written

(6)

•

This trend~ where aggregation numbers and core radii increase with the insoluble black

length and decrease with the soluble black length, is predicted by theory and corroborated

by experimental evidence in a wide range of systems. The values of the exponents vary

from system to system, depending on such factors as the chemical nature of the blacks, the

type ofsolven~ and the relative black lengths.

This analysis of scaling behaviour begins with the six black copolymers that

constitute the series PS(370)-b-PAA(y), in arder to detennine the scaling of aggregation

numbers and ionic raOO as a function of the insoluble black length (section 5.4.2.1). The

values of the exponents and the proponionality constants are compared for different

neutralizing ions. The contribution of the soluble black length to scaling behaviour is then

estimated, using aggregation numbers and ionic core radü for aU eight black copolymer

compositions (section 5.4.2.2).
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5.4.2.1. Insoluble Block Length De.pendence

From the scaling relations in eq 6, the following equations are obtained when the

length of the soluble block is a constant:

Z=KzN:

Rcorf! =KRN~
(7)

where Kz and KR are proportionality constants, into \vhich any N.~ dependence bas been

absorbed. Taking the logarithm of these equations yields:

log Z =log Kz +a log NB

log Rcorf! = log KR +K log NB
(8)

•

Plots of log Z and log Rcore vs. log NB for a constant soluble block length are therefore

linear, with slopes equal to the scaling eXPQnents, a and let respectively; the

proportionality constants, Kz and KR, are detennined from the y-intercepts. Figure 5.1

shows examples of such log-log plots for block ionomer micelles in the PS(370)-b­

PANi(v) series; a 1east-squares regression algorithm was used to detennine the slopes and

y-intercepts, along \vith the standard deviations on these values. Similar log-log plots

were obtained for each of the other five counterions, using aggregation numbers and core

radii from Tables 5.3 and 5.4, respectively.

Table 5.5 lists exponents and proportionality constants for the relation Z =KzNBo.,

describing aggregation number as a function of ionic block length for reverse micelles

containing different counterions. Sînce aU data included in this part of the analysis were

obtained from samples with identical polystyrene black lengths, differences in Kz and a

could he attributed exclusively to counterion effects. The anaIogous relations for core

radii, Rcore = KRNs
1C

, were similarly characterized for each counterion, and values ofKR.
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Figure 5.1. Plots of log aggregation number (Z) (top) and log core radü (R.œre) (bottom)

versus log NB, for block ionomer micelles of the series PS(370)-b-PANi(y). Arrows

indicate the appropriate axis for each set of data. For the relation Z = KzNBCl
, the upper

plot yields a = 0.77 ± 0.09 and Kz = 9.5 ± 1.3. Similarly, for Rcore = KRNB'\ the lower plot

yields le = 0.59 ± 0.03, and KR. = 7.0 ± 1.1 A. The dotted lines are 99% confidence

intervals.
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Table 5.5. Ionie block length dependence of aggregation numbers according to the

expressions Z = KzNBQ. and Z = KZ,;1vNBO.74
, for micelles of PS(370)-b-PAA(v) neutralized

with different metal ions.

metal ion a • Kz rh Kù .. ri:rion (A) a

Cs~ 1.67 12.0 ± 1.2 0.67 ±0.06 0.96 9.71 ± 0.07 0.96

Ba!~ 1.34 S.3 ± 1.4 0.74 ±0.13 0.92 8.36 ± 0.09 0.92

Cdl~ 0.97 S.9 ± 1.9 0.68 ±0.24 0.74 7.63 ± 0.15 0.74

Pb!~ 1.20 6.3 ± I.S 0.68 ±0.22 0.84 5.27 ±0.07 0.84

Nil~ 0.69 9.5 ± 1.3 0.77 ±0.09 0.95 10.49 ±0.10 0.95

Co!" 0.72 6.0 ± 1.3 0.89±0.1O 0.96 9.49 ± 0.15 0.95

<l From: CRC HandbookofChemistryand Physics. 60th edition; CRC Press: Boca Raton. FL.
"Correlation coefficient for linear regression ofZ versus Ne

a
•

C Correlation coefficient for linear regression ofZ versus NB0.7~.

Table 5.6. Ionie block length dependence of ionic core radii according to the expressions

Rean: =KRNB" and Rean: =KR.a..NB0.:58~ for micelles of PS(3 70)-b-PAA(v) neutralized with

different metai ions.

Counterion • ra 1 rioKR (A) le K~\. (A)

Cs" 7.8 ± 1.1 0.56 ±0.02 0.99 7.33 ±0.02 0.99

Ba!~ 6.5 ± 1.1 0.59 ±0.04 0.99 6.73 ±0.02 0.99

Cd(Ac)- 8.2 ± 1.2 0.55 ±O.OS 0.94 7.54 ±O.OS 0.94

Cd!" 6.8 ± 1.2 0.56 ±O.OS 0.94 6.47 ±0.04 0.94

Pb(Acf 7.4 ± 1.2 0.55 ±O.OS 0.97 6.67 ±0.03 0.97

Pb:!- 6.1 ± 1.2 0.56 ±O.OS 0.97 S.79 ±0.03 0.97

Ni(Acf 8.3 ± 1.1 0.58 ±0.03 0.99 S.37 ± 0.03 0.99

Ni:!· 7.0 ± 1.1 0.59 ±0.03 0.99 7.21 ±0.03 0.99

Co(Acf 7.0 ± 1.1 0.63 ±0.03 0.99 8.05 ±O.OS 0.99

Co:!· 5.9 ± LI 0.63 ±0.03 0.99 6.93 ±0.04 0.99

a Correlation coefficient for linear regression ofRcvcc versus NBc.
h Correlation coefficient for linear regression plot ofRan versus NB0.51•
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and 1C are listed in Table 5.6; scaling exponents and proportionality constants for both

bridged and unbridged counterions are reported.

Aggregation numbers and ionic core radii for each counterion (constant soluble

block length) were plotted vs. NBCt and NB", respectively, using the exponents listed in

Tables 5.5 and 5.6; Figure 5.2 shows sample plots of Z (top) and Rcore (bonom) for

micelles ofNe+ black ionomers in the series PS(370)-b-PANi(}'). Correlation coefficients

(1) for plots ofZ vs. NB
Ct (Table 5.5) and Rcore vs. Na" (Table 5.6) indicate excellent linear

correlation for most metal ions. Ionic core radii show considerably less scatter than

aggregation numbers (Table 5.6); five ofthe six metal ions gave a linear correlation \Vith ~

~ 0.97. With these scaling relations, therefore, it appears that the sizes of ionic cores

containing a wide range of metal ions can be controlled a priori through variations in the

ionic block length. For materials applications, size control within this lirnited range of

ionic black lengths is extremely important, as rnicroreactors with radii < 100 Â are best

suited to nanoparticle fonnation.

When the scaling exponents for aggregation numbers are compared (Table 5.5), it

is found that the differences between values of a for the six counterions are mostly within

experimental error. Along with reporting the six exponents individually, therefore, values

of a have been averaged ta obtain aav =0.74 ± 0.08. Assuming an Na dependence of

NBo.7~, aggregatioo numbers for different counterions were then plotted on the same

ordinate scale. Sample plots of Z vs. NBO.7~ for the Ne+, Ba2+, and Pb2+ series are shown

(Figure 5.3, top). The slopes on the average ordinate scale, Kl..;A\" \Vere determined from

regression lines forced through the origin; these values, listed in Table 5.5, are

proportionality constants for the equation Z = KüvNaO.7~. Although aggregation numbers

for various counterioos scale similarly with NBO.
74

, the proportionality constants are clearly

dependent 00 the nature of the counterion. A similar strategy was applied to the ionic

core radii, as the scaling exponents 1C were also found to be the same for different

counterions, within experimental error. An average exponent Kav = 0.58 ± 0.03 was

calculated, and from linear regression of Rcore vs. NS°.58 (Figure 5.3, bottom),

proportionality constants KR.av were detennined for each counterion (Table 5.6).
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Figure S.2. Plots ofaggregation numbers (Z) versus NB
a (where a = 0.77) (top) and ionic

core radii (Rcore) versus NB
c (where le = 0.59) (bottom) for micelles ofPS(370)-b-PANi(y).

Arrows indicate the appropriate axes for each set of data. For the lower plots, open

circles represent radii of cores with 100% bridged counterions, RNi2+ , and closed circles

represent radii ofcores with 100% unbridged counterions, RNi(AC}+•
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Figure 5.3. Plots of aggregation numbers (Z) versus NB0.74 and ionic core radii (Rcore)

versus NB°.58 for micelles of PS(370)-b-PAX(y), where X =Ni, Ba, and Pb. Arrows

indicate the appropriate axes for each set of data. For the purpose of illustratio~ RM2+

values have been used to represent the core radii for aIl metal ions.
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Although the scaling exponents for each counterion, a and ~ were obtained using only a

small number of data points (five or six), the similarity of these values for different

counterions suggests that the average exponents represent reliable trends within this range

of ionic black lengths.

If it is assumed that the scaling exponents a and 1C are independent of the

neutralizing ion within experimental error, the effects of the counterion on Z and Rcere are

contained within the proportionality constants Kz..;s... and KR.av, respectively. Values of

Kz..;sv, listed in Table 5.5, indicate that aggregation numbers of block ionomer micelles

containing different counterions decrease in the following order: Nil
+ > Cs+ > Co2

+ > Ba2
+

> Cd2+ > Pb:!+. It is noteworthy that Pb:!+ and Cd2+ ionomers, which show the lowest

fraction ofmicelles by SEC, also have the lowest aggregation numbers. At this point, it is

stressed that any counterion dependence in the aggregation number is a consequence of

the influence of the ion on micelle formation. This is not a trivial statement, considering

that most ion-containing block copolymers described in the literature were prepared by the

introduction of Metal ions after the micelle had formed.s-l :! In the present system.

however, it is the exchange between protons and counterions that initiates the self­

assembly of insoluble blocks, such that Metal ions play an important raIe in the early stages

of micel1ization.

For the divalent metal acetates, a linear decrease in Kz..;s... is found as the crystal

ionic radius (rien) of the divalent species increases (Figure 5.4). To explain the linear

relation between micelle aggregation number and the radius of the Metal ions, it is

considered that, as rion decreases, stronger interactions are expected between the

counterions and the charged polymer units.33 Stronger ionic interactions between (and

\vithin) poly(metal acrylate) blacks will tend to increase the surface tension of the core­

solvent interface. In order to minimize this thennodynamic penalty, the system will fonn

larger micelles as the counterions become smaller. For the es+ and Ba2+ ionomers,

prepared using metal hydroxides, it is clear that the Kz.,.v values (9.71 and 8.36,

respectively) fall significantly above the regression line, and these two series therefore do

not appear to obey the trend. The unexpectedly high values of Kz.av for Cs+ and Ba2
+,

given their relatively large ionic radii (1.67 Aand 1.34 Â, respectively) may be related to
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the strong basicity of cesium and barium hydroxide compared with that of the Metal

acetates.

A brief comparison was made between the NB dependence observed in the present

system (Z - NBO.
74 -= 0.08, Rcore - NB°.58 ± 0.03) and other empirical and theoretical scaling

relations. The scaling laws determined here are Most similar to theoretical relations for

starlike micelles, Z - NBO.
S

, Rcore - NBo.6.30.J1 This agrees with earlier data on the core

sizes of Cs-neutralized block ionomers, which also scaled as Na0.6.17 The relation

detennined by Zhang et al. for aqueous crew-cut micelles3
! (Rcore - NB0.4) showed a

somewhat weaker NB dependence than was determined in the present work.

It is important to note that the starting point of theoretical approaches to self­

assembly is the thennodynamic equilibrium between single chains and the micel1ar pseudo­

phase. As previously stated, it bas been found that block ionomer micelles, in their final

state, are kinetically-frozen aggregates that do not exhibit dynamic equilibrium, even under

high-temperature conditions. 15 However, it is believed that rapid exchange between

micelles and unimers does exist in the early stages of micellizatio~when the ion content

of the insoluble blocks is relatively low, and micelle lability is enhanced by solvent

swelling.H As the degree of neutralization increases, solvent is expelled from the micelle

and the core becomes increasingly viscous and compact. At sorne point, the high viscosity

of the core prevents the facile movement of unimers to and from the micelle, such that the

dynarnic equilibrium between micelles and single chains is kinetically stalled. Although the

movement of small Molecules to and from the micelle cores, together with the chemical

equilibria of eq 4, will allow further neuttalization or changes in the degree of ion­

bridging, the aggregate cao no longer adjust to these chemical changes, and aggregation

numbers are etTectively frozen in. (lt is stressed that aIl micelles were completely

neutralized in their final form, as detennined by FTIR spectra.) The scaling relations

observed in the frozen aggregates, therefore, are actually "snapshots" of earlier

iliermodynamicsœtes.

Ta summarize, Z and Rcore scale with the insoluble block in a similar manner for ail

counterions, with an NB dependence that agrees weU with thennodynamically-based

models of micellization. As weIl, aggregation numbers and ionic core radii bath show
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counterion dependence through their respective proponionality constants. To rationalize

these various observations, it is pointed out that the factors which give rise to counterion

dependence of micellar parameters (e.g., the crystal ionic radius) are not accounted for in

general theories of block copolymer micelles. These ··counterion factors" are unique to

block ionomer systems, and clearly have an influence on the overall size of the aggregates.

At the same rime, it appears that the power of NB scaling is still govemed by the more

conventional factors of micellizatian (e.g., chain stretching, interfacial tension),27-Jl such

that a single scaling relation can be applied equally well ta a wide range of black ianomers

containing different Metal ions.

5.4.2.2. Soluble Block Length Dq'Jendence

Along with the NB dependence described above, several theoreticaf7-29
.31 and

empirical32 scaling laws bave predicted an NA dependence for aggregation numbers and

core radii of black copolymer micelles. AIthough theories of starlike micelles predict that

scaling with NA is negligtble, it bas been found that the ionic core radii of starlike PS-b­

PACs micelles show improved linear correlation when the length of the soluble block is

considered; the possibility of NA dependence was therefore not ruled out in the present

system. Along with data obtained at constant NA, values of Z and Rcore for different

soluble block lengths have been included in comprehensive scaling relations for each

counterion. Aggregation numbers and ionic core radü for each Metal ion were ploned vs.

NBnNA -f3 and NBt:NA-Y, respectively. NB exponents, detennined previously, were held

constant, while the NA exponents, J3 and y, ,vere varied until the best linear correlation was

obtained.

It was found that Z and Rcore values for black ionomers prepared from the

copolymer PS(300)-b-PAA(44) were unusually large, such that scaling plots could not he

linearized without selecting unrealistic NA exponents. The mole percentage of the ionie

block is somewhat higher in these micelles (ca. 13%), which MaY account for their

anomalous bebaviour relative to the other samples. Black ionomers of the copolymer

PS(300)-b-PAA(44) were rejected ftom further scaling analysis, which left ooly two

different soluble block lengths for the detennination of scaling with NA; the exponents Il
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and y are therefore cansidered to he very approximate values. Figure 5.5 shows scaling

plots for the Ni2
+ reverse micelles, including bath NA and NB dependence.

For the complete scaling relations Z - NBaNA-fi and Rcorr: - NB
KNA'1, NA exponents

detennined for Cs+, Ba2
+, Cd2

+, and Ni2+ micelles were all in the range of p =0.42 ± 0.06

and y =0.14 ± 0.02, while Pb2
+ and C02

+-neutralized samples showed considerably weaker

scaling with the soluble black lengtb (P = 0.10 ± 0.05 and y = 0.04 ± 0.02). The

observation of lower J3 and y values for the latter two counterions may not be physically

meaningful, considering the poor statistics in the detennination ofN.~dependence.

5.4.3. DLS orB/ock lonomers

5.4.3.1. Basic DLS Theory

The diftùsion of monodisperse, naninteracting particles in a colloidal solution

results in the exponential decay of the nonnalized electric field autocorrelation function,

gl(-r):

g, Cr) = exp(-r~) (9)

where '[ is the correlation lime and r is the relaxation rate; r is related ta the particle

diffusion coefficient (D) by

r = Dq 2.

The scattering vector q is defmed:

q = (41tn / ï..)sin(9 /2)

(10)

(11)

•
where n is the refractive index of the solven~ ï.. is the wavelength of the incident light, and

9 is the angle at which scattered light is measured. The simple linear relationship
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•
149



•
CJuzpter 5. Scaling Relations in Black Ionomers

between r and q2 (eq 10) holds for diftùsive relaxation modes, and may be disropted by

interactions between panicles which inhibit free diffiJsion.

For colloidal solutions containing a distribution of particle sizes, the resultant

autocorrelation function will he made up of a distnoution of relaxation rates. Detailed

information on the distribution cao be extracted from the autocorrelation function using

sophisticated anaIysis techniques such as Provencher's CONTIN method.35 For the

purposes of this study, however, the simpler cumulant method of Koppeli6 bas been used;

this describes the total autocorrelation function as an expansion about the z-average

relaxation rate, rz :

Jl 2ln g\ Ct} = 1- r _or + -'t - ...
- 2!

(12)

where J.l is the second moment of the distributio~ and the ratio J.lIr/ is related to the

polydispersity of the particles.

r z, detennined at a finite concentration of particles, is related via eq lOto an

effective z-average diftùsion coefficien~ Dz.eff. In sorne cases, Dz.eff \vill show

concentration dependence in the fonn ofthe expansion

(13)

•

The mutual z-average diffusion coefficient, Dz, is obtained by extrapolation to infinite

dilution. The slope, ke, of the linear extrapolation is a measure of interparticle

correlations, which are a balance of direct and hydrodynamic interactions. In general,

positive values of ko arise from repulsive interactions between particles (e.g. hard sphere,

electrostatic), while negative ko values connote attractive interactions (e.g. Van der

Waals).

Perhaps the most fundamental parameter to describe colloidal particles is their

hydrodynamic radius, Rh, which is obtaioed by substitution of Dz iota the Stokes-Einstein

relation:
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(14)

where k is the Boltzmann constant, T is the temperature of the experiment, and 11 is the

solvent viscosity at temperature T. As indicated in eq 14, Rh derived frOID cumulant

analysis is a z-average value.

5.4.3.2. DLS of Block Ionomers in Toluene

Several solutions ofblack ionomers were investigated by dynamic Iight scanering,

m order ta obtain some infonnation on the hydrodynamic behaviour of the reverse

micelles. Limitations of sample availability prevented the acquisition of DLS data on all

the block ionomers that were investigated by SLS; representative samples were therefore

selected, covering a range ofmetal ions and block copolymer compositions.

Cumulant analysis of autocorrelation functions for all black ionomer micelles gave

values of J,LIr/ in the range 0.OS-0.20, indicating a distribution of relaxation times. It

should be noted that, in sorne cases, low scanering intensity makes the tining of

autocorrelation functions less accurate, which often results in high values of the second

cumulant; actual polydispersities may therefore he much lower than those suggested by

,.ur/. In sorne cases, more detailed infonnation on colloidal polydispersities can he

obtained from CONTIN analysis of the autocorrelation function; however, such an

analysis was beyond the scope of the present work.

For several concentrations of micelles in toluene, values of r z were ploned as a

function ofq2. Figure 5.6a shows examples ofsuch plots for aggregates of Cd-neutralized

PS(302)-b-PAA(44); the linearity of r z vs. q2 is indicative of free diffusion of micelles,

and was observed for the vast majority ofreverse micelles. The concentration dependence

of the slope (Dz.dr) is plotted in Figure S.6b. In mast cases, the diffusion coefficients of

block ionomer micelles showed relatively low concentration dependence, although values

of ko were consistently negative. This suggests weak attractive interactions between the

micelles in toluene, most likely of the Van der Waals variety.
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Figure 5.6. (a) Plots of the z-average relaxation rate (rz) versus the square of the

scattering vector (q2) for different concentrations of miceUar solutions of the black

ionomer PS(300)-b-PACd(44). (b) Plots of the effective z-average diftùsion coefficient

(Dz.err) versus concentration for the following black ionomers: PS(730)-b-PACs(84) (&),

PS(300)-b-PACs(44) (0), and PS(370)-b-PACs(lS) (e). Extrapolation of each line to

infinite dilution yields the z-average mutual diffusion coefficients (Dz).
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Table 5.7 lists hydrodynamic radii, Rh, calculated from Dz at infinite dilution for

selected ionomers. The ratio R/Rb is also shown, as this parameter gives useful

infonnation on the micellar structure.37 For bard spheres, R/Rb bas a value of 0.775,

while for star polymers, RIRh == 1.10 for most aggregation numbers, and increases rapidly

at low Z. With certain exceptions, most of the black ionomers investigated show R,JRh

ratios between the values for bard spheres and star polymers, in agreement with recent

results by Fôrster for strongly-segregated black copolymer micelles.38 These findings are

consistent with our assumption ofspherical ionic cores..

Daoud and Cotton developed a scaling model for star polymers,39 which can be

applied to features ofthe corona in starlike black cOPQlymer micelles. They predicted that

the polymer brush beight, n, scales as H - ZJ.2NAO.6 in good solvents. In the present

system, His the height ofthe corona, calculated from H = Rh - Rean: , Z is the aggregation

number of the micelle, and NA is the number of units in the pllystyrene block. For block

ionomers with a constant soluble black length of PS =370, log H vs. log Z was ploned,

including data for aIl counterions (Table 5.7), to obtain n - ZJ.3 =0.1. This agre~s \Vith the

theoretical scaling of brush height with aggregation number, indicating that coronal

segment density profiles of black ionomer micelles are starlike, irrespective of the metal

ions in the core. The NA dependence of H was also estimated from a limited number of

data points to obtain the full scaling relation H - ZJ.3: 0.INAo.9 =0.2; this suggests stronger

soluble block length dependence than is predicted by theory, possibly due to more

extensive steric perturbations in the corona than are described by Daoud and Cotton for

star polymers.
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Table 5.7. Structural data for block ionomer micelles in toluene.

metal ion PS(x)-b-PAA(y) Z Rh (nm) H (nm) RI (nm) Rg ' Rh

Cs· 310-b-3 121 IS 12.5 25 1.67

Cs· 37o-b-15 80 22 18.4 19 0.86

Cs· 31o-b-19 88 25 20.9 19 0.76

Cs· 370-b-26 100 26 21.3 25 0.96

Cs· 730-b-84 171 52 43.6 46 0.88

Cs· 300-b-44 230 31 23.6 32 1.03

Cd!· 37o-b-15 44 18 15.1 20 1.11

Cd!· 370-b-19 54 18 14.7 17 0.94

Cd!· 37o-b-26 98 23 18.5 19 0.83

Cd!· 300-b-44 340 21 12.9 44 2.10

Ba!- 37o-b-15 52 20 16.9 30 1.50

B ~- 370-b-26 104 21 16.4 24 1.14a-

Ba!· 730-b-84 167 42 34.0 32 0.76

C ~. 37o-b-lS 63 16 12.8 20 1.250-

Co!+ 370-b-19 95 20 16.0 22 1.10
C ~+ 730-b-84 285 43 33.5 58 1.35o-

Ne- 370-b-15 74 19 15.6 25 1.32

Ni!+ 730-b-84 207 44 35.4 45 1.02

Pb!+ 370-b-26 56 20 16.2 23 1.15

Pb!- 730-b-84 123 46 38.8 32 0.70
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5.4.4. TEM a'Black Ianamer Films Cantaining DiOërent Metal Ions

TEM micrographs of PS(703 )-b-PAA(84) neutralized with Ba!+ and Pb!+ ions are

shown in Figure 5.7. In both cases, the dark regions of high electron density are ion­

containing microdomains dispersed in a polystyrene matrix (grey background), confinning

that metaI ions are localized in the micelle cores. In the Ba!+ block ionomer, spherical

cores of low polydispersity are observed, with a radius of 80 Â, identical to Rcore

calculated from SLS data. The RPI value for the core distribution is 1.04, indicating lo\v

polydispersity. In the Cd!+ and Cs+ films (not shown), the ionic cores appeared somewhat

elongated; holes and cracks in the polystyrene matrix. of these films were aiso observed.

Both elongated cores and aberrations in the matrix phase are anributable to the

microtoming of these samples, and may reflect differences in the mechanical properties of

ionomers containing different Metal ions. The elongated cores of Cd!+ and Cs+ micelles

both showed distinct orientation, which is evidence that the original cores \vere stretched

in the direction of microtoming. DLS results for the Cs+ sample gave RJRh = 0.88,

supporting spherical micellar structure in solution, prior to TEM sample preparation. The

micrograph of Pb!· reverse micelles reveals the fonnation of small Metal particles within

micelle cores, probably due to the reduction of Pb!+ ions \vithin the electron beam. Close

inspection of the micrograph reveaIs that sorne of the cores have formed a single lead

particle (indicated with an arrow), while other cores contain clusters of smaller particles;

in the latter case, the overall shape of the dark regions, while roughly spherical, is

somewhat irregular. The average radius of the Pb-containing microdomains is 63 Â with

an RPI of 1.02, which is about 15% Iower than Rpb!+ calculated from SLS aggregation

numbers. The low value ofRcore determined from TEM can he explained by the migration

of Pb "seed" particles toward the center of the core in the process of reduction and single

particle formation. As weil, the average radius of the single lead panicles in the

micrograph have been measured, and these are found to be ca. 40 Â. Assuming that the

density ofthe particles is identical to the bulk value (11.4 glmL), this corresponds to 9800

Pb atoms per particle. From the SLS-determined aggregation number, it bas been

calculated that the original ionic core contains between 5200 and 10300 Pb2+ ions,
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Figure S.7. Transmission electron micrographs of PS(730)-b-PAA(84) neutralized with

(A) Ba2+ and (B) Pb2+. Dark regions indicate ionic cores dispersed in a matrix of

polystyrene. Pb2+-neutralized sample (B) sho\vs evidence of metal reduction, with sorne

cores containing single lead particles (indicated with an arrow) of ca. 80 Â in diameter.
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depending on the extent of counterion bridging. This suggests that the size of the Pb

single panicles is indeed restricted by the number of Pb2
+ ions in the cores~ supporting the

daim that the ionic cores can be used as true inorganic microreactors.

s.s. Conclusions

Scaling relations have been detennined for black ionomer reverse micelles ofPS-b­

PAA, in which the acid black was neutralized with a wide range of Metal ions. Micelle

aggregation numbers for aU counterions were found to scale with the insoluble black

length as Z - NB0.74 % 0.08, while ionic core radü scaled as Rcore - NB0.58 % 0_03; both scaling

relations are in agreement with theories for starlike block copolymer micelles. For most

Metal ions, aggregation numbers and core radii also sho\ved significant N,,-dependence,

and approximate exponents were detennined Although scaling exponents, \vithin

experimental error, were independent of the counterion~ aggregation numbers and core

radii were found to show Metal ion dependence through the proportionality constants~

decreasing in the order Ne· > Cs· > Co2
• > Bal. > Cd2

• > Pb2
+. For divalent counterioDs

introduced via Metal acetates, a linear relationship was found between aggregation

numbers and the crystal ionic radii. RglRh ratios, calculated from combined SLS and DLS

data, are between the values for stars and compact spheres. The coronal brush height was

found to scale as H - ZJ·3 %o_INAO.9 %0.2.

The detennination of reliable scaling laws for aggregation nurnbers and core radii

is a critical step toward the use of black ionomer cores as inorganic micoreactors of

controllâble size. The present work bas shawn that the radü of these microreactors can he

controlled, \Vith excellent linear correlation, in the range of ca. 10 - 100 Â, by variations in

the length of either block, or by selecting the appropriate counterion. Such control in thé

range of small sizes is especially important for the synthesis of metal and semiconductor

nanoparticles in the ionic core; these particles of ultrasmall dimensions have interesting

optical and electronic properties which can he tuned through variations in the particle size.

Reverse micelles of PS-b-PAA black ionomers appear to offer numerous

advantages over other systems of ion-containing black copolymers, including compatibility

with a large variety of counterioDs, facile and controllable ion addition, high stability of
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aggregates, and DOW well-characterized core sizes for a selection of different Metal ions.

With an understanding of scaling relations and counterion dependeDce, it is relatively easy

to prepare inorganic microreactors of a desired size, CODtaining a wide range of ionic

precursors for smaIl particle synthesis. The reader may recognize the potential of a wide

range of composite materials derived from block ionomers, with propel1ies that can he

controlled through a priori knowledge ofself-assembly in the ionomer host.

In the next chapter of the thesis~ we retum to the composites of CdS-containing

reverse micelles described in chapter 4~ and show how the quantum dots of controlled

microreactor synthesis can be further used as ~'building blocksn to fonn secondary water­

solubility aggregate structures. This work extends the possibilities of composite formation

to another level, providing a means whereby the behaviour of materials is tailored~ not

only through the controlled growth of nanopal1icles, but through subsequent assembly in

aqueous solutions. The water-solubility of the secondary aggregates is shown to he

another great advantage, as it allows our reverse micelle microreactors to be incorporated

ioto environmentally-friendly media.
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CHAPTER6

AsseIIlblies of Senticonducting

Nanoparticles in Water-Soluble Block

Copolym.er Aggregates

6.1. Abstract

Novel spherical assemblies of CdS-containing block copolymer reverse micelles in

aqueous solution have been fonnecL by the slow addition of water to mixtures of the

reverse micelles and a polystyrene-b-poly(acrylic acid) stabilizer. The structures are large

compound micelles (LCMs) consisting of quantum-confined CdS nanopanicles dispersed

throughout a spherical PS matrix, which is stabilized in water by a layer of solubilized

hydrophilic chains. The size of the CdS particles (2RcdS =ca. 30 A) is controlled by the

ionic block len~ NB, of the block copolymer making up the reverse micelle. LCM

fonnation is found to be dependent on the amount of added stabilizing copolymer. When

the \veight of stabilizer relative to the total polymer weight is 12% for the specific system

under study, a single population ofLCMs is fonned with an average diameter ofDasg =64

nm; each of these LCMs consists of an average of 58 reverse micelles and 87 stabilizing

chains, with an average surface area per stabilizing chains of 148 mn2
• At 10% stabilizer,

two LeM populations, Daa = 52 Dm and Dagg = 152 Dm, are fonned. When the

concentration of stabilizing copolymer is increased to 21 and 35%, regular micelles with

no internaI structure coexist with LeMs. Without added stabilizing copolymer, most
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reverse micelles undergo macroscopic precipitation upon water addition, although sorne

LCMs are observed in the remaining solution.

6.2. Introduction

The synthesis of metallic and semiconducting nanoparticles bas becorne a topic of

extrerne interest in the field of material science, due in part to the \vide range of optical

and electronic properties that are accessible in the regime of ultrasmall sizes. The unique

properties of such nanoparticles are attributed to quantum·confinement or surface effects,

which become operative when the particle is too small to exhibit bulk bebaviour. l
.2 Since

optical and electronic properties can be ·-nutedu through variations in the sizes ofclusters,

a synthetic medium producing rnonodisperse particles of controllable size is bighly

desirable.

Block copolymers have long been known to self·assernble in selective solvents,

fonning stable aggregates known as micelles or micelle·like aggregates.3
-
5 Quite recently,

various types of block copolymers bave been applied to the synthesis of metallic and

semiconducting particles.6
•

11 In these systems, particle growth is restricted to ionic or

highly polar microdomains, providing a mechanism for both size control and panicle

stabilization. In panicular, CdS quantum dots of low polydispersity have been synthesized

within the spherical ionic cores of polysryrene-b-poly(cadmium acrylate) (PS-b-PACd)

reverse micelles. lo Excellent correlation was found between the micelle ionic core radii

and the resultant sizes of the semiconducting particles. As weIl, the polymer­

semiconductor composites were found to be extremely stable, and could be suspended

indefinitely in organic solvents, or precipitated into polar solvents, without agglomeration

or significant ripening of CdS particles within the polymer "host". In other work,

relationships between ionic black length and core radius were detennined for a wide range

of polystyrene-b-poly(acrylic acid) (pS-b-PAA)-based reverse micelles, where the acid

block was neutralized with several different counterions (Cs"', Ba:!+, Ni2+, C02+, Cd2+,

Pb:!"). 12 This provides a versatile system of "tunable" inorganic microreactors, in which

precursor ions can he converted to a variety of metallic and semiconducting particles of a

specifie size at the nanometer scale.
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Another aspect of amphiphilic block copolymers that bas been investigated

extensively in recent years is their tendency ta form interesting aggregate morphologies in

aqueous solutions. I3-19 Through variations in such parameters as relative block lengths,

polymer concentration, solvent composition, and acid or electrolyte additio~ a wealth of

morphologies, including spheres, rods, vesicles, and several unprecedented bilayer

structures, bas been observed. Another new morphology found in these systems is the so­

called large compound micelle (LCM).13-15 These are solid~ micron-size spheres, generally

with large polydispersities, consisting of assemblies of reverse micelles stabilized in water

by a thin layer of hydrophilic chains. It bas been observed that aqueous suspensions of

LeMs do not coalesce, and can be easily resuspended when the larger particles settle to

the bottoIn of the container. In lypical LCM-forming systems (e.g. PS-b-PAAI3.1~ or

polystyrene-b-poly(ethylene oxide) (P5-b-PEO)15 ), the large compound micelles are

formed from a single type of block copolymer amphiphile, with most of the hydrophilic

chains making up the reverse micelle cores and the remainder stabilizing the assemblies in

water.

The present chapter describes the synthesis of quantum-confined CdS

nanoparticIes within block ionomer reverse micelles, followed by the assembly of the

reverse micelles to fonn aqueous suspensions ofLCMs. LCM fonnation is initiated by the

slow addition of water to solutions of CdS-contaïning reverse micelles and a stabilizing

copolymer (PS-b-PAA). This is in contrast to previous examples of LCM-formïng

systems, in which aggregates were prepared from solutions containing ooly single cbains

of block copolymer; here, the primary ''building blacks" are previously-fonned reverse

micelles. lt should also he noted that the reverse micelles and the stabilizing chains are

comprised of different block copolymers, another feature that distinguishes this system

from past approaches to LCM fonnation. The present work can he divided into three

distinct steps: (l) self-assembly of black ionomer single chains in organic solvent, (2)

synthesis of CdS nanoparticles within the resultant reverse micelles, and (3) "secondaIY"

self-assembly of reverse micelles in aqueous solution. The final structures are comprised

of many hydrophilic regions, each containing a semiconducting nanoparticle, dispersed

throughout a hydrophobic sphere which is solubilized by a hydrophilic outer shell.
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Another approach to the solubilization of hydrophobic micelles in aqueous solutions is

demonstrated in onion-type micelles~ recently reported by Procbâzka et al.lO

Assemblies of quantum dots within a polymer matrix, spatially confined to

spherical geometry at the nanometer to micron scale, MaY have interesting non-linear or

electro-optical applications. The aqueous nature of these suspensions is very appeaIing

from the point ofview ofpossible biological applications, and also makes them well-suited

ta the conversion of water-soluble reagents; in such cases, CdS quantum dots could he

replaced by catalytic Metal particles. This study represents the first example of quantum­

confined semiconductors assembled in a system ofwater-soluble block eopolymers~

6.3. Experimental

6.3.1. Svnthesis ofPS-b-PAA Dib/ock Copo/ymers

The s}nthesis of PS-b-PAA diblock copolymers used in the present study was

perfonned by sequential anionie polyrnerization of styrene and tert-butyl acrylate; since

this procedure is described in detail elsewhere,21-23 ooly a brief summary is presented here.

Polymerization reaetions were perfonned in tetrahydrofuran (THF), using sec-butyllithium

initiator capped with a few uoits of a-methylstyrene. The moleeular weights and

polydispersity indexes (P.L) of the PS blocks were detennined using size-exc1usion

chromatography (SEC); a small amount of PS was therefore extracted from the reaction

solution before addition of the tert-butyl aerylate monomer and injected into an SEC

column. The molecular weights of the ester blocks were detennined by quantitative FTIR

of the diblock copolymer. The block copolymers in the ester fonn were hydrolyzed to PS­

b-PAA, by refluxing ovemight in toluene with p-toluenesulfonic acid catalyst. The

polymers were then recovered by precipitation into methanol, fol1owed by drying under

vacuum at 70 OC for 24 h. Two diblock copolymers were prepared in this manner:

PS(240)-b-PAA(15) (i.e. 240 PS repeat units and IS PAA repeat units; P.I. =1.04) was

used to prepare diblock ionomer micelles, in which CdS clusters were synthesized;

PS(lI00)-b-PAA(170) (Le. 1100 PS repeat units and 170 PAA repeat units; P.I. = 1.06)

was used as a stabilizing agent in the preparation ofCdS-containing LCMs.
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6.3.2. Preparation ofPS-b-PACd Reverse Micelles

The copolymer PS(240)-b-PAA(l5) was dissolved in benzene/methanol (10%

methanol v/v) to obtain a 2% polymer solution (w/w). To initiale reverse micelle

fonnation, the acid blocks were neutralized by the addition of excess cadmium acetate

dihydrate in Methanol (1.5 mol ofCdAcr2H20 : 1 mol acrylic acid repeat units). A slight

increase in turbidity indicated the presence ofmicelles, although a low aggregation number

resulted in a relatively clear solutiolL The solution was stirred for 3-4 ~ then the solvent

was removed by freeze drying. The diblock ionomer (white powder) was dried at 70 oC

ovemight in a vacuum oven to remove residual soIvent and acetic acid byproduct. Excess

cadmium acetate was removed from the ionomer sample by repeated washings in

Methanol; the washed sample was dried under vacuum at 70 oC. A transparent film of the

sample was cast on a KBr window, and FTIR was used to confinn that the acid black was

completely neutralized; 100% neutralization was indicated by the disappearance of the

carboxylic acid doublet at 1738 and 1710 cm· l
.

6.3.3. Preparation orCdS-Dib/oct Copo/ymer Composite

Diblock ionomer micelles of polystyrene-b-poly(cadmium acrylate) (PS(240)-b­

PACd(lS» in the powder fonn were exposed to an aunosphere of 100% humidity for a

period of 1 week. The powder was then placed in a closed container, into which 6'wet"

H!S (H!S bubbled through water at 70 OC) was introduced. The ionomer powder was

thus exposed to an H2S environment for 8 ~ during which rime the sample tumed yellow

in colour; excess H!S was then removed from the powder by leaving the sample for 12 h

under active vacuum.

In the process of CdS particle fonnatio~ the ionic blocks become protonated to

PAA; it has been found that the stability of the CdS-containîng micelles can he greatiy

improved by Ufixingn
, i.e. reneutralization of the acid blocks. 1o To this end, the reverse

micelles were resuspended in THF and a stoichiometric quantity of NaOH was added.

The solution was stirred for a least 4 h, then the yellow powder was recovered by

precipitation ioto Methanol. The CdS-black copolymer composite after ~1ixing" was

designated CdS-MIC.
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6.3.4. Quantum Dot Assemblies: LeM Formation

The composite material, CdS-MIC (yello\v powder), \Vas codissolved in N,N­

dimethylformamide (DMF) with various quantities of the stabilizing copolymer, PS( Il00)­

b-PAA(170). Four solutions were prepared, in which the amount of stabilizing polymer

relative to the total amount ofpolymer (stabilizing polymer + CdS-MIC) was 10, 12, 21

and 35% (w/w); in all cases, the concentration of CdS-MIC in DMF was 0.7% (w/w).

Solutions prepared in this manner were comprised of CdS-containing reverse micelles

suspended in a medium of DMF and PS-b-PAA single chains. A fifth solution of CdS­

MIe without the stabilizing copolymer was also prepared.

The formation of micellar aggregates is generally induced by the addition of a

precipitant for the PS blocks (water) to solutions of block copolymers in OMF. In the

present case~ deionized (Milli Q) water was added slowly to the c1ear yellow solutions (1

drop every 30 s), with rapid stirring; a dramatic increase in turbidity was observed at a

water content of ca. 5% (v/v), indicating the onset LCM fonnation. In the solution

without stabilizing polymer, a significant amount of yellow precipitate fonned as water

was added; aIl other solutions appeared to he stable. The addition of \vater \Vas continued

to ca. 40% water, then the turbid solutions were dialyzed against distilled water to remove

aIl DMF. Aqueous solutions prepared with 0, 10, 12, 21, and 35% stabilizing copolymer

v/ere designated LCMO, LCMIO, LCM12, LCM21, and LCM35, respectively.

6.3.5. UV-Vis Absorption Spectroscopy

UV-Vis absorption spectroscopy of the composite CdS-MIC was perfonned in

toluene solution, in order to characterlze the sizes of quantum-confined CdS

nanoparticles. Spectra were obtained on a Hewlett-Packard 8452 diode array

spectrophotometer, by scanning between 250 and 550 om. From the spectral absorption

edge (Àe), the CdS nanopanicle diameter was calculated, using Henglein's empirically­

determined correlation curve.24
• 25
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6.3.6. Transmission Electron MicroscollY

Transmission electron microscopy was perfonned on a Phillips EM410 instrument,

and on a JEOL FX200 instrument with energy-diffusive x-ray diffraction (EDAX)

capability. Both instruments were operated at an accelerating voltage of80 kV.

For the detennination of CdS nanoparticle sizes in the ')jnassembled" reverse

micelles, a drop of CdS-MIC in dilute benzene solution (ca. 1 mg/mL) was placed on

carbon-coated copper grids (J. B. EM Services Inc); excess solution was immediately

removed with a piece of lens paper.

For the observation of LCM aggregates, aqueous solutions were diluted to ca. 1

mg/mL, and deposited onto carbon-coated EM grids; the grids had been precoated with a

thin fllm of Fonnvar (J. B. EM Services) and then coated with carbon using an Edwards

evaporator. A drop of solution was left on each grid for 20 minutes under ambient

conditions, after which the remaining solution was blotted away with a piece of lens tissue.

To improve contrast for the observation of aggregate particle sizes and distributions, the

samples \vere then shadowed with palladiumlplatinum alloy at a shadowing angle of 45°.

Samples of each LCM solution were also prepared without shadowing, such that the

internaI structure of the aggregates could he observed. The beam was focused on one of

the aggregates, to obtain EDAX elemental analysis of the internal particles. The detection

ofLCM internai structure was optimized in the under-focus mode, with ti.f= lOO-ISO Dm.

Features of both shadowed and unshadowed micrographs are discussed in the following

section.

6.4. Results and Discussion

The absorption spectrum of CdS-containing reverse micelles prior to LCM

fonnation (CdS-MIC) is shown in Figure 6.IA. Sïnce the black copolymer is not

expected to show absorbance to the red of 300 Dm, the spectrom cao he attributed

exclusively to the semiconductor particles. The clear appearance of an exciton shoulder

and blue-shift of the absorption onset indicate that the CdS particles are quantum­

confined, suggesting
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Figure 6.1. CA) UV-vis absorption spectrum of CdS-MIC, showing an absorption edge

(Àe) of 457 nm for the CdS nanoparticles. The semiconductor particle diameter calculated

from Àe is 38 Â. (B) Transmission electron micrograph ofCdS-MIC. The dark particles

are CdS, with an average diameter ofca. 30 A.
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particle diameters less than 60 Â.2 From the position of the absorption edge (Â.e), 457 t1I11,

an actual CdS particle diameter of38 Â was calculated.

An electron micrograph of CdS-MIC (Figure 6.1 B) shows an even dispersion of

dark semiconductor particles on the grey background of the polymer matrix. The average

diameter of the particles is ca. 30 Â., in approximate agreement with lN-vis data. It

should be noted that CdS particle sizes calculated from the onset of the absorption

spectrum generally represent the larger end of the size distribution, which explains the

sIightly smaller particle size detennined from TEM.

In previous work,lo the size control of CdS particles in block ionomers was

demonstrated, and the following equation, describing the relationship between ionic black

lengths and the radii ofnanoparticles synthesized in the micelle core, was detennined:

3'S •RcJS =1.9Ns + 9.4A (1)

•

where NB is the number of repeat units in the ionic black and RCdS is in units of Â.

Applying eq 1 to the black ionomer "host" used in this study (NB = 15), a CdS particle

radius of 19 Â. (2RCdS = 38 Â) is calculated, which agrees exactly with the lN-Vis results.

This suggests that the mecbanism of size control described pre\'iously, involving complete

conversion of ions in the micelle core to a single semiconductor panicle, is operative in the

present case.

When water is slowly added to mixtures ofCdS-containing micelles and stabilizing

copolymer in DMF, the turbidity of the clear yellow solutions increased markedly at a

water concentration of ca. 5% (v/v). The solutions remained turbid, though stable, as the

water concentration was increased further and the DMF was removed by dialysis. No

macroscopic precipitation of the reverse micelles was observed, suggesting that they had

been successfully solubilized in water. TEM of the aqueous solution revealed populations

of spherical aggregates; the average size of the aggregates and the number of populations

observed in the samples were dependent on the amount of stabilizing copolymer, with

most solutions showing two distinct populations. Possible reasons for these dependencies
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are described laler; for now, the discussion tums to one sample, LCM12 (12% stabilizing

copolymer), in which a single population ofspherical aggregates \vas observed.

Spherical aggregates in sarnple LCMI2, with and without shadowing, are ShO\VD in

the transmission electron micrographs of Figure 6.2. In the shadowed picture (Figure

6.2A), the PdlPt coating significantly increases the contrast of the whole aggregates

relative to the background, and a single population of spheres is clearly visible.

Distribution analysis of a larger sample than that shown in the figure reveals an average

panicle diameter, Dagg, of 64 nID, with a standard deviation of 8 Dm. A micrograph of the

same sample without shadowing (Figure 6.2B) reveals the internai structure of the

aggregates, suggesting that they are large compound micelles (LCMs), rather than regular

spherical micelles. The dark panicles dispersed in the aggregates (unshado\ved

micrograph) are believed to be CdS nanopartic1es in the cores of assembled reverse

micelles; this is supported by (1) the yellow colour of the turbid solution, indicating that

the CdS particles ofCdS-MIC have been incorporated into the aqueous aggregates (2) the

size of the dark panic1es (30 Â), which matches that of CdS panic1es in CdS-MIe (Figure

6.1 B), and (3) energy-dispersive x-ray diffraction results (Figure 6.3), which show both

Cd and S bands when the electron beam is focused inside one of the aggregates. The

prominent Cu and Si bands are due to the EM grid and trace quantities of slopcock

grease, respectively. The LCMs in Figure 6.2A are relatively monodisperse, compared

with those fonned from single chains ofPS-b-PAA or PS_b_PEO. 13
-

15

A schematic diagram of a large compound micelle such as that found in sample

LCM12 (Figure 6.4) depicts a spherical assembly of reverse micelles, each \Vith a

hydrophilic core consisting of a single CdS panicle and a thin layer of poly(sodium

acrylate); PS chains radiate from these cores ioto the surrounding melt. The dri\;ng force

for LCM fonnation is mainly enthalpic: the continuous addition of water to a solution of

reverse micelles makes interactions benveen the solvent and the PS corona increasingly

unfavourable; the reverse micelles eventually coprecipitate with the long PS blocks of the

stabilizing copolymer. This process can be tenned usecondary" self assembly, to

distinguish il from the original formation ofreverse micelles via "primary" self-assembly of

ionic block copolymers in organic solvenL
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Figure 6.2. CA) Transmission electron micrograph of spherical aggregates in LCM12,

with PdlPt shadowing and (B) without shadowing. The dark particles inside the spheres

are CdS nanoparticles.
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j

Figure 6.3. Energy-dispersive X-ray diffraction (EDAX) pattern ofone of the aggregates

containing dark particles~ showing Cd and S bands.

PAA black of51abilizinl copol~·mer

PS black ofstabiliziDI copol)·..er

PS black of revene micelles

CdS parlicle

Figure 6.4. Schematic diagram of a large compound micelle (LeM) containing CdS

nanoparticles. The spherical aggregate is an assembly of reverse micellest stabilized with

added black copolymer.
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As shown in Figure 6.4, single chains of the stabilizing copolymer distribute

themselves at the surface ofthe LCM, minimizing interfacial tension through favourable

interactions between water and the '1ree" PAA blocks; this, in effect, prevents flocculation

of the aggregates and macroscopic precipitation of the reverse micelles. The copolymer

chains which constitute the reverse micelles are essentially locked into the hydrophilic

cores through strong ionic interactions, and are therefore unable to play a stabilizing role.

The low polydispersity of the LCMs may he related to the restricted movement of these

chains, which is govemed by the movement of reverse micelles during secondary self­

assembly.

From the average radius of the aggregates, Ragg, it is possible to calculate the

average number of reverse micelles, Nrrn, and stabilizing copolymer chains, Nsr;, which

make up the LCMs in Figure 6.2. The average volume of the aggregates is calculated

from

(2)

The LCM volume is the sum of the total volume of reverse micelles and stabilizing

copolymer in the aggregate, such that

(3)

where Vrrn and Vsr; are the volumes of reverse micelles and stabilizing copolymer chains,

respectively; these values can he calculated from the composition of bath black.

copolymers and the aggregation number ofthe reverse micelles, Z:

•
Vrm = Z[240vps + lSvpANa ] + VCdS

~c = 1100vps + 170vpAA (4)
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where VPS, VPANa, and VPAA are the bulk volumes of individual repeat units of polystyrene,

poly(sodium acrylate), and poly(acrylic acid), respectively, and VCdS is the average volume

ofa CdS nanoparticle within each reverse micelle. The aggregation number of the reverse

micelles, Z, is detennined trom published scaling relations to be ca. 50. 12 Simïlarly, the

masses of the reverse micelles and stabilizing copolymer chains cao be calculated trom:

mrm = Z[240mps + 15mpANa] + mCdS

msc = 1100mps + 170mpAA
(5)

where mps, mpANa, and mpAA are the masses of polystyrene, poly(sodium acrylate), and

poly(acrylic acid) repeat units, and mCdS is the average mass ofCdS nanoparticles.

Assuming that all of the stabilizing copolymer in sample LCM12 is evenly

distributed throughout the population of aggregates, Nrm and lVg;; can also be expressed in

terms of the following equation:

(6)

•

where 0.12 is the mass fraction ofstabilizing copolymer in LCMI2.

Combining eqs 2-6 for an LeM radius of Ragg =32 nm, it was detennined that an

average aggregate in sample LCM12 is an assembly of 58 reverse micelles (Nrm = 58) and

87 chains of the stabilizing copolymer (Ng;; =87). This implies that an average of 58

quantum-confmed CdS particles are evenly distributed throughout the mainly-polystyrene

spheres. From the volume of reverse micelles within the aggregates (Vrm), an average

spacing of 12 nm between CdS particles was calculated. The spacings between particles

within the aggregates should he quite monodisperse, as they are mainly govemed by the

bulle volume of the reverse micelle coronal layers. It should aIso be noted that particle­

particle spacing could be easily "tuned" by using reverse micelles with different PS block

Iengths.
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A fundamental parameter in aggregate fonnation is the interracial area per

stabilizing copolymer chain, Asc•
14 For the single population of aggregates in sample

LCM 12, As: is calculated from Ns: and the average LeM surface area (Aagg = 4rrRag/) to

be 148 mn2 per chain. This value can be compared with As: calculated for reguJar

spherical micelles fonned from the stabilizing copolymer alone (i.e. PS(110)-b-PAA(170)

without reverse micelles), which is 38 mn2 per chain. Other work on PS-b-PAA

morphologies have also found that Asc values are significantly higher in LeMs than in

regular micelles, resulting in larger surface tension contributions ta the total free energy of

the larger stnlctures.14

In the early stages ofLCM formation, when the PS regions are sufficiently swollen

with DMF, a dynamic equilibrium is assumed to exist between the aggregates and their

components (reverse micelles and stabilizing copolymer), such that the structures are an

expression of a free energy minimum. As more DMF is forced out by the addition of

water, however, the mobility of PS chains in the aggregates decreases, and the LCMs

become essentially frozen. The final surface area per chain, Asc, will therefore reflect a

minimization of surface energy at a stage when both the polymer aggregates and the

surrounding medium contain a considerable amount oforganic solvent.

Table 6.1. Spherical aggregate populations from mixtures of CdS-MIC and PS-b-PAA

stabilizing copolymer

Welght percentage IS relabve to total polymer an SOIUbon. CdS an brackets mdlC8tes that aggregates
contain CdS panicles. C Extensive macroscopic precipitation ofCdS-MIC aIso observed in LCMO.

sample M. % PS-b-PAAQ observed aggregate p<>pulationsb

LCMO 0 1. LCMs (CdS); Dagg =100 rune

LCMIO 10 1. LCMs (CdS); Dagg =152 nm
2. LCMs (CdS); Dagg =52 nm

LCM12 12 1. LCMs (CdS); Dagg =64 nm

LCM21 21 1. LCMs (CdS); Dag =63 nm
2. PS-b-PAA micelles; Dagg =21 nm

LCM35 3S 1. LCMs (CdS); Dag =50 nm
2. PS-b-PAA micelles; Duv: =21 nm

Q . b .. .. . .•
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As the amount of stabilizing copolymer is varie~ TEM reveals distinct changes in

the LCM populations; a summary of observed populations for different amounts of added

PS-b-PAA is presented in Table 6.1. Micrographs of shadowed and unsbadowed EM

grids are shown in Figure 6.5, for samples prepared with 10, 21, and 35% of the

copolymer PS(l1OO)-b-PAA(l70). Whereas a single population (Dagg = 64 nm) was found

with 12% stabilizing polymer, the sample prepared with 10% stabilizing polymer, LCMI0

(Figure 6.5A), clearly contains two populations of spheres, with average diameters of 52

and 152 om. figure 6.5B shows a ponion of the unshadowed grid, with several of the

smaller spheres and a typical large sphere; the micrograph reveals that large and small

aggregates both contain CdS particles, suggesting that both populations were fonned by a

mechanism of reverse micelle assembly. When the amount of stabilizing copolymer is

increased to 21 % (LCM21, figure 6.5C), we find a population of spheres, Dagg =63 nm,

very similar to those fonned at 12%, along with a secon~ much smaller, population (Dagg

= 21 nm). Microscopy of the unshadowed grid of LCM21 (Figure 6.5D) shows the larger

spheres to have internai structure, while the 21 nm particles appear as featureless

"blotchesn against the background, indicating that they do not contain any semiconductor

particles. The situation is very sunilar when the amount of stabilizing copolymer is

increased to 35% (Figure 6.5E), though the larger population bas shifted to slightly

smaller spheres (Dagg = 50 nm), compared with those in LCM21. The smaller population

(Dagg = 21 nm) is identical to that found with 21% stabilizer, and again does not show

evidence of internai structure (Figure 6.5f). Qualitative comparison of LCM21 and

LCM35 suggests a greater number ofsmaller spheres on grids ofthe latter sample.

These results suggest that a single distribution of aggregates can only he obtained

in a narrow window of conditions, i.e. ca. 12% of stabilizing copolymer for the.

concentration of reverse micelles used in this study. On the other band, sunilar

populations of spheres, with average diameters in the range 50-64 Dm, are observed in ail

four samples containing stabilizing copolymer. This is not surprising, since the size of the

CdS-containing aggregates will depend on the number of nucleation sites during

secondary self-assembly, and is therefore largely govemed by the initial concentration of

reverse micelles. The additional presence of larger LeMs in sample LCMIO (Figure 6.SA
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"'~.- -"".'-,-
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100 nm

Figure 6.5. Transmission electron micrographs of LCMIO, (A) with shadowing and (B)

without shadowing; LCM2I, CC) with shadowing and (D) without shadowing; LCM35,

(E) with shado\ving and (F) \vithout shadowing. In B, the insert shows the boxed region

at a lower exposure rime, revealing the internaI structure of the large sphericai aggregate.
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and B) suggests the crossing over of a phase boundary between 10 and 12% stabilizing

copolymer. In the 10% sample, the initial formaùon of nucleation sites depends only on

the concentration of reverse micelles, which accounts for the presence of the smaller

spheres (Dagg = 52 oro); a lack of stabilizing copolymer, however, necessitates the

clustering of sorne nucleation sites to decrease the total surface area of the system,

resulting in a second population ofmuch larger spheres (Dagg = 152 nm).

In the 21 and 35% samples, not aIl of the added block copolymer is required to

stabilize the assemblies of reverse micelles; the "excess" copolymer, PS( IlOO)-b­

PAA(l70), therefore fOnIls regular micelles with polystyrene cores and a poly(acrylic acid)

corona. These are the small spheres (Dagg =21 nm) in samples LCM21 and LCM35 that

do not contain CdS particles. Sînce the amount of stabilizing copolymer is greater in

LCM35 than in LCM21, a greater concentration ofregular micelles is found in the fonner

sample. It is also noteworthy that the average diameter of the LCM population (larger

spheres) decreases between 21 and 35%, which suggests that sorne of the "excess"

stabilizer in LCM35 is actually incorporated ioto the large compound micelles, allowing a

decrease in particle size via a lowering of the surface energy. It therefore appears likely

that, below a certain concentration of added water, the equilibrium between single chains

and regular micelles exists in tandem with the equilibrium between LeMs and their reverse

micelle and single chain components.

In the absence of stabilizing copolymer (LCMO), most of the reverse micelles

precipitated from solution as water was added. The yellow material settled to the bottom

of the vial, though the remainder of the solution was found to he extremely turbid.

Following dialysis, electron microscopy of the turbid solution revealed a number of CdS­

containing LeMs, with an average diameter of ca. 100 Dm. It bas been found that a low

concentration of single chains will exist in any solution ofblack ionomer reverse micelles,

due to the smali number of chains with ionic blacks too short to undergo self-assembly.22

It is thought that, without added copolymer, these single chains are able to act as

stabilizers, allowing the reverse micelles that do not precipitate fram solution to fonn

spherical assemblies.
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6.5. Conclusions

Novel spherical assemblies of quantum-confined semiconductors in aqueous

solution have been prepared, by the slow addition of water to reverse micelles and a

stabilizing block copolymer in organic solvent. The assemblies are best described as large

compound micelles (LCMs), consisting of CdS nanoparticles (2RCdS - 30 Â) dispersed

throughout a PS sphere which is stabilized in water by a layer of hydrophilic PAA chains.

When the amount of stabilizing cOPQlymer relative to the total amount of polymer was

12% (w/w), a single population of LCMs (Dag = 64 nm) was observed; it \Vas

determined that these aggregates consist of an average of 58 reverse micelles and 87

stabilizing chains. At 10% stabilizing copolymer, t\VO populations of LCMs were

observed (Dagg = 52 nm and Dag = 152 nm); the larger population is anributed to the

agglomeration of nucleation sites due to a lack of stabilizer. When the concentration of

stabilizing copolymer was sufficiently high (21 and 35%), regular micelles with no internaI

structure were found to coexist with LCMs. The amount of stabilizing copolymer

required to obtain a given population is believed to be dependent on bath the

concentration and composition of the reverse micelles; this implies an inherent versatility

in the system, through variations in several adjustable parameters. In the absence of

stabilizing copolymer, most reverse micelles were found to precipitate upon water

addition, although a number of LCMs were observed in the remaining solution; these are

thought to be stabilized by single chains of low ionic content in the solution of reverse

micelles.

Along with being a novel morphology, assemblies of semiconducting or metallic

nanoparticles confined to polymer spheres of small dimensions may have numerous

applications to nonlinear optics, electro-optical devices. or catalysis. For some

applications, the PS matrix could he easüy replaced by conducting or semiconducting

organic polymers. Since the spheres are suspended in aqueous solution, they are also

amenable to biological systems, in which catalytic or photocatalyic properties could he

exploited.
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This ends our discussion ofblock ionomers as tunable microreactors; the next two

chapters are devoted to the study of structure within the nonionic coronae of black

ionomer micelles. Just as the starlike composition regime (small cores, long coronai

chains) is interesting fram the point of view of nanoparticle SYnthesis, it is aIso interesting

in terms of solution stability, as il is the coronaI segment density profile of a starlike

"brush" that govems the interactions between particles. The study of structure in starlike

polyrner brushes, such as those found in the coronae of black ionomer micelles, has been a

topic of both theoreticaI and experimentaI interest, although direct empirical studies on

these systems are still quite limited. We recognize that starlike black ionomers are a

useful model system for the fundamental investigation of brush structure, due in pan to

their similarity to polymer-stabiIized colloidal particles of many commercial applications.

For the use of black ionomers as inorganic microreactors, a knowledge of coronai

structure is also helpful, as it may provide clues on interactions between micelle·encased

nanoparticles in arganic solvents.
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CHAPTER7

Coronal Structure and Interparticle Overlap

in Starlike Black Ionom.er Micelles

7.1. Abstract

Small-angle neutron scattering (SANS) is used to investigate the stiffuess of

perdeuterated polystyrene (dPS) labels within the polysryrene (PS) coronae of starlike

block ionomer micelles. Measurements are made in both good and near-9 solvents, at

polymer concentrations near and above the micelle overlap concentration (c*). Two

micelle samples are investigated, in which dPS labels are located at either 820 or 1080 PS

units from the ionic core. Scattering profiles are analyzed for intennediate values of q,

and infonnation on chain statistics is obtained from the scaling relation 1 - qo(l. In toluene

(good solvent) at 3 wt. % polymer, Kratky plots of IqSf3 vs. q indicate q-1.7 scaling for

scattered intensity in the intennediate region, above a minimum vector, q*. q* is found to

decrease as the distance from the core inereases. These results are in qualitative

agreement with the '''lob'' model for starlike spherical brushes. At 5 wt. % in toluene, the

stiffuess of dPS labels increases; this observation is attributed to sterie erowding at the

extremities of the coronae, as the overlap of neighbouring micelles becomes considerable.

In cyclohexane at 40 oC (near-9 conditions) at 3 wt. % polymer, dPS labels are higbly

extended, and scattered intensity shows the q-I scaling of rigid rods for q > 0.1 A-I. This

"wonn-like" behaviour of the coronaI labels is found to disappear at 5 wt. %, where chain

statistics begin to resemble a polymer melt. Hydrodynamic radii (Rh) are also detennined
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under dilute conditions using dynamic light scanering (OLS), and percentages of coronal

extension are calculated from these resu1ts.

7.2. Introduction

The self-assembly of black copolymers in selective solvents has generated a great

deal of interest in recent years, and the resulting cooperative structures have been studied

by a range of techniques, both in solution and in the solid state. I
-
3 In particular, scanering

methods Ce.g. static and dynamic light scattering, small-angle x-ray scattering, small-angie

neutron scattering) have proven invaluable for the elucidation of detailed structural

infonnation on block copolymer micelles (and other aggregate morphologies) at various

length scales. AIthough ligbt scanering techniques can be used to determine such

fundamental micellar parameters as aggregation numbers, radii of gyration, and

hydrodynamic radii, the spatial resolution of these methods is ultimately limited by the

wavelength of visible light. To obtain more detailed infonnation on aggregate

morphologies, core radii, and coronaI chain conformations, investigators have relied on

the structural resolution available from small-angle scanering (SAS) techniques, such as

small-angle x-ray scattering (SAXsi' 4-8 and small-angle neutron scattering (SANS).3. 5.9.

10 In the latter experiment, the large difference between the scattering lengths ofdeuterium

and hydrogen nuclei can he used to advantage, through various methods of deuterium

labeling and contrast-matching. In this manner, SANS opens the door to detailed and

spatially-specific information on the structure of black copolymer micelles. The study of

coronal chain confonnations in block copolymer micelles and related systems has largely

been spurred by the industrial applications of spherical polymer brushes, which have been

employed in the stabilization and surface modification ofcolloids. 11

In the interpretation of small-angle scattering profiles for polymer chains,

information on chain statistics is extracted ftom the scaling of intensity with the scattering

vector, q, in the intennediate region. 12 At intermediate values of q, the scanering

behaviour of a polymer does not depend on molecular weight, and scattered intensity is

found to scale as q-o., where the characteristic exponent, a , yjelds crucial infonnation on
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chain stifihess. In generaI, CL decreases as the chains become more extende~ or perturbed

from their "random-walk" behaviour: for Gaussian chains, CL =2; for swollen coils, CL =

5/3; for 6~onn-like" or fully extended cbains, a = 1.

Starlike spherical brushes have been descnbed by Daoud and Conon as a

semidilute solution of polymer chains, where the segment density decreases with distance

from the center of the star. l
) In a semidilute polymer solution, stene correlations between

neighbouring chains result in the overall extension of polymer chains; these correlations

act over distances ;e, known as the Edwards screening length.14 deGennes lS has described

semidilute solutions using the concept of 6"lobs~,wmch are spherical regions ofdiameter

;(<p) in which local single chain behaviour is found; the size of the blob depends ooly on

the local volume fraction ofpolymer segments (q>).

Both the sereening length and blob concepts imply that the scanering profile of a

semidilute polymer solution will have a minimum scanering vector for the intennediate

region, q*, above which the scattering is identical ta that from single chains (or dilute

solutions).S This follows from the reciprocal relation between the scattering vector and

distance; for q > q*, the scanered intensity probes distances in the semidilute solution

shorter than the screening length or blob size_ As the density of polymer segments

increases, interchain correlations act over shorter distances1s, resulting in a decrease in the

screening length (or the blob size) and a concurrent increase in q* .

In the Daoud and Cotton mode!, a polymer chain in a starlike brush is represented

bya string of blobs with diameters ~(r).13 As the radial distance from the center of the

brush, r, decreases, the segment density increases and the blob size becomes

correspondingly smaller. This suggests that polymer chains are more perturbed by

neighbouring chains near the center of a starlike brush, where steric crowding is more

severe. The model is represented in the following diagram:
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Gast and coworkers used SAXS and SANS to investigate the coronal structure of

polystyrene-b-poly(ethylene oxide) (pS-b-PEO) micelles in bath cyclopentane and

deuterated cyclohexane (selective solvents for the PS black).s The Daoud and Cotton

model of starlike brushes was applied to interpret SAXS data for black copolymer

micelles with short core-forrning blacks and large aggregation numbers. For such

systems, Kratky plots (lqa vs. q, where a = 2 under 9 conditions) revealed single chain

scaIing behaviour at scattering vectors larger than q*, and average blob sizes for the

coronae were detennined. In micelles of symmetric PS-b-PEO, it was found that the

coronal chains were more highly perturbed than in starlike structures, such that single

chain correlations were not observed on any length scale. The authors noted that severe

chain stretching in symmetric systems retlects a high density ofpolymer segments close to

the micelle core, where the concept ofblobs, valid for semidilute solutions, does not seem

to hold.

Another example of starlike brushes are solutions of star polymers, which have

also been the subject of small-angle neutron experiments. I
6-19 This work bas induded the

elegant use of labeling techniques, in wbich the inner cores and outer sheDs of star

polymers were selectively deuterated. 16
•

17 Since ooly the deuterated polymer is in contrast

with the surrounding solvent (and therefore "seen9t by the neutrons), the authors were able

186



•

•

Chapter 7. Coronal Structure and Interparticle Overlap

to show that star polymers are more severely stretched close to their center, where the

correlation between anns is strongest.

Along with the structure of individual starlike brushes, small-angle scanering

techniques can be used to probe star-star interactions at high polymer concentrations.

These effects have been monitored primarily at low q values (i.e. large length scales),

revealing the influence of interparticle interactions on the radius of gyration and solution

structure. In polymer micelle solutions above a critical volume fraction, scanering profiles

have shown disorder to order transitions in the structure factor.6 ln solutions of star

polymers, correlations between particles were found to influence the low-q Guinier region

of the scanering profiles, even below the overlap concentration c* .18 At smaller length

scales (higher q values), however, the scattering did not change significandy at high

concentrations, suggesting that chain statistics were not influenced by interparticle effects.

In another study, the raclli of gyration of star polymers were plotted as a function of

concentration. For this system, Rg was found ta he constant up ta c*, and then to

decrease at higher concentrations. 19

In the present work, SANS bas been used ta investigate the stiffuess of

perdeuterated PS "labels" within starlike reverse micelles of polystyrene-b-poly(cesium

acrylate) (PS-b-PACs), at polymer concentrations near and above the micelle overlap

concentration c·. Both ugood" and near-9 solvent conditions are explored. Black

ionomer micelles are ideal species for studies of this type, since they are extremely stable,

and can therefore be dissolved in different organic solvents without changes in aggregation

number or swelling of the core. Detector distances bave been chosen ta optimize data

collection at intennediate q values, so that the effects of micelle-micelle interactions on

coronal chain statistics could he studied. Due to large uncertainties in low-q intensities

under these conditions, Rg values of the deuterated labels could not be determined from

SANS data.

Two species of black ionomers have been prepared, with perdeuterated

polystyrene (dPS) labels of ca. 200 units located at slightly different positions relative to

the ionic core. Bath samples consist of four blacks: a PS tail, a dPS label, a PS spacer,

and the PACs core-fanning black. Calculations of scattering cross sections indicate that
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ooly the high-contrast labels contribute significandy to coherent scattering profiles. For

the two ionomer samples, the PACs blocks make up ooly ca. 5 mol % of the total diblock,

such that the PS coronae behave in the manner ofa starlike brush.

7.3. Experimental

7.3./. Svnthesis ofPS-b-dPS-b-PS-b-PAA Block Copolvmers

PS-b-dPS-b-PS-b-PtBuA block copolymers were prepared by the sequential

anionie polymerization of styrene, perdeuterated styrene, and tert-butylacrylate in

tetrahydrofuran solvent (THF). sec-ButyUithium was used as the initiator, and lithium

chloride (LiCI) and a-methyl styrene were capping agents. The degree of polymerization

of PS and dPS blocks, and the total polydispersity indexes of the block copolymers, were

determined by size-exclusion chromatography (SEC). The P.1. values for the two samples

were as follows: sample l, P.1. = 1.07; sample II, P.1. = 1.08. Poly(tert-butylacrylate)

block lengilis were detennined by quantitative FTIR. (perkin-Elmer 16 PC apparatus) of

block copolymers dissolved in carbon tetrachloride. The poly(tert-butylacrylate) blocks

were subsequently hydrolyzed to poly(acrylic acid) (PAA), by dissolving the polymers in

an 80/20 (v/v) mixture oftoluenelacetic acid and refluxing for 2 h with Methane sulfonic

acid catalyst. Hydrolyzed samples were precipitated into methanol, then dried under

vacuum at 70 oC for ca. 24 h.

7.3.2. Preparation o'Block Ionomer Micelles

T0 fonn reverse micelles from the block copolymers, samples in the acid fOIm

were dissolved in a 90/10 (v/v) mixture ofbenzene/methanol to a polymer concentration

of 2 wt. %. In this solvent mixture, bath the styrene and acid portions of the copolymei

are soluble, and the solution therefore contained only single chains. Micellization was then

induced by stoichiometric neutralization of the PAA blacks with a 0.25 M methanolic

solution ofcesium hydroxide monohydrate (CsOH·H20). The solutions were stirred for 2

h, followed by the removal of solvent by freeze drying. The block ionomer micelles were
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recovered as a white powder, which was dried under vacuum at 70 oC for at least 4 h.

FTIR spectroscopy was used ta confirm that both samples were completely neutralized.

The two black ianomer samples are designated sample 1 and sample fi, and have

the following compositions: sample l, PS(70)-dPS(210)-PS(820)-PACs(50) and sample

II, PS(250)-dPS(220)-PS(I080)-PACs(77). Numbers in brackets represent the number of

repeat units in each black. For the sake of clarity, the dPS label is indicated in bold

characters and the PACs block is italicized. In later sections of this paper, the polymer

compositions are displayed using ooly degrees of polymerization for each black, e.g.

sample 1 (70-210-820-50).

7.3.3. Size-Exelusion Chromatos:,raphv orBloek Ionomers

Size-exclusion chramatography (SEC) measurements of the reverse micelles were

performed using a Waters Model 510 liquid chromatograph equipped with a Varian RI-4

refractive index detector and the Millenium 2010 software package. Small quantities of

block ionomer samples 1 and II were dissalved in THF, and these solutions were filtered

through membrane filters with a nominal pore size of 0.45 IJ.m, then diluted to a

concentration of about 2 gIL before injection ioto the SEC columns. Chromatograms

showed two peaks al high and low elution volumes, attributed to single chains and

micelles, respectively. The weight percentages of micellized chains were calculated from

the relative areas under the t\vo peaks.

7.3.4. Starie Lirht Scatterin~

Static light scattering (SLS) experiments were perfonned on a Dawn-F multi-angle

laser photometer (Wyatt Technology) equipped with a He-Ne laser (632.8 nm). Data

acquisition and Zimm plot processing utilized DawnF and Aurora (Wyatt) software,

respectively. Stock solutions of block ionomers were prepared by dissolving the

neutralized polymers in toluene, then filtered through membrane filters with a nominal

pore size of 0.45 J.lIn and transferred to a dust-free scintillation vial. Micelle solutions

were diluted with filtered solvent. Measurements were obtained at five different

concentrations, in the range of0.2 - 0.1 mg / mL.
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7.3.5. Dynamic Light Scattering

Dynamic light scattering (OLS) experiments were performed on a Brookhaven

Instruments photon correlation spectrometer equipped with a BI-9000AT digital

correlator and a Micro Green diode-pumped laser (532 mn) from Uniphase.

Measurements were made in toluene at 22 oC and cyclohexane at 40 oC, over a range of

concentrations 1.1 - 0.4 mg 1 mL. Stock solutions were filtered through membrane filters

with a nominal pore size of 0.45 J.lI1l and transferred to dust-free vials~ The angle of

detection for aIl measurements was 90°. Effective diffusion coefficients were detennined

from the tirst cumulant, which represents a z-average relaxation rate, rz(s-I), of the

autocorrelation function, g[('t). The second cumulan~ fl/f"/ , was generally < 0.05 for aU

measurements, indicating relatively low polydispersities. Since effective diffusion

coefficients did not appear to vary significantly in this range of dilute concentrations, they

were assumed to be equivalent to Do, which is the diftùsion coefficient at infinite dilution.

Rh values were calculated from diffusion coefficients using the Stokes-Einstein relation for

diffusing spheres.

7.3.6. Small-Angle Neutron Scatterin~

SANS experiments were perfonned on a small-angle neutron scattering

spectrometer, at beamline H9-B in the high-flux beam reactor (HFBR) at Brookhaven

National Laboratory. A neutron wavelength of À = 7.54 A was used with

nl0nochromatization of < 10 %. The two-dimensional detector was positioned at a

distance of 110 cm from the samples. Samples 1 and II were investigated at two

concentrations, 3% and 5% polymer (w/w) in toluene at 22 oC and cyclohexane at 40 oC.

The sample solutions were placed in capped quanz cells with 1 mm path lengths.

Scattering profiles were corrected for detector nonlinearity and variations in

incident neutron intensity through normalization with a water standard. A solvent

background was subtracted from ail corrected profiles, followed by nonnalization with cell

path lengths and sample transmission.
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7.4. Results and Discussion
7.4.1. Wei~ht Fraction ofMicellized Chains

Size-exclusion chromatography (SEC) was used to detennine the \\reight fractions

of micelles and single chains in both ionomer samples, by calculating relative areas of the

corresponding peaks. It bas been shown that single chains in solutions of black ionomer

reverse micelles do not result from a dynamic equihorium between micellized and

urunicellized chains, as the ionomer aggregates are kinetically frozen.20 FTIR spectra of

the two fractions suggest that single chains are mostly due to PS homopolymer, an

impurity that arises in the early stages ofblack copolymer synthesis. The weight fractions

of rnicellized chains,/mic, were found to be very similar for samples 1 and fi: /mic =0.73 and

[mie =0.78, respectively. It should he noted that, in solutions of samples 1 and II used for

SANS (S 5 wt. % polymer), the single chain concentrations are extremely low « 1 wt.

%), and are not expected to contribute significantly to the total incoherent scattering. The

pure solvent ,vas therefore considered to he an appropriate subtracted background in all

cases.

7.4.2. Sla/ie and Dl'namie Lighl Scatlering Results

Static light scanering measurements in toluene were used to construct Zimm plots

for samples 1 and II. These plots yielded micelle radii of gyration, Rg•101 (Table 7.1), along

with the total molecular weight of the block ionomers in solution, Mv.°Jot. The latter

quantity is a weight average of the micelle molecuIar weight, Mw.mir;, and the molecular

weight of the single chains, Mv..$:

(1)

where fsc is the weight fraction of single chains, wbich is I-fmic:. Micelle aggregation

numbers, Z~ (Table 7.1) were determined from Mw.mir; and the molecular weights of

unimers making up the micelles. Assuming a spherical, compact poly(cesium acrylate)

core and using the measured density of poly(cesium acrylate) (2 glmL),7 the core radü,
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Rcore, were then calculated from Z values. Although the micelle radius of gyratioo is

solvent dependen~ aggregation numbers and core radü are expected to be identical in

different solvents. This follows from the strength of ionic interactions within the core,

which prevents the free exchange between aggregates and single chains once the micelles

have fonned. Aggregation numbers and core radii, detennined in toluene, are therefore

considered to he '\miversal" values, applicable to both solvent systems used in this study.

Along with the radius of gyration, any micelle parameter that is dependent on polymer­

solvent interactions, including all a~cts ofcoronal structure, will vary with the solvent.

Table 7.1. Characteristics ofhlock ionomer micelles from light scanering data.

PS-b-dPS-b-PS-b-PACs Z Rcace R:'!OI Ruol Rs:. to! coronal Rb..ch coronal
(nm) (nm) (nm) Rh. toi extension (nm) extension

in toi (%) in ch (%)

sample 1 (70-210-820-50) 67 5 44 58 0.76 19 43 14

sample Il (250-220-1080-77) 58 6 46 63 0.73 15 4S 10

A simple fingerprint of coronal structure is the hydrodynamic radius, from which

the average extension of chains within the micelle corona is obtained.21 HydrodYQamic

radii in toluene at 22 oC, Rh.[ol (Table 7.1), were detennined from dynamic light scanering

measurements in dilute solution, and therefore reflect the overall radii of isolated, oon­

interacring micelles. AIso listed in Table 7.1 are the ratios Rg.[ol/Rh.rol, which yield

infonnation on the structure of the micelles in toluene.ll The ratios for samples 1 and II

are very sunilar (0.76 and 0.73, respectively), and are close to the e~pected value for bard

spheres (Rg/Rh = 0.775). Ta detennine the average extension ofcoronal chains, the height

of the spherical brush, H, was calculated:

(2).
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The percent coronal extension (Table 7.1) was then caIculated by comparison of the brush

height with the fully extended contour length of the PS chains:

100H
% extension =

aNps

(3)

where a is the length of one PS repeat unit (ca. 0.25 nm), and Nps is the total number of

PS and dPS units in a single coronal chain. The average coronal extension of sample 1 in

toluene (19 %) is found to he significantly greater than that of sample II (15 0/0). Since

chain extension in a starlike brush is expected to decrease with increasing distance from

the center, it is clear that a micelle corona made up of longer chains will, on average, he

less severely stretched than a corona made up of shorter chains. This explains the greater

average extension in sample l, which bas a soluble block length of 1100 units, compared

with that of sample II, in which the soluble blocks are ca. 40 % longer, i.e. 1550 units.

Although variation in the aggregation number will aIso affect the average chain extension,

ref. 13 predicts that the scaling ofbrush height with Z is acrually quite weak: H - ZJ.2. It

is therefore reasonable to assume that the small difference in the aggregation numbers of

samples 1 and II (67 and 58, respectively) do not contribute significantly to differences in

coronal structure.

Hydrodynamic radii were also detennined in cyclohexane at 40 oC (Rh.c:h), and

these \Vere used in eqs 2 and 3 to calculate corresponding percentages of coronai

extension (Table 7.1). Sïnce this represents near-9 conditions for the PS coronal chains,

the sphericaI brushes are less swollen than in the ugood" solvent (toluene), and the

coronae are therefore less extended. As was found in toluene, the shorter coronal chaim

in sample 1 result in a more extended PS corona, compared with that in sample II (14 %

vs. 10 %).

7.4.3. Micelle Overlap Concentrations

An important parameter in this study ofconcentration effects is the micelle overlap

concentration, c·, which is defmed as the concentration at which the coronae of
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neighbouring micelles begin to overlap. This concentration is related to the hydrodynamic

radius in a given solvent, and can he calculated approximately by assuming a certain

padang model for spheres with radius Rh- In this manner, overlap concentrations in

toluene at 22 oC, c*col, and in cyclohexane at 40 oC, c*ch, have been calculated for two

lanice types: face-centered cubic (fcc), or cubic close packed, and body-centered cubic

(bec) (Table 7.2). The calculations consider variations in solvent density with

temperature, along with the presence of single chams in both samples. As expected, c*

values for the more cIosely-packed fcc lanice are somewhat higher than those obtained

assuming bec packing of micelles. Sïnce the lanice type at high polymer concentration is

not known, values in Table 7.2 should serve ooly as rough estimates of actual overlap

concentrations.

Table 7.2. Micelle overlap concentrations calculated for fcc and bec packing lanices.

PS-b-dPS·b-PS-b-PACs C·IOI. C·1ol. C·ch. C·dl'

fcc bec fcc bec
(WL % poty.) (wt. % polv.) (WL % polv.) (wt. % poly.)

sample 1 (70-210-820-50) 2.0 1.8 5.5 5.0

sample II (250-220-1080-77) 1.8 1.7 5.5 5.0

7.4.4. Coronal Chain Stretchin~ in Toluene

Kratky representations of SANS profiles (Iq513 vs. q) are shown for 3 wt. %

solutions of samples 1 and II in toluene (figure 7.1a). Both of these plots plateau at

sufficiently high values of q, which indicates that the scattering of the deuterated labels is

consistent with dilute or semidilute solutions of swollen polymer chains. The important

difference in the two profiles is the minimum scattering vector of the intermediate region,

q*, which is marked by the beginning of the plateau on the Kratky plots (indicated with

arrows). The values ofq* for labels located at 820 and 1080 units away from the micelle

core are 0.05 and 0.04 A-l, respectively. This suggests an increase in the average blob size

as the distance from the core increases, in qualitative agreement with the Daoud and
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Cotton model for starlike micelles. ll ln this study~ the positions of the labels with respect

ta the ionic cores differ by ooly 260 PS units; a wider range of label positions \Vas

investigated in a subsequent study (chapter 8).

Figure 7.2 (top) shows log-log representations of the scattering profiles for 3 %

solutions of samples 1 and n in toluene. In the region of intennediate q~ the plots are

found to be linear, and the characteristic exponent~ a.~ can he obtained from the slope.

Both plots give a. values of 1.7, as expected for swollen coiIs; this is consistent with the

observed plateau regions in Kratk:y plots of /qSI3 vs. q (Figure 7.1a). Cbaracteristic

exponents detennined ftom log-log plots Yield scaIing laws for scattered intensity at

intennediate q~ and these are presented in Table 7.3.

The etTect of total polymer concentration at intennediate q values bas been

explored by comparing Kratky plots of the deuterated labels al 3 wt. % and 5 \vt. % in

toluene. As shown in Figure 7.lb~ the Kratky plot for sample 1 (70-210-820-50) at 5 %

reaches a plateau al q* = 0.05 A-l ~ which is qualitatively similar to its behaviour at 3 %. In

contrast~ sarnple II (250-220-1080-77) at 5 % shows a Kratky plot that is significantly

different from that obtained at 3 %; above q =0.04 A-I ~ where the plot reaches a plateau

at the lo\ver polymer concentration, /qSI3 continues to increase steadily. This behaviour

indicates a characteristic exponent that is significantly lower than the value for swollen

coils~ suggesting a stiffening ofthe deuterated label as the polymer concentration increases

from 3 % to 5 %. The Kratky plot at 5 % does not appear to reach a plateau for any value

ofq; this indicates a breakdown of semidilute behaviour for the dPS labels~ such that they

do not show single chain correlations on any length scale.

To obtain more detailed infonnation on the stiffness of the deuterated labels at 5 %

polymer, characteristic exponents~ a.~ were detennined from log-log representations of the

scattering profiles (Figure 7.2~ bottom); the resulting intensity scaling laws are listed in

Table 7.3. Regression analysis ofthe curves in the linear region yields a. =1.6 and a. =1.3

for samples 1 (70-210-820...50) and n (250-220-1080-77), respectively. Comparison of

the characteristic exponents for sample 1at 3 % (a = 1.7) and S % (a. = 1.6) reveals only a

slight increase in the stiffness ofthe deuterated labels with increasing concentratio~which
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Figure 7.1. Kratky representations of scattering data for sample l (70-210-820-50) C.)

and II (250-120-1080-77) ce) in toluene. (a) 3 wt. % polymer. (b) 5 wt. % polymer.

Arrows indicate the beginning of the plateau region.
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Figure 7.2. Log-log plots of scattering profiles for sample 1 (70-210-820-50) (V) and II

(250-220-1080-77) (e) in toluene at 3 and 5 wt. % polymer. Solid lines show linear

regression for intennediate q values.
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Table 7.3. I(q) scaling at intcrmediatc scaucring vcctors for deutcrated labels in block ionorncr micelles.

•

~

~

PS-h-dPS-h-PS-h..PAC.~ c solvcnl scaltcrcd intcnsily scaling
(wt. % poly.)

sample 1(70-210-820-50) 3 loi, 22°C q > O.OS Â'I, J - ({1.1

sample Il (250-110-1080-77) 3 toi, 22°C CJ >0.04 A·I, /- (/1.7

sample 1(70-110-820-50) 5 tol,22°C '1 >O.OS Â'1, J- '1.1,(1

sample Il (250-110-1080-77) S toi, 22°C Cf> O.OS A·I, J- (ll.3

sample 1(70-110-820-50) 3 ch,40°c O.OS Â·l < li <0.10 À·I, J - (l'.fI; li> 0.10 À'I, /_ q.LI

sample Il (250-2%0-1080-77) 3 ch,40°C 0.03 Â·I < li < 0.10 À·I, /- (il.~; tf > 0.10 A·I, /- Cf,n.l )

sample 1(70-110-820-50) 5 ch, 40°C q > 0.06 À·l, /_ q'I.1

sample Il (250-118-1080-77) S ch, 40°C q > 0.04 À·l, /- (ll.l)
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was not easily detected from the Kratky plots. For sample II, bo\vever, the characteristic

exponent decreases markedly between 3 % (a. = 1.7) and 5 % (a. = 1.3), suggesting an

internai stiffening of the labels. This increase in chain stiffiless MaY be anributed to the

overlap of coronaI segment density profiles above the micelle overlap concentration, c·.

For an individual micelle (infinite dilution), the blob model descnoes an increase in local

segment densities with increasing radiai distance from the core; steric effects thus result in

more severe restrictions to chain conformations closer to the micelle core. At

concentrations sufficiently greater than c·, the overlap of neighbouring micelles will result

in increased local segment densities within the coronae, esPeCially at relatively large radial

distances.23 The present observations seem to indicate a resulting increase in steric

crowding and, consequently, a stiffening of chains at the outer edge of the micelle. This

does not address the question of interdigitation or compression of coronaI chains as

micelles begin ta overlap; both possibilities are consistent with increased steric crowding

in the neighbourhood ofdeuterated labels situated near the ends of the coronaI cbains.

Values of c· (Table 7.2) show that, even at 3 % polymer in toluene7 the reverse

micelles ofooth samples may be above their overlap concentrations; however, no evidence

of overlap-induced chain stiffening is observed al the lower concentration, at least insofar

as the scattering is consistent with the blob model for individual spherical brushes. This

result is not surprising, if the polydiSPersity of chain Iengths \vithin the micelles is

considered. Since c· values were calculated from the hydrodynamic radii, they represent

the overlap of micellar regions occupied mainly by solvent molecules, plus only the very

longest cbains within the neighbouring coronae. Thus the micelles al 3 %, though

nominally above c·, are not sufficiently crowded to exhIbit chain stiffening at the outer

edge. At 5 %, bowever, coronai overlap is sufficient to give rise to significant increases in

local segment densities, sucb that overlap-induced stiffening of the deuterated labels is

observed. The scaling relations in Table 7.3 show that chain stiffening between 3 % and 5

% polymer concentration is more pronounced in sample II (250-220-1080-77) than in

sample 1 (70-210-820-50). This observation is explained by the longer corona! chains in

the fonner sample, which give rise to a sligbtly lower overlap concentration (Table 7.2).
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The absence ofsingle chain correlations at intennediate scattering vectors, such as

that found in sample 1 at 5 % polymer concentration, generally occurs when the chains are

more severely stretched than those in a semidilute environment. This has been previously

observed for deuterated labels located at the interior of a polymer star. 17 In the present

case, however, the labels are located near the outer extremity of the starlike profiles,

where steric effects are relatively weak in individual micelles. The present observations,

therefore, indicate the considerable effect of micellar overlap on the stretching of coronal

chains. In further wûrk, the concentration effects were be studied in more detail as a

function of distance from the core (chapter 8). At this point, it seems reasonable to

predict that, for micelles with identical c· values, the conformation of deuterated labels

situated closer to the ionic core will be less influenced by the total polymer concentration;

for small radial distances, the effects of micelle overlap are more likely ta be screened by

already high local segment densities.

7.4.5. Coronal Chain Sue/ching in Cvclohexane

Samples 1 (70-210-820-50) and II (250-220-1080-77) \Vere also investigated in

cyclohexane at 40 oC, which represents near-S conditions for the PS chains.s Log-log

plots of the resulting scattering profiles are shown in Figure 7.3. At 3 % (Figure 7.3. top),

two different regions of intensity scaling are observed for both samples, as shown by the

inflection points at q = 0.10 A-l (indicated with arrows) followed by a decrease in the

slopes of the log-log plots. Characteristic exponents in the tirst region were detennined

from linear regression over the specified q values, and these were found to be nearly

identical for both samples: ex = 1.6 and 1.5 for samples 1 and II, respectively (Table 7.2).

More importantly, linear regression in the second region (q > 0.10 A-I), shown in the

insert to Figure 7.3, yields characteristic exponents of ex =: 1 for bath samples. Scattered

intensity is expected to show q.l scaling al scattering vectors greater than 3.82/I, where the

rigidity of individual statistical units is probed;24 for Gaussian PS chains under 9

conditions, this crossover occurs at q = 0.25 A-I. In the present case, the beginning of q-I

scaling at 0.10 A-t suggests that the deuterated labels are highly extend~ showing rod-
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Figure 7.3. Log-log plots of scattering profiles for sample 1 (70-210-820-50) (V) and II

(250-220-1080-77) (e) in cyclohexane (40 OC) al 3 and 5 wt. % polymer. Solid lines

show linear regression for intennediate q values. At 3 %, the beginning of q-I scaling is

indicated with arrows. Linear regression for q > 0.1 A-I (3 %) is show in the insert.
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like behaviour over relatively large length scales (i.e. statistical units of ca. 38 A in

length). Sïnce the contour (fully extended) length of the deuterated labels is ca. 500 Â,

•each label contains ooly 13 statistical units under these conditions. The labels are

therefore best descnoed as uwonn-like", and hear linle resemblance to the '~ndomwalle"

ofGaussian chains.2S

For individual starlike micelles under 9 conditions, the scattered intensity from

coronal chains is expected to scale as q-2 in the intennediate doma~ in the manner of a

semidilute solution of Gaussian chains.s The observed stiffuess of the deuterated labels in

cyclohexane at 3 % polymer concentration is therefore attnouted to intennicellar effects

near c*. As discussed earlier, the overlap ofneighbouring micelles in toluene results in the

stiffening of deuterated labels, although this effect \vas found only at 5 % polymer

concentratio~ and was significant only for micelles of sample II (250-220-1080-77),

which have a larger hydrodynamic radius. In cyclohexane at 40 oC (near-9 conditions),

however, the effect of micelle..miceUe interactions on chain stiffness is operative at 3 %

polymer, which, according to c* values in Table 7.2, is weIl below the overlap

concentration of the micelles in cyclohexane. As weil, the deuterated labels in both

samples 1 (70-210-820-50) and II (250-220..1080-77) are found to be highly extended at

this concentration. These differences in concentration effects likely arise from the very

different polymer..polymer interaction parameters in the {Wo solvent systems. In a good

solvent such as toluene, soivent-polymer interactions are enthalpically more favourable

than those between coronai segments, and attractive forces between the coronal chains of

neighbouring micelles are therefore highly unlikely. On the other band, such interactions

may exist under near-9 conditions or, more precisely, at temperatures slightly below Te.

In the present system, il is possible that, al relatively high concentrations, the mutual .

attraction between PS segments on neighbouring micelles results in the outward extension

of coronal chains. The influence of such attractive forces should he strongest at the outer

edge of the corona, where interactions between segments on neighbouring micelles are

less screened by segment densities within individual micelles. This explains the observed

stiffness of the labels at 3 %. Unlike chain stiffening in toluene at high polymer

concentrations, this effect does not involve the overlap of micelle neighbours, and actually
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appears to be strongest at concentrations below c·. Coronai stiffuess in cyclohexane is

therefore observed at a Iower polymer concentration than in toluene, and is nearly

equivalent for bath sampIes, irrespective of their different hydrodynamic radii. We funher

note that attractive forces between neighbouring micelles would be operative ooly for

temperatures slightly below Te, where the second virial coefficient is negative. This

criterion appears to he met in the present system, even though the experirnent was done at

nominal econditions for PS homopolymer. In previous studies, Al values for PS-b-PANa

reverse micelles were found to he significantly lower than those of linear PS of equivalent

molecular weight.26

When the polymer concentration in cyclohexane was increased from 3 % to 5 %, a

surprising decrease in the stiflhess of the labels was found. At the higher concentration,

rod-like q-l scaling of l(q) is no longer observed for q > 0.10 Â-l (Figure 7.3, bottom),

and linear regression of the log-log plots reveals characteristic exponents of 1.7 and 1.9

for samples 1and II, respectively. The latter exponent suggests nearly Gaussian behaviour

for the deuterated label in sample II. The label in sample 1 is somewhat more extended (a

= 1.7), though much less so than at 3 % polymer, as evinced by the 105S of q-I sca1ing

above 0.10 A-t .
The observed loss of ~'wonn-like" behaviour as the concentration is increased to

the micelle overlap concentration in cyclohexane (ca. 5 %) reflects a decrease in chain

stretching. This result is somewhat unexpected, although not unreasonable when the

ongin of chain stiffening under near-S conditions is considered. Although the mutuai

attraction of polymer segments is still operative as the micelles begin to overlap, the

resulting force no longer acts to extend coronal chains in a radially-outward direction.

Instead, as the micelles are brought into closer proximity and the total concentration of

polymer segments increases, the environment of corona! chains approaches that of a

polymer melt. This situation appears ta exist for sample II (250-220-1080-77) at 5 %

po1ymer concentration, in which the deuterated label exhtbits Gaussian q-2 scaling in the

intennediate domain (Table 7.3). The greater extension of the label in sample 1 (70-210­

820-50) (l(q) - q-1.7) at the same concentration may again reflect the slighdy shoner

hydrodynamic radii ofthese micelles. It may he notOO tbat the chain statistics ofa polymer
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melt were not observed for eitheT sample in toluene when the polymer concentration was

increased to 5 %. In a good solvent such as toluene, polymer-solvent interactions are

dominant even for high volume fractions of PS segments, such that solvent Molecules

continue to influence chain statistics and preclude melt-like behaviour.

7.S. Conclusions

The stiffuess of deuterated labels within the PS corona of starlike block ionomer

micelles has been investigated as a function of solvent conditions and polymer

concentration. In a good solvent at 3 wt. % polymer, the scattered intensity for both

samples 1 (70-210-820-50) and II (250-220-1080-77) scales as 1 - q-L7 in the intennediate

domain, indicating a semidilute environment for the labels. The minimum vector of the

intennediate region, q*, decreases as the label's distance from the core increases, in

agreement with the blob model for starlike spherical brushes. When the polymer

concentration in toluene is increased to 5 wt. %, the stiffuess of the labels is found to

increase, as evinced by a decrease in the characteristic exponent Œ. Chain stiffening within

the corona is attributed to the significant overlap of neighbouring micelles at

concentrations weU above c*. In cyclohexane at 40 oC, which represents near-9

conditions, the labels show wonn-like behaviour at 3 wt. % polymer. This suggests highly

extended chains at the micelle extremity, possibly due to attractive micelle-micelle

interactions below c*. At 5 wt. % in cyclohexane, near the micelle overlap concentration,

the wonn-like behaviour of the labels collapses, and chain statistics begin to resemble a

polymer meh.

The study of black ionomer coronal structure is continued in the next chapter,

using samples with perdeuterated labels located at a three different distances from the

ionic core. With these samples, the inner part of the spherical brush is probed in more

detail, and a comprehensive picture ofblock ionomer coronal structure begins to emerge.
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CHAPTER8

Coronal Structure of Starlike Block Ionorner

Micelles: an Investigation by Sm.all-Angle

Neutron Scattering

8.1. Abstract

Coronal structure of starlike black ionomer micelles bas been probed directly by

small-angle neutron scattering (SANS), using specific contrast labeling ofdifferent regions

of the corona. Solutions of PS-b-dPS-b-PS-b-PACs starlike block ionomer micelles in

toluene are studied; contrast is provided by perdeuterated polystyrene labels situated at

different distances frOIIl the ionic core. For deuterated labels situated at 390 PS units from

the core, the scattered intensity is found to scale as /- q-L7 at intermediate q, suggesting a

semidilute environment for the labels and local swollen coi! behaviour. For labels 180 PS

units tram the core, stenc perturbations are more extensive than are found under

semidilute conditions, snch that single chain scaling is not observed at any length scale;

scattered intensity is found to scale as /- q-IJ at intermediate q. The stiflhess of coronal

chains next to the core is even greater, as indicated by 1 - q-1.0 scaling for dPS labels

attached directly to the ionic core; these probes exhibit rigid-rod behaviour at length scales

less than ca. 76 Â. In Kratky representations of the three samples, a maximum

characteristic ofpolymer stars becomes more pronounced as the distance of the dPS labels

from the core decreases, indicating greater contributions ftom interchain scattering.

Increases in chain stiflhess and interchain scattering suggest a significant increase in local
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segment densities with decreasing distance from the ionic core. Interparticle scattering as

a function of polymer concentration is aIso investigated. The position of the Bragg peak

scales with concentration as c llJ
, suggesting liquid ordering of the solution. Radii of

gyration detennined trom Guinier analysis agree weil with light scattering results, with the

exception of micelles in which dPS probes are attached directly to the core. In this case,

the neutrons "seen ooly the inner part of the spherical brush, and Rg from SANS data is

less than Rg for the whole micelle.

8.2. Introduction

The structure of spherical polymer brushes bas received a considerable amount of

attention in recent years, spurred by industrial applications of such systems ta colloid

stabilization and surface modification. In several studies, model systems of star

polymers 1-4 and starlike black copolymer micelless-1o have been employed in the

investigation of spherical brushes, using small-angle x-ray scanering (SAXS) and small­

angle neutron scattering (SANS). The laner experiment offers the advantage of deuterium

labeling techniques, allowing for the detennination of spatially-specific infonnation on

brush structure. This strategy has been used to probe the structure of star polymers in

which the inner cores and outer shells were selectively deuterated. 1
,1 However, apart from

the work descn"bed in chapter 7, II no other studies have used deuterated labels to probe

coronal structure in black copolymer micelles.

Due to the high stability ofblock ionomer micelles, these materials provide an ideal

system for the investigation of coronaI structure. After micellization and complete

neutralization of the ionic cores, the aggregates are essentially frozen structures, with no

detectable equilibrium between micelles and single chaim on a reasonable rime scale.12 It

is therefore possible to study the spherical broshes under various conditions of solvent and

PQlymer concentration without changes in the micelle aggregation numbers and core radiÏ.

Block ionomer micelles are thus very suitable models for polymer-protected colloidal

particles, in which the ionic cores represent small spheres of ionic material, with soluble

stabilizing polymer (coronal chains) end-tethered to the particle surface.
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ln the first pan of this study, the stiffuess of deuterated labels within polysryrene­

b-poly(cesium acrylate) (PS-b-PACs) star-like reverse micelles was investigated as a

function of both solvent conditions and polymer concentration.11 Two block ionomer

samples were studied, with perdeuterated PS labels of ca. 200 units situated at 820 and

1080 units from the core. At 3 wt. % polymer concentration in a good solvent (toluene),

both samples showed intensity scaling as 1 - q-1.7 in the intennediate region of scattering

vectors, indicating a semidilute environment for the labels. The average ~"lob" size

appeared to be slightly larger for the labels that were more removed from the ionic core,

as detennined by the minimwn vector ofthe intennediate regio~ q.; this observation is in

agreement with the Daoud and Cotton model for starlike spherical brushes. 13 When the

polymer concentration was increased to 5 wt. % in toluene, the stifthess of the labels was

found to increase, a phenomenon that was attributed to micelle overlap and a concomitant

increase in the local segment density of the deuterated probes. Under near-9 conditions

(cyclohexane at 40 OC) at a polymer concentration of 3 wt. 0,/0, the labels were found to be

extremely stiff, with intensity scaling characteristic of \vonn-like behaviour. At 5 wt. % in

the same solvent, this worm-like behaviour was found to collapse, and the chain statistics

of the probes resembled a polymer mell.

In the present chapter, the coronal stIUcture of starlike block ionomers is

investigated in more detail, using deuterated labels at a wider range of distances from the

ionic core. Using small-angle neutron scattering, three micelle samples with total coronaI

block lengths ofca. 800 units are studied; deuterated polystyrene (dPS) labels are situated

at 0, 180, and 390 units from the core, such that the inner region of the polymer brush is

probed in detail. This work therefore compliments the samples investigated in the

preceding chapter, in which the dPS probes were located near the outer edge of the

spherical brush. AIl reverse micelles are studied onder good solvent conditions; the effect

of polymer concentration on the scattering profile in low and intermediate regÏons of the

scattering vector is detennined, providing insight into bath spherical brosh structure and

interparticle correlations.
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8.3. Experimental

8.3. J. Svnthesis orpS-b-dPS-b-PS-b-PAA Black Copolymers

Black copolymers of the type PS-b-dPS-b-PS-b-PtBuA were prepared by the

sequential anioDic polymerization of styrene, perdeuterated styrene, and tert-butylacrylate

in tetrahydrofuran (THF). The initiator was sec-butyllithium; lithium cbloride (Liel) and

a-methyl styrene were added as capping agents for the uliving'~ chains, to regulate anionie

polymerization and prevent side reactions. Further details on sequential anionie

polymerization ofthis type are described in the literature. l 2. 14-16

The degrees of polymerization of PS and dPS blacks, and the polydispersity

indexes of the black copolymer samples (P.1.), were detennined by size-exclusion

chromatography (SEC). For all samples, P.L values were between 1.08 and 1.13,

indicating relatively low polydispersities for the polymer chains. The number of units in

the poly(tert-butylacrylate) blacks were detennined using quantitative FTIR (perkin-Elmer

16 PC apparatus) of block copolymers dissolved in carbon tetrachloride. The poly(tert­

butylacrylate) blacks were then hydrolyzed ta the acid form, poly(acrylic acid) (PAA), by

dissolving the polymers in toluene (5 % POlymer (w/w)) and refluxing for ca. 12 h in the

presence of a p-toluenesulfonic acid catalyst. The hydrolyzed samples were precipitated

into methanol, then dried under vacuum at 70 oC for ca. 24 h.

8.3.2. Preparation and Fractionation orB/ock Ionomer Micelles

Block copolymers in the acid fonn were dissolved in a 90/10 (v/v) mixture of

benzene/methanol to obtain a solution of 2 wt. % polymer. Micellization was induced by

stoichiometric neutralization of the PAA blocks with a 0.25 M methanolic solution of

cesium hydroxide monohydrate (CsOH·H20). The black ionomer micelles were then

recovered by fteeze drying, followed by further drying of the samples under vacuum at 70

oC. Complete neutra1ization of the acid blacks to poly(cesium acrylate) (PACs) was

confinned by FTIR speetroscopy.

The reverse micelles in THF solutions were characterized by size-exelusion

chromatography (SEC), using a Waters Model 510 Iiquid ehromatograph equipped with a
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Varian RI-4 refractive index detector and the Millennium 2010 software package.

Chromatograms revea1ed two populations at high and low elution volumes, attributed to

single chains and micelles, respectively. The percentage ofsingle chains with respect ta the

total weight of PQlymer was calculated from the relative areas under the two peaks. For

the samples investigated, single chain fractions were between 15-28 wt. %.

Single chain fractions in these block ionomers were attributed mainly ta dPS­

labeled polystyrene (Le. no ionic block). Labeled, unmicellized chains will contribute to

the coherent SANS scattering, and may partially obscure the effects of coronal structure;

it was therefore desirable to fractionate these materials, in order to obtain relatively pure

micelle samples. Fractionation ofthe samples was accomplished by dissolving the samples

ta 2 wt. % polymer in THF, followed by the addition ofMilli-Q water (ca. 15% (w/w); a

white precipitate fonned, and this was allowed to settle to the bottom of the container.

Sïnce micelles have a lower solubility in THF/water mixtures than single chains, the

precipitate was assumed to contain mainly micellized material. The precipitate was

isolated by vacuum filtratio~ dried under vac~ then characterized by SEC in THF

solutions. SEC chromatograms revealed a significantly lower single chain fraction

following fractionation. For sorne samples, the material was fractionated twice; final

single chain fractions were ~ 4 wt. % in a11 cases.

The average lengths of the ionic blacks were significantly affected by the removal

of the single chain fractions. For each sample, the average ionic block length was

therefore recalculated, using FTIR data for the polymers in the ester fonn, and accounting

for the weight percentage of labeled PS that was removed.

Three block ionomer samples were prepared for SANS experiments; these were

designated samples 1, II and m, and had the following compositions: sample 1, PS(240)­

dPS(190)-PS(390)-PACs(48); sample il, PS(370)-dPS(ZSO)-PS(l80)-PACs(79); and

sample m, PS(590)-dPS(270)-PACs(60). Numbers in brackets designate degrees of

polymerization for each black, with dPS labels indicated in bold cbaracters and PACs

blacks italicized for the sake of clarity. In later sections of this chaptert polymer

compositions will he shown using ooly degrees of polymerization for each block, e.g.,

sample 1(240-190-390-48).
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8.3.3. Statie Lig.ht Scanerin~

Static light scattering experiments were perfonned on a Dawn-F muIti-angle laser

photometer (Wyatt Technology) equipped with a He-Ne laser (632.8 nm). Data

acquisition and Zimm plot processing was carried out using DawnF and Aurora (Wyatt)

software, respectively. Stock solutions of samples 1, II and m were prepared by

dissolving the white solids in toluene. These solutions were then filtered through

membrane filters with a nominal pore size of 0.45 J.lIll and transferred to a dust-free

scintillation vial. Micelle solutions were diluted with filtered toluene, such that

measurements were obtained at five different concentrations, in the range of0.2 - 0.1 mg 1

mL.

8.3.4.l))mamic Lig.ht Scattering

Dynamic light scattering (DLS) experiments were perfonned on a Brookhaven

Instruments photon correlation spectrometer equipped with a BI-9000AT digital

correlator and Micro Green diode-pumped laser (532 nm) from Uniphase. AlI

measurements were made in toluene at 22 oC over a range ofconcentrations 1.5 - 0.5 mg 1

mL. Stock solutions were filtered through membrane filters with a nominal pore size of

0.45 J.lIl1 and transferred to dust-free vials. The angle of detection was 90 ° for ail

measurements.

Effective diffusion coefficients were detennined from the fust cumulant, which is

the z-average relaxation rate, rz(s-l), of the autocorrelation function, g)('r). Values of the

second cumulant, wrz
2

, indicated relatively low polydispersities of relaxation rates for aIl

three samples. Effective diffusion coefficients did not vary significantly in this range of

concentrations, and were therefore assumed to he equivalent to Do, the diffusion

coefficient at infinite dilution. Rb values were calcu1ated from Do using the Stokes­

Einstein relation for diffusing spheres.

8.3.5. Small-Ani1e Neutron Scatterin~

SANS experiments were perfonned on a small-angle neutron scattering

spectrometer (beamline NG7) in the cold neutron research facility at the National Institute
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of Standards and Technology (NISn. Sample to detector distances of 200 and 1350 cm

were used, with a neutron wavelength of À. = 6 ~ to obtain scattering profiles in the

regions q = 0.012 - 0.30 Â-l and q = 0.0020 - 0.030 Â-l, respectively. In the intennediate

region (q = 0.012 - 0.30 Â-l), samples 1, II, and ID were investigated in toluene solutions

at polymer concentrations of 1, 3, and 5 wt. %; the same solutions were investigated in

the range of low q values (q =0.0020 - 0.030 Â-l), together with an additional dilute

concentration (0.25 wt. % polymer) for each sample.

Small-angle scattering data were collected using a 2D detector, and normalized to

a flXed number ofincident neutrons corresponding to a monitor couot of 108
• The toluene

background scattering was subtracted from the data, after which corrections for detector

nonunifonnity were Perfonned through pixel-by-pixel division of the data by the measured

scattering of water. A detector mask was applied to discard nonfunctional pixels, then the

data was circularly averaged to obtain scattering profiles ofthe forro la",: vs. q.

Scattering profiles were placed on an absolute scale by calculating labs(q) from

lave(q), where labs(q) is the absolute scattering cross section per unit volume of sample.

Scattered intensity from circular averaging is related to the absolute scattering cross

section by the following expression:

(1)

•

where cP is the flux on the sample, A is the sample area, d is the sample thickness, T is the

measured sample transmission, .Ml is the solid angle subtended by one pixel, s is the

detector efficiency, and t is the effective counting time (nonnalized to 108 counts). For a

given sample and spectrometer configuration, l.(q) was determined by dividing eq lover

all scanering vectors by the equivalent expression for an appropriate standard when q =
o. Since~, Â, ~, and & are identica1 for the sample and standard under the same

spectrometer conditions, the following expression is obtained:
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• / av~ (q)dsT:/• .s (0)
f am (q) = I~.s (O)dT

(2)

•

where ds and Ts are the thickness and transmission of the standard, respectively. fa..-e.s(O),

the circularly averaged intensity for the measured standard at q = 0, was detennined by

fitting fave..s vs. q for the appropriate spectrometer configuration; /abs,s(0), the absolute

scattering cross section for the standard at q =0, is a tabulated quantity for aU available

standards. To reduce the present data, different standards were used for each of the two

spectrometer configurations, based on minimum q-values for the data and scattering

patterns of the standards. In the range q = 0.012 - 0.30 A-l, a water standard was used

(fabs,s(O) = 0.96 cm- l at À. = 6 À), while for low-q values, q = 0.0020 - 0.030 A-l, a

PQlystyrene standard (/abs.,s(O) = 220 cm-Il was considered to be optimal. For the

remainder of this chapter, the subscript "abs" is omitted in referenees to scattered intensity

profiles, such that I(q) represents absolute scattering cross sections.

8.4. Results and Discussion

8.4.1. Static and IJynamic Li~ht ScatterinK Results

Statie light scattering data of samples 1 (240-190-390-48), II (370-250-180-79),

and m (590-270-60) in toluene were used to construct Zimm plots, from which the radii

of gyration, R~ and molecular weights, Mw, of the micelles were determined. Sïnce the

weight fraction of single chains relative to total polymer was very low in ail sampIes (~ 4

%), Mw values from Zimm plot analysis were assumed to he equal to the molecular

weights of reverse micelles; aggregation numbers, Z, for the three micelle samples were

therefore calculated using values of Mw and the molecular weights of the component

unimer chains. The radii of ionic cores, Rœre, were calcu1ated from aggregation numbers,

assuming that the cores were spherical and free of solvent; in this calculation, the core

density was equal to the measured bulk density of poly(cesium acrylate), 2 glmL.17

Considering strong ionic interactions in the core, and high surface tension at the core·

solvent interface, exclusion of solvent ftom the ionic core is a reasonable assomption.
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Values of Z, Rcore, and Rg for the three samples are listed in Table 8.1. Aggregation

numbers range from 82 to 110, with core radii of 0.6 Dm for samples 1 (240-190-390-48)

and III (590-270-60), and 0.7 nm for sample II (370-250-180-79). The radü of gyration

for samples 1 and n are very sunHar, 30 and 33 nm, respectively, while Rg for sample ID,

23 nID, is somewhat lower.

Table 8.1. Characteristics of black ionomer micelles and overlap concentrations from

light scattering data.

PS-b-dPS-b-PS-b-PACs Nps Z Raxe Ra Rb R/Rb corona c·, c·.
(nm) (am) (nm) ext.. fce bec

(%) (wt.%) (wt.%)

sample 1(240-190-390-48) 820 96 0.60 30 44 0.68 21 3.6 3.2

sample II (370-250-180-79) 800 1I0 0.70 33 46 0.72 22 3.8 3.4

samDle III (590-270-60) 860 82 0.60 23 36 0.64 17 5.9 5.3

In order to compare SANS profiles for deuterated labels at different positions

within the micelle corona, aIl other micelle parameters should be heid constant, especially

those that influence the coronaI structure. VaIues in Table 8.1 indicate that differences in

aggregation numbers are not too significant, considering that the coronai brush height, H,

is expected to scale ooly wealdy with Z (H - ZJ·2 for starlike brushes);13 however, a closer

comparison of micelle stnlcture in samples 1, fi, and ID by light scattering techniques is

worthwhile.

The hydrodynamic radius, Rh, provides usefu1 information on the structure of

micelles in solution. This quantity was detennined from dynamic light scattering

measurements in dilute solutions, and therefore represents the overall radius of individual,

noninteracting micelles. A combination of static and dynamic light scattering results

allows the ratio R/Rb to he detennined (Table 8.1), and this quantity yjelds useful

infonnation on the geometry ofcolloidal particles.18 These values are found to be slightly

less tban the ratio for bard spheres (R/Rb = 0.775). Sïnce anisotropie geometry, resulting

from rod or disclike structures, would result in ratios > 0.775, these results seem to

suggest spherical geometry of micelles for all three samples. It is not fully understood
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why RglRh values (0.64-0.72) are somewhat less than those ofhard spheres, though this

may he related to long-range interactions in solutio~ resulting in slight increases in the

apparent Rb, or to the existence of a free-draining term in the hydrodynamic bebaviour of

the micelles.18

To determine the average extension of coronal chains in the micelle samples, the

height ofthe spherical brush, H, was tirst calculated from:

(3)

The percentage coronal extension (Table 8.1) was then obtained by comparison of the

brush height with the fully extended contour length of PS Chains,19 as described in the

expression:

looH
%extension=--

aNps

(4)

•

where a = 0.25 nm, which is the length of one PS repeat unit; Nps is the total number of

PS and dPS units in a single coronai chain, which is hetween 800 and 860 units for all

three samples. The percentage of extension in samples 1 (240-190-390-48) and II (370­

250-180-79) were found to he very similar (21 and 22 %) and these micelle populations

were therefore assumed to have very similar coronaI structure. The micelles in sample m
(590-270-60), were found to have somewhat less extended coronae (17 %), which can be

attributed both to a lower aggregation number (Z = 82) and longer coronal chains (Nps =
860). Fortuitously, the deuterated labels in sample ID are located closest to the ionic core, .

where coronal chains are expected to he most severely stretched; the overall uless

extended" structure of the micelle corona in this sample should therefore not obscure the

effect of label position.

Another parameter that can he detennined ftom Rh is the micelle overlap

concentration, c*, which is simply the concentration at which the coronai regions of

neighbouring micelles begin to overlap. CalculatioDS ofc· in toluene were made for bath
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face-centered cubic (fcc) and body-centered cubic (bec) paclang ofspheres6
•
7
.9 (where Rb=

the radius of the spheres) (Table 8.1). Although interpanicle correlations are considered

in a later section of this chapter, a detailed analysis of the structure factor is beyond the

scope of the present work; therefore, the type of ordering at high polymer concentrations

has not been confinned and values of c* presented in Table 8.1 should he regarded as

rough estimates of actual overlap concentrations. With these considerations, it was

detennined that micelle overlap in toluene begins at a polymer concentration of ca. 3 wt.

% for samples 1 (240-190-390-48) and II (370-250-180-79), and at cao 5 wto % for

sample ID (590-270-60). In the discussion of SANS results, these results are compared

with interparticle distances at different concentrations, as calculated from the Bragg peak

of the structure factor.

8.4.2. Sma/l-An~le Neutron Scatterin~ Results

Corrected scanering profiles of 1 vs. q for samples 1 (240-190-390-48), II (370­

250-180-79), and m (590-270-60), in toluene can he attributed mainly to coherent

scanering from the deuterated labels. This follows from relative scanering cross sections

of dPS labels (6.5 xl0-6 A-2), PS blocks (1.4 x 10-6 .A02
), PACs cores (1.5 x 10-6 A-2), and

toluene (0.9 x 10-6 A02), which strongly suggest that the reverse micelles, \\;th the

exception of the deuterated labels, are ~~contrast-matchednwith the surrounding solvento

Only the labels, therefore, are "seen" by the neutrons, although the labels themselves will

"feel" the steric influence of bath deuterated and undeuterated PS segments. It should be

noted that the undeuterated materia! will contribute a considerable arnount of incoherent

scanering to the raw data, although this component is removed in the data reduction

process, by subtraction ofthe solvent background.

The coherent scattered intensity consists of bath interparticle and intraparticle

contributions, known as the structure factor, S(q), and fonn factor, P(q), respectively:

•
I(q) - S(q)P(q) (5)
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The interparticle structure factor is the Fourier transfonn of the pair correlation functio~

g(r):

S(q) = 1+ 41t Jr[g(r) -I]sin(qr)dr
p

(6)

•

where p is the particle number density ofmicelles. At high values of the scattering vector,

the structure factor asymptotically approaches unity, and the form factor becomes the

dominant contnbution to coherent scattering. As weil, the structure factor becomes

insignificant at extremely low concentrations, where correlations between particles are

negligIble. At sufficient degrees of dilutio~ therefore, it is possible to relate the scattered

intensity at low q values to intraparticle scattering; this is known as the Guinier region of

the form factor, and yields the radius ofgyration of individual particles.

The following section is divided into three parts. In section 8.4.2.1, scattered

intensity profiles at intennediate q values are discussed, and the contnèution of

interparticle scattering in this region is considered. Analysis of /(q) YÏelds infonnation on

the structure and stiffitess of deuterated labels within the micelle corona, and comparison

of the samples allows these parameters to be determined as a function ofdistance from the

ionic core. In section 8.4.2.2, the intensity /(q) is considered at low values of the

scattering vector, where the effect of interparticle scattering becomes significanL The

structure factor is discussed as a function of polymer concentration. Finally, in section

8.4.2.3, the form factors at low q values are recovered, by sufficient dilution of the

samples; radü of gyration are calculated from the Guinier region of the scattering profiles,

and compared with values obtained from light scattering data.

8.4.2.1. CoronaI Structure ofBlock Ionomer Micelles

In the intennediate region of the scattering vector, corrected profiles I(q) obtained

at l, 3 and 5 wt .% polymer were normalized with concentration; most plots of Ile vs. q

for identical samples at different concentrations show excellent superposition (Figure 8.1).

This suggests that the scattered intensity in this region is dominated by the fonn factor,
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PCq), and is therefore not influenced by interpanicle concentration effects. The one

exception appears to be sample 1 (240-190-390-48) at the highest polymer concentration

(5 wt. %), where negative deviations in the scattering profile are observed at vectors

below q - 0.05 A-l, possibly due to structure factor contributions.

For a polymer concentration of3 %, the scattering profiles for samples 1 (240-190­

390-48), II (370-250-180-79), and m (590-270-60) were compared in the form ofKratky

representations, IqSI3 vs. q (Figure 8.2); the exponent, 5/3, was chosen based on the

expected intensity scaling for swollen chains in the intennediate region of the scanering

vector (I - q-SlJ). It shouId he stressed that the most significant difference between

samples 1, II, and ID is the position of the deuterated label, which is located at 390, 180

and 0 PS units, respectively, fram the ionic core. For sample 1 (240-190-390-48), the

Kratky plot approaches a horizontal asymptote, ÏDdicating q-513 scaling above q* - o.osA-I.
This is in agreement with the Daoud and Cotton model of starlike broshes, in which

polymer chains are represented by a string of ~'blobs" of radially increasing size; within

these blobs, scattered intensity scales as I - q-SI3, in the manner of isolated swollen coiIs. l3

In the previous chapter, for dPS labels at 820 and 1080 units from the core, scanered

intensity also showed local single chain behaviour at intennediate q, scaling as q-SI3 in a

good solvent. ll However, from the Kratky plots ofsamples II (370-250-180-79) and m
(590-270-60), it can be seen that scattering fram the deuterated labels daes not approach

q-513 scaling, as evinced by a steady increase of IqSI3 with increasing q.

Another distinct feature in Kratky plots of samples II (370-250-180-79) and ID

(590-270-60) is a maximwn at q - 0.02 A-l, which is significandy more pronounced in the

latter sample. This peak is an expected feature for fully-contrasted stars, and in Benoit's

model of Gaussian stars occurs at q _lIRI •
lO The scattered intensity will increasingly.

resemble that of a polymer star as contributions from interchain scattering become more

prominent; this will occur as the local segment densities of the contrasted labels increase.

Thus the clear growth of the Kratky maximum suggests higher local segment densities for

dPS probes situated closer to the core. In star polymer systems, Kratky maxima were also

found to be more pronounced when the contrast of the inner brush was increased.2 Gast

and coworkers observed maxima in Kratky plots for symmetrical PS-b-PEO micelles in
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Figure 8.1. Scattered intensity nonnalized with concentration, I(q)/c (1, 3, and 5 wt. %

polymer), versus scattering vector in the intermediate region.
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Figure 8.2. Kratlcy plots for samples 1 (240-190-390-48), fi (370-250-180-79), and m
(590-270-60), at a concentration of 3 wt. %. Only sample 1 (.) approacbes the q-SI3

scattering ofswollen coils.
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cyclohexanelwater; no contrast labeling was used in that study, a1though average densities

of coronal regions were high enough to show evidence of significant scattering between

bains 5
C .

A quantitative comparison of / vs. q in the intennediate region of the scattering

vector was obtained by plotting SANS profiles on a log-log scale. Such plots for micelles

at 3 wt. % polymer are shown in Figure 8.3. For aIl three samples, the profiles exhibit

linear behaviour above q = 0.05 Â-l (= e-3); slopes obtained ftom least squares regression

of the linear regions yield scaling exponents for 1 - qoO., where a is tenned the

characteristic exponent, and these are Iisted in Table 8.2. As descnoed earlier, a swoUen

coiI is expected to show scattered intensity scaling as 1 - q-sn (a = 5/3 or 1.7) in the

intennediate region of q; this is also true of semidilute solutions in good solvents, which

show local swollen coiI bebaviour at length scales shorter than the blob size. In general,

stiffer chains will show lower values of the characteristic exponent, with a =1 indicating

rod-like scaling at certain length scales.

At 3 wt. %, a value of a = 1.7 was detennined for sample l (240-190-390-48),

confinning the results ofKratky analysis and suggesting a semidilute environment for dPS

labels 390 units from the core. At the same polymer concentration, scattering from dPS

labels 180 units from the core (sample II) gave a = 1.3, indicating /- q-1.3 scaling for q >

0.05 À-l; thus the stifthess of chains is markedly higher in this region of the corona, such

that the labels no longer exmoit single chain behaviour at intermediate q. The environment

of the labels is no longer semidilute, and steric perturbations to chain conformations are

more severe. This trend is further demonstrated by scauered intensity for sample m (590­

270-60) at the same concentration (3%), which shows rod-like scaling, 1 - q.I.O, for

scattering vectors greater than 0.05 ;"-1. From the minimum scattering vector for q-I.O

scaling,21 q = 0.05 A-t, it is determined that the dPS labels next to the core cao he

described in terms of statistical units of ca. 7S Â in length; this value CaD he compared

with the fully-extended contour length of the dPS labels (270 units), which is 675 Â. Each

label contains only 9 statistical units, and will therefore behave in a 6~orm-like", rather

than a statistical, manner.
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Figure 8.3. SANS profiles on a natura! log scale for samples 1 (240-190-390-48), fi

(370-250-180-79), and m (590-270-60), at a concentration of 3 wt. %. Solid lines

indicate 1inea:r regression in the region q > 0.05 A-t; the sl0PeS of the lines yield

characteristic exponents for the scaling relation 1 _ q4.
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Table 8.2. I(q) scaling exponents (1 - q-4) at intermediate scattering vectors, for

deuterated labels in black ionomer micelles.

PS-b-dPS-b-PS-b-PACs poly. conc. a,
(wt. %) q> 0.05 Â-l

sample 1 (240-190-390-48) 1 1.8
sample n (370-25O-180-79) 1 1.0
sample m (590-21O-60) 1 0.7

sample 1 (240-190-390-48) 3 1.7
sample n (370-250-180-79) 3 1.3
sample m (590-270-60) 3 1.0

sample 1 (240-190-390-48) 5 1.7
sample il (370-250-180-79) 5 1.4
sample ru (590-210-60) 5 1.1

The observed increase in the stiffness of dPS labels with decreasing distance from

the core cao he attributed to higher local segment densities closer to the center of the

polymer brosh. This supports the results of Kratky anaIysis, and suggests a segment

deosity profile which decreases with radial distance from the center, as predicted by

Daoud and Cotton in their model of starlike polymer broshes. However, by labeling

different parts ofthe corona in black copolymer micelles, it bas aIso shown that the "blob"

concept of that model can ooly be applied al distances sufficiently removed from the core,

where coronal chains exist in a semidilute environmenL Close to the core of starlike

micelles, high segment densities result in large steric perturbations to swollen coil

behaviour, such that q-SI3 scaling of scattered intensity is not observed on any length

scale. A breakdown of the blob model near the core of starlike block coPOlymer micelles

bas been predicted by Gast et al.;s to our knowledge, this work provides the first direct

support ofthat prediction.

Values ofcharacteristic exponents for the relation 1 - q-4 , where q > 0.05 Â-I, are

listed in Table 8.2 for different polymer concentrations. For ail samples, it is found that

the values obtained for 5 % and 3% solutions are nearly identical. In the previous chapter,

an increase in the stiflhess of dPS labels was observed in sorne samples as the

concentration was increased weil above c*; this was attributed to an increase in local

segment densities of the probes, resulting ftom the overlap of coronal regions.Il In the
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present case, it is thought that two imponant factors prevent a manifestation of the same

effect. In the tirst place, the overlap concentrations are higher for these samples (3 - 5 wt.

%) than those used in the previous study (ca. 2 Wl. %). As weil, the dPS labels in the

present samples are located closer to the core, and are therefore screened from overlap

effects by relatively high local segment densities.

We further note that samples II (370-250-180-79) and m (590-270-60) show

somewhat depressed characteristic ratios Ca = 1.0 and 0.7, rCSPeCtively) at polymer

concentrations of 1 %. These effects are believed to he artifacts resulting from extremely

low scattering ÏDtensities, in particular at high q values, from dPS probes in the 1%

solutions. In the case of sample fi, the measured exponen~ a = 0.7, is not physically

meaningful, as the smallest possible exponent is a =1.0 for rod-like scaling.

8.4.2.2. Interparticle Scattering and Solution Structure

In the range of low q values (q =0.0020 - 0.030 Â-l), scattered intensity from dPS

probes revealed clear interparticle correlations for most POlymer concentrations. Plots of1

vs. q in this region are shown for sample m (590-270-60) at polymer concentrations of

0.25, 1,3, and 5 wt. % (Figure 8.4). Except for the lowest concentration, a maximum is

observed in ail SANS profIles; this is the first-order structure peak, or Bragg peak, and

is related to the average distance between particles, dBragg, by:

d Bragg = 21t / qmax (7)

•

where qmax is the position of the first structure factor maximum. From Bragg peak

positions, dBragg was calculated for the three samples at polymer concentrations of l, 3,

and 5 wt. % (Table 8.3); due to overlap with the form factor, the Bragg maximmn for

sample 1at 5 Wl. % was not clearly defined, and is therefore not reported in Table 8.3 .

225



•
Chapter 8. Coronal Structure ofStarlike Black Ionomers

100 ~• • 0.25 %•• 0 1%•,......... • 3%
("J'.) 80 • • 5%......~ •c:s •

..ci .-. •... 60 • •
~ ••'-'" •à •• ••...... •00
c 40 •• •
aJ...... •• •C
~ ••

20

o.s 1.0 1.5 2.0

q X 102 (A-l)

2.5 3.0

•

Figure 8.4. SANS profiles in low-q region, for sample m (590-270-60) at different

polymer concentrations. The Bragg peak (observed for 1, 3, and 5 wt. % solutions) is

found to shift to higher q with as the concentration is increased.
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Figure 8.5. Plots of the Bragg peak position, qrmx, vs. c l13 for samples l and II. The linear

relation iDdicates liquid ordering in these solutions.
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Table 8.3. Comparison ofinterparticle distances and micelle hydrodynamic diameters.

PS-b-dPS-b-PS-b-PACs poly. conc. 2R1l qmaxX lo-t dfJtw.
(wt. %) (nm) (Â·l) (nm)

sample 1(240-190-390-48) 1 88 0.42 149
sample 1(240-190-390-48) 3 88 0.77 82
sample 1(240-190-390-48) S 88

sample II (370-250-180-79) 1 92 039 163
sample II (370-250-180-79) 3 92 0.69 91
sample II (370-259-180-79) S 92 0.85 74

sample III (590-270-60) 1 72 0.65 96
sample ID (590-170-60) 3 72 0.92 68
sarnole III (590-170-60) S 72 1.10 57

In order for micelle overlap ta occur, the average distance between particles, darag,

must be equal ta or less than twice the panicle radius. Hydrodynamic diameters from

dynamic light scattering results, 2Rb, are therefore listed alongside d amgg values (Table

8.3). The hydrodynamic radü, Rh, are defined for dilute conditions, as they describe the

overall sae of isolated micelles in solution; as indicated in Table 8.3, these values do not

vary with polymer concentration. Comparison of 2Rb and dBragg indicates that the

condition of micelle overlap, 2Rb =dBragg!l is fulfilled for ail three samples at a polymer

concentration of ca. 3 %. For samples l (240-190-390-48) and il (370-250-180-79), this

finding agrees well with c· values in Table 8.1, which were calculated using the

assumption of a cubic lanice for solution ordering. Using the same assumption, c· for

sample III (590-270-60) was detennined to he ca. 5 %, which is higher than the value of

ca. 3 % from Bragg spacings. A possible reason for this discrepancy is the lower

percentage of extension for coronal cbains in sample m (Table 8.1), which may allow the

particles to pack into a somewhat less ordered lattice type.

For samples II and ID, the position of the Bragg maximum, qmax, was ploned vs.

c l13
, where c is the weight percent polymer concentration; a linear relation was obtained in

both cases (Figure 8.S). This supports the existence of liquid order in the system, for

which qrnax is expected to scale as c l13
; sample 1was not included in this analysis, since ooly

two data points were available.
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A more detailed description of solution structure would require fitting of the fonn

factor, P(q), in the region oflow q, such that S(q) could be mathematically extracted &om

the corrected scattering profile I(q), according to eq S. In this case, higher·order structure

peaks may he detected at high concentrations, which, in principle, would allow

detennination of the micelle packing lanice. In another study,22 SAXS profiles of PS-b­

PACs reverse micelles were obtained al various solution concentrations and in the bulk;

isolated structure factors revealed up to three peaks related to interparticle correlations.

The systems were found to exhibit liquid order, although the exact structure of the

solutions could not he solved.

8.4.2.3. Guinier Analysis

Guinier plots were also consttucted from SANS profiles in the region of low q,

using data obtained at a polymer concentration of 0.25 wt. %. At this degree of dilution,

I(q) did not show evidence ofinterparticle scattering for any of the samples; in Figure 8.4,

the Bragg maximum bas completely disappeared at 0.25 %, suggesting that the fonn

factor, P(q), bas been recovered at low q. When interparticle effects are negligible, the

particle radius of gyration can he detennined ftom the scattered intensity profile at small

scattering vectors, according to the Guinier approximation:

(8)

•

Radii of gyration for the three samples were thus obtained from slopes of I(q) (on a

natural log scale) vs. q2 in selected linear regions al low q. These plots are shown in

Figure 8.6 for samples 1 (240-190-390-48), n (370-250-180-79), and m (590-270-60),

and yield Rg values of 32, 33, and 16 nm, respectively. The values for samples 1 and fi

agree weil with those obtained from static light scattering measurements (30 and 33 nm),

which suggests that neutron scattering in the Guinier regime reflects the size of the overall

micelle, rather than individual deuterated labels; this follows from the mobility of the

polymer chains, which should allow the labels to "explore" ail parts ofthe micelle corona,
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Figure 8.6. Guinier plots~ 1 vs. q2, for sample 1 (0), il (e), and ID (Â) at a POlymer

concentration of 0.25 wt. %.
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even though their average local densities are govemed by their most probable position

within the brush. In sample ID, however, the dPS labels are linked directly to the ionie

core, such that their mobility within the corona is restricted to the inner polymer brush.

The radius of gyration from Guinier analysis of the SANS profile (16 nm) is therefore

somewhat smaller than Rg of the whole micelle (23 nm), as detennined by statie light

scattering.

Since the ionic core is very small (Rcore =0.60 nm) compared with the size of the

brosh, the contrast situation in sample ID (590-270-60) allows the neutrons to "see" what

resembles a dense star polymer, with 82 arms of270 dPS units radiating out from a single

point. From the radius ofgyration of this star, Rg =16 nm, the radius of gyration ofeach

individual ann23 was calculated using the expression:

Rg.star = [(3Z - 2)]112
Rg,arm Z

(9)

•

where the right-hand-side of eq 9 equals 2.98 when Z = 82. The radius of gyration of the

deuterated anns in sample ID was thus determined to he 9.3 Dm. As expected, this value

lies between the radius of gytation of a 6iIee" dPS label of equivalent length in toluene (S

nm), and that of the fully-extended label (19 nm). It is also useful to compare the radius

of gyration of the star from Guinier analysis, Rg = 16 Dm, with the value detennined from

the Kratky peak in Figure 8.2, which should occur at l/Rg for Gaussian stars.20 The latter

method yields Rg = S Dm, more than three times sma1ler than the Guinier result. This

suggests that the Gaussian Madel does not apply to the tightly-packed star in sample m
(590-270-60).

s.s. Conclusions

Small-angle neutron scattering (SANS) experiments were used to study solutions

of PS-b-dPS-b-PS-b-PACs starlike black ionomer micelles in toluene, in which contrast

was provided by deuterated labels situated al different distances from the ionic core.
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Characteristic exponents for the scaIing relation 1 - q-C1 were detennined from corrected

scattering profiles al intennediate scattering vectors. For deuterated labels situated at 390

PS units from the core, the scattered intensity scaled as 1 - q-l.7 at intennediate q,

suggesting a semidilute environment for the labels and local swollen coU behaviour. When

the probes were 180 PS units from the core, however, they did not show single chain

scaling at any length scale, and the relation 1 - q-I.J was found at intennediate q. The

stiffuess ofdPS probes directly attached to the core was even greater; in this case, 1 _ q-l.O

scaling indicated wonn-like chains with statistical units of ca. 75 Â. In Kratky

representations of the three samples, a maximum cbaracteristic ofpolymer stars was found

to be more pronounced for dPS labels located closer to the core, indicating greater

contributions from interchain scattering. The observed increases in chain stifthess and

interchain scattering suggest a significant increase in local segment densities with

decreasing distance trom the ionic core, in agreement with the Daoud and Conon model

for star polymers. However, in the present case of starlike black ionomer micelles, il is

found that the use of ~"Iobs" of local single chain behaviour to descnbe the polymer

brushes is applicable only at distances sufficiently removed trom the core.

In the region of low q, interparticle scattering was investigated as a function of

polymer concentration. From the position of the Bragg maximum, the average distance

between particles was calculated, and the concentration at which 2Rh = dorau was

estimated. For samples 1 (240-190-390-48) and II (370-250-180-79), overlap

concentrations, c·, determined in this manner agreed with values calculated for body and

face-centered lattices of micelle packing. The position of the Bragg peak was found to

scale with concentration as clJ3
, suggesting liquid ordering ofthe solution.

Radii of gyration detetmined from Guinier analysis agreed well with light

scattering results for samples 1 (240-190-390-48) and il (370-250-180-79). In sample m
(590-270-60), however, in which the labels were attached directly to the core, Rg from

SANS (16 nm) was smaller than the value detennined for micelles by static light scattering

(23 nm). In this case, the neutrons "seeu only the inner part of the spherical brush, which

resembles a densely-packed star polymer. RI for a single dPS ann of the star was
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determined to he 9.3 Dm, which lies between "extreme" values for the equivalent free

swollen coil (5 nm) and the fully extended chain (19 nm).
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They intend to send a wire
To themoon;

And they 'll set the Thames on fire
Very soon...

And weasels at their slllmbers
They'Il trepan;

To get sunbeams[rom cucumbers
They 've a plan.

They 've a firmly rooted notion
They can cross the Polar Ocean,
And they 'll find Perpetuai Motion,

Ifthey can!

w. S. Gilbert
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CHAPTER9

Conclusions, Contributions to Original

Knowledge, and Suggestions for Future

Work

9.1. Conclusions and Contributions to Original Knowledge

This section provides a summary of the notable findings discussed in the thesis,

\vith an emphasis on original aspects ofthese results. Reflecting the two main parts of the

work., this section will he divided into two parts. Section 9.1.1 concems black ionomers

as inorganic microreactors of controUable size, and thus presents important results from

chapters 3, 4, 5, and 6. In section 9.1.2, the study ofcoronal structure in block ionomers

by SANS (chapters 7 and 8) is discussed.

9.1.1. Black Ionomer Microreactors

Chapter 3 of this thesis introduces a new and reliable method of size control for

inorganic particle synthesis, in which the sizes of particles can he ~'tuned" at the nanoscale

level via variations in the structure or composition of the ionomer hosto The ability to

control sizes is a practical application of a priori knowledge of ionomer aggregation

numbers. In a system of PS-based random ionomers, aggregation numbers were

controlled via the lengths of side chains connecting the polymer backbone with

carboxylate functional groups. A series of ionomers with varying side-chain lengths was
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fonned by neutralization of the carboxylic acid precursors with cadmium or lead ions; the

ionomers were then reacted with H1S ta fonn CdS and PbS nanoparticles, respectively.

UV-vis analysis showed that the semiconducting nanopanicles were quantum-confined, so

the actual sizes could he detennined from the absorption edge. The sizes of CdS

nanoparticles (2RCdS) were found to increase in a linear fashion with the length of the

sidechains, with a slope ofca. 0.40. An identical slope bas been found in plots ofmultiplet

sizes versus side chain lengths, suggesting that nanoparticle growth is limited by the

number of ions in the multiplet. This was supported by comparison of the number of ion

pairs in CdS and PbS nanoparticles, which were remarkably similar for the same ionomer

hast. In the random ionomer series, the sizes of nanoparticles were controlled in the

extremely narrow range of2R = 18 - 23 A, and were shown to have a low po!ydispersity,

with radü polydispersity indexes of ca. 1.03. For a representative sample, nanoparticle

sizes were also calculated from small-angle x-ray scanering measurements, using a

simple-cubic packing model ta caleulate the number of ion pairs from the Bragg peak;

SAXS results were found to agree well with sizes detennined from UV-vis data. Along

\Vith acting as a system of ~~microreactors"for nanoparticle synthesis, the ionomer matrix

\Vas also found ta stabilize and protect the nanopanicles from agglomeration and other

mechanisms of long-term particle growth. After 7 months storage under ambient

conditions, the particle sizes were found to increase by ooly 1-3 A.

The concept of inorganic microreactors was expanded to include a system ofblack

ionomers (PS-b-PACd), in which ionic core sizes are dependent on ionic block lengths

(chapter 4). In this study, the ionie cores were plasticized with water to effect a "cherry

morphology". CdS panicle sizes were controlled in the range of 2R = 20-50 A, using

ionic block lengths of 4-32 repeat UDÏts. RPI values of 1.02-1.05 were detennined,

indicating a narrow distribution of sizes. The nanoparticle size was found to increase

linearly with the size of ionie core, and sca1e with the ionic black length as NB
3
/
S

, in

agreement with the Halperin model for starlike black copolymers. The relation 2RcdS =
1.9NB3

/
S + 9.4 A was determined for tbis system, indicating that panicle sizes can be

"tuned" at the nanometer scale through variations in ionic block lengths. The "cherry"

morphology (Le., a single nanopanicle per core) was confirmed in most cases by
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comparison of the number of ion pairs in the nanoparticles with the aggregation numbers

of the original ionamer hast. In the largest ionic cores, however, (2Rcore > 100 A) it was

found that the microreactors adopt a ~'raspberry" morphology, as indicated by a plateau

region in the plot of2RCdS vs. 2Rcore•

CdS-black ionomer composites were suspended in organic solvents to form CdS­

containing reverse micelles. Il was found that these aggregates could be stabilized by

reneutralization of the acrylic acid layers surrounding the nanoparticles. Following

reneutralization (or ~1ixing") with NaOH or Cd(Ac)2, the micelles were precipitated into

Methanol then redissolved in toluene. The sequence of dissolution and recovery of the

composite was repeated several times, without loss of CdS or changes in nanoparticle

sizes. As weIl, it was found possible to process the CdS-polymer composites by casting

from toluene or compression molding at 130 oC, without affecting the nanoparticle sizes.

A method of controlled continued growth was also demonstrated, by reloading CdS­

containing microreactors with Cd2
+ ions, followed by secondary treatment \~ith H2S. By

this method~ the nanopanicle sizes were increased from 37 Â to 56 A in (WO steps.

Chapter 5 describes a detailed study of polystyrene-b-poly(metal acrylate) black

ionomer micelles containing a variety of different metal ions. This work is the fust study

to explore the effect of the nature of the counterion on block ionomer aggregation, and

expands the size control of block ionomer microreactors ta include a wide range of

inorganic preeursors. Using statie light scattering (SLS) and size-exclusion

chromatography (SEC) to characterize the colloids, it was found that the aggregation

numbers and ionic core radii scale with the ionic black length in a similar manner for all

metal ions, Z - N80.
74

±!J.03 and Rcore - NB°.5s:o.o3, in agreement with the insoluble black

length dependence predicted by Halperin. The proportionality constants Kz..av and KR,.av are

d d th ta! . d N·"· C • ". ". Cd"· P ".epen ent on e me Ion an decrease as 1- > S > Co- > Ba- > - > b-.

Excellent linear correlation was obtained in plots of Reare vs. NB0.58 (,-2 =0.99), indicating

potential size control for different Metal ions. In the case of black ionomers neutralized

with metal acetates, it was also found that the proPQrtionality constant for aggregation

numbers, Kz..av, decreases linearly with the crystal ionic radius (rion). The soluble black

length dependencies of Z and Rcorc were determined: Z - NA.().42:J:O.06 and Rcore - NA-{).14tiJ.02
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for Cs+, Ba2+, Cd2+ and Ni2+ ions; and Z - NA-0.10:0.05 and Reole - NA-oJ)4:O.02 for Pb2+ and

Co2
+ ions.

Black ionomer micelles containing different Metal ions were also investigated by

dynamic light scattering (OLS). A combination of SLS and DLS results yielded the ratio

RgIRh, which, in most cases, was between the values for stars and compact spheres. The

coronal brush height, H, was calculated from the hydrodynamic radius, Rh. Combining the

data for ail Metal ions, the following scaling relation was detennined, H - ZOU ::0.INAO.
9

::
0.1,

which agrees reasonably weil with the Daoud and Conon model for starlike systems.

Chapter 6 concerns the "secondary" self-assembly of CdS-containing

microreactors in aqueous media to fonn novel spherical assemblies ofquantum dots. Self­

assembly was induced by the slow addition of water to solutions of CdS-containing

reverse micelles in the presence of a PS-b-PAA stabilizing copolymer. The resulting

aggregates were found to closely resemble large compound micelles, sucb as those

observed in aqueous solutions of PS-b-PAA in the "crew-cut" composition regime. The

internaI structure of the aggregates was found to consist ofca. 60 quantum dots dispersed

in a spherical PS matrix. These novel assemblies of nanopanicles in aqueous media may

have severa1 electro-optical or pbotocatalytic applications. Water-soluble, stabilized

nanoparticles are quite rare, and it is recognized that sucb systems are extremely appealing

in terms of their environmental compatability. It was found that the number of aggregate

populations was dependent on the percentage of stabilizing copolymer that was added,

\Vith an excess of stabilizer resulting in the coexistence of LeMs and regular micelles of

PS-b-PAA.

9.1.2. Coronal Structure o(Block Ionomers

The work described in chapters 7 and 8 of this thesis represents the tirst detailed

study of coronal structure in black ionomers. As well, this is the tirst small-angle neutron

scattering (SANS) investigation of block copolymer micelles that employs deuterated

labels to probe specific regions of the corona. In the tirst part of this study (chapter 7),

the scattering from deuterated labels near the outside of the coronal brusb was studied as a

function of solvent conditions and polymer concentration. Two samples of similar
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micelles were investigat~with deuterated labels located al two different positions, 1080

and 820 PS units from the ionic core. In a good solvent at 3 wt. % polymer, the scattered

intensity for both samples scaled as /- q-l.7 in the intennediate region of the scattering

vector, indicating a semidilute environment for the labels. The average ~'blobn size was

found to be larger for the label that was further from the core (1080 units), as detennined

by the minimum vector ofthe intennediate region, q*. This finding was in agreement with

the blob model for starlike spherical brushes. When the polymer concentration in toluene

was increased to 5 wt. %, a decrease in the characteristic exponent for intensity scaling, a,

indicated an increase in the steric crowing of the labels; this concentration-induced chain

stiffening within the corona was attributed to the overiap of neighbouring micelles at

concentrations weil above c*. In cyclohexane at 40 oC (near-9 conditions) the labels were

found to he ''wonn-like'" at 3 wt. % polymer, and collapse to near-Gaussian behavior

when the polymer concentration was increased to c*. Ta our knowledge, these effects of

solvent and concentration on spherical brush structure have not been observed in other

systems ofblock copolymer micelles or star polymers.

In the second part of the study, the range of label positions was expanded to obtain

a more detailed picture of coronai structure, especially in the crowded region near the

center of the brush. Three samples were investigated, with labels situated at 390, 180 and

o units from the core. Labels situated at 390 PS units from the core showed scanered

intensity that scaled as /- q-1.7 at intermediate q, suggesting a semidilute environment in

which swollen coils exhibit local single chain behaviour. A semidilute coronal

environment in starlike brushes is a fundamental assumption of the ~"lob" model. For

labels 180 PS units from the core, intensity scaled as / - q-l.J at intennediate q, which

indicated that local segment densities were higher than those in a semidilute solution. The

stiffuess of labels directIy attached to the core was even greater, and showed 1 _ q-l.O

scaling typical of ~'wonn-like" chains. Kratky representations showed a cbaracteristic

maximum for polymer stars, which was more pronounced for dPS labels located closer ta

the core; this indicated greater contributions from interchain scattering, and provided

further evidence of increasing local segment densities with decreasing distance from the

ionic core, as predicted in the Daoud and Cotton model of star polymers. It is found that
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the use of "blobs" of local single chain behaviour to descnbe the polymer brush is

applicable only at distances sufficiently removed from the core. This is ret1ective of higher

average densities in black ionomer coronae, compared with the more open star polymer

systems.

In the low-q regime of the scattering vector, interparticle scattering was

investigated as a function ofpolymer concentration. The position of the Bragg peak was

found to scale with concentration as c I13
, suggesting liquid ordering of black ionomer

micelle solutions. At low concentrations, Guinier analysis was also performed at low-q.

Rg values agreed weil with Iight scattering results, for samples in which the labels were

removed from the core by 390 or 180 PS unit ~~spacers". For the sample in which labels

were attached directly to the core, Rg from SANS (16 nm) was smaller than the static light

scattering value (23 nm). In this case, the fonn factor represented ooly the inner part of

the spherical brush, which resembled a densely-packed star polymer; the radius of gyration

from SANS was therefore quite different from that detennined for the whole micelle. The

radius of gyration for a single ann of the star was determined to be 9.3 nID. This value

falls between the equivalent free swollen coil (5 nm) and the fullyextended chain (19 nm),

which further suggests that coronal chains experience signifieant sterie crowding near the

core.

9.2. Suggestions for Future Work

9.2.1. Su=ested Research on Semiconductor-Polvmer Composites and Block

Ionomer Microreactors

The work described in chapters 3-6 focused on the synthesis of semiconductor

nanopartic1es in black ionomers, and egpecially on the size control that is possible in this

medium. Although the resulting rnaterials were studied in tenns of their stability in micelle

solutions and in the solid state, it is recognized that further characterization of the

composites would he extremely usefuI, in order to determine the feasibility of electro­

optical and photocatalytic applications.

One possible application of these materials is in the area of integrated optics, as

they are good candidates for artificial dielectric waveguides; these are materials in which
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the effective dielectric properties are detennined both by the optical properties of the

polymer and the conductivity properties of the embedded semiconductors.1 Waveguiding

properties could be studied as a function of CdS particle sizes, which would be '~edn

via the composition of the host materiaL For black ionomer composites containing

metallic particles, waveguiding techniques could be used to study surface-enhanced

Raman spectra of the polymer host near the guest particles. This would allow

nanoparticle-polymer interactions to he studied spectroscopically under a wide range of

conditions.

Nonlinear optical properties of the CdS-polymer composites could aIso he studied

using pump-probe experiments, which measure transient bleaching of the excitonic

absorption.1 For such experiments, the HpumpH is a laser pulse which excites the

semiconductor particles, creating both excitons and, in the presence of surface defects,

longer-lived, ''trappedu electron-hole pairs. For the duration of their lifetime (nano to

picosecond lime scale) these excitons and trapped e-h pairs will interact with the excitons

of subsequent probe pulses, resulting in a transient red shift and decreased oscillator

strength of the excitonic absorption. A nonlinear absorption coefficient can thus he

studied, and this is defined as the change in the absorption coefficient divided by the

intensity of the pump pulse. As quantum confinement effects will shift the energy of the

exciton with changing particle size, it should also he possible to HtuneH the nonlinearities

using the accurate size control of the present system. Sïnce ''trapped'' e-h Pairs play an

important role in this traDsient bleacbing effect, especially following the decay of the

original exciton, the modification of surface defects provides another means of influencing

nonlinearities. The "reloadable'" nature of the microreactors is very appealing in this

respect, as it allows a variety of ions or (via simple chemistry) metal and semiconducting

materials to he introduced near the surface of the original particles. In this manner, defect

sites could be "healed" or created by subsequent treatment of the nanopanicle surface.

Another aspect of CdS-polymer composites that could he explored is the potential

photoconductivity of these materials. For such applications, the PS matrix of the present

system would not he optimal, as the polymer host should act as an effective medium for

carrier transport. The carriers are induced by optical excitation of the semiconductor
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nanoparticles, such that conductivity of the composite is controlled by the sizes of

particles and the wavelength of excitation.3 A system of microreactors with comparable

size control, in which the PS block is replaced by a conducting polymer (e.g.

polyvinylcarbazole), therefore represents an interesting and worth\vhile challenge.

Colloidal CdS particles coated with a thin platinum or palladium layer have been

shown to be effective photocatalysts.4 Electrons generated by photo-excitation are

transported via the metallic layer to chemical reagents at the surface. In this manner,

photocatalYtic hydrogen production by the reduction of water bas been demonstrated in

colloids of surfactant-stabilized CdS. In the present syste~ preliminary work bas

involved the development of a block copolymer Ubattery", by reloading CdS-containing

microreactors with Pd2
+ ions, and reducing the ions onto the particle surface.s Continued

work in this area should include the detailed study of the photocatalytic properties of these

materials. This would require the use of analytic techniques, such as gas chromatography

or a membrane polarographic detector (MPD), that are sensitive to micromolar quantities

of hydrogen gas.

Another aspect of this system that remains to be explored is the wide range of

simple chemistry that could be used to convert different Metal ions into metallic or

semiconducting particles. For most of this thesis, CdS and PbS nanoparticles have been

chosen as ~~model products", as their sizes are easily characterized SPectroscopically.

However, it bas also been shown that a variety of ions can be incorporated into the core;

therefore the range of inorganic chemistry in the microreactors should be even more

diverse. Now that a system bas been developed in which reliable size control is possible, a

creative and aggressive ~~anoparticle sYDthesis spree" would undoubtedly produce sorne

interesting materials.

In the production of aqueous semiconductor assemblies, such as those discussed in

chapter 6, an interesting problem is the control of aggregate morphology. Although the

combination of reverse micelles and stabilizing black copolymer used in this work gave

exclusively large compound micelle (LeM) aggregates, a number of other morphologies,

including rods, vesicles, and numerous bilayer structures have been observed in solutions

of PS-b-PAA in the crewcut composition range. Further studies should include variations
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in the composition ofboth the stabilizing and reverse micelle copolymers, relative amounts

of these two components, solvent conditions, solution ionic strengths, etc. Through

systematic variations in these parameters, it is feasible that semiconducting nanoparticles

could be incorporated into other interesting morphologies in aqueous solutions.

9.2.2. Su~estedResearch an Black Ionomer Coronal Structure

Further SANS studies of block ionomers could employa greater number of label

positions, such that the structure of coronal chains as a function of radial distance is

detennined in more detail. In semidilute regions of the corona, an average ·"Iob" size

could he calculated for each label position, from which average segmental densities could

also be detennined. If the number of different label positions is sufficiently high, then a

fully empirical segmental density profile is conceivable. Of course, the synthetic

difficulties surrounding such a project are not trivial, as a large number of tetrablock

copolymers that gjve very similar aggregation numbers would have to be synthesized

individually.

A more modest u next step" would he the continued investigation of samples

discussed in chapters 7 and 8, for a greater range of polymer concentrations and solvent

conditions. In particular, a study of coronal structure as a function of temperature,

especially under near-9 conditions, may allow interesting transitions in chain

confonnations to be observed in situ. As weil, the present work did not include an

investigation of coronal structure for very dilute samples in the near-9 solvenL In this

solvent (cyclohexane, 40 OC), dramatic concentrations effects were observed in the vicinity

ofc*; it is possible that, under near-9 conditions, information on isolated coronal strUcture

couId ooly he obtained at extremely low concentrations.

A more detailed investigation of solution structure would also he possible for this

system. As mentioned in the previous chapter, this would involve a careful fitting of the

form factor in the regjon of low-q, such that form and structure factors could he

mathematically separated. In the present system, fonn factors could he fitted to models

for stars, spheres, or hollow spheres, depending on the position and length of the
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deuterated label. Analysis of the isolated structure factor as a fimction of concentration

would then yield infonnation on the lanice type for micelle packing.

As a final "checkn of tbese results, the SANS experiments described in chapters 7

and 8 could he repeated using "mirror imageU samples, i.e. deuterated micelles and

hydrogenated labels. The main advantage of such a system would be the lower degree of

incoherent scattering, which is mainly attributed to hydrogen nuclei; the use of largely

deuterated micelles in deuterated solvent would therefore significantly increase the signal

ta noise ratio, allowing solutions of lower polymer concentrations to be investigated.

From a synthetic point of view, it would be extremely difficult to produce exact "l1lÎ1TOr

image" replicas of samples used in this work, although similar samples couId be used to

validate general trends.
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