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Abstract

The kinetic and mechanistic details involved in the morphological transitions

occurring in aggregates prepared from the copolymer polystyrene-b-poly(acrylic acid)

(PS-b-PAA) in dioxane-water mixtures and the ability of sodium dodecyl sulfate to

induce architectural changes in these aggregates are described in this dissertation. The

kinetics of the sphere-to-rod., rod-to-sphere, and vesicle-to-rod transitions were

determined by following the change in the solution turbidity as a function of time after

the transitions were induced by a sudden jump in one of the solvent components of the

system. The kinetics ofeach transition was explored as a function of the initial solvent

composition, the magnitude of the solvent content jump, and the initial polymer

concentration. In another study, the amphiphile, sodium dodecyl sulfate (SOS), was

found to induce morphological transitions in the copolymer aggregates at lower water

contents than those required in the absence of surfactant. The effect was studied as a

function of SOS concentration_ solvent composition, and copolymer concentration.
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Résumé

Ce mémoire fait l'objet des détails d'ordre cinétique et mécanistique mis en jeu

lors des transitions morphologiques ayant lieu dans certains aggrégats. Ces derniers sont

en fait des copolymères polystyrène-b-poly(acid acrylique) (PS-b-PAA) en solution

(dioxane/eau). L'abilité du dodécylsulfate de sodium à induire des changements

architecturaux est aussi discutée dans le présent mémoire. Les cinétiques des transitions

sphère-cylindre, cylindre-sphère, et vésicule-cylindre ont été détenninées en suivant le

changement de turbidité en fonction du temps après que les transitions eurent été induites

par une subite augmentation de l'un des solvants du système. Les cinétiques de chaque

transition ont été explorées en fonction de la composition initiale du solvant, de l'ampleur

de cette addition brutale en solvant, ainsi que de la concentration initiale en polymère.

Dans une autre étude, il fut trouvé qu'un amphiphile, le dodécylsulfate de sodium (DSS),

induit des transitions morphologiques dans les aggrégats de copolymères, et ce avec des

taux en eau plus bas que ceux requis en absence de surfactants. Cet effet fut étudié en

fonction de la concentration en DSS, de la composition du système, et de la concentration

en copolymères.
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Foreward

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

(Faculty of Graduate Studies and Research, McGill University), the following text is

cited:

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

or more papers submitted, or to he submitted, for publication, or the clearly

duplicated text of one or more published papers. These texts must he bound

together as an integral part of the thesis.

If this option is chosen, eonnecdng tests tbat provide logiea. bridges

betweeD the differeDt papen are mandatory. The thesis must he written in

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

words, results of a series of papers must he integrated.

The thesis must still confonn to all other requirements of the "Guidelines for

Thesis Preparation". The tbais must inelude: a table of contents, an abstraet

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

objectives of the research, a comprehensive review of the literature, a final

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

Additional material must he provided where appropriate (e.g., in apPendices)

and in sufficient detail to aHow a clear and precise judgement to he made of the

importance and originality of the research reported in the thesis.

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

candidate is requirecl to make an espUeit slatement iD tbe thais as to who

contributed to sueb work and to what estent. The supervisor must attest to

the accuracy of such statement at the doctoral oral defence. Since the task of

the examiners is made more difficult in these cases, it is in the candidate's

interest to clearly specify the responsibilities of all the authors of the co

authored papers."
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This dissertation is written in the form of 3 original papers, each of which

comprises one chapter. [n addition, an introduction to this work is provided in the fust

chapter and general conclusions are given in chapter S. Following normal procedures, the

papers have been submitted or will he submitted shortly for publication in scientific

journals. A Iist of papers contained within each chapter is given helow:

Chapter 2: submitted to Langmuir (in a slightly modified form)

Chapter 3: submitted to Po/ymer (in a slightly modified form)

Chapter 4: to he submitted

Contributions of Authon

AlI of the papers were co-authored by the research director Dr. Adi Eisenberg.

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

presented in this dissertation was perfonned by the author.
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Chapter 1: General Introduction

Cbapter 1
GenerallntroductioD

1.1 Introduction

One of the most intriguing solution properties of block copolymers is their ability to

form micelles in a solvent that is selective for one of the blocks. Over the past few

decades, extensive investigations of this phenomenon over the past few decades, have 100

to the publication of severai book chapters and review articles devoted to this topie,

which are in addition to an extensive collection of originailiterature. 1
•
10

Until recently, small molecule surfactants were the only species known to form,

systematically, self-assembled aggregates of multiple morphologies in solution. 1
1·16

However, in 1995 Zhang and Eisenberg showed that a number of morphologies, sueh as

spheres, rods, vesicles, and reverse micelles, are obtained in solution from an

asymmetric, amphiphilic diblock copolymer. 17 Within the past few years, many studies

have been devoted to the investigation of block eopolymer systems that form multiple

morphologies in solution; Many other studies will he discussed throughout the remainder

ofthis chapter. IS
-
28 These studies have revealed important information about such things

as the factors that influence aggregate architecture, alternative means ofpreparing

multiple block copolymer morphologies, as well as sorne of the thennodynamic and

kinetic aspects of morphological transitions. This thesis focuses on the kinetics and

mechanisms of three morphological transformations, which have been explored with the

aid of turbidity measurements and transmission electron microscopy. These techniques

were also employed in order to investigate the influence of a small Molecule surfactant on

the architecture of diblock copolymer aggregates in solution.

This chapter is meant to provide some introductory information as the basis for the

chapters that follow. ft is divided into seven sections, beginning with an introduction to

polymers, as weil as the methods used in the synthesis and characterization of

Macromolecules. This is followed by a fundamental definition of small Molecule

surfactants. The next two sections draw comparisons between the micellization and phase

behavior of surfactant and block copolymer aggregates. The characterization techniques



used to carry out the experimental work for this thesis are reviewed in section six. The

chapter is concluded with a description of the main objectives of this thesis.

1.2 Introduction to Polymen

1.2.1 Basie Definitions

The word polymer is derived from the Greek words ··poly", which means Many and

"mer', which is equivalent to the English definition of the word part. Polymers are

Macromolecules that are prepared from a large number of monomers, which are referred

to as repeat units when they are covalently bonded together to fonn a macromolecule.29 A

monomer is defined as any small Molecule containing two or more bonding sites; this

quality makes them capable of linking to other monomer units in a chain. Polymers

characteristically have at least one dimension with a lengm in the nanometer to

micrometer range.30

Polymers are broadly defined as being either naturally occurring or synthetically

prepared. Natural polymers include such things as proteins, polysaccarides, and

polynucleotides etc. Polyamides, polyesters, polycarbonates, and polyalkylenes are some

examples of synthetic polymers. There are several other means that are commonly used

to classify polymers including those based upon the kinetics of polymerization, the

synthesis mechanism, pracessing characteristics (i.e. thermoplastics, thermosets),

electrical charge, as weil as the number of different monomer species incorporated into

the polymer. There are three general categories ofpolymers as defined by the number of

different monomer species they contain: homopolymers, copolyrners, and terpolYmers.

Those polymers prepared from one monomer species are referred to as homopolYmers.

Polymers composed of two or three different types of monomers are referred to as

copolymers and terpolymers respectively.29

A substantial amount ofcontrol can he exercised over the procedures used to

synthesize copolymers; this results in the ability to prepare a host ofcopolymer

architectures. There are four main categories ofarchitectures: statistical, altemating,

~ and black copolymers (Figure 1). Statistical copolymers have a sequence

distribution of the two types of monomers that is dictated by their reactivity ratios.

Alternating copolymers consist ofequimolar quantities of the two monomers. The

characteristic feature of these copolymers is the regular altemating sequence ofeach

•

•
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monomer type. In the case of graft copolymers, blocks composed ofone monomer are

attached as branches to a polymer backbone, which is prepared solely from units of the

other monomer. Block copolymers are defined by the altemating series of blocks that are

constructed from a sequential number of units of a given monomer. The Most common

types of block copolymers are diblocks, copolymers with one block of each monomer,

and triblock copolymers, which have one block of a given monomer attaehed to both

ends of a block of a second monomer.29
•
30 It is noteworthy that it is possible to synthesize

Many other types of block copolymers including, four ann starblocks, random

multiblocks, as weil as sorne more complicated architectures studied by Hadjiehristidis et

al. such as 3-miktoarm starblock copolymers, and super H-shaped block eopolymers.31

The physico-chemical character of any of these block copolymers greatly depends upon

the composition of each black. For example, it is quite common for block copolymers to

he composed ofboth hydrophobie and hydrophilic blacks, which gives them amphiphilic

character. This thesis deals \\iith one such diblock copolymer, polystyrene310-b

poly(acrylie aeid)s2.

•
Chapter 1: General Introduction 3

Statistieal

Gra/t

Alternating

Bloel ...........

•

Figure 1: Copolymer architectures

1.2.2 PolymerizatioD

As mentioned in the previous section~ il is possible to classify polymers based upon

the kinetics of polymerization. Under this classification scheme, step-growth

polymerization is defined as a process involving the random reaction of two species that

cao he a combination of a monomer, an oligomer, or a long-chain Molecule. Polymers of

high molar mass are formed ooly near the end of the reaction when most of the monomer

supply bas been consumed. In con~ chain-growth (addition) polymerization involves



an initiation step, which produces an active center. This is followed by a series of chain

extension reactions during which individual monomers attach to the active end of the

chain. This active species may he either a free radical or an ionic site. High molar mass

polymer chains are characteristically formed in the early stages ofa chain-gro\Vth

polymerization.29

Chain-growth polymerization processes have not only been employed in the

preparation ofhomopolymers, but have also been extensively used to fonn eopolymers of

various architectures.29 The polystyrene-b.poly(acrylic acid) copolymer is most

frequently prepared by sequential anionic eopolymerization.32
•
J3 The details ofthis

procedure are provided in the following section.

•
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1.2.3 Anionic Polymerization

The preparation of polystyrene-b-poly(acylic acid) (PS-b-PAA) hegins with the

sequentiaI anionie polymerization of styrene and tert-butyl acrylate to form polystyrene

b-poly(tert-butyl acrylate). This tyPe ofcopolymerization process involves the initiation

ofone of the monomers, in this case styrene, by an electropositive initiator ta form a

;,;,living" carbanion. The living nature of the reaction arises from the fact that there is no

formai termination step. In general, anionic initiation requires the monomer to possess

electron withdrawing substituents in order ta promote the formation of a stable carbanion.

However, the carbanion is highly sensitive to trace amounts of certain impurities such as

water, oxygen, alcohols, and carbon dioxide. As long as the reaction is canied out in an

inert environrnent, the propagation of the chain will continue until ail of the monomer is

consumed. At this point, the second monomer is added to the reaction flask. The living

end of the first block initiates the fonnation of the second.32

The fllst successful attempt at the preparation ofPS-b-PtBuA was made by

Hautekeer et al. (figure 2).33 This method was used by Shen et al. ta prepare the PS31O-b

PAAS2 block copolymer used for the studies discussed in this thesis.34 The synthesis was

canied out in ultra dry glassware in the presence of nitrogen gas or vacuum to prevent

premature termination of the polymer chains. The initiator, (a-methylstyryl)-lithium, is

prepared in the reaction flask, containing lithium chloride, by reacting sec-butyllithium

with a slight excess ofa-methylstyrene at room temperature in dry tetrahydrofuran
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(THF). The sec-butyllithium serves to eliminate any impurities in the system and then to

activate the a-methylstyrene. The success of the initiation, which is canied out at -20 oC

to prevent the polymerization ofa-methylstyrene, is indicated by a deep red coJor

characteristic of the a-methylstyryl ion. The solution temperature is lowered to -78 oC,

after which the styrene monomer is added dropwise with constant stirring. The formation

of the styrene carbanion causes a change in the solution colour from red to pale orange.

However, when the concentration of free styrene is completely depJeted, the solution

reverts back to a red colour due to the reaction of the remaining a-methylstyrene with the

living chains. It must he noted that it is common for a few of the a-methylstyrene

molecules to polymerize before the styrene is added; therefore, the poJymer chains

usually have more than one repeat unit of a-methylstyrene al the beginning and the end

of the styrene block.32

CH,
1

....,.SuLi + n H,C À
V

Figure 2: A schematic of the polymerization of PS-b-PtBuA.

Following the preparation of the polystyrene block, the tert-butyl acrylate is

added. The polymerization of this monomer is initiated by the living end ofthe tirst

block. 8ecause of the possibility ofan attack on the carbonyl group of the tertiary

hydrogen atom often-butyl acrylate, either by the polystyryllithium or the polyacrylate

type ion pairs, LiCI is present in the system to coordinate with the anions preventing any

s



side reactions. Once ail of the tert-butyl acrylate bas been polymerized, a small amount of

methanol is added to the system to tenninate the reaction. The polymer is recovered by

precipitating it into a methanol-water mixture.32

The block copolymer is converted to polystyrene-b-poly(acrylic acid) through

hydrolysis. The PS-b-PtBuA is dissolved in toluene along with p-toluenesulfonic acid.

The solution is refluxed for twenty-four hours, and the polymer is then recovered by

precipitation into Methanol.32

The number of repeat units incorporated into each of the copolYmer blocks is

detennined from the post-polymerization analysis canied out using two samples, one

withdrawn from the reaction flask soon after the polYmerization of the fust black, and

one taken after the tennination of the second copolymer block.

•
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1.2.4 Post-PolymerizatioD CbaracterizatioD

A typical synthetic polYmer sarilple contains chains with a wide distribution of

chain lengths, hence an exact molar mass cannot he assigned to the polymer. This occurs

because the polymerization process is essentially a series of random events, and as

mentioned earlier, there are a number of side reactions and premature tennination

processes that can accur throughout the polymerization. ln order to deal with this

distribution ofchain lengths, it is most common to define an average molar mass. There

are three conventional means ofdefming an average molar mass, which include the

number average, the weight average, and the z-average molar masses.

The number average molar mass (M) Il is a measure of the number of molecules

present in the sample.29

()
~N,M, ~W,

M ,,= ~N, =~(w,IM,)
(1)

•

Here, Ni is the number of polymer Molecules of species i of molar mass mi. This quantity

can he obtained by using colligative methods ofanaIysis (i.e. osmometry, cryoscopy,

ebulliometry). The weight Wi ofall polymer Molecules with a motar mass ofMican he

measured using light scattering techniques and this value is needed to calculate the

weight average molar mass.
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()
~NIM,2 ~w,MI

M - -.=::::::=---
w - ~N,M, - ~W,

(2)

7

The z average molar mass is most frequently determined from gel permeation

chromatography measurements, but in the past ultra centrifugation was also employed.

This value is useful for discussing the mechanical properties of polYmers.

(3)

•

The extent of the distribution ofchain lengths in a given polymer sample is often

described by the heterogeneity index, which is actually a ratio of the weight average

molar mass to the number average molar mass. The number of monomer units in any

gjven chain is expressed by the average degree of polymerization, the ratio of the molar

mass of the monomer to the average molar mass.29

As mentioned in the description of black copolymers, these Macromolecules can

he amphiphilic ifone of the blocks is made from hydrophilic rePeat units and the other

block from hydrophobie components. These types ofcopolymers often display similar

characteristics to a class of small Molecule species known as surfactants.

1.3lntroductioD to Surfactants

SURface ACTive AgeNTS (surfactants) are a special class ofchemical sPeCies

that have the ability to adsorb onto a surface or an interface and also to self-assemble into

colloidal aggregates in solution at relatively low concentrations.35 Surfactants have a

characteristic structure composed of a lyPOphilic ·1ail" component and a lyPOphobic

portion know as a ··headgroup". Hence, these molecules have a dual affinity for both

polar aod nonpolar solvents, and are thus referred to as amphiphiles. The surfactant tail

cao he prepared from a numher of different materials such as a Iinear alkyl chain (eight to

eighteen carbon atoms), a branched alkyl chain, an alkybenzene chain, or a fluoroalkyl

group etc. The headgroup cao he cationic, anionic, nonionic, or zwitterionic in nature.35
.36

Sorne example of surfactant structures are shown in Table 1.36
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• Table 1: Examp/es ofsurfactant names and structura/formula

Name Formula
Sodium Dodecyl Sulfate Cl2H2S0S0JNa
Hexadecyltrimethylammonium Bromide CI6HJ2N(CHJhBr
Dodecyldimethylpropane sultaine CI2H2SN(CHJh(CHÛ3S0J
Decylglucoside C IOH21C606Hli

Charse
Anionic
Cationic
Zwitterionic
Neutral

8
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When surfactant Molecules are dissolved in a polar solvent~ the lypophilic groups

cause an unfavorable distortion of the liquid structure. In the case of an aqueous

environment, the presence of the surfactant leads to an ordering of the water molecules,

producing a decease in the entropy and hence an increase in the Cree energy of the

system. Thus, due to the amphiphilic nature of surfactant molecules~ they must find a

means of reducing the energy of the system when they are in solution. The most cost

effective way ofaccomplishing this, at low surfactant concentrations, is to absorb onto a

surface or an interface. Because of the fact that less work required to bring surfactant

molecules to the interface, as opposed to water molecules~ the presence of the surfactant

reduces the amount of work needed to increase the interfacial are~ which leads to a

decrease in the interfacial tension.37 However, when all the available sites at the interface

are saturated, the overall reduction in the energy of the system continues via other

mechanisms such as crystallization, liquid crystal fonnation, bilayer and vesicle

fonnation, and micellization.34

1.4 Surfactant Aggregates in SolutioD

1.4.1 Micellization

Micellization can result at higher concentrations of the surfactant, after the

saturation of the interface, because the intra-molecular surfactant interactions begin to

have an influence on the solution behavior ofthese molecules. As the concentration of

the surfactant added to the solution is increased, there cornes a point~ known as the

critical micelle concentration, where the self-interactions ofbath the surfactant and

solvent molecules dominate over the surfactant-solvenl interactions. Tao much crowding

al the interface leads to the formation of surfactant aggregates known as micelles~ which

may contain as Many as 200 molecules. The micellization phenomenon in highly polar

media, such as water, is a result of the hydrophobie effect. This effect is based upon the



behavior of hydrocarbons in water. The presence of a hydrocarbon molecule in water, at

room temperature, causes an unfavorable change in the entropy of the system because it

induces an increase in the degree of stnJcturïng ofthe water molecules. An isolated

hydrocarbon molecule fonns a cavity in the water structure. The cavity walls are Iined

with water Molecules that have a more ordered bonding pattern than those in the bulk

solution. Thus, the Main feature of the hydrophobic effect is the influence the

hydrocarbon Molecule bas on the degree ofordering of the water Molecules in their

immediate surroundings. Another aspect of this effect is the extent to which the

hydrocarbon Molecule disrupts the extensive hydrogen-bonding pattern ofwater. The

large negative entropy of the highly ordered water structure surrounding the hydrocarbon

molecules outweighs the slightly favorable energy change associated with this process. ln

the case of pure hydrocarbons, the unfavorable Cree energy change would lead to phase

separation. However, the amphiphilic nature of surfactants prevents phase separation, and

instead promotes micellization. The removal of the hYdrocarbon tail from the water

environment breaks up the ordered water structure in the cavity, which causes an increase

in the entropy. The reorganization of these water Molecules slightly counteracts this

favorable entropy change. Micellization is also associated with a decrease in the enthalpy

because of the creation of the hydrophobie environment (i.e. the core) where the

surfactant tails prefer to reside. Overall, the micellization process is associated with a

favorable change in the Gibbs free energy of the system. It must be noted that the

electrostatic repulsions between the head groups of the surfactant molecules within a

micelle, along with the restriction of the core size as a result of the finite length of the

hydrophobic chain prevent the aggregates from becoming infinitely large. However, the

micelles are not static sPeCies; in fact, they are very dYnaDÙc and., as a result, there is a

constant exchange ofmonomers between the aggregate and solution phase.3?

•
Chapter 1: General Introduction 9

•

1.4.2 Mecbanum and Tbermodyaamics of MieeUizatioD

The self-assembly of surfactant molecules to form micelles is a thoroughly

characterized process. The aggregation is genenùly described as a stcP-wise association.

However, since micelles have aggregation numbers on the arder of 100 surfactant

molecules, it is virtually impossible to define an equilibrium constant for each step.
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Severa! models have been devised to approximately characterize the phenomenon of

micellization; this includes the isodesmic, phase separation~ and closed-association

models. The most widely accepted model is that ofclosed-association. It relates the Cree

energy of micellization to the critical micelle concentration and also incorporates the

initial and final cooperative features associated with micelle fonnation. 39

Closed-association is described as a dynamic equilibrium between individual

surfactant molecules S and micelles SN of a given aggregation number N.

10

NS ~SN
Hence, the equilibrium constant KN as:

K =[Ss]
s [S]S

(4)

(5)

ln this case, the total surfactant concentration [Sh is expressed in tenns of the moles of

monomer with the equation

[s1 = N[Ss]+(S]= NKs[Sr +[S]. (6)

The previous two expressions are used to obtain a solution for the derivative

a{N(Ss D/ars1' which describes the fraction of added surfactant that is incorporated into

a micelle. The point at which a monomer is just as likely to enter a micelle as to remain in

solution is considered to he the critical micelle concentration.39

a{N[SN D _ a[s] - 05
a[s]r CMC - a[s1- CMC - •

Solving for the inverse of this equation, a[s1- 1ô[S] = 2 in equation (6), we

fmd[Sr;~ = (N 2K.v t' ,were [S)CMC is the monomer concentration al the CMC.

(7)

(8)

Taking the logarithm ofthis equation and assuming that the aggregation number is

greater than 1 leads to a relation that cao he used to express the standard free energy of

micellizatioD.

RTInCMC =RTIn[ShlC = (- RT),JK.~) =_1_(N4G:
1c

-2RlnN)= ~G:u: (10)
N-l "N N-l•

1
lnCMC=--lnKN s

(9)
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The standard enthalpy of micel1ization is obtained by using the Gibbs-Helmholtz

equation in combination with the above expression for the Gibbs free energy.

MIo. =-RT:~lnCMC
nlIÇ or

The standard entropy of micel1ization is expressed as follows:

MO =-RT~lnCMC-RlnCMC
m,,; BT

(11)

(12)

11

(14)

Hence, the temperature dependence of the critical micelle concentration is detennined by

the relative contributions of the enthalpy and entropy of micel1ization.39

The above expressions are derived for nonionic surfactant species. When dealing

with charged species, for example anionic surfactants, the equilibrium equation involves

a relationship between the surfactant Molecules S·, counterions C+, and micelles SN.

(N - P)C+ + NS·1 ~ S~p (13)

The standard Gibbs free energy for such systems is given as:

AG::" =-~ In[S;:]+RTln[S-']+ RT(t- : )ln[C-].

It is most commonly found that micelle formation is exothermic in nature and is

, favored by a decrease in temperature. However, the enthalpy of micel1ization he a

positive value. In any event, micel1ization is accompanied by a rather large positive

entropie contribution, which compensates for any positive enthalpy tenn; hence

surfactant self-assembly is primarily driven by entropy.39

(15)~+lk ...
N

1.4.3 KiDeties of Mieelle Formation

The kinetics of micelle formation were ftrSt studied by Aniansson et al. based

upon the step-wise association mechanism.40 They established that this process consists

of two relaxation phenomena. The fast process generally occw's over a microsecond

range and involves the exchange ofmonomeric surfactants between the micelles and the

bulk micellar solution.

kN•
...-::
-:--

•



ln this case, S is a surfactant molecule and SN and SN+l are micelles ofN and N+1

surfactant Molecules respectively. The rate-limiting step is the formation-breakdown of

the micelles. This entails a series of step-wise events, which involves one Molecule at a

time associating with or dissociating from an aggregate. The exchanges process takes

millisecond s to complete.

An expression for the relaxation time for each step has been derived based upon a

number of valid assumptions: the perturbation imposed on the system to study the

kinetics is small, there is no exchange of monomers between micelles and oligomers, and

the rate constants for k ~ and k ~ are independent of N and hence can he expressed

simplyas k+ and k~ respectively. The relaxation time for the exchange process is

represented by the following equation.40
•
41
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(16)

Here, a2 is the variance in the micellar size distribution, N is the aggregation number, and

a involves a relation hetween the total surfactant concentration StOl and the equilibrium

-
value of the free monomer concentration S above the CMC.

SIOl -s
a = _

S

The relaxation time for micelle formation-breakdown is also dependent on the

assumption that only a small perturbation is employed.

(17)

(18)

(19)

•

-
Here, S iii is the equilibrium concentration ofaggregates SN. It must he noted that in the

case of ionic surfactants, expressions for the degree of ionization of the micelles, and the

activity coefficients of the total 1-1 electrolyte must be incorporated into the relaxation

time equations.41



1.4.4 Polymorpbism in Surfactant Agregates

Ultimately~ the major forces that control the self..assembly of amphiphiles are

derived from the opposing forces that are most prevalent at the hydrocarbon-water

interface~ which include the hydrophobic interactions that induce micellization and the

repulsion among the head groupS.IJ In order for surfactant aggregates to he

thennodynamically stable in solution~ the total interaction energy resulting from the two

opposing interfacial interactions must he at a minimum~ which leads to the concept of the

optimal surface area per molecule at the interface (80). It is defined in tenns of the total

free energy per molecule within the aggregate

}Jo =}fl + K (20)
a
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ln this case~ K is a constant~ y is the interfacial free energy per unit are~ and ··a" is the

surface area occupied by the head group. ln order for equilibrium conditions to he me~

the interfacial free energy must he minimized; hence~ the first derivative of the free

energy with respect to the surface area of the head group must he zero~ which leads to the

following expression:

}l0 = 2}fl0 and Do =~ (21)

The optimal surface area per molecule not ooly represents a balance hetween the

interactions within the surfactant molecule~ among individual monomers~ and among the

other species making up the system~ but also contributes to the determination of the

overall equilibrium morphology of the aggregates such as spheres~ rods~ vesicles~ and

bilayers. Israelachvili et al. developed a geometric treatment for surfactant aggregation to

explain the concept of polymorphism in these systems.42 ft relates the free energy of

association to the optimal surface area per molecule (80), the volume of the hydrophobie

tail (v), and the chain lengtb ofmaximum extension of a taïl within the core (le). Since

these properties can he measured for a given system, the geometric treatment is used to

predict the size and shape ofaggregates that yield the minimum free energy. This

property is defined in tenns of a critical packing parameter Pe.

(22)



In fact, it bas been found that a given aggregate architecture bas a characteristie value of

Pc as indieated in Table 2. 13 Il is interesting to note that since #0 is essentially the same

for a number ofdifferent structures, the overaJl optimal geometry is determined by the

entropy of the system, which favors the structure with the smallest aggregation number. 13

•
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Table 1: Critical packing parameters for surfactants and the structures they form

Type of Surfaetant eritieal Morphologieal Strueture
Paekïng Classifieation

Parameter

Single-Chained Surfactants with < 113 Spherical •Large Head Group Area Micelles

Single-Chained Surfactants with 1/3-112 Cylindrical
Small Head Group Area Micelles

Double-Chained Surfactants with 1/2-1 Flexible Bilayers

•Large Head Group Area & Vesicles

Double-Chained Surfactants with

IlSmall Head Group Area (anionic -1 Planer Bilayers
surfactants with high salt content,
saturated frozen chains)

Double-Chained Surfactants with

eSmall Head Group Areas -1 Invetted Micelles
(nonionic surfactants, poly (cis)
unsaturated chains, high
tem rature)

14

•

The dynamic nature of the surfactant aggregates arise from the fact that the

amphiphilic Molecules are held together by fairly weak forces such as van der Waa1s,

hydrogen bonding, hydrophobie, and electrostatic interactions. Any factor that can

perturb these forces has the potential to change the size and shape of the surfactant

aggregates. Hence, the three structural cbaracteristics that determine the critical packing

parameter are not only influenced by the nature of the surfactant Molecules, but are aIso



affected" to a large exten~ by the solution environment of the system. For example,

simple, single tail surfactants with relatively large head groups generally form spherical

micelles, but can he induced to fonn extended bilayers, large vesicles, or inverted

micellar structures by altering the ionic strength of the head group region with a change

in the solution pH, or the introduction of a high salt concentration. Increasing the

temperature of a solution containing surfactant Molecules with a chain length of greater

than sixteen carbon atoms greatly effects the chain motion" which allows for trans-gauche

isomerization, thus leading to a decrease in the value of le and ultimately producing a

change in the structure of the aggregates. The minimum interfacial area occupied by the

surfactant head group is also subject to modification by changing the nature of or

solvation of the ions with the addition of complexing or cryptating species, which

increase the value of 30" which results in an increase in the critical packing parameter, and

therefore a change in the aggregate morphology.13

•
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1.4.5 Morphologiea. Transformation

There has heen a steady increase in the in the amount of literature available about

structural transitions in surfactant aggregate systems, involving such processes as the

sphere-to-rod, sphere-to-vesicle, vesicle-to-sphere transitions, as weIl as the fusion of two

smaller vesicles to produce one large vesicle etc:B -48 However, only a few investigations

have heen dedicated to studyjng the kinetics ofthese transitions.49
-
ss The initial study into

the kinetics of the sphere to rad transition was carried out by Harada et al. using aqueous

solutions of hexadecyl trimethyl ammonium bromide.50 An increase in the surfactant

concentration was employed to induce the transition near the sphere to rod boundary, and

the structural changes were monitored using conductivity and ultrasonic velocity

measurements. This process involves a two-step mechanism in which the fast step

corresponds to the successive association of monomers to the spherical micelles in the

lime range of tens ofmilliseconds. The slower step takes place over hundreds of

milliseconds and is due to the overall fonnation and dissociation of the rod-like micelles.

Michels et al. recently employed temperature jump studies with light scanering detection

to measure the relaxation times associated with the sphere to rad transition in aqueous

sodium dodecyl sulfate solutions containing sodium chloride.S
I Spherical SOS micelles
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are known to grow ioto cylindrical aggregates when the ionic strength of the system is

high. This process was found to occur via the same mechanism described by Harada et

a1.50,51

16
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The most widely studied morphological transition is the transfonnation of

spherical micelles ioto vesicles and the reverse process. 52
-
55 The mechanism most

frequently encountered for the formation of vesicles from spheres consists of two steps.

The first event in the transition is the fast growth of the micelles to fonn disk..like

aggregates. These intermediate structures are unstable because they prefer to have a slight

curvature as opposed to a planar structure, which leads to the disjoining of the disc

bilayer film. The slow process involves the cooperative adsorption of free surfactant

molecules to the inner hydrophobic surface to form a bilayer of the vesicle wall. Vesicle

deformation has been shown to occur more quickly than the formation process. The

breakdown of vesicles is believed to occur via a multi..step process involving the initial

loss of surfactant molecules from the outside wall of the vesicle. This leads to the

formation of an unstable bilayer structure that dissociates into smaller dise structures; the

individual molecules in the discs eventually reorganize into micelles. Il is interesting to

note that Campbell et al. have studied the kinetics of the micelle to vesicle transition in a

mixed system of sodium xylenesulfonate and poly(oxy ethylene (4» lauryl ether, and

have found that in this case, it occurs via a single relaxation process involving growth by

monomeric association.55

1.5 Bloek Copolymer Aggregates in Solution

1.5.1 Mieellization of Sloek CopolyDler Molecules

The amphiphilic nature exhibited by a wide variety ofsYDthetic block copolymers

bas contributed to their surfactant..like behavior in solution. JO Hence, the vast history of

surfactant science bas paved the way to the understanding and the utilization of the

colloidal properties observed in solutions containing amphiphilic block copolymers. One

of the mostly widely studied of the phenomena that are associated with such systems is

the self·assembly of these molecules to fonn micelles. As in the case of swfactants, in

order for the micellization of black copolymer molecules to occur, two opposing forces

must exist in the system. This involves an attractive force between the arnphiphiles



leading to aggregation, and a repulsive force that prevents the micelles from growing

infinitely. The attractive force is believed to stem from the hydrophobic effect, which

originates from the behavior of the solvent molecules upon removal of the insoluble

segments from the bulk solvent environment. In the case of ionic species, the repulsive

forces tend to arise mainly from electrostatic interactions, while for neutraJ species, the

preference for hydration as opposed to self-association contributes to the repulsion. lo

It has been found that dissolving a block copolymer in a solvent favorable for

ooly one of the blocks, results in the formation of micellar aggregates most frequently of

spherical shape, which contain a swollen core composed of the insoluble blocks

surrounded by a flexible shell of the soluble blocks. lo Depending on the relative lengths

ofeach black, the micelles can he star-like or crew-cut. The main difference between the

two types of micelles is that the size of the corona is larger than the core radius in star

like micelles, while the opposite is true for crew-cut micelles.S6 Detailed investigations

into the physico-chemical nature of the micellization of amphiphilic block copolymers

have recentlyappeared in the Iiterature and will he discussed in the following sections. 10
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1.5.2 TbermodYDamies and Kineties of Rloek Copolymer MieellizatioD

There are two possible association models, open and closed-association, that have

been proPOsed as possible mechanisms for the micellization of block copolymer

molecules into colloidal aggregates. Since block copolymer micelles have been found to

have a distinctive critical micelle concentration (CMC), the closed-association model is

most applicable, as in the case of surfactants, because open-association does not lead to a

definite CMC. IO The details of the closed-association model are outlined in section 1.4.2

and are applied to block copolymer systems without modification. 10 Therefore, in tenns

of the thennodynamics of micellization, the most important product of this model is the

simplified equation relating the standard Gibbs free energy to the critical micelle

concentration.

~G: =RTlnCMC (23)

•
Although the thermodynamics of the closed-association process, which govems

micelle fonnation in block copolymer systems, bas been weil studied, it bas only been

within the past few years that the kinetics of block copolymer micellization bave been



investigated.S7-63 This process is described as being very similar to the micellization of

surfactant Molecules in the sense that it is widely believed to he a two-step process with

common mechanistic details. The first step involves the quick association of block

copolymer Molecules to fonn pseudo-equilibrium structures. During this step, the

population of the aggregates tends to increase at the expense of an increase in their size.

The second step is much slower than the first. At this stage the micelles tend to grow in

size, with the loss of some of the pseudo-equilibrium aggregates, and the core blocks

adjust to their equilibrium conformation. One of the advantages of micellization in

macromolecular systems is that the process tends to he significantly slower than that of

surfactant Molecules; hence, it is easily followed by standard analyticaI techniques. The

slow nature of this process is often attributed to the chair. dynamics of the macromolecule

chains.

As pointed out above, the kinetics of micellization in block copolymer systems is

greatly influenced by the chain mobility. Thus, knowledge of the chain dynamics in a

copolymer system is important if one is to fully understand the details of micelle

formation. The exchange of molecules hetween the solvent and the micelles has been

investigated by a number of groupS.64-68 The Most frequently encountered conclusion is

that the chain dynamics are greatly influenced by the nature of the solvent and the

interaction of these Molecules with the copolymer. Kent et al. have determined that

intramolecular interactions between unIike monomers in the chain can lead to premature

weakly ordered micellar phases.64 Tsunashima et al. found that chain diffusion is

impeded due to strong interchain hydrophobic interactions for the copolymer PS-b

PMAA in benzene, which is a good solvent for both blocks. The diffusive motion in

conjuction with the internaI chain motion is said to lead to defonnation of the block

copolymer chains during diffusion.6s It was also found by Tian et al. that in the case of

polystyrene based copolymers in various solvent mixtures, the higher the ratio of the

solvent suitable for the PS chains, the more mobile the micellar core hecomes. However,

at high contents of the nonsolvent, the core tends to he more glassy, and the chain

exchange becomes slower.66 This complex interaction between the copolymer and the

solvent greatly influences the size and shape of the block copolymer aggregates.

•
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1.5.3 Multiple Morphologies from Block Copolymen in Solution

Sînce the tirst report l1 in 1995 of the ability to obtain a variety ofdifferent

architectures from polystyrene-b-poly(acrylic acid) in a solvent mixture., there bas been a

growing interest, world wide, in this phenomenon. 18
•
28

, Fundamental knowledge of the

physico-chemical properties of the various block copolymer morphologies and the

transition between these aggregates is of prime importance for the use of these materials

in a wide diversity of applications. Block copolymer aggregates are of particular interest

in the phannaceutical and personal care industry for the delivery a variety of agents

including drugs, and dyes.69 Il is aIso interesting to note that many of the block

copolymer aggregates have architectures that resemble more complicated biological and

cellular structures. This inspires the potential use of block copolymer aggregates as

model systems for obtaining crucial information about the details involved in a number of

biological processes.'O

The most extensive investigations of block copolymer systems, that form multiple

morphologies in solution, have been carried out by Eisenberg et al. 71
-
91 For the majority

of these studies, the asymmetric, amphiphilic diblock copolymers polystyrene-b

poly(acrylic acid) and polystyrene-b-poly(ethylene oxide) in various mixed solvents were

employed.71
•
78 A number ofother copolymers, such as polybutadiene-b-poly(acrylic

acid)79, polystyrene-b-poly(4-vinylpyridine)80, and polystyrene-b-poly(methyl

methacrylate)-b.poly(acrylic acid)81., have also he found by this group to form aggregates

of various structures in solution. Micelle formation is induced in these systems by the

slow addition of a solvent selective to the hydrophilic block (i.e. water) to a solution of

the copolymer dissolved in a solvent that is favorable for both blocks. To date., more than

thirty different morphologies have been identified in these systems including such things

as spheres, rods, vesicles, compound micelles, tubules, needles, onions, entrapped

vesicles, bilayer structures, etc (Figure 3).23 A number ofthese morphologies are under

thermodynamic control, but Many of them are kinetically contralied.82.83

Severa! studies have been devoted to examining the physico-ehemical propenies

of these aggregate structures in order ta obtain an understanding of the thennodynamic

vs. kinetic control of block copolymer morphologies. For example, Zhang et al. have

inquired whether certain PS-b.PAA aggregate morphologies are fonned under

•
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equilibrium or non-equilibrium conditions.82 It was found that at a high concentration of

the solvent that is suitable for both blocks, in other words, when the aggregates are

dynamic enough that chain exchange occurs at a reasonable rate, the morphologies are

under thermodynamic control. However, when the polystyrene core becomes increasingly

viscous al tugher water contents, chain mobility is limited and the structure of the

aggregate is influenced more by the kinetics of the system. For those structures that are

under equilibrium control, it has been determined that the thermodynamics are govemed

by the interplay of three components of the free energy of aggregation, which include

stretching of the core-forming blocks, interfacial energy between the micellar core and

the solvent, and intercorona interactions.82
•
84 The balance between these three forces is

sensitive ta Many factors, such as the relative block lengths85, the solvent composition86,

and the presence of additives81.9o
•
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Figure 3: Various morphologies fonned from asymmetric, amphiphilic block copolymers

in solution.

The kinetics and mechanisms associated with each morphological transition are

also of fundamental importance to the complete characterization of self-associating black



copolymer aggregate systems in solution. Chen et al. completed an investigation of the

transformation of rods into vesicles that occurs in the aggregates formed in the temary

system PS310-b-PAAs2 / dioxane / water.91 Ajump in the water content of the system was

used to induce the transitions, and the intermediate morphologies were monitored by

transmission electron microscopy (TEM). The data obtained for the rod-to-vesicle

transition indicates that near the phase boundary the rods tend to become shorter and

more plump, with the appearance of some vesicles. As the water content is increased in

this region, the vesicle population increases at the expense of the rod population. The

results of the TEM studies suggest that the transition mechanism has two steps. The first

step involves the flattening of the short rods to form circular or irregular-shaped lamellae.

The finial step is the closing of the bowl-shaped lamellae to produce vesicles. The first

step is found to he the faster of the two. The two relaxation times depend on both the

initial water content and the polymer concentration. The relaxation times became longer

with an increase in either parameter. However, the size of the water jump was found to

have little influence on the transition kinetics.91

A number of research groups have observed polymorphism in aggregates

prepared from several other amphiphilic block copolymers. Their studies have expanded

our knowledge of the number of systems that exhibit such behavior and have a1so

contributed to the fundamental understanding of the solution properties of block

copolymer aggregates. Liu et al. have obtained multiple morphologies from polystyrene

b-poly(2-cinnarnoylethyl methacrylate) and polyjsoprene-b-poly(2-cinnamoylethyl

methacrylate) in various organic solvents and solvent blends.92-93 This group bas also

produced hollow aggregates by chemically modifying the self-assembled structures with

photo cross-linking followed by treatment with ozone.94 The research team led by

Maskos have also employed the concept ofcross-linking the chains in the micellar core in

order to yjeld a variety ofdifferent aggregate structures, such as cylinders, double-shell

vesicles and string of vesicles, from the copolymers poly(dimethylsiloxane)-b

poly(ethylene oxide) and poly(1,2-butadiene)-b-poly (ethylene oxide).9s.96 Several other

morphologjcal studies have been carried out with neutral block copolymers. For example,

research teams led by Discher, Bates, and Hammer have explored the self-assembly of

poly(ethylene oxide)-b-polyethylethylene in water.91.99 Spherical, worm-like, and giant

•
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vesicular structures have been identified in this system. In addition, a great deal of work

bas been completed on Pluronic copolymers that self-assemble: into aggregates of various

shapes such as spheres, rods, vesicles, and multilayered vesicles (onions).IOO-I03 Several

groups have also examined aggregate architectures of block copolymer containing

charged species. Webber and coworkers have found that in 2-vinylpyridine based

copolymer systems onion-type vesicles can be obtained from spherical aggregates. I04
,lOS

Forster et al. have shown that micelles ofpoly(ethylethylene-b-styrenesulfonic acid) can

he made to fuse to form toroid networks. I06 Li et cl. have also worked extensively with

polystyrene-b-poly(2-~-D-glucopyranosyloxy)ethylacrylate, which forms an array of

aggregate morphologies in solvent mixtures. 107,108 A number ofother groups have

focused their attention on block copolymers containing inorganic segments. Various

architectures oforganometallic nanoüggregates from inorganic block copolymers or

hybrid organic-inorganic block copolymers have been observed by the groups of Winnik

and Manners.l09-110 Moller and coworkers have a1so studied metal containing nano

aggregates of various shapes, prepared from block copolymers.III-112 Over the past few

years, Antonietti et al. have investigated the morphogenic properties of a variety of

different black copolymers including a novel type ofchelating species, polystyrene-b

poly-m-vinylphenylphosphinates.113-114 Some of the aggregates that they observed

include disk-like and multilamellar vesicles.

The above discussion clearly indicates that the monomeric composition of block

copolymers influences the morphology of the aggregates formed from these molecules in

solution. However, the interactions of these block copolymers with small molecule

species that are added to the polymer solutions have a1so been shown to produce several

different black copolymer aggregate morphologies.

•
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1.5.4 Effeet of Additives OD the Morpbology of Block Copolymer Aggregates

It bas previously been stated that Zhang et al. have shown that ionic additives

influence the morphology of the crew-cut micelles.87
,88 The molar ratio (R) of the number

of added ions to the number of repeat units in the corona controls the morphology. The

etIect of ionic species bas been investigated for both polystyrene-b..poly(acrylic acid) and

polystyrene-b-poly(4-vinylpyridine) copolymers.87.90



The presence ofa simple electrolyte such as sodium chloride (NaCI) in a copolymer

solution results in the screening of the electrostatic field along the partially ionized

corona chains. The reduction in the corona-ehain repulsion decreases their dimensions

and stimulates micellar growth. Consequently, the core radius increases with added salt

content. The PS chains of the core must stretch., which is subject to an entropic penalty.

The aggregates change their morphology (i.e. from spheres to rods) to produce a more

thermodynamically favorable structure. For example., the addition of NaCI bas been

shown to convert a dynamic system of spherical PS.uo-b-PAA25 micelles to rods, vesicles,

or large compound vesicles (LCVs).88

The addition ofhydrochloric acid (HCI) produces morphological transitions in PS4 10

b-PAA25 micelles similar to those produced by NaCl.88 In this case., the reduction of

coronal repulsion is attributed to protonation of the acrylic acid blocks. Hence., increasing

the molar ratio progressively leads to the fonnation of rods, vesicles, and LCVs. Slightly

different results are obtained with the addition of Hel to solutions ofPS310-b.P4VPs8.90

The sphere to rod transition is induced at a lower molar ratio than in the case of PS-b·

PAA aggregates. A further increase in the HCI content causes a conversion of the rods

back to spheres due to the higher charge density. The trend is inverted again with even

higher molar ratios as a result of electrostatic shielding.

The use of a base as an additive bas the opposite effect of the use of an acid. ln

this case, strong bases like NaOH serve to increase the charge density of the corona for

PS-b-PAA micelles by deprotonating the acrylic acid blocks. The corona-chain repulsion

is enhanced., which leads to a decrease in the aggregation number and core diameter. This

reverses the morphological transitions leading to spherical micelles with a higher Molar

ratio ofbase.87
-
s9

A few other studies have appeared in the literature., which deal with the influence

of different small molecule additives on block copolymer morphologies. The aggregates

fonned from the triblock copolymer poly(ethylene oxide)29-b-poly(propylene oxide)40-b.

poly(ethylene oxideh9 in aqueous solution have been shown to undergo morphological

transitions with a change in temperature. lls These same transitions have been obtained in

this system at lower temperatmes with the aid of simple electrolytes such as potassium

fluoride and potassium chloride. Talingting et al. studied the use ofhydrochloric acid as a

•
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morphogenic agent for polystyrene-b-poly(2-vinylpyridine) and poly(2-vinylpyridine)-b

poly(ethylene oxide) aggregates in methanol-dioxane-water mixtures. lOS They

successfully observed a transfonnation of spherical micelles into multilayered vesicles. A

theoretical discussion by Netz outlines the effects of small ionic species on block

copolymer aggregates in solution.24 The effects of small amphiphilic Molecules on the

solution behavior of block copolymers has been studied independently by Kabanov et al.,

as weil as Zheng and Davis. Kabanov and coworkers introduced various cationic

surfactants into aqueous solutions ofpoly(ethylene oxide)-b-poly(sodium Methacrylate),

which resulted in the spontaneous formation of vesicles due to complex fonnation. 116 Il

was recently demonstrated by Zheng et al. that nonionic surfactants could partition into

spherical micelles fonned from Pluronic copolymers leading to the formation of

cylindrical aggregates. 117
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1.6 CharaeterizatioD Metbods Employed

The experimental results discussed throughout this thesis were obtained using two

main methods of instrumental analysis: absorbance spectroscopy and transmission

electron microscopy. Due to the extensive use ofthese techniques, the basic principle

involved in each are reviewed in the following discussion.

1.6.1 Solution Turbidity Measurements

The fonnation of aggregates from block copolymer Molecules in solution often

produces samples that are not optically cJear, due to the fact that sorne of the

electromagnetic radiation that passes through the sample is scattered by the copolymer

particles.118.119 Depending on the size of the particles, the scattering May he Rayleigh or

Tyndall in nature. Rayleigh scattering occurs when the dimensions of the scattering

particles are less than five percent of the wavelength of incident radiation. Tyndall

scattering results when the dimensions of the particles lbat are causing the scattering are

Jarger than the wavelength of the scattered radiation. 118 Since the amount of light

scattered depends on the size and shape of the panicles, the change in solution turbidity

bas been extensively employed to detect changes in the dimensions of particles observed

in a variety ofcolloidal systems.
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The simplest means of monitoring changes in solution turbidity is by following

the absorbance at one wavelength with a spectrometer. In order for this type of

experiment to he feasible, the wavelength ofchoice must he one at which none of the

species in solution absorb light. Hence, the absorbance reading is based solely on the

contributions from light scattered at 1800 for the incident radiation and any Iight that is

passes through the sample without interacting with the molecules and aggregates in the

solution. 119

25
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1.6.2 Transmission Electron Microscopy

An electron microscope is an optical instrument that employs a beam ofelectrons

to provide high resolution of details in an object. 120
,121 In fact, it is the focusability and

extremely short wavelength of the electron heams that provide the high resolving power

of an electron microscope. In transmission electron microscopy, the electrons are

discharged from an electron gun (point filament) contained within an evacuated system.

The heam is concentrated byan electromagnetic lens into a smaller spot (2 to 3 f.UJl),

which is passed through the specimen. The reemitted heam is focused by an objective

lens to fonn an intennediate image. This image is deemed to he intennediate because it

cannot he viewed directly by the eye. The image is enJarged by one or more projeetor

lenses to fonn the final image, which is viewed on a fluorescent screen or photosensitive

materia! for photographie processing. 120
,121

The information that is obtained about a specimen from TEM is derived from the

scattering processes that oceur when the electron heam travels through the sample. The

resultant beam contains sorne of the original free electrons that have not been altered, and

sorne that have been changed in either velocity or direction or hoth. There are two types

ofscattering processes that can occur. Elastic scattering results from the interaction of the

electrons and the effective potential field of the nuclei with the sample. Il does not

involve any loss ofenergy, and it can he coherent or incoherent in nature. The interaction

between the beam electrons and those in the specimen, which results in a loss ofenergy

and absorption, is referred to as inelastic scattering.120



The resolution of the electron microscope is expressed using the Rayleigh

fonnul~ which is derived by considering the maximum angle of electron scattering that is

able to pass through the objective lens.

R = O.61l (24)
a
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Here, R is the size of the resolved object, À. is the wavelength, and a is equal to the

effective aperture of the objective lens. The relativistic wavelength of the electrons

depends on the accelerating voltage and is given by the modified De Broglie wavelength.

h

In this case, h is Planck's constant, 1110 is the rest mass, ea is the charge on the electron, E

is the accelerating POtential and c is the speed of Iight. 121

Another advantage of the small wavelength of electrons is that the depth of field

and depth of focus are very large in electron microscopy. The depth of field is expressed

as:

d
D=--,

tan a

where d is the resolution and a is the lens aperture. Interestingly, the depth of focus Df is

related to the depth of field through the magnification M.

dM 2

DI =- (27)
a

The degree to which the dimensional details ofan object can he resolved is determined,

to a great extent, by these two parameters. 120

1.7 Objectives of tbis Tbais

The ability to obtain aggregates of several different architectural shapes from

amphiphilic block copolymers in solution is a relatively new concept; and as evident

from the previous discussio~ very linle is known about sorne of the more fundamental

details associated with these types ofcolloidal aggregates. This is particularly true in the

area of the kinetics and mechanisms of morphological transitions and with respect to the

use ofcertain species as Morphogenie agents. This thesis addresses these two issues. Ali



of the experimental work completed for this dissertation was carried out with aggregates

prepared from polystyrene310-b-poly(acylic acid)s2 in dioxane-water mixtures.

The focus ofchapter 2 is on the kinetics and mechanisms of the transformation of

spherical aggregates into rod-like structures and the reverse process. The addition model

ofcolloidal aggregation has been used to describe these transitions. The mechanisms

have been identified with the aid of transmission electron microscopy, while the kinetic

parameters were obtained from solution turbidity measurements as a function of time.

Chapter 3 deals with the kinetics and mechanism associated with the

transformation of vesicular aggregates into rods. The corresponding forward transition

was recently studied by Chen et al.91 The two transitions are described and their

ditTerences are discussed

The use of the amphiphilic species sodium dodecyl sulfate as a morphogenic

agent for structural transitions in PS310·b-PAAS2 / dioxane / water system is outlined in

cbapter 4. A series of phase diagrams have been constnlcted to demonsttate the influence

of changing the surfactant concentration, the solvent composition, and the copolymer

concentration bas on the block copolymer aggregates present in this four component

system.

In the final chapter, some generaJ conclusions are made about this thesis. The

contributions made to original knowledge that have stemmed from this work and sorne

suggestions for future studies are also discussed.
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The introductory chapter made note of the fact that the self-assembly of

asymmetric, amphiphilic block copolymers into aggregates with various morphologies in

solution bas recently received considerable attention from scientists ail over the world.

Because some of these aggregates show potential for possible applications in such areas

as drug delivery and nano-technology, it is particularly important to understand the

transformation process involved in the transition from one aggregate morphology to

another and the properties of the system that promote such transitions.

This coopter reports on the relaxation kinetics and transition mechanisms of the

sphere-to-rod and rod-to-sphere transitions occurring in polystyrene-b-poly(acrylic acid)

(PS-b-PAA) aggregates that have been examined using solution turbidity measurements

and transmission electron microscopy. The copolymer PS3\o-b-PAAs2 has been found to

self-assemble into aggregates with spherical, rod-like, and vesicular shaPes in dioxane

water mixtures. RecentIy, the morphological phase diagram for this ternary system was

constructed in order to determine the concentration boundaries associated with each

aggregate architecture and the regions of morphological coexistence.\ ft was previously

found that a sudden alteration of the solvent composition near one of these boundaries

could induce a morphological transition.2 This method bas been used to investigate the

kinetics and mechanisms of the sphere-to-rod and rod-to-sphere transitions. The

transformation of spherical micelles to rod-like aggregates occurs through a two-step

mechanism; it begins with the fast, adhesive collisions of spheres resulting in the

formation of"pearl necklace" intermediate structures. This is followed by the

reorganization of the necklace intennediates to fonn smooth rods. The rod-to-sphere

transition also involves two steps. A bulb develops quickly on one or both ends of the rod

and then the bulbs are slowly pinched offto release free spheres in solution. The sphere

to-rod transition occurs al comparable rates to the reverse process. The effect of the jump

magnitude, the initial solvent content, and the copolymer concentration on the relaxation

rates was also investigated.



2.1 Introduction

It is weB known that asymmetric, amphiphilic diblock copolymers can self

assemble to form aggregates in selective solvents.3
-
s Micelles with a lypophilic core and a

lypophobic corona are formed in highly polar media, while aggregates with the opposite

composition are present in solvents of low polarity. Diblock copolymer micelles are

classified, according to their block lengths, as star-like when the length of the corona is

larger than the diameter of the micellar core, while crew-cut micelles have a larger core

diameter relative to the size of the corona.6,7

One of the more novel properties ofblock copolymers is their ability, similar to

that of small Molecule surfactants8
,9, to form aggregates of a variety ofdifferent

morphologies in solution. 10-12 The balance between the stretching of the core-forming

blocks, the intercoronal interactions, and the interfacial tension between the micellar core

and the solvent has been identified as having a major influence on the architecture of the

block coPOlymer aggregates. 13
-

15 Severa! other studies have revealed that multiple

aggregate morphologies cao be prepared by a1tering such factors as the relative block

lengths of the copolymer,16 the solvent compostion,17 the temperature,18 and the presence

of additives. 19 Changing any one of these factors disturbs the force balance goveming the

structure of the aggregates, which can lead to the transformation of one morphology into

another.

Although the polymorphism demonsttated by block copolymer aggregates in

solution has received considerable attention in the past few years,20 physico-chemical

investigations of these multiple morphologies are ooly beginning to appear in the

literature.2
•
21 ,22 Since amphiphilic block copolymers often exhibit surfactant-like hehavior

in solution, fundamental knowledge of the solution properties of small molecule

surfactants bas proven to he invaluable in attempting to obtain sirnilar information about

amphiphilic block copolymers. The self-assembly process has been weil studied for both

types ofamphiliphic systems. The aggregation of surfactant and block copolymer

molecules is described as a step-wise association; the closed-association model is most

frequently used to explain the mechanistic details of micel1ization.3
-
S

.23-25

The kinetics involved in the micel1ization of small molecule surfactants bas heen

extensively investigated.26
,27 The Aniansson and Wall theory of self-assembly, which

•
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divides the process into two steps, is the most widely accepted kinetic description of

micellization. The tirst step involves an increase in the aggregation number of each

micelle, but the total population of aggregates does not change. The rate determining

relaxation process is the simultaneous fonnation and decomposition of micelles with a

change in the total number of aggregates as equilibrium is approached.26 This involves a

series of step-wise events, during which one Molecule at a time associate and dissociates

from an aggregate. The kinetics of block copolymer micellization has also been discussed

in recent years.2S*30 This process is found to have two relaxation steps, as in the case of

surfactants, but occurs at a much slower rate. The mechanism of block copolymer micelle

formation also resembles that of surfactant micelles.

Much is know about the kinetics and mechanism of the fonnation of surfactant

and block copolymer aggregates, yet only a few studies have examined the details

involved in the transition from one aggregate morphology to another. Most ofthese

studied deal with structural transformations in surfactant aggregates.31 -36 Sorne of the

morphological transitions that have been investigated in surfactant systems include the

sphere-to-vesicle,32 the vesicle-to-sphere,33 the sphere-to-rod,34 and the lamellar-to

inverted hexagonal transition,35 as weil as the fusion of two vesicles to fonn one large

vesicle36.

Of particular interest, in our case, is the sphere-to-rod transition. This

architectural change occurs quite rapidly, thus the kinetics has been difficult to follow.

Harada et al. were the first to examine this transfonnation process in aqueous solutions of

hexadecyltrimethylammonium bromide with the use ofconductivity and ultrasonic

velocity measurements.34a The transformation was induced by a sudden change in the

surfactant concentration near the phase boundary. This process proceeds via a growth

mechanism, and the kinetics involve two relaxation steps. The fast step corresponds to

the progressive addition of monomers to the spherical micelles, which occurs over tens of

milliseconds. The rate-limiting process, proceeding over hundreds of milliseconds, is the

overall formation and dissociation of rod-like micelles. Recently, kinetic studies were

carried out with sodium dodecyl sulfate micelles in aqueous sodium chloride solutions.34b

The transition was brought about by a jump in the temperature of the system, and it was

monitored by light scattering detectioD. This process was also found to evolve through a

•

•

Chapter 2: Kinetics and Mechanisms ofthe Sphere-to-Rod and Rod-to Sphere
Transitions in the Temary System PS310·b-PAAs2 / Dioxane / Water

36



similar mechanism as that proposed by Harada et al.34a It must he noted that in the case of

swfactant aggregates~ the single chain concentration is high and plays an important role

in the mechanisms of morphological transformations. However, in contrast~ the single

chain population, in black copolymer aggregate systems is low and does not contribute

significantly to architectural changes. 19b

To date, ooly limited information is available regarding the kinetics and

mechanisms of structural transitions occurring in block copolymer aggregate systems. In

fact., only two studies have appeared in the literature. Iyama and Nose were to first to

complete such an investigation on dilute solutions of polystyrene-b

poly(dimethylsiloxane) in mixtures ofn-octane and methylcylohexane.37 During their

investigation of the kinetics and mechanism of the self..assembly of these block

copolymer aggregates, by means of time-resolved slatic and dynamic light scattering,

they found that the aggregation of individual copolymer molecules proceeds via the

formation of intennediate cylindrical aggregates, which have larger aggregation numbers

than those of the final micellar structure. The transition has a two-step mechanism.

During the first step, which occurs quickly, micelles fonn and grow into metastable

cylindrical aggregates by consuming large amounts of excess free copolymer Molecules

in the solution. The individual chains within these intennediate structures rearrange,

through the insertion and expulsion ofcopolymer chains, to form spherical micelles in the

fmal rate-determining step.

Chen et al. reported on the kinetic and mechanistic details of the transformation of

rod-like polystyrene-b.poly(acrylic acid) aggregates, fonned in dioxane-water mixtures,

into vesicular SlrUCtureS.
2 This particular polymer is known to self-assemble into

aggregates of multiple morphologies in solution (Le. spheres, rods, vesicles).

Transmission electron micrographs indicate that near the boundary, between the rod and

vesicle regions, the rods become shorter with an increase in their diameter, and a few

vesicles begin to appear in the solution. A sudden jump in the water content, in this

region, results in the formation of vesicles al the expense of the rods. The rod-to-vesicle

transition bas a two-step mechanism. Initially, the transfonnation involves the tlattening

of the short rods~ forming inegular or circular lamellae. This is followed by the rate-

•

•

Chapter 2: Kinetics and Mechanisms of the Sphere-to-Rod and Rod·to Sphere
Transitions in the Temary System PS3l0·b-PAA,2 / Dioxane / Water

37



limiting c10sure of the bowl-shaped lamellae to fonn vesicles. The kinetics of this

transition was followed by monitoring the solution turbidity as a function of time. 2

The ability to transverse the morphological phase diagram (Le. spheres to rods to

vesicles), with increasing perturbation to the system, has prompted an investigation of the

factors goveming the morphology of PS-b·PAA aggregates in selective solvents, and the

details involved in the transition from one aggregate morphology to another. 1 Zhang and

Eisenberg have already explored the conditions under which the formation of aggregates

with a specific morphology are detennined by thermodynamics factors or by the kinetics

of the system. 19b It was found that the solvent composition and the method used to form

the aggregates (i.e. direct dissolution or slow solvent addition) greatly influence whether

a given architecture is under thennodynamic or kinetic control. This knowledge has

provided a basis and a motivation for examining the mechanistic and kinetic deals

associated with each morphological tr~sition.

This present study is a continuation of the work started by Chen et al.2 Here, we

report on the kinetics and mechanisms associated with the sphere-to-rod and rod-to

sphere transition in the PS31O-b-PAAS2 / dioxane / water system. Changes in the solution

turbidity were followed as a function oftime, after ajump was made in one of the solvent

components, in order to detennine the kinetics of the transitions. The mechanisms were

elucidated using a freeze-dry technique to trap the intermediate aggregate structures for

observation using transmission electron microscopy. The discussion section ofthis

communication is divided into four pans. First we look at the factors that determine the

size and shape of the copolymer aggregates. This is followed by a description of the

mechanism of both the sphere-to-rod and the rod-to-sphere transitions. The kinetic results

are outlined in the next section. Finally, the effects of the initial solvent composition, the

degree of solvent perturbation, and the initial polymer concentration on the

morphological transitions are discussed.

2.2 Experimental SectiOD

This study was carried out using a polystyrene-b-poly(acrylic acid) copolymer

composed ofblocks containing 310 and 52 repeat units respectively. Il was synthesized

by sequential anionic polymerization and bas an overall polydispersity of 1.05.1 A

detailed description of the synthesis procedure cao he found in a previous publication.38
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The polymer sample was fractionated to remove homopolystyrene using a standard

method. 19b The phase behavior OfPS31O-b-PAAs2 has also been described in an earlier

communication. 1

In order to prepare the aggregates, PS31O-b-PAAS2 was tirst dissolved in dioxane,

which is a solvent suitable for both cOPQlymer blocks. The aggregation of the chains was

induced by the slo\v addition ofdeionized water (0.2 wt % 1min), which is a precipitant

for the PS blocks. The presence of micelles was indicated by the appearance of a blue tint

to the solution. The water addition was continued UDtil the desired concentration was

reached. The solution was stirred for 24 hours, after the water addition, in order to ensure

that equilibrium was reached.

ln order to study the solution turbidity of spheres and rods as a function of

polymer concentrations, two stock solutions were prepared, one with spherical aggregates

and one containing rods in dioxane-water mixtures of9.5 and 13.5 wt % water

respectively. The morphology of the aggregates was quenched by quick.ly adding the

stock solutions to an excess ofwater, which resulted in the two-fold dilution of the

samples. The solutions were placed in dialysis bags (SpectralPor) with a molecular

weight cutoffof 50 000 glmol. After dialysis, the stock solutions were rotary evaporated

to increase the polymer concentration. SeveraJ other samples with varying polymer

concentrations were prepared by diluting the stock solution with water.

The solution turbidity was measured at 650 nm with a Varian Cary 50

spectrophotometer, because that is where bath the copolymer and the aggregates have the

lowest absorption. The measurements were taken at room temperature. The kinetic

experiments were also done using visible spectroscopy by following the solution turbidity

as a function of time at 650 Ml.

The mechanistic details of the morphological transition were examined using

transmission electron microscopy (TEM). After the initial addition of solvent for the

jump, the polymer solution was sprayed, al given lime points, onto copper grids thal had

been previously coated with poly(vinyl formai) (JB EM Services me.) and carbon

respectively. The temperature of the samples was reduced to near that of liquid nitrogen

in order to preserve the intennediate morphologies. The samples were than freeze-dryed

by allowing them to warm to room temperature while under vacuum. A Phillips EM400
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microscope operating at an acceleration voltage ofSO kV was used to observe the

morphologies. 1
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2.3 Ruults and Discussion

2.3.1 Change in Aggregate Size and Shape

Before describing the kinetic and mechanistic details associated with architectural

changes in block copolymer aggregates induced by a change in the solvent composition~

it is important to discuss how the interactions between the solvent and the copolymer

molecules affect the size and shape of the aggregates.

The interactions between the PS-b-PAA chains and the solvent have been found

to influence the dimensions ofboth the aggregate core and the corona. 13
-

1S The strength

of these interactions is described by the Flory interaction parameter (X), which is a

measure of the solvent power. The better the quality of the solvent for the polymer, the

lower the value of x.. The properties of dioxane make it a favorable solvent for both the

PS and the PAA blocks. However, since water has a higher dielectric constant than

dioxane, it interacts favorably only Yfith the PAA blacks. The morphology of the

copolymer aggregates is dictated by the balance between the effect of the PS-solvent and

the PAA-solvent interactions on the three forces governing the structure of the aggregates

(i.e., stretching of the core-fonning blacks, the interfacial tension between the solvent and

the miceUar core, and the intercorona interactions). The degree of stretching of the PS

chains within an aggregate is proponional to the size of the core of the aggregates. In

~ the core radius is a function of the aggregation number of the micelle (Nag). The

value ofNagg is detennined by the compatibility of the solvent with each of the

copolymer blacks, and 50 too is the degree of core-chain stretching. 10b

ft was found that PS310-b-PAAs2 fonn spherical micelles in dioxane-water

mixtures with compositions between S.5 and 11.5 wt % water (Figure 1).1 This is the

most thermodynamically favorable structure in this solvent composition range because of

the relatively low interfacial energy that exists under these conditions, which results from

the small value of l. The aggregation number ofeach micelle bas been shown to increase

with water content, al a fixed polymer concentration. lOb In the case of PS310-b-PAAS2

micelles, the diameter of the aggregates increases from an average value of39 ± 1 nm for



initially fonned micelles, to a value of 50 ± 2 nm near the sphere to rod morphological

boundary. The core radius ofa spherical micelle therefore expands as the aggregation

number becomes larger. From a thennodynamic point ofview, an increase in the

aggregation number is favorable because it leads to a decrease in the interfacial area

between the solvent and the core chains. However, this is also accompanied by an

increase in the stretching of the polystyrene chains and an increase in the corona-chain

repulsions. Both processes are thennodynamically unfavorable because they result in an

increase in the free energy of the system. This stretching of the core chains has a greater

influence on the energetics of the system than the decrease in the interfacial area or the

increase in corona repulsions. 13
-
ls The spherical micelles undergo adhesive collisions to

fonn rod-like aggregates, with a smaller diameter than that of the spheres, because the

degree of core-chain stretching and corona-chain repulsion is lower in rods. As the

aggregates change their shape from spheres to rods, additional freedom is gained about

the long-axis with little change in the confonnation of the chains. Therefore, the

transition between the two structures is thermodynamically favorable at solvent

compositions of greater than Il.5 wt % H20 for PS31O-b-PAAS2. However, this transition

bas been sho\\1l to he reversible by altering the solvent composition in favor of the

dioxane content. 1
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In fac~ near the boundary between the S + R and the R regions (Figure 1), an

increase in the dioxane content of the solvent mixture leads to the conversion of the rods

back to spherical aggregates. The interaction between the solvent and the core chains

becomes more favorable with an increase in the dioxane content, whicb reduces the

degree ofchain extension. The aggregation number begins to decrease as the dioxane

content of the solvent increases. In tum, the interfacial area increases. These events make

the rod-Iike aggregates energetically unstable; bence, the rods convert back to spberical

aggregates to gain thennodynamic stability.I3-1S



• -i!-
i-c:
0
~

!-c:
8
c:
0
0
~

Q)

e
:>.
ë
Q.
0
0

ChapLer 2: Kinetics and Mechanisms orthe Sphere·to-Rod and Rod·to Sphere
Transitions in the Temary System PS310·b-PAA~21 Dioxane 1Water

2.4 ..------~-----~------
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0

Water Content (wt %)

42

•

Figure 1: A partial morphological phase diagram for PS31O-b-PAAS2 in dioxane-water

mixtures. S: spheres, S + R: spheres and rods, R: rods, R + V: rods and vesicles. The

solid line scale shows the water content range covered al a given polymer concentration.

The dashed lines with arrows indicate the forward and reverse solvent jumps al 1.0 wt %

polymer.

Il should he noted that in addition to the influence of the size and shape of the

aggregates on the solution turbidity, the polymer concentration also effects the turbidity

ofa solution containing aggregates ofa given morphology.l Figure 2 contains a plot of

the solution turbidity for both spheres and rods as a function of polymer concentration.

The plots indicate that there is a linear dependence of turbidity on polymer concentration

for both aggregate morphologies within the concentration range used in the present

studies. However, these plots are only representative of the aggregates formed using a

particular set of conditions. For example, the spheres were prepared in a solution of 1.0

wt % polymer and 9.5 wt % water and the aggregates were kinetically trapped with their

given size and shape upon quenching into water and subsequent dialysis. Thus, turbidity

concentration curves can also he prepared as a function of the size of the spheres. The

same process is true for rod-shaped aggregates. However, it is believed that such plots

will also be linear because the dimensional changes occur on such a small scale. It is a1so
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concluded that the linear dependence of the solution turbidity on the polymer

concentration for spheres and rods in water reflects the behavior of the system in

dioxane-water mixtures because the refractive index of the medium is similar in both

cases.
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Figure 2: Dependence of the solution turbidity on the polymer concentration for spheres

and rods in water. (Error in turbidity of± 0.01 units)

2.3.2 Meebanisms

Figure 3 contains representative transmission electton micrographs of aggregate

structures at ditTerent time points during the morphological transitions induced by jumps

in the water content from 11.5 to 12.0 wt % and from 12.0 to 13.5 wt % in solutions

consisting of 1.0 wt % PS31O-b-PAAS2. At 11.5 wt % H20, the systems is al the boundary

between the S and S+R regions and all of the aggregates are spherical al this point

(Figure 1).Thus, the 11.5 to 12.0 wt % H20 transition brings the system into the S +R

region, while the 12.0 to 13.5 wt % H20 transition moves the system from the S+R

region to the R region. The sudden addition ofwater to the system makes these

aggregates energetically unstable. The micrographs indicate that this leads to adhesive

collisions ofspherical micelles to forro "pearl neck1ace" structw'es. At high enough water



contents, the pearl necklace intennediates eventually reorganize to fonn smooth rods with

hemispherical caps in order to reduce the surface area of the aggregates. The intennediate

stages ofthis process are shown in the last picture in the Il.5 to 12.0 wt % H20 transition

series and the tirst few pictures in the 12.0 to 13.5 wt % H20 transition series. These

neckJace structures are believed to exist under equilibrium conditions in the water content

range covered by the S+R region. The average rod diameter decreases from a value of 50

± 2 DOl, for the individual spheres within a necklace, to 37 ± 2 nm for a smooth rode Light

branching has also been observed in sorne of these rod structures. This transition

mechanism is different from that proposed for the sphere-to-rod transition in small

molecule surfactant aggregate systems. However, the clustering of smaller aggregates to

fonn cylinders or rod-shaped structures has been observed in other cases such as aerosol

agglomeration in gas particle systems:'2 flocculation of colloids;B the aggregation of red

blood cells-'4 etc.
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Transition from 12.0 to 13.5 wt % H20

Figure 3: Micrographs of the aggregates al different time points during the sphere-to

rad transition occurring in solutions of 1.0 wt % PS31O-b-PAAS2 in dioxane-water

mixtures.

The rod-to-sphere transition also bas a mechanism with two observable

steps. This is shown in Figure 4, which contains micrographs outlining the rod-to-sphere



transition in solutions of 1.0 wt % PS310-bPAAs2 that have initial compositions of 13.0

and 12.0 wt % H20 respectively. The transition from 13.0 to 12.0 wt % "20 brings the

system from the boundary between the S+R and R regions to a location in the transition

region. The 12.0 to Il.5 wt % H20 transition moves the system from the transition region

to the boundary between the S+R and R regions where all of the aggregates are spherical

in shape. The fllSt set ofmicrographs (13.0 to 12.0 wt % H20) indicate that the quick

addition of a small quantity of dioxane to the system near the boundary between the S+R

and R regions results in the development of a bulb on either or both ends of the rods

forming dumbbell-like intermediates. These bulbs develop because of the need to reduce

the interfacial energy of the unstable rod structures. The bulbs are progressively pinched

off to release free spherical micelles. The rods continue to develop bulbs until the final

release of the last two micelles.

Transition from 13.0 to 12.0 wt % H20
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Transition from 12.0 to Il.5 wt % H20
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Figure 4: Micrographs of the aggregates at different time points during the rod-to-sphere

transition occuning in solutions of 1.0 wt % PS31O-b-PAAs! in dioxane-water mixtures.

2.3.3 Transition Kinetics

It is weil known that the turbidity of the PS31o-b-PAAs2 solutions is dependent

upon the size and shape of the copolymer aggregates. As you transect the morphological

phase diagram, from spheres to vesicles, the solution turbidity increases. The kinetic



analysis of the morphological transitions under study is based upon this dependence of

solution turbidity on the morphology of the aggregates. Ali of the turbidity-time profiles

for both transitions, with exceptions at higher polymer concentrations, are best fitted by a

double exponential equation. In the case of the

sphere-to-rod transition, the expression is:

y =C +A(l-e-lIfl )+ B(l-e-tlf: ) (1)
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while, for the rod-to-sphere transition the equation reads as follows:

y =C + Ae-l/f
• + Be-tif: (2)

In bath equations, tl and 'T2 are the relaxation times, t is the time, A, and B are adjustable

parameters, and C is the turbidity at infinite time. Since the sum of C, A, and B is equal

to the solution turbidity, the ratio of A to B indicates which relaxation process contributes

more to the change in the solution hlI'bidity for any given transition.

An analysis of the TEM micftJgraphs is used to assign the relaxation times to

specifie proeesses that occur during the morphological transitions. For example, the first

observable step in the mechanism of the sphere-to-rod transition is the adhesive collisions

between spheres; one can speeulate that the tirst relaxation time ('t1) corresponds to this

process. It is believed that the reorganization of the intennediate neeklaces, which is

aceompanied by a reduction in the diarneter of the aggregates and a slight extension about

the long-axis is possibly represented by the second relaxation lime (t2) in the sphere-to

rod transition. In the case of the rod-to-sphere transition, the first observable ehange in

the aggregate morphology is the development ofa bulb on either or bath ends of the rods.

Since changes in aggregate shape are known the effect the solution turbidity, it is

eonceivable that this process is related to the first relaxation time ('Tl). Eventually the

bulbs are pinched off of the rods, which not only affects the size of the rods, but also

changes the ratio of the numher of spheres to the number of rods in solution. The second

relaxation time ('t2) for the rod-to-vesicle transition is believed to he a possible reflection

of the effect ofthese changes on the solution turbidity. It must he noted that we do not

have enough evidence to confirm the process that corresponds to each relaxation time and

that the above assignments are believed to provide the most reasonable description.

It is apparent, from examining the morphological phase diagram (Figure 1), that

the region of pure spherical aggregates (S) is separated from that of rod-like aggregates



(R) by a large difference in the solvent composition (~ 1.5 wt % water). Il has been

shown that a large~ sudden increase in the water content may lead to the kinetic freezing

of the starting morphology because of the slow chain dynamics. In order to preserve a

state ofequilibrium, the transfonnation ofaggregates from one morphology to another is

accomplished with small jumps in the solvent composition as the sphere-rod coexistence

region is crossed.

Since neither the forward nor reverse transitions proceed with conservation of

mass (the aggregation number of rods is larger than that of spheres) it is difficult to obtain

the relation between the concentration ofeach species and the solution turbidity that is

required to detennine the rate constants for each step in the transitions. Although this

infonnation can, in principle, be obtained from light scattering studies, it was not possible

to complete such an investigation for the sphere-to-rod and rod-to-sphere transitions

because the relaxation limes are too short to obtain reliable data from the light scattering

instrument. Thus, statistical treatrnent of the data from the TEM micrographs is required

to get an estimate of the rate constants involved in these transitions.

2.3.4 Facton InOuenciag the KiDetics

Although the specific morphology of the block copolymer aggregates is

determined by the thennodynamics of the system, the transition of one morphology 10

another is dependent upon the kinetics of this process under a given set ofconditions.

Hence, it is of interest to detennine the propenies of the system that influence the kinetics

of morphological transformation.

1.3.4.1 Effeet of Initial Solvent Composition

Previous studies have shown that the solvent composition, which influences the

interaction of the polymer chains with the bulk solvent plays a major role in detennining

the morphology of the block copolymer aggregates. Earlier publications have reported

that the slow addition ofwater to a solution ofPS310-b.PAAs2 in dioxane gradually results

in the fonnation of spherical micelles; when the water addition is continued the micelles

are systematically transfonned into rods and then vesicles. 1
,2 This warrants further

investigation into the etTects of the initial solvent composition on the kinetics of

morphological transformations.
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Figure 5: (A) Effect of the initial solvent composition on the kinetics of the sphere-to-rod
transition in PS310-b-PAAs2 aggregates in dioxane-water mixtures. The initial polymer
concentration is 1.0 wt %. (D) Effect of the magnitude of the dioxane jump on the
kinetics of the sphere-to-rod transition in PS310-b-PAAs2 aggregates in dioxane-water
mixtures. The initial polymer concentration is 1.0 wt %. (C) Effect of the initial polymer
concentration on the kinetics of the sphere-to-rod transition from Il.5 to 12.0 wt % H20
in PS310-b-PAAs2 aggregates.

Table 1: Kinetic parameters for the sphere-to-rod transition in PS3Io-b-PAAs] aggregates
in dioxane-waler mixtures.

RiInitial Initial MIlO C A B t, tl
Polymer Water 1103 110J (s) (s)

Cone. Content
(wt 0J'e) (wt Of.)

Initial 1.01 11.5 0.5 0.160 21.0 3.74 25.0 90.4 0.998
Water 0.99 12.0 0.5 0.179 10.2 2.91 74.8 136 0.997

Conteat 1.01 12.5 0.5 0.203 9.62 2.66 195 383 0.999
Magnitude 1.00 12.0 0.5 0.179 10.2 2.91 74.8 136 0.997
ofSolvent 1.02 12.0 1.0 0.180 5.23 5.32 66.4 120 0.996

Jump 1.00 12.0 1.5 0.179 2.84 5.88 58.5 114 1.00
IDitial 0.10 11.5 0.5 0.045 2.46 1.02 37.1 121 0.996

Polymer 1.01 11.5 0.5 0.160 21.0 3.74 25.0 90.4 0.998

• CODe. 2.03 11.5 0.5 0.304 37.9 13.3 0.990
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Figure 6: (A) Effect of the initial solvent composition on the kinetics of the rod-to sphere
transition in PSJ1o-b-PAAs2 aggregates in dioxane-water mixtures. The initial polymer
concentration is 1.0 wt %. (8) Effect of the magnitude of the dioxane jump on the
kinetics of the rod-to-sphere transition in PSJ IO-b-PAAS2 aggregates in dioxane-water
mixtures. The initial polymer concentration is 1.0 wt %. (C) Effect of the initial polymer
concentration on the kinetics of the rod-to-sphere transition from 12.0 to 11.5 wt % H20
in PSJ lO-b-PAAS2 aggregates.

Table 2: Kinetic parametersfor the rod-Io-sphere transition in PSj u,.b-PAA52 aggregales
in dioxane-water mixtures.

Initial Initial âHzO C A B 'tl 't2 Ri
Polymer Water 1103 1103 (5) (5)

Cone. Content
(M 01'0) (wt 01'0)

Initial 1.00 12.0 -0.5 0.149 17.7 6.52 37.0 325 0.995
Watcr 1.02 12.5 -0.5 0.166 liA 12.7 78.5 740 0.998

Content 1.00 13.0 -0.5 0.172 9.04 20.3 147 945 1.00
Mapitude 1.01 12.5 -0.5 0.166 lIA 12.7 78.5 740 0.998
ofSolvent 1.00 13.0 -1.0 0.166 14.0 21.4 204 1140 0.999

JUlDp 0.99 13.5 -1.5 0.167 14.5 28.2 293 1890 0.999
Initial 0.10 12.0 -0.5 0.031 6.90 6.41 19.7 24.5 0.996

Polymer 1.00 12.0 -0.5 0.149 17.7 6.52 37.0 325 0.995

• CODe. 2.01 12.0 -0.5 0.320 7.65 56.0 0.990



Figures 5a and 6a contain plots of the solution turbidity as a function of time for

the sphere-to-rod and reverse transitions al different initial solvent compositions, but with

the polymer concentration and the magnitude of the solvent jump held constant. ft is quite

clear that the composition of the solvent mixture influences the kinetics of the structural

changes. The relaxation times for both steps in the transfonnation of spherical aggregates

to rods, as weil as that for rods to spheres, increase with an increase in the water content

of the initial solvent composition as indicated in Tables 1 and 2. As weil, the relaxation

times are similar for both transitions in comparison to the relaxation times for the rod-to

vesicle and vesicles-to-rod transitions where the vesicle-to-rod transition occurs orders of

magnitude faster than the forward transition.2
,21 ln order to understand the trend in the

relaxation times with increasing water content, it is important to consider the

experimental results in tenns of the influence of each solvent composition on the

dynamics of the aggregates. and the location ofeach initial solvent composition within

the morphological transition region (Figure 1).

Near the edge of the morphological boundary between the sphere zone and th~

coexistence region. ail of the aggregates are spherical. Thus, when water is added quickly

to the system, in order to bring it into the coexistence region of the phase diagram. the

initial stages of the transition involve the adhesive collisions of spheres to forro dimers,

trimers etc, with very little contribution from structural rearrangement of the individual

chains. This is indicated by the small contribution of the second relaxation step, relative

to that of the firs~ to the total turbidity (Le. A / B is large). The efficiency of adhesive

collisions depends upon the repulsive interactions among the aggregates and the osmotic

pressure within the gap between two aggregates. The pressure results from the presence

of the concenttated PAA phase in the corona shell of the micelles. The osmotic pressure

is a function of the segment charge density eJ.
42

P(D -+ 0) =- 2a1cT (3)
zeD

Here, D is the distance between the two spheres, k is the Boltzmann constant. T is the

temperature, e is the charge ofa proton. and z is the charge. Hence, the osmotic presswe

in the gap is inversely proportional to the water content in the corona. since the charge

density increases with water content due to the fact that altering the solvent composition

•
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in favor of water increases the dielectric constant of the medium. An increase in the

repulsive interactions between the spheres is also a consequence of the higher charge

density. Thus, the efficiency of the collisions decreases with an increase in the water

content, contributing ta the decrease in the fust relaxation time, which corresponds ta the

collision between spherical aggregates.

In addition to the influence the initial water content bas on the interaction of the

solvent molecules with the PAA blacks of the corona, it also affects the PS core of the

aggregates. As the water content increases, the common solvent is gradually removed

from the micellar core. This leads to an increase in the viscosity of the aggregate core.

The chain mobility decreases, which slows down the rearrangement of the individual

chains within a necldace. and as a result, dynamics of the flow of chains within the core

ofa necklace decreases. This necldace-to-rod reorganization process has a greater

influence on the kinetics of the transition (i.e. A / B decreases) as the initial solvent

content is increased because the rate ofcollisions between aggregates decreases with

decreasing sphere population. As the number of collisions deceases, the contribution of fi

to the solution turbidity a1so decreases.

The distance the initial water content is away from the morphological boundary

also greatly influences the kinetics of the transition. The further the system is away from

the boundary between the S and S + R regions (Figure 1), the smaller the initial sphere

population. This means that, statistically, there will be fewer collisions of spheres with

other spheres or with other aggregates. Because of the difference in the masses between

aggregates of different morphologies, the rate of necklace-necklace collisions is slower

than that of sphere-necklace or sphere-sphere collisions. This also contributes ta the

increase in "rI from 25 s, in a solvent with an initial water content of Il.5 wt %, to 195 s

in a system initially composed of 12.S wt % water.

The interaction of the solvent with the copolymer chains also has an impact on the

two relaxation steps involved in the transformation of rods into spheres. Since the first

step involves the development ofa bulb on either or both ends of a rod, the chain

mobility (core viscosity) under a given set ofconditions will influence the rate al which

these stnlctures grow. As a result of the decrease in the chain mobility at higher water

contents, the relaxation lime for bulb growth increases with water content.

•
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The value ofT2 reflects the change in the ratio of the sphere population to that of

rods and the decrease in the size of the rods as the transition processes. Thus, the second

relaxation time depends upon the rate at which the bulbs are pinched offof the

intennediate dumbbell aggregates. The removal ofa bulb from the intennediate dumbbell

structure occurs when the contact angle between the bulb and the cylindrical body

decreases to a critical value. According to the JKR theory ofelastic collisions between

spheres, developed by Johnson, Kendal, and Roberts, the contact angle is dependent upon

the interfacial energy between the two surfaces (y), the elastic modulus (K), and the

radius of the bulb (R).42.43

a. =C2~2rr (4)

•
Chapler 2: Kinetics and Mechanisms of the Sphere-to-Rod and Rod-to Sphere

Transitions in the Temary System PSJlo-b-PAA52 / Dioxane / Water
52

•

Since the contact angle is directly proportional to the interfacial energy, the rate at which

a bulb is pinched offof the dumbbell is dePendent upon the change in the interfacial

energy throughout the transition. This energy term is directly related to X. At higher water

contents, the interaction between the coreooChains and the solvent is less favorable, thus

bulb removal will occur more quickly when the transition is induced to occur in systems

with lower initial water contents.

Although the solvent composition bas an effect on the rod-to-sphere transition

kinetics, the location ofthe system within the coexistence region of the phase diagram

also influences the kinetics. The jump in the dioxane content of the solvent drives the

morphological change from rods to spherical micelles. The closer the system is to

achieving this spherical architecture, the faster the process occurs (Table 2) because the

aggregates have to undergo fewer structural changes as the system approaches the sphere

region. For example, when the initial solvent composition is at 13.0 wt % water, the

majority of the aggregates are rods. The 0.5 wt % change in the dioxane content brings

the system to astate where the aggregates are still mostly rod-like. However, applYing the

same water jump to a system with a 12.0 wt % water content produces an aggregate

population ofmostly spheres because at 12.0 wt % the rods are shorter than at higher

water contents, thus fewer bulb development events must occur to convert the rads to

spherical micelles.



2.3.4.2 Effect of Magnitude of Solvent Jump

The effect ofchanging the magnitude of the solventjump on the rate of

morphological transitions was studied by following the solution turbidity as a function of

tinte for different amounts of added solven~ while keeping the initial polymer

concentration and either the initial or the final solvent composition fixed. The size of the

water jump was varied between ± 0.5 to ± 1.5 wt % because smaller changes were found

to have little effeet of the system, while larger jumps kinetically trap the aggregates in

their original morphology.

For the sphere-to.rod transition, the initial polYmer concentration was held at 1.0

wt % and the solvent composition at t = 0 was 12.0 wt %, which lies within the

coexistence region ofthe morphological phase diagram. Figure Sb contains a plot of the

turbidity-time profiles for various water content jumps and the relaxation times are

outlined in Table 2. The results indicate that the relaxation limes for the sphere-to-rod

transition slightly increase with increasing jump magnitude. Since the change in the

solvent composition influences the force balance goveming the morphology of the

aggregates, the size of the jump has an effect on the driving force for the transformation.

Similarly, Robinson et al. have recently shown that the overall rate constants for the

transfonnation of surfactant micelles to vesicles are strongly dependent upon the final salt

concentration, where an increase in the salt concentration provides a greater driving force

for the transition.47 It was found that the larger the salt jump, the greater the lendency to

fonn vesicles. This was attributed to the fact that an increase in the salt concentration

reduces the free energy barrier for the transfonnation. Thus, in the case of the sphere-to

rOO transition, the relaxation limes decrease with increasing degree of perturbation due, in

part, to a decrease in the morphological free energy barrier.

Altering the degree of the extemal perturbation to the system also influences how

far away the fmal state of the system is from equilibrium conditions. Since, the initial

solvent composition is within the transition regjon, the larger the jump in the water

conten~ the closer the system approaches the boundary for the existence ofequilibrium

rods. Hence, the closer the final water content is to the phase boundary, the faster the

transition occurs because ooly a small degree of structural change is required to reach

these conditions.
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The rate at which rods breakdown 10 fonn spheres, unlike that for the fonnation

of rods from spheres, bas been found to slightly increase with the degree of perturbation

imposed upon the system (Figure 6b). However, in this case, instead of maintaining a

constant initial solvent composition, the final solvent composition was fixed while

varying the size of the jump in the dioxane content. The final solvent composition of 12.0

wt % H20 is located in the transition region and the aggregates are a mixture of spheres

and rods. Although increasing the solvent jump increases the perturbation to the force

balance controlling the morphology of the aggregates, the position of the initial solvent

composition has more of an influence on the kinetics of the transition since the final

solvent composition resides within the transition region. At 13.5 wt % H20, the system is

deep in the rod region and at 13.0 wt % H20 it is located al the boundary between the

S+R and R regions, thus of the aggegates are ail rod-like in both cases. However, at 12.5

wt % H20 the system is in the transi:ion region and the aggregate population is a mixture

of spheres and rods. Therefore, the relaxation times increase with increasing water

content because the aggregates must undergo more structural changes in order to

resemble the system at 12.0 wt % H20 the further the initial conditions locate the system

within the rod region. Similar trends were observed in the relaxation times for the

vesicle-to-rod and rod-to-vesicle transitions, but unIike the sphere-to-rod and reverse

transitions, the relaxation limes for the forward and reverse processes are very different. 22
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2.3.4.3 Effeet 01 Initial Polymer Concentration

Another one of the factors believed to have an influence on the kinetics of the

morphological transitions under investigation, is the initial polymer concentration, not

only because it effects the total aggregate population, but also because it alters the

position of the phase boundaries. In order to study this effect on the kinetics, a 0.5 wt %

solvent jump is imposed upon a series of solutions with different initial polymer

composition ranging from 0.1 to 2.0 wt %, but with a constant initial water content of

Il.5 wt % for the sphere-to-rod transitions and 12.0 wt % for the rod-to-sphere transition.

Figure Sc shows the turbidity versus lime for three aggregate systems with

ditTerent polymer concentrations that have been induced to undergo the sphere-to-rod

transition. The data contained in Table 1 indicates that the rate of the transition is highly



dependent upon the initial pllymer concentration and increases with increasing

concentration. In fact, the transition occurs 50 rapidly at higher pllymer concentrations

that only one relaxation time is observed. One of the reasons for this phenomenon is that

the total number of block copolymer aggregates increases with polymer concentration.

This leads to a higher frequency of aggregate collisions. Since this process is thought to

correspond to the tirst relaxation time in the sphere-to-rod transition kinetics, it is not

surprising that experimentallimitations prevent us from obtaining a value for tl at higher

polymer concentrations.

The more prominent factor goveming the effect of polymer concentration on

transition kinetics is the initial location of the system, al a given concentration, within the

morphological phase diagram. At 1.0 wt % PS-b-PAA, the system is located at the

boundary between the S and S+R regions. However, for a solution of 0.1 wt % polymer,

the initial solvent composition of 11.5 wt % H20 places the aggregates more deeply

within the sphere region, while for the same solvent composition, the system lies within

the transition region at a polymer concentration of 2.0 wt 0/0. Hence, since the final state

of the system, after the 0.5 wt % jump in the water content, for each polymer

concentration, lies in different regions of the phase diagram with respect to the

morphological boundaries (Figure1), the location of the initial state of the system within

the phase diagram influences how quicldy the transition occurs. In the case of the 2.0 wt

% polymer system, the initial conditions place it closer to the boundary hetween the S +

R and R regions (Figure1). Thus, the system is driven to reach the rod region more

quickly because the aggregates have to undergo fewer architectura1 changes in order to

reach the desired state. However, the initial and final states of the 0.1 wt % polymer

system are located entirely within the sphere region. The kinetics is slower because the

aggregates start out in equilibrium and water content jump only causes them to increase

in diameter. Il should he noted that there is still sorne uncertainty as to why two

relaxation limes are obtained for this process.

The rate of the reverse process is also influenced by the POlymer concentration

(Figure 6c). However, the nature ofthis effect is more complex. At lower polymer

concentrations, two relaxation tintes are observed, which increase with increasing

polymer concentration. When the pclymer concentration is raised to 2.0 wt % the kinetics
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shows a single relaxation time, which is smaller than the 't2 value obtained for the kinetics

of the systems with lower polymer concentrations. No logical explanation has emerged

for these results. Hence, further investigation is wananted in this case.
•
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2.4 Conclusions

An investigation of the kinetics and mechanism of the sphere-to-rod and rod-to

sphere transitions that occur in aggregates prepared from PS31O-b-PAAs2, in dioxane

water mixtures, has been completed. A suddenjump in the content ofone of the solvent

components was used to induce the transitions. The solution turbidity was monitored as a

function of time during the transition, and the results were fitted to appropriate

exponential equations. It was conc1uded that the transitions proceed via two relaxation

steps. The relaxation time for each step was obtained from the turbidity-time profiles.

The relaxation times for both the forward and reverse transitions are found to he

comparable to each other, in contrast to those of the rod-to-vesic1e transition and the

reverse process where the forward transition is orders of magnitude slower than the

backward transition.2
.22 The kinetics associated with both morphological transitions was

found ta he influenced by the initial solvent composition, the magnitude of the solvent

jump, and the initial polymer concentration. The initial conditions of the system.. with

respect their location within the morphological phase diagram, play a major role in

determining how the transition kinetics are affected by a change in anyone of these

parameters.

The transition mechanisms were determined from transmission electron

microscopy studies. The transformation of spherical aggregates to rod-like structures

occurs through the adhesive collisions of spherical micelles to fomt intermediate "pearl

necklace'" structures. The necklaces then reorganize.. during the rate-limiting step, ta

produce a smooth rod. The reverse transition also proceeds via a two-step mechanism. In

this case.. a bulb develops on either or both ends ofa rad. The rate-detennining step

involves the removal of the bulbs from the cylindrical body. This study represents the

tirst attempt to detennine the kinetics and mechanism of the transfonnation of spherical

block copolymer aggregates into rod-like structures and the backward conversion of rods

to spherical micelles in solution.



This report represents the first study of the kinetics and mechanisms of bath the

forward and reverse processes involved in the transition from one block copolymer

aggregate morphology to another. In order to expand our knowledge of this subject area,

a study of the kinetics and mechanism of the vesic1e-to-rod transition was carried out and

the results are reported in the next chapter. This morphological transfonnation is the

reverse of the rod-to...vesicle transition investigated by Chen et al.2 Thus9 the study of the

vesicle-to...rod transition completes the characterization of the conversion between rods

and vesicles and increases our understanding of how to manipulate the architecture of the

PS...b...PAA aggregates in solution.
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The kinetic and mechanistic study described in the previous coopter, which

described the sphere-to-rod and rod-to-sphere transitions in PS-b-PAA aggregates, is the

tirst of ilS kind to report on both the forward and reverse processes ofa transition from

one black copolymer aggregate morphology to another. It was previously shown by Shen

and Eisenberg that the spheres, rods, and vesicles fonned in the PS310-b-PAAS2 / dioxane

/ water system under investigation are equilibrium structures and that the transition from

one architecture to another is completely reversible. Hence, it is equally imponant to

examine the proPerties of the morphological transitions in both directions. ln keeping

with this belief, this chapter describes the kinetics and mechanism of the vesicle-to-rod

transition, which is a continuation of the study of the rod-to...vesicle transition previously

carried out by Chen et al. For comparison sake, the investigation was conducted in a

parallel manner to that of Chen et al. The transition was brought about by a sudden jump

in the solvent compositio~while the kinetics was examined as a function of the initial

solvent composition, the magnitude of the solventjump, and the polymer concentration.

Thus, the study of the vesicle-to-rod transition completes the characterization of the

conversion between rods and vesicles and increases our understanding ofhow to

manipulate the architecture of the PS-b-PAA aggregates in solution.



3.1 Introduction

Asymmetric, amphiphilic, block copolymers form a variety of self-assembled

structures in solution. The properties ofthese aggregates, both under equilibrium

conditions and after quenching, have been extensively investigated. I
-
8 Block copolymer

aggregates are most commonly spherical in shape. Micelles with a core radius that is

much smaller than the cross-sectional area of the corona are referred to as star-Iike. De

Gennes predicted that it should he possible to fonn micelles with a larger core radius

relative to the length of the corona.9 Halperin et al. were the tirst to use the phrase '~crew

cut" to describe these aggregates. 1O For block copolymers, in general, their ability to form

aggregates in solution bas prompted several attempts to characterize the self·assembly

process in such systems. ft has been shown that block copolymer micelles, as in the case

of small Molecule surfactants, are fonned through a step-wise association. 11
-

1S The

mechanism of block copolymer self-assembly involves two steps and is similar to that

proposed by Aniansson and Wall to describe micelle fonnation from surfactant

molecules. 16 The tirst step involves the fast exchange of the copolymer chains between

the micelles and the bulk solution_ The rate-detennining process includes a series of step

wise events during which copolymer molecules associate with or dissociate from the

micelles.

Zhang and Eisenberg showed that crew--cut aggregates of a range of morphologies

are obtained in solution from one block copolymer family.17 This is also observed for a

single block copolymer. 18 The materials that were used include asymmetric polystyrene

b-poly(acrylic acid) (pS-b-PAA) and polystyrene-b-poly(ethylene oxide) copolymers. 17

22 Severa! other block copolymers have been round to self-assemble into aggregates of

multiple morphologies.23
-
32 Block copolymer aggregates with different architectures have

been prepared from a single polymer in solution by a1tering such factors as the solvent

composition34, the relative block lengths3s, the temperature36, and the presence of

additives37. These tunable parameters have an influence on the size and shape of the

aggregates because they affect the balance between three of the major forces acting on

the system. These include the stretching of the core-forming blocks, the inter--corona

interactions, and the interfacial energy between the solvent and the micellar core. This
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force balance has a strong influence on the thermodynamics goveming the equilibrium

morphology of these aggregates.20.3840

A continuai increase in the perturbation imposed upon the system leads to a

progressive change in both the size and shape of the block copolymer aggregates. Shen

and Eisenberg have prepared a morphologieal phase diagram for the temary system

PS310-b-PAAs2 / dioxane / water. 18 They have shown that a graduai increase in the water

content of the solvent mixture transports the aggregates from a region of purely spherical

micelles to a solvent composition region where spheres coexist in equilibrium with rods,

to a region where only rods exist. This is followed by a region of rod and vesicle

coexistence, and than finally to a region where ail of the aggregates are converted to

vesicles. They have also proven that the morphological transitions are reversible by

decreasing and subsequently increasing the dioxane content. 18

The conversion ofvesicles to rods is the topic of the present study. In order to

understand why this phenomenon oecurs, it is important to consider the factors that are

involved in the stabilization of vesicular structures. Although the equilibrium nature of

polymer vesicles is a controversial subject, Shen and Eisenberg proposed that PS31O-b-

PAAS2 vesicles are under equilibrium control within a water content range of 28.0 to 40.0

wt %.18 Since the stability of the vesicles is dePendent upon the degree of stabilization of

the curvature on either side of the bilayer, they predicted that the differential pressure that

rnaintains the curvature is balanced, as the water content is increased, by the segregation

of the polydisperse corona chains within the bilayer, with the long chains on the outside

and the shorter chains on the inside. Recently, this hypothesis of Shen and Eisenberg was

confinned:u It was shown that the copolymer molecules with shorter hydrophilic block

lengths do indeed segregate to the inside of the vesic1e, while chains with longer

hydrophilic blocks are located in the outer layer of the vesicle. This distribution ofchain

lengths increases the corona repulsion on the outside of the vesicles relative to that on the

inside; therefore, chain segregation results in thermodynamic stabilization of the

curvature.

Disturbing the equilibrium stabilization mechanism of vesicular aggregates leads

to structural transformations. Although this phenomenon bas been observed for vesicles

fonned from black copolymers18.20.42-44, as weil as other colloidal systems4S-S3, the
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mechanistic details iDvolved in the structural transition have only been thoroughly

investigated for lipid and double-chain surfactant vesicles.45
-
53 ln bath of these cases, the

vesicles are most commonly transfonned into spherical micelles. The vesicle-to-micelle

transfonnation induced by the addition ofmicelle-fonning surfactants (e.g.,

octylglucoside, sodium cholate, C ilEs, Triton X-100, hexadecyltrimethylammonium

chloride, and sodium alkyl sulfates) to vesicles composed of phospholipids such as egg

yolk lecithin and dipalmitoylphosphatidylcholine progress through a series of lipid

surfactant mixed assemblies formed at different molar ratios of surfactant to Iipid.45
-
SO

However, the pathway (i.e. intennediate aggregate structures) for the transition can he

very different in each case. For example, with large uniform vesicles ofegg lecithin, the

successive addition ofocylglucoside causes the breakdown of the vesic1es to elongated

tubules and small vesicles, then to open vesicles and long cylindrical aggregates, and

finally to spherical micelles.46 The use of sodium cholate to induce the vesicle-to-micelle

transition in egg lecithin aggregates causes the transition to proceed through the

fonnation of open vesicles, which are then transfonned to bilayer sheets. The sheets are

then converted to cylindrical aggregates, and the further addition of surfactant leads to the

fonnation of spherical micelles.49 Il must he noted that cylindrical aggregates have never

heen observed as intermediate structures during the vesicle-to-micelle transition induced

by the addition of single-chain surfactants to solutions of vesicles formed from double

chain surfactants.SI-S) Instead, small vesicles, broken vesicles, large multi-Iayer lamellae

vesicles, bilayer sheets, and small dises have been observed in these cases.

Despite the existence of numerous reports regarding the mechanism of vesicle

breakdown in different colloidal systems, few studies address the kinetics associated with

these structural transitions. Farquhar et al. investigated the kinetics and mechanism of the

breakdown of sodium 6-phenyltridecane sulfonate vesicles, in aqueous sodium chloride

solutions, by rapid mixing of the surfactant system with a salt solution that is injected

using a stop-Oow device equipped with ultraviolet-visible detection.St The transition

occurs within a tinte range of 0.1 to lOs and involves a three-step mechanism. The

vesicles are first transformed ioto unstable bilayer structures io the slow step. The

bilayers are quickly convened ioto smaller dise aggregates, which rapidly dissociate to

individual surfactant molecules. Brinkmann et al_ used the same procedure to study the
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vesicle-to-micelle transition in sodium 6-phenyltridecane sulfate aggregates, in aqueous

sodium chloride solutions, induced by the addition of sodium dodecyl sulfate (SDS).53

The structural transfonnation involves first order kinetics and proceeds through a phase

in which the sns molecules interaet with the vesieles. The rate constant is strongly

dependent upon the concentration of SDS, decreasing from kc"p = 0.090 S·I at 0.65 mM

sns to kcxp =0.023 S·I at 0.55 mM SOS.

There have been a few studies of the kineties of morphological transitions in

block copolymer aggregates, but ooly one of these studies involved vesicular

structures.54-56 Chen et al. investigated the kinetics and mechanism of the rod-to-vesicle

transition occuning in aggregates fonned from PS310-b-PAAS2 in dioxane-water

mixtures.ss The transition was induced with a jump in the water content of the solvent

mixture. The kinetics was followed by measuring the solution turbidity as a funetion of

time, and the intermediate aggregates were monitored with transmission eleetron

microscopy. Near the morphological phase boundary, the rods become shorter and

plumper, and vesieles start to appear in the solution. An inerease in the water content

increases the population of vesicles at the expense of the rod population. The transition

mechanism is believed to involve two steps. During the fast step, the short rods are

flattened fonning irreguiar or eircular bowl-shaped lamellae. The slow process is the

closure of the bowl-shaped lamellae to produce vesicles. The two relaxation times have

been found to depend on bath the initial water content and the polymer concentration,

increasing with an increase in either parameter. However, the size of the water jump is

found to have little influence on the transition kinetics.ss

Here, we extend the study of Chen et al. with an investigation of the kinetics and

mechanism of the vesicle-to-rod transition in aggregates prepared from PS310·b-PAAs2 in

dioxane-water mixtures. The morphological transfonnation is brought about by a sudden

jump in the dioxane content of the solvent mixture near the boundary between the vesiele

and vesicle-rod regions of the phase diagram. Turbidity measurements are used to follow

the transition kinetics as a function of rime. The intennediate aggregates are isolated by

dropping the solution temPerature to near that of liquid nitrogen, followed by gradually

wanning under vacuum to freeze-dry the aggregates, which are subsequently observed

using transmission electron microscopy. The kinetics is investigated as a function of the
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initial water content, the magnitude of the dioxane jump, and the initial polymer

concentration. The results are compared with those obtained for the rod-to-vesicle

transition.5S
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3.2 Experimental

The block copolymer employed in this study is a polystyrene-b-poly(acrylic acid)

[pS-b-PAA] sample that contains 310 PS and 52 PAA repeat units and bas a

polydispersity of 1.05.40 The polymer was prepared by sequential anionic polymerization;

the details of this procedure were outlined in previous publications.57
,58 The copolymer

sample was fractionated, using a standard procedure, to remove any homopolymer. 18 This

fractionation process first involved the conversion of ~he acrylic acid blocks to sodium

acrylate with the addition of sodium hydroxide to a solution of the copolymer in THF.

This led to the self-assembly of the copolymer molecules into reverse micelles with a

poly(sodium acrylate) core. The addition ofwater to the solution resulted in phase

separation. The upper solution contained the homopolymer, and the above process \lias

repeated severa! times until homopolymer was not detected, by gel permeation

chromatograpy, in the reverse micelle phase. The sodium acrylate blocks were converted

back to the acylic acid form upon treatment with hydrochloric acid and then precipitated

from solution and dried under vacuum.

Aggregates with a particular morphology were prepared by first dissolving the

copolymer in dioxane, which is a solvent favorable for both blocks. The copolymer

molecules were driven to self-assemble with the slow addition of water to the system at a

rate of 0.2 wt % per minute. The appearance ofa blue tint in the solution indicated the

formation of micelles. The water addition was continued until the desired solvent

composition was reached.

For the study of solution turbidity as a function ofpolymer concentration, water

was added to a solution of the polymer dissolved in dioxane until the solvent was

composed of40.0 wt % water. This solution was placed in a dialysis bag (SpectralPor)

with a molecular cut-offof 50 000 g/mol and dialyzed against distilled water for 4 days in

order to remove the dioxane. The morphology of the aggregates was kinetically frozen as

a result ofthe dialysis process. The stock solution, after dialysis, had a concentration of



3.44 wt % polymer. Several other samples with varying polymer concentration were

prepared by diluting the stock solution with water. The solution turbidity was measured

at 650 nm using a Varian Cary 50 spectrometer. The measurements were taken at room

temperature.

The morphological transition was induced by the quick addition ofdioxane to the

system. A change in the size and shape of the aggregates resulted in a change in the

turbidity of the solution. The kinetics of the transition was monitored by following the

optical density of the transmitted light (lS0<j as a function of lime at 650 nm and at room

temperature.

Transmission elecuon microscopy (TEM) was perfonned using a Phillips EM400

microscope operating at an acceleration voltage of SO kV. The EM copper grids used to

mount the sample were first coated with a thin film ofpoly(vinyl formal) (JB EM

Services Inc.) and one ofcarbon. The grids were placed on a metal block, which was kept

in thennal equilibrium with Iiquid nitrogen. A drop of the polymer solution was deposited

onto the cold grids at various time points throughout the morphological transition. The

samples were then dried under vacuum for 24 hours. Sorne of the sample grids were

shadowed with a palladium/platinum a110y at an angle of ca. 36° 50 that details about the

height of the aggregates could he obtained. The dimensions of the aggregates were

detennined from the TEM negatives using a calibration map prepared from

measurements taken of PS latex standards.20
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3.3 Results and Discussion

3.3.1 TnnsitioD RegioD and Aggregate DimeDsions

Chen et al. have indicated in their study of the rod-to-vesicle transition that the

major part of this transfonnation occurs above a water content ofca. 26.0 wt % and that

ooly vesicles are observed above a water content of27.6 wt %.18 They consider the water

content range of25.9 to 27.6 wt % to he the transition zone at a polymer concentration of

1.0 wt %. At the heginning of the transition region very few (ca. < 5 %) of the aggregates

are present as vesicles. The location of these boundaries shifts to 50lvent compositions

with smaller water content as the polymer concentration is increased. Shen and Eisenherg

bave shown that approaching the transition region from the vesicle side by adding



dioxane to the system results in a decrease in both the mean diameter and the wall

thickness of the vesicles.41 For example, at a solvent composition of28.0 wt % H20 the

vesicles have a mean diameter of 87.6 ± 2.3 nm when the polymer concentration is 1.26

wt %; this value changes to 84.3 ± 1.9 nm when the polymer concentration is reduced to

0.72 wt %. When the solvent composition is 40 wt % in water, the Mean vesicle diameter

is 96.7± 2.7 and 90.2 ± 2.1 nm at polymer concentrations of 1.80 and 0.60 wt %

respectively. It must also be noted that an approach to the transition region from the rod

zone leads to a decrease in the length and an increase in the diameter of the rods. At the

boundary between the rod and the transition region, the average length of a rod is ca. 400

nm and a diameter ofca. 20 om.ss

It has previously been shown that these dimensional changes are retlected in the solution

turbidity, with the turbidity increasing as the aggregates, ofa given morphology, grow in

size.2° However, the concentration of the aggregates also affects the solution turbidity.

Figure 1 contains a plot of concentration dePendence of the solution turbidity for

vesicular aggregates. The vesicles were prepared in a mixture of 30.0 wt % H20-70.O wt

% dioxane, but the solution was quenched in water and then dialyzed against water to

remove the dioxane. This kinetically trapPed the aggregates so that they remained as

vesicles when the solution was diluted. The plot indicates that there is a linear

dependence of turbidity of vesicles on polymer concenttation below ca 1.0 wt %

polymer. The turbidity-eoncentration curve for rods is also tinear in the concentration

range covered in this investigation.56 These studies were carried out for aggregates with a

given size. However, this behavior is also expected for aggregates of different sizes since

the size differences are compared on such a small scale. As weil, the linear dependence of

turbidity on polymer concentration in water should also he observed in water-dioxane

mixtures because of the similarity of the refractive index of the IWO media.

•
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Figure 1: Dependence of the solution turbidity on the polymer concentration for

vesicular aggregates in water. The line illustrates the linear fit at lower concentrations.

(error in turbidity of± 0.01 units)

•

•

3.3.2 Interpretation of Dimensional and Structural Changes

The structure ofPS310-b-PAAs2 aggregates is affected by the interfacial energy

between the aggregate core and the solvent~ the repulsive interactions among the corona

chains, and the core-chain stretching. It is the balance between these forces that dictates

the morphology of the aggregates under a given set of conditions. Perturbing the system

with a sudden change in the solvent composition alters this equilibrium between the three

forces, leading to morphological change.20.37-39

The stability of vesicles prepared from black copolymers, like those composed of

lipids or other small amphiphiles, is dependent on the curvature energy.S9 The degree of

curvature is detennined by the force balance goveming the aggregates.41 Hence, the

stability of the vesicles is influenced by the solvent composition of the system. Increasing

the dioxane content of the solvent decreases the stretching of the PS blacks in the core of

the bilayer and also decreases the repulsive interactions arnong the corona chains, which

leads to a reduction in the interfacial energy between the core and the solvent. These

favorable energy changes contribute to a reduction in the mean diameter of the

aggregates. However, there is only a slight decrease in the thickness of the bilayer. In

order to compensate for this imbalance in the dimensional changes, the degree of vesicle



curvature increases. The resulting rise in the curvature energy makes the vesicles

unstable; therefore, they change their morphology in order to relieve this strain.

3.3.3 Mecbanism of Morphologieal Change

The images obtained from the TEM studies suggest that the vesicle-to-rod

transition proceeds through a complex, multi-step mechanism. Figure 2 contains a series

of micrographs corresponding to the structural changes that accur during the jump from

29.0 to 26.4 wt % H20 in a solution with an initial polymer concentration of 1.0 wt %.

The beginning stages of the structural transformation involve a reduction in the mean

vesicle diameter of the polydisperse sample and the reorganization of the vesicular

structures yielding bowtie shaped (two connected spheres) aggregates. Sorne of the

samples (not shown) were shadowed with a PtlPd alloy in order to get an indication of the

thickness of these aggregates. It is concluded from this study that the bowties are not

bilayer structures. The volume of a bOwtie (Vb) is approximately equal to that of a vesicle

(Vv) (Vb = S.I± 0.1 xlOs nm3 ,Vv~ 5.4 ± 0.5 xlOs nm3), although the size distribution of

both populations is quite broad. It is not likely that the bowtie aggregates directly result

from the collapse of vesicles. One might speculate that the bowties are actually two small

adjoining vesicles; however, a core has ever been observed in these aggregates. If one did

exist, it is estimated, from volume calculations (assuming the wall thickness remains the

same), to be approximately 20 Dm, which would certainly be observable with

transmission electron microscopy. Considering that the aggregates are seen only in two

dimensions and that the sample handling procedure prevents us from obtaining

micrographs of the fU'St few seconds of the transition, it is likely that there is another

intermediate aggregate morphology that appears prior to the bowtie structure. As the

transition progresses, the bowties begin to elongate into aggregates resembling

dumbbells. The long axis of these aggregates lengthens at the expense of the size of the

bulbs on either end. The final rads are ca. 300 nm in length and have a diameter of 2S

Ml. The vesicles, rads, and intermediate structures are all of similar volume; thus, it is

concluded that one vesicle is convened to one rad or vise-versa, as is the case for the rad..

to-vesicle transition.
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Figure 2: Micrographs of the aggregate morphologies at various time points during the

transition from 29.0 to 26.4 wt % H20 in a 1.0 wt % PS310-b-PAAs2 solution. (A: Os, B:

5s, C: Ils, D: 17s, E: 25s).

3.3.4 Transition Kinetics

The kinetics of structural transitions in colloidal aggregate systems have most

often been studied using relaxation methods utilizing temperature, concentration, and

pressure jump techniques.Sl-SS.60 ln this particular study, ajump in the dioxane content of

the dioxane-water solvent system is employed to induce the vesicle-to-rod transition in

aggregates OfPS310-b-PAAs2. The transformation is followed by monitoring the solution

turbidity as a function of time because the turbidity bas been shown to he sensitive to

changes in the size and shape of the aggregates.20

Ail of the turbidity curves associated with this transition have been found to fit

best to a single exponential equation.

y =C + Ae -ri r (1 )

Here, Y is the turbidity, C and A are adjustable parameters, t is the time, and't is the

relaxation lime. It is interesting to note that the value ofC is equal to the turbidity of the

solution al infinite time. The fact that there is a single relaxation time is inconsistent with

the details outlined for the transition mechanism. The transfonnation ofvesicle into rods

appears to involve multiple steps heginning with the reduction in the mean diameter of

the vesicles, followed by the reorganization of the vesicles to fonn a non-bilayer bowtie

aggregate and then these bowties elongate to fonn rods. As mentioned eartier, the bowtie

structure is not a 10gicaI step in the morphological evolution of the aggregates from the



vesicular state because it is unlikely that a spherical bilayer aggregate can collapse to

form a non...bilayer aggregate with a bowtie structure. This hypothesis, coupled with the

fact that a single relaxation time is obtained for the kinetics of what is obviously a multi...

step process, leads to the conclusion that experimentallimitations possibly prevent us

from detecting the relaxation process of the fastest step(s) in the transition, and that the

relaxation time that is obtained corresponds to the expansion of the bowties in the

direction of the long-axis. This conclusion is justified considering the short time scale

over which the transition occw's. Because of this uncertainty in the kinetic data, it is more

appropriate to discuss the transition in tenns of relaxation time instead of simplifying the

results in order to obtain a rate constant.
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3.3.5 Facton Effecting the Transition Kinetics

3.3.5.1 The Initial Solvent Composition

Figure 3A contains turbidity-time profiles for the vesicle...to-rod transition induced

at different solvent compositions; they suggest that this parameter of the system has a

slight influence on the transition kinetics. This effect was studied by applying a 0.5 wt %

jump in the dioxane content to a series of solutions with different solvent compositions,

and with a 1.0 wt % polymer concentration. The starting position was varied from 28.2 to

27.4 wt % H20. The relaxation times increase with a rise in the initial water content

(Table 1). This phenomenon must he considered in tenns of where the initial conditions

place the system within the morphological phase diagram. At 28.2 wt % H20, the system

is located within the vesicle region and is funher away from the transition boundary than

the starting position of any other experiment. The kinetics is slower for this transition

because ail of the aggregates are equilibrium vesicles, thus the aggregates must undergo a

larger degree of structural rearrangement as they progress toward rads, than the

aggregates in those systems that start out already within the transition region (i.e. 27.6

and 27.4 wt % H20). The mean vesicle diameter expands with increasing water content in

the solvent, but the wall thickness is relatively constant. 18 This indicates that the hollow

regions of the vesicles are able to hold more solvent. Rence, the kinetics progressively

slow down with increasing initial water content because more solvent must he expelled

from the vesicle core in order for il to reorganize to become a non-bilayer aggregate.
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Figure 3: (A) Effect of the initial solvent composition on the kinetics of the vesicle-to

rod transition in PS310-b-PAAs2 aggregates in dioxane-water mixtures. The initial

polymer concentration is 1.0 wt %. (8) Effect of the magnitude of the dioxane jump on

the kinetics of the vesicle~to-rod transition in PS310-b-PAAS2 aggregates in dioxane-water

mixtures. The initial polymer concentration is 1.0 wt %. (C) EtTect of the initial polymer

concentration on the kinetics of the vesicle-to-rod transition from 28.0 to 27.0 wt % H20

in PS310-b-PAAs2 aggregates.
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The relaxation limes for the rod-to-vesicle transition also increase with increasing

water content.ss This is attributed to the fact that the slow step in the ttansition~ the

closure of the lamellae or bowls to fonn vesicles, contributes more to the turbidity change

than the fast initial fonnation of the lamellae from rads at higher water contents. It is

noteworthy that the rod-to-vesicle, transition occurs much more slowly lhan the opposite~

vesicle-to-rod transition in spite of the fact that it is induced at higher water contents. A

high ratio of water to dioxane in the solvent can kinetically trap the morphology of the
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• aggregates by affecting the mobility of the copolymer chains. This factor does not

influence the kinetics of the transitions because the difference in the starting solvent

composition between the forward and reverse transitions is small relative to the

composition range covered by the morphological phase diagram.

Table 1: Kinetic Resultsfor Vesicle to Rod Transition ofPSJlo-b-PAAj2 Aggregates in
Dioxane / Water Mixtures

RiInitial Initial M{20 C A t (s)
Polymer H20
Conc. content

Initial Water 1.01 28.2 -1.0 1.66 0.465 7.22 0.999
Content 1.00 28.0 -1.0 1.63 0.409 6.13 0.999

1.02 27.6 -1.0 1.46 0.329 4.72 0.997
1.01 27.4 -1.0 1.44 0.309 3.97 0.997

lump 1.03 29.0 -2.6 1.44 0.765 7.86 1.00
Magnitude 1.01 27.7 -1.3 1.44 0.584 5.65 0.995

1.01 27.4 -1.0 1.44 0.309 3.97 0.997
Polymer 0.30 28.0 -1.0 1.21 0.093 5.88 0.99û
Concentration 1.00 28.0 -1.0 1.63 0.409 6.13 0.999

2.02 28.0 -1.0 2.08 0.332 12.8 0.996

•

3.3.5.2. The Size of the Diosane CODteDt Jump

Altering the solvent composition affects the force balance governing the

aggregate morphology, and is used to drive the morphological transition. In order to gain

a better Wlderstanding of the vesicle-to...rod transition, it is important to determine how

the degree of perturbation imposed on the system influences the transition kinetics. This

is accomplished by applying different dioxane content jumps, ranging from 1.0 to

2.6 wt %, to solutions with a polymer concentration of 1.0 wt % (Fig. 38). The initial

solvent composition is varied, depending on the size of the jump, 50 that the final 50lvent

composition is 26.4 wt % H20...73.6 wt % dioxane in all cases.

The relaxation time becomes slightly longer with an increase in the magnitude of

the dioxane jump as outlined in Table 1. This result is attributed to the initial conditions

of the system, and the location ofeach system within the phase diagram. Since the drive

is toward the formation of rods, it will take longer to reach this desired state the further



the system resides to the right of the transition region because the aggregates must

proceed through more structural reanangement steps and more solvent must he eXPelled

trom the core of the vesicles hefore they hegin to resemble rods. At water contents above

28.0 wt %, the vesicles are considered to he equilibrium structures. Thus, the larger the

magnitude of the perturbation imposed on these aggregates the further they are driven

away from their initial equilibrium state, and the longer it takes for the aggregates to

reach a new state ofequilibrium.

The kinetics of the rod-to-vesicle transition, like that of the vesicle-to-rod

transition bas a slight dependence on the magnitude of the solvent jump. Chen et al.

argue that the reason for this result is that the Gibbs activation energy is not strongly

influenced by the size of the solvent jump.S5 However, there is a very large difference in

the relaxation times for these opposing transitions, with the vesicle-to-rod transition

occurring more quickly than the reverse transition when the same degree of perturbation

is applied to both systems.

3.3.5.3. The Initial Polymer Concentration

By keeping the solvent composition and the size of the dioxane jump constant., it

is possible to explore the effect that the initial polymer concentration has on the kinetics

of the transition. Figure 3e contains turbidity curves for three systems with polymer

concenttations ranging from 0.3 to 2.0 wt %. A 1.0 wt % jump in the dioxane content is

used to induce the transition.

The relaxation time for the transition becomes longer as the polymer

concentration is increased. The effect is more pronounced at higher polymer

concentration; there is a two-fold increase in the value of t in going from 1.0 to 2.0 wt %

PS-b-PAA. The phase diagram studies indicate that the transition boundaries are shifted

to lower water content with increasing polymer concentration. The boundary hetween the

vesicle and transition regions is situated at a solvent composition of ca. 24.0 wt % H20

when the polymer concentration is 2.0 wt %. This is increased to 27.6 wt % and ca 28.5

wt % for polymer concentrations of 1.0 wt % and 0.3 wt % respectively. Hence, the

starting conditions place the system within the vesicle region when the polymer

concentration is 1.0 and 2.0 wt %., but within the transition region when the polymer

concentration is only 0.3 wt %. The mean dianteter of the vesicles also increases with a
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rise in the polymer concentration., but the bilayer thickness remains constant. Thus, not

only are the aggregates initially all vesicles at 2.0 wt % polymer, but they also contain a

larger amount of solvent in their core. The transition kinetics are slower at higher

polymer concentrations because the systems is deeper within the vesicle region, causing

the aggregates to have to undergo more reorganization., and expel more solvent from the

core in order for them to become non-bilayer structures. There is only a slight difference

in the relaxation times in going from 0.3 to 1.0 wt % polymer. The initial parameters

place these systems approximately the same distance away., but on opposite sides of the

transition boundary, 50 their starting conditions are more closely related than those at 2.0

wt % polymer. The sante trend is observed for the effect of the initial polymer

concentration on the rod-to-vesicle transition. Chen et al. attribute this to an increase in

the activation energy with increasing polymer concentration.S5
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3.3.6 Comparison of the Results witb tbose of otber PS-b-PAA Aggregate

Transitions

To date., the kinetics and mechanism of four morphological transitions that occur

in aggregates prepared from PS310-b-PAA52 in dioxane-water mixtures have been

investigated.55
•
56 These include the sphere-to-rod, the rod-to-sphere, the rod-to-vesicle,

and the vesicle-to..rod transitions. Although the exact mechanistic details are different for

each transition., the morphological transformations can he compared in terms of the

kinetics and the more fundamental aspects of the transition process. The accumulation of

this information can lead to better insight into how to control the morphology of the

block copolymer aggregates. A complete understanding of the morphological behavior of

block copolymer aggregates is useful not ooly for its own sake, but also if these

aggregates are to he employed in potential applications in such areas as phannaceuticals,

agriculture, and persona! care products.

The sphere-to-rod transition proceeds through a two-step mechanism.56 As the

transition boundary is approached; the spherical micelles become energetically unstable

because ofcore-chain stretching. This results in the adhesive collisions between the

spheres leading to the formation of "pearl necldace" intennediates in order to reduce the

energy of the system. During the rate-detennining step, the individual chains within a



necklace reorganize to produce a smooth rod with a smaller diameter than that of the

original spherical aggregates. The reverse transitio~ rod-to-sphere, also has a two-step

mechanism.56 ln this case, a bulb quickly grows on one or both ends of a rod. The bulbs

are extruded from the rod to release free spheres during the rate-limiting step.

An increase in the water content of the solvent within the rod region leads to the

shortening of the length of the rods accompanied byan increase in the diameter.55 A

sudden jump in the water content near this transition boundary initiates the

transformation of rods into vesicles beginning with the flattening of the rods to fonn

circular or irregular shaped lamellae. The lamellae then slowly become bowl-shaped, and

eventually close to form vesicles. As discussed earlier, the vesicle-to-rod transition bas a

more complex mechanism for which not ail of the details are clear. However, the

transformation appears to progress ftom small vesicles to non-bilayer aggregates with a

bowtie shape. Growth occurs at the ends of these aggregates to fonn dumbbell

intennediate structures. The expansion of the long-axis continues at the expense of the

bulbs on either end until a smooth rod is formed.

The above description of the transition mechanisms reveals two trends in the

results. The forward and reverse transitions between rods and vesicles both occur without

a change in the aggregation number; one rod is converted to one vesicle and vise versa.

On the other band. the sphere-to-rod and rod-to-sphere transitions both proceed without

conservation of aggregate mass in that Many spheres form one rod. It is also noteworthy

that the mechanism of three of the four transitions involves only two transformation

steps. Despite this fac!, the transition kinetics cao easily be compared.

Examining the kinetic results for the forward and reverse transition between two

aggregate morphologies indicates that the relaxation times for the sphere-to-rod and rod

to-sphere transitions are of the same order of magnitude. However, in the case of rods

and vesicles, the relaxation time for the vesicle-to-rod transition is two orders of

magnitude shorter than the t values for the rod-to-vesicle transition. Although the

turbidity-time profiles for MOst of the kinetic eXPeriments are fitted to the same double

exponential equation, all of those for the vesicle-to-rod and one experiment ftom bath the

sphere-to-rod and rod-to-sphere transition studies yield a single exponential equation.

•
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Table 2 contains a summary of the effect ofvarying the initial solvent

composition9 the magnitude of the solvent jump, and the initial polymer concentration on

the general trends in the relaxation times for each transition. In ail cases, the relaxation

times become longer with an increase in the water content of the solvent mixture. This

phenomenon is related to the location that each set of parameters places the system within

the morphological phase diagram and how this position impacts the progress of the

transition. The size of the solvent jump bas the opposite effect on the relaxation limes of

the forward and reverse transitions for both types of morphological transformations, but

the trend is the same in both cases. Increasing the size of the water content jump leads to

slightly faster kinetics for both the sphere-to-rod and rod-to-vesic1e transitions, while

increasing the magnitude of the dioxane content jump leads to longer relaxation times for

the reverse processes. This result must he considered in tenns of the experimental design.

For those transitions induced by ajump in the water content, the initial solvent

composition was held constant, but for those ttansitions induced with dioxane, the fmal

solvent composition was constant. The copolymer concentration has a strong influence on

the kinetics ofmorphological change. However, the explanation of the observed trends is

more complex. The relaxation times become longer with higher polymer concentration

for the rod-to-vesicle and vesic1e-to-rod transitions. However, the relaxation tintes

decrease with an increase in the polymer concentration for the sphere-to-rod transition,

but the trend is more complex for the rod-to-vesicle transition. These results are related to

both the change in the activation energy for the morphological change and the transition

boundaries with varying polymer concentration.
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Table 2: General Trend in the Relaxation Times

Transition General Trend in the Relaxation Time(s)
t Water Content t Jump Magnitude t Polymer Concentration

Sphere-to-Rod Increase Decrease Decrease

Rod-to...Sphere Increase Increase Increase 1Decrease

FlCHi-to-"esicle Increase Slight Decrease Increase

"esicle-to·Fl~ Slight Increase Slight Increase Increase



This series of studies of the kinetics and mechanisms of morphological transitions

in block copolymer aggregates in solution represents the most extensive investigation of

its kind for copolymer systems. However, the complex and diverse nature of the

morphological changes in block copolymer aggregates warrants funher study in order to

completely understand such phenomena.
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3.4 Conclusions

The kinetics and mechanism of the vesicle..to-rod transition has been examined in

aggregate systems prepared from the temary system PS310-b-PAAs2 / dioxane / water.

The transition was induced by ajump in the dioxane content of the solvent mixture and

was followed by monitoring the solution turbidity as a function oftime. A single

relaxation time was obtained from the turbidity..time curves. The mechanism was

investigated by rapidly quenching to low temperature and subsequently freeze..drying

solution samples at various time points during the transitions. This traps the intermediate

aggregate morphologies, which are observed usÎng transmission electron microscopy.

Approaching the transition boundary from the vesicle region results in a decrease in the

Mean diameter of the vesicles with little change in the bilayer thickness. This increases

the degree of curvature of both the inner and outer vesicle bilayers leading to a rise in the

curvature energy. The instability of these vesicles causes them to undergo structural

rearrangement. The first intermediate structures observed are in the shape ofa bowtie.

The bowties grow to develop into dumbbells. The long-axis expands at the expense of the

bulbs on either end of the dumbbells resulting in the formation of rods. The reduction in

the stretching of the core-cbains in going from vesicles to rods is expressed in the smaller

diameter of the rods relative to that of the bilayer. ft is concluded, based upon the fact a

single relaxation time was obtained for the kinetics of the multi..step transition and that

bowties, which do not likely form directly from vesicles, are the first intermediate

structures observed, that one or more steps in the transition are not detected as a result of

experimentallimitations. In any event, the kinetics of the transition is influenced by the

initial solvent composition, the magnitude ofthe dioxane content jump, and the initial

polymer concenttation. The relaxation lime becomes slightly longer with an increase in



both the water content of the solvent mixture and the degree of so1vent penurbation. The

kinetics bas a greater dependence on the polymer concentration than the other two

parameters investigated.
•
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The phenomenon ofmorphological change occuning in PS310-b-PAAs2

aggregates in dioxane-water mixtures is the focus of this dissertation. Il is well know that

varying the ratio of the two solvent components effects the architecture of the

aggregates.2
0.

22 The kinetics and mechanisms of the sphere-to-rod~ rod-to-sphere, and

vesicle-to-rod transitions were investigated by employing a change in the solvent

composition to induce the morphological transfonnations. However, the solvent

composition is just one factor known to influence the morphology ofaggregates

composed ofPS-b-PAA molecules. In the next chapter the ability of the smalt Molecule

surfactant sodium dodecyl sulfate to interact with the PS-b-PAA chains in a \\'ay that

promotes morphological change in the copolymer aggregates is discussed. The use of this

surfactant species provides an additional means ofcontrolling the morphology of PS-b-

PAA aggregates and the enhanced versatility ofthe system makes il more viable for

potential applications.
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The phenomenon of morphological change occurring in PS31o-b-PAAS2

aggregates in dioxane-water mixtures is the focus of this dissertation. It is well know that

varying the ratio of the two solvent components affects the architecture of the aggregates.

The kinetics and mechanisms of the sphere-to-rod~ rod-to-sphere, and vesicle-to-rod

transitions were investigated by employing a change in the solvent composition to induce

the morphological transformations. However, the solvent composition is just one factor

known to influence the morphology of aggregates composed of PS-b·PAA Molecules. In

this chapter the ability of the small molecule surfactant sodium dodecyl sulfate to interact

with the PS-b-PAA chains in a way that promotes morphological change in the

copolymer aggregates is discussed. The use of this surfactant species provides an

additional means ofcontrolling the morphology of PS-b-PAA aggregates and the

enhanced versatility of the system makes it more viable for pltential applications. This

study represents the first in a series of investigations that are required to fully characterize

the influence of small Molecule surfactants on block copolymer aggregates in solution.



4.1 Introduction

Asymmetric~amphiphilic black copolymers self-assemble into crew-cut

aggregates in solution when the core-forming black is much longer than the corona

forming segment. 1.2 In the case of polystyrene-b-poly(acrylic acid) copolymers~ stable

crew-cut aggregates are usually prepared in a solvent mixture either by direct dissolution

or by first dissolving the copolymer in a solvent suitable for both blocks and than adding

water~ which is a precipitant for the long block~ but which is simultaneously a good

solvent for the short segment.3 It has also been reported that the aggregates can be

prepared in a single solvent.4 In any case, the equilibrium structure of these aggregates is

found to he govemed by a balance between three major forces acting on the system: the

stretching of the core blocks, the interfacial tension between the core and the solvent~ and

the intercorona interactions.3b
.
s-s
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In 1995, Zhang and Eisenberg published the ftrst report on the systematic

formation ofcrew-cut aggregates of multiple morphologies in solution.s Subsequent

studies by this group and by others have revealed that a variety ofaggregate

morphologies cao he obtained under equilibrium and non-equilibrium conditions.9-
11 The

architecture of these aggregates was changed by altering the force balance that controls

the equilibrium structure of the aggregates, which is affected by such parameters as the

solvent compositionl2, the relative black lengthsl3, the temperature4
,1•., and the presence

ofadded sPecies including salt, acid, base, and homopolymer. lS

Although it is well known that small molecule surfactants can interact with

polymers to form intricate aggregate structures in solutionI6
-
18

, the influence of

surfactants on the solution behavior of black copolymer aggregates has ooly recently

been investigated. 19
-
30 Many of these studies describe the interaction of surfactants with

the family of black copolymers poly(ethylene oxide)-b-poly(propylene oxide)-b-

poly(ethylene oxide) (PEOll-b-PPOy-b-PEOx), which are commonly referred to as

PluronicS. 19
•
23 The surfactant molecules penetrate into the copolymers micelles forming

rnixed spherical aggregates. In some cases the self-assembly of the copolymer is

suppressed because the surfactant molecules bind to the individual polymer chains and

fonn micelles along the polymer backbone. In additio~ bath cationic and anionic



surfactants were found to interact with polystyrene-b.poly(ethylene oxide) to fonn mixed

aggregates corresponding to micelles~ micellar clusters~ and supennicellar aggregates.24
•25

A number of other studies have focused on the fonnation of po1ymer-surfactant

aggregates prepared from the complexation of ionomers with surfactants of opposite

change.26
-
27 Many of these block ionomer complexes (BIC) fonn soluble spherical

particles in solution. In addition to spherical micelles, Kabanov et al. also reported on the

spontaneous fonnation ofvesicles from BIC ofpoly(ethylene oxide)-b-poly(sodium

methacrylate) and cationic surfactants.27 This represented the first example of the

preparation ofaggregates of multiple morphologies from BIC systems in solution.

Two other recent studies have shown that surfactant cao induce structural changes

in block copolymer aggregates in solution.28
•
29 Egger et al. showed that cylindrical

aggregates ofpolybutadiene-b-poly(ethylene oxide) cao he converted to spherical

micelles upon addition ofdodecyltrimethylammonium bromide.28 Similar behavior was

observed by Zheng and Davis in meir system of poly(ethylene oxide)-b

poly(ethylethylene)-b-poly(ethylene oxide) cylindrical aggregates and the surfactant

poly(oxy ethylene (5» dodecyl ether (CllEs). This group also observed a reduction in the

diameter of the spherical aggregates prepared from poly(ethylene oxide)-b-polybutadiene

in the presence OfCI2Es. 29

Here, we report on the ability of the small Molecule surfactant, sodium dodeeyl

sulfate (SOS), to induce a series ofmorphological transitions in aggregates prepared from

PS310·b-PAAs2 in dioxane-water mixtures. This particular polymer was chosen because a

great deal is known about the morphological phase behavior of its aggregates in dioxane·

water mixtures.8 A diagram was constructed to map out the morphology of the

aggregagtes at different SOS concentrations and solvent compositions. The nature of the

influence that SOS exercises over the copolymer aggregates was detennined by

comparing the results with those obtained for the addition of the ionic species sodium

chloride (NaCl) and the organic acid tridecanoic acid (TOA), which bas a C12 tinear

alkyl chain and a carboxylic head group, to the aggregates of the PS-b-PAA in dioxane·

water mixtures. The interactions of both the hydrophobie chain and the micro ions of the

surfactant head group with the block copolymer molecules effeet the architecture of the

copolymer aggregates. Thus, the amphiphilic character ofSOS enhances the ability to

•
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tailor the morphology of the aggregates, whicb is the motivation behind the present study.

The interaction of the copolymer aggregates and SDS was investigated at different

solvent compositions and copolymer concentrations. The method of solution preparation

was found to have an effect on the initial self-assembly process, possibly as a result of

slow kinetics and premicellar association between the copolymer chains and the

surfactant Molecules.

4.2 Experimental

The PS-b-PAA copolymer used in this study was prepared by sequential anionic

polymerization and fractionated to remove bomopolymer. The details of these procedures

are outlined in a previous publication.3a The sample bas 310 PS and 52 PAA units with an

overall polydispersity of 1.05.

Two methods of solution preparation were used in this study. In the tirst case,

samples were prepared by dissolving a given amount (0.7 to 2.0 wt %) of the copolymer

in dioxane, which is a solvent for both copolymer blocks. Self-assembly was induced by

adding deionized water (a precipitant for the PS blacks) slowly to a vigorously stirred

copolymer solution.s Micellization was indicated by the appearance of a blue lint in the

solution. The additives (Sigma) were introduced to the system in small aliquots, which

contained the additive dissolved in a solvent mixture with the same dioxane-water

content as that of the polymer solution. In the second case, the copolymer was dissolved

in dioxane and then SOS was added to the solution. This was followed by the slow

addition of an aqueous SOS solution with the same concentration of SOS as the

copolymer-SDS solution.

The turbidity measurements were perfonned on a Cary 50 spectrophotometer

(Varian). The turbidity was monitored at 650 Dm where the absorption is lowest for bath

the polymer and the aggregates.8 The measurements were taken 25 minutes after the

addition of each aliquot and the experiment was performed al room temperature.

The aggregate morphologies were observed by transmission electron microscopy

(TEM) using a JEOL JEM-2000 microscope operating al an acceleration voltage of 80

kV. Each sample was prepared by dePOsiting a drop of the solution on an EM copper grid

which had been pre-coated with a layer ofpoly(vinyl formai) (J.B. EM Services) and one

ofcarbon. The samples were then quenched by reducing the temperature to near that of
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liquid nitrogen. The samples were subsequently freeze-dried. as they gradually warmed

to room temperature, under vacuum.

4.3 Resolts and Discussion

The results and discussion section is divided into three parts. The first part

provides a general description of how the structure of sodium dodecyl sulfate enables it to

interact with the PS-b-PAA chains and the effect these interactions have on the

morphology of the aggregates fonned from the copolymer molecules. Several trends are

observed in the phase diagram, constructed as a function of the solvent composition and

copolymer concentration, resulting from the polymer-surfactant interactions. These trends

are discussed in the next section. The last section compares the morphological phase

hehavior of aggregates prepared using two different methods of solution preparation.
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4.3.1 General Description of tbe Effect of SOS

Figure 1 contains a series of micrographs of aggrega!es prepared in solutions of

Il.5 wt % water-88.5 wt % dioxane al a fixed polymer concentration of 1.0 wt %, but

with varying concentrations of SOS. In the absence of SOS, this system contains

spherical micelles with a diameter of 50 ± 2 nnl.
30 Thus, il is apparent thal sodium

dodecyl sulfate can induce morphological changes in the PS310-b-PAAs2 aggregates al

water contents weil be!ow those required in the absence ofSOS.8 Although the effect of

SOS on the architecture of the PS-b-PAA aggregates is obvious. the origin of the

interaction is more complex. Sodium dodecyl sulfate, like PS310·b-PAAs2, is amphiphilic.

Each SOS molecule has an ionic head group composed of a sulfate ion and a sodium

counter ion, while the surfactant tail is a linear C 12 a1kyl chain. Il must he noted that

although SOS is amphiphilic, il does not undergo self-assembly in the solvent mixtures

used throughout this study.31 In order to detennine how the chemical properties of SOS

influence the block copolymer aggregates, it is imponant to know the etTect that simple

electrolytes and small nonpolar species have on the PS-b-PAA aggregates. A study of the

effect ofNaCI on the PS310-b-PAAs2 aggregates was carried out in parallel to the study

with SOS to analyze the nature of the interaction of the micro ions with poly(acrylic acid)

chains and to detennine how this interaction effects the morphology of the block

copolymer aggregates. Similarly, tridecanoic acid was added to solutions containing the



eopolymer aggregates to investigate the effeet of the linear hydrocarbon chain, containing

a weakly acidic head group, on the behavior of the aggregates.•
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Figure 1: Micrographs of the morphologies observed for aggregates prepared from

1.0 wt % PS31O-b-PAAS2 aggregates in solutions of Il.5 wt % H20 and increasing

concentrations of SOS. (A: 2.0 mM, B: 5.1 mM, C: 9.2 mM, D: 11.0 mM, E: 17.1 mM)

Zhang and Eisenberg have previously shown that millimolar quantities ofNaCI

can alter the morphology ofPS-b-PAA (i.e., PS410-b-PAA2S, PS41 0...b-PAA13, PS660-b

PAA24) aggregates fonned in N,N-dimethylformamide-water mixtures from that

observed in the pure state.1Sa.1Sb It is believed that this phenomenon occurs because the

Na+ and cr ions are able to screen the electrostatic field generated by the partially

charged PAA segments. The reduetion in the repulsion among the corona chains leads to

an increase in the aggregate size in order to decrease the interfacial energy between the

core and the solvent. However, the increase in the core size is hindered byan entropie

penalty resulting from the stretching of the PS blocks. At sorne point, the aggregates

change their morphology in order to reduce the free energy of the system.1sa.lSb A similar

investigation was carried out using the system currently under investigation, PS31O-b-

PAAS2 in dioxane-water mixtures, so that comparisons could he drawn hetween these

results and those obtained from the study involving SOS.

Table 1 summarizes the eiTeet ofNaCI on the morphological phase boundaries of

PS31O-b-PAAS2 in solvent mixtures with different dioxane-water compositions. When the



water content of the solvent is low~ NaCI has no observable effect on the morphology of

the block copolymer aggregates because NaCI is only slightly soluble (e.g. less than 3

mM) in the solvent compositions since the dielectric constant of the medium is low at

low water contents.31 ln addition~ the PAA chains of the corona are only slightly ionized

at reduced water contents. Thus~ the slight interaction between NaCI and PAA is not

strong enough to he a driving force for morphological change in the copolymer

aggregates. As the water content is increased~ NaCI begins to have a stronger influence

on the structure of the aggregates. The morphologicaJ boundaries are shifted to lower

concentrations of NaCI (i.e. molar ratios ofNaCI to acrylic acid repeat units) with

increasing water content.8 There is a higher degree of ionization of the PAA chains at

higher water contents, thus the extent to which the shielding of the electrostatic field of

the corona by the Na+ and cr ions influence the morphology of the aggregates increases

with an increase in water content.
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Table 1: Comparison ofthe morph%gica/ boundaries between the regions ofspheres

(5), spheres + rods (S+R), rods (R). rods + vesic/es (R+V), and vesicles mfor

aggregates preparedfrom 1.0 wt % PS31o-b-PAA52 in the presence ofvarious additives in

dioxane-water mixtures.

Starting Water
Morphology Content

(wt%)

Additive MorphologicaJ Boundaries mM of Additivea

(molar ratio of additive to AA UDits per chain)

•

S~S+R S+R~R R-+R+V R+V~V

Spheres 10.0 SOS 3.16(1.28) 6.32(2.56) 8.36(3.56) 12.1(4.87)
10.0 NaCI
10.0 TOA 28.8(11.8) 56.4(23.0) 75.0(30.6) 115(47.0)

Spheres 12.5 SOS 7.10(2.97) 8.95(3.74) 14.3(6.27)
+ 12.5 NaCI 8.54(3.32) 13.1(5.47) 16.8(7.02)

Rods 12.5 IDA 38.1(15.9) 64.9(3.97) 99.2(41.5)
Rods 15.0 SOS 9.73(4.16) 16.1(7.85)

15.0 NaCI 8.74(3.73) 10.6(4.53)
15.0 IDA 24.4(10.4) 48.3(20.6)

a relative uncertainty of± 0.7 %

One might infer from the phenomenon mentioned above that the effeet of SOS on

the morphology ofthe PS-b-PAA aggregates is merely a result ofthe eleetrostatic



shielding properties of the sulfate and sodium ions. However, the results from

experiments conducted with SDS, using aggregates prepared by increasing the SOS

concentration at a fixed solvent composition, in parallel to those with NaCI (Table 1),

indicate that SOS is effective at inducing morphological changes in the block copolymer

aggregates at solvent compositions at which NaCI is ineffective. This is attributed, in

part, to the fact that SDS is more soluble in the solvent mixtures than NaCI. However, the

strength of the effect of SOS on the aggregate structure decreases with increasing water

content, unlike that observed for NaCI. Since the trends in the results obtained for SDS

and NaCI are not that similar, the shielding effect of the surfactant ions cannot he the

only means of interaction between the SOS molecules and the block copolymer chains.

The hydrophobic tail of the SDS Molecules is believed to have an additional effect on the

morphology of the block copolymer aggregates.

In order to characterize the nature of the effect of the linear C 12 chain of SOS on

the copolymer aggregates, a series of studies were canied out to examine the influence of

tridecanoic acid on the copolymer aggregates. This organic acid also contains a linear

C 12 chain, but in this case the chain is terminated with a carboxylic acid group. ft is only

slightly soluble in water, and does not fonn aggregates in the solvent mixtures used in

this study. The small molecule species promote morphological transitions in PS-b-PAA

aggregates in the three solvent mixtures used in the investigation. Because TOA

Molecules are not able to shield the electrostatic repulsions among the PAA chains, like

NaCI and SOS, it is believed that they promote architectural changes by insening their

hydrophobie chain ioto the core of the aggregates. They act as spacers leading to an

increase in the size of the core of the aggregates. Bronstein et al. observed similar

behavior in systems of polystyrene-(,.poly(ethylene oxide) aggregates in the presence of

SOS.25 The degree ofPS stretching increases in response to the increase in the core

diameter. This increased chain stretching is subject to an entropic penalty, and the

aggregates undergo morphological changes in order to relieve this energy strain.9 The

morphological boundaries are located at progressively lower IDA concentrations as the

water content is increased. This occurs because the reduced solubility of the IDA at

higher water contents makes it thermodynamically more favorable for these Molecules to
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partition into the hydrophobie environment of the core of the block copolymer

aggregates.

It is generally observed that more TDA is required to induce the various

morphological transitions than either NaCI or SOS. This phenomenon possibly suggests

that the shielding of the electrostatic charge of the corona by the micro ions has a greater

influence on the force balance goveming the structure of the aggregates than the

partitioning of the hydrophobie species into the core of the PS-b-PAA aggregates.

However, it would seem from this argument that the dual nature of the effect of SOS on

the block copolymer aggregates makes SOS a better morphogenic agent than NaCI or

TOA. Although this is true for SOS in comparison to TOA, il is not a1ways the case when

the effect ofSDS is compared to that ofNaCI. At higher water contents, lower molar

ratios of NaCl are required to bring about the morphological transformations compared to

those of SOS. This outcome May result because the partitioning of the surfactant

molecules into the core of the aggregates increases the charge density of the corona. This,

in turn, occurs because the partitioning of the hydrocarbon tait of the surfactant anchors

the sulfate head group at the interface between the core and the corona. The sulfate group

is anionic and therefore repels the surrounding PAA ions. This increase in the charge

density counters the promotion of the morphological transitions by the electrostatic

shielding action of the microions and the partitioning of the hydrocarbon tail ioto the

aggregate core. The charge density increases with an increase in the number of surfactant

chains that partition into the aggregates, which increase with increasing water content in

the solvent.
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4.3.2 Effeet of SOS at Different Solvent Composition! and Polymer Concentrations

Sînce a few properties are known about the effect of SOS on the force balance

that controls the morphology of the PS-b-PAA aggregates, it is possible to suggest sorne

reasons for the trends observed in the morphological phase boundaries with varying

dioxane-water compositions and copolymer concentrations.
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Figure 2: Morphological phase diagram for aggregates prepared from PS310-b-PAAs2 in

dioxane-water mixtures in the presence of SOS. The small symbols represent points

obtained from turbidity studies (. spheres, 0 spheres and rods, + rods, 0 rods and

vesicles, 0 vesicles). The Â symbol represents the position of phase boundaries

detennined from increasing water content. The solid lines represent the phase boundaries

determined from turbidity and TEM studies. The dashed lines are visual guides.

•

The phase diagram in Figure 2 summarizes the morphology of the aggregates

fonned in solutions of 1.0 wt % PS310-b-PAAS2 at different SOS concentrations and at

ditferent water contents. These studies were performed in two ditTerent ways. In the tirst

case, the solution turbidity was monitored as the SOS concentration was increased while

maintaining a constant polymer concentration and solvent composition. Hence, the

aggregates were already present in the system before the SOS was added. In fact, at zero



SOS spherical aggregates exist in the water content range of 8.5 to Il.5 wt % H20,

spheres and rods coexist from 11.5 to 12.9 wt % H20, only rods are fonned from 13.0 to

14.9 wt %H20, while rods and vesicles are present between 15.0 and 27.6 wt % H20, and

vesicles are the only aggregates observed at water contents above 27.6 wt % H20.8 It

should be noted that the addition of SOS to solutions in which the water component of

the solvent composition was below the critical water content (cwc) of 8.5 wt %, required

for aggregate formation, did not result in the fonnation ofaggregates.8 In the second

method ofstudy, the solution turbidity was monitored as the water content was increased

in solutions of constant polymer and surfactant concentrations; the aggregates were

formed in the presence of SOS. In both cases, the morphology of the aggregates was

confirmed with TEM studies. The small symbols in Figure 2 represent the experimental

results obtained from the turbidity studies carried out as a function of increasing SDS

concentration. The large triangles mark the position of the phase boundaries determined

from the studies in which the turbidity was followed with increasing water content at

fixed surfactant concentrations. The solid lines trace the location of the morphological

boundaries that have been established from the results of the three ditTerent
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investigations.

The studies carried out by increasing the SOS concentration at fixed solvent

compositions indicates that although morphological changes can he induced at lower

water contents in the presence ofSOS than in its absence, the morphological boundaries

are shifted to higher concentrations of SDS as the water content in the solvent mixture is

increased. This is attributed, in pan, to the increase in the number of surfactant molecules

that partition into the core of the aggregates with rising water content. As mentioned

earlier, this partitioning process anchors sulfate anions at the core-corona interface,

leading to an increase in the charge density of the corona. The stronger corona repulsion

caused by the presence of the sulfate ions al the interface counters the ability of the

surfactant Molecules to promote morphologjcal change by screening the corona

repulsions with their micro ions, and by increasing the core size with the partitioning of

the surfactant tails into the core of the aggregates.8

Similar studies were carried out at different polymer concentrations, and the

results are summarized in Table 2. The aggregates were induced to undergo architectural



transitions at lower water contents than those required in the absence of additives at all

polymer concentrations examined. The most notable result is that the molar ratio of SDS

required to bring about structural changes in the aggregates decreases with an increase in

the polymer concentration. However, the polymer concentration has aJso been found to

influence the force balance goveming the structure of the aggregates.8 The morphological

boundaries are moved to lower water contents as the polymer concentration is increased;

this is partially responsible for the trends in the morphological boundaries with increasing

polymer concentration in the presence of SOS.
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Table 2: Effect ofpolymer concentration on the morphological boundaries between the

regions ofspheres (5), spheres + rods (S+R), rods (R), rods + vesic/es (R+V), and

vesicles (JI)for PS3Io-b-PAA52 aggregates in the presence ofSDS.

Polymer Conc.
(wt%)

Morphological Boundariesa in millimoles of
SOS (and molar ratio of SOS to AA units)

S -. S+R S+R -+ R R -. R+V R+V -. V

•

0.71 2.13(1.28) 5.78(3.33) 8.72(5.03) 9.89(5.70)
1.01 3.16(1.24) 6.32(2.56) 8.36(3.56) 10.8(4.37)
1.52 4.66(1.22) 9.47(2.50) 11.5(3.08) 12.3(3.29)
2.00 4.82(0.98) 9.72(1.97) 13.2(2.67) 14.0(2.83)

a Relative uncertainty of±0.5 0/0

4.3.3 Effect of SolutioD Preparation Metbod

As mentioned earlier, two methods of solution preparation were employed to

study the effect of SOS on the solution behavior of the block copolymer aggregates. The

first method involved gradually adding SOS to solutions with fixed polymer

concentrations and solvent compositions containing aggregates ofa given morphology. In

the second method of solution preparation, the water content of the system was increased

while maintaining constant SDS and polymer concentrations.

ln principle, if the system is under equilibrium conditions, the morphology of the

aggregates at a given solvent composition and SOS concentration should not depend on

the method of solution preparation. Thus, the purpose ofusing the two preparation

methods is to test the equilibrium nature of the system. The results in Figure 2 indicate

that, for the Most part, the morphological phase behavior of the aggregates is independent



of the solution preparation method; therefore, the system is under thermodynamic

control. This is indicated by the fact that the triangular points generated by increasing the

water content of the system faIl on the phase boundary lines determined from increasing

the SOS concentration at fixed po1ymer concentrations and solvent compositions. This is

also clearly illustrated by the plot in Figure 3, which outlines the change in the solution

turbidity as a function ofwater content for a system with a fixed surfactant concentration

of 11.7 mM. In this case, both rods and vesicles are formed in the solution upon self

assembly of the copolymer chains. There is an initial rise in the turbidity because an

increasing number of the rods are converted to vesicles, and vesicles scatter Iight more

than rods. At ca. 12.2 wt % "20, the turbidity begins to decline because the vesicles are

transfonned back into rods. A region of pure rods is observed from 13.1 to 15.2 wt %

"20. After this point, the turbidity increases because vesicles start to fonn again in

solution. This continues until a water content of 27.5 wt %, above which only vesicles are

present in the system. The arrows mark the morphological boundaries detennined from

the results of the studies carried out by increasing the SOS concentration while

maintaining the solvent composition; there is good agreement between the two results.
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Figure 3: Morphological transitions examined by turbidity measurements for 1.0 wt %

PS31O-b-PAAS2 in dioxane-water mixtures with a fixed SOS concentration of Il.7 mM.

The arrows indicate the transition boundaries determined from eXPeriments in which the

solvent composition was heId constant while the SOS concentration was increased.
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Il is interesting to note that the system is not in a state ofequilibrium at lower

water contents. The initial aggregation process of the block copolymer chains appears to

he dependent on the solution preparation method. When the aggregates are formed by

flfSt adding water to the solutions of copolymer in dioxane and than adding SDS, the

critical water content at which the aggregates initially form is found to he 8.5 wt %.

When the aggregates are prepared by adding water to solutions containing copolymer and

SDS in dioxane, the critical water content is increased, as shown by the dotted line in

Figure 2. For example, in the presence of 9.4 mM of SOS, the copolymer solution did not

become turbid, marking the onset ofaggregation, until a water content of 10.0 wt % was

reached. Therefore, the first morphological region of rod and vesicle coexistence from ca.

8.5 to ca. 11.0 wt % H20, detennined from the studies of increasing the SOS

concentration al constant solvent composition, was not observed when the study was

carried out at constant SDS concentration and increasing waler content (i.e. ooly rods

were present. This was confirmed with TEM studies. It is speculated that the differences

in the results obtained with the two methods of solution preparation May possibly be a

result of very slow kinetics of aggregate formation at lower water contents in the

presence of SOS. Hence, the system is govemed by kinetics in the region oflow water

content and by thermodynamics at higher water contents. As weil, surfactant Molecules

have been reponed to impede black copolymer micellization as a result of the interaction

of the surfactant Molecules with the individual copolymer chains prior to aggregate

fonnation.2o
•
23 This interaction often involves the fonnation of small surfactant

aggregates along the polymer chains. This may explain why the aggregation of PS31O-b-

PAAS2 Molecules occurs at higher water contents in the presence of SDS than in the

absence of surfactant. In any event, the further study is required to detennine the factors

that influence the self-assembly process when the block copolymer aggregates are

prepared using both methods of solution preparation.

Another interesting observation is made when the phase diagram in Figure 2 is

divided diagonally from ca. 10.0 wt % H20 on the left to ca.17.5 wt % H20 on the right

of the diagram as indicated by the dash-dot line. Below this diagonalline the morphology

of the aggregates appears to be dictated mostly by the etTect of SOS on the force balance

controlling the architecture of the copolymer aggregates. However9 above this line the

•

•
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aggregate morphology appears to he almost independent of the SOS concentration except

at high concentrations of SOS (e.g. above 18.0 mM). This is apparent from the fact that

the morphological phase boundaries in the presence of SOS were found to he the same as

in the absence ofadditive at higher water contents. Although this phenomenon is not weil

understood, it is believed to he a result of the balance between the effect of SOS and that

ofwater on the morphology of the aggregates. It is possible that the influence of SDS is

more prominent at lower water contents and is enhanced with increasing SDS

concentration, but that the increasing concentration of water in the system eventually

overwhelms the effect of SOS on the morphology of the copolymer aggregates. This

phenomenon requîres further investigation.
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4.4 Conclusions

Turbidity measurements and transmission electron microscopy were employed to

investigate the effect of sodium dodecyl sulfate on the behavior OfPS310-b-PAAs2

aggregates in dioxane-water mixtures. ft was found that SDS causes these aggregates to

undergo morphological transitions at water contents lower than those nonnally required

for the same structural changes in the absence of any additives.8 A parallel investigation

of the effect ofNaCI and tridecanoic acid on the copolymer aggregates indicated that the

nature of the morphogenic effect ofSOS is attributed to the ability of the surfactant micro

ions to screen the electrostatic field created by the partially charged PAA chains of the

corona, as weil as the partitioning of the surfactant tails ioto the core of the aggregates.

80th of these factors alter the force balance controlling the morphology of the aggregates

leading to structural changes. A morphological phase diagram was constructed to map

out the architectural boundaries produced by increasing the sns concentration in the

copolymer solutions. The complex nature of the interaction of sns with the copolymer

aggregates results in an increase in the concentration of sns required to induce the

morphological transitions as the water content in the solvent is increased. However, the

molar ratio of SOS to PAA al the morphological boundaries decreases slightly with an

increase in the copolymer concentration. Although NaCI is more effective at inducing

morphological changes at higher water contents, SDS proves to be a better morphogenic

agent at lower water contents. One of the more interesting results obtained from this



study is the ability to convert PS-b-PAA aggregates from one morphology to another and

than back again by increasing the water content at one SOS concentration. This is the first

time this phenomenon has been ohserved in PS-b-PAA aggregate systems.lt provides an

additional degree of versatility to the system and hence provides better control over the

aggregate architecture, which is important for any potential application of these systems.
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Chapter S
Conclusions, Contributions to Original Knowledge, and Suggestions for

Future Work

5.1 Conclusions and Contributions to Original Knowledge

The work summarized in this thesis explored sorne of the physico-chemical

properties ofaggregates of multiple morphologies prepared from PS310-b-PAAs2 in

dioxane-water mixtures. The following discussion is a summary of the notable

experimental results that have been described throughout this dissertation with particular

attention paid to the original aspects of these findings. This section is divided into two

parts beginning with the conclusions drawn from the kinetic and mechanistic studies of

three morphological transitions occuning in PS310-b-PAAs2 aggregates in solution. The

second part focuses on the effect that sodium dodecyl sulfate was found to have on the

morphology of the copolymer aggregates.

S.I.1 Kinetics and Meehanisms of Morphologica. Transitions

Chapter 2 describes the kinetics and mechanisms associated with both the sphere

to-rod and the rod-to-sphere transitions that occur in aggregates formed in the PS310·b-

PAAs2 / dioxane / water system. A sunHar investigation was used to study the vesicle-to

rod transition that takes place in the same copolymer system, the details of which were

discussed in chapter 3. Chen et al. were the tirst to study the kinetics and mechanisms

associated with the architectural changes, observed in block copolymer aggregates in

solution, with their study of the rod-to-vesicle transition in the PS31O-b-PAAS2

aggregates. 1Hence, the results described in chapters 2 and 3 provide additional

knowledge about the details involved in morphological transfonnations, and this

information is important to have if control is to he exercised over these aggregates in

potential applications in such areas as pharmaceutical and personal care products.

The transfonnations were induced by a jump in the content of one of the solvent

components near the morphological boundaries. The solvent compositions at the

boundaries were obtained from the morphological phase diagram that was constructed by

Shen and Eisenberg for the PS310-b-PAAS2 / dioxane / water system.2 The solution
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tw'bidity was monitored as a function of lime in order to study the kinetics, and the

intermediate aggregate structures where observed by transmission electron microscopy.

This information was used to propose transition mechanisms.

The sphere-to-rod transition was found to proceed via a two-step mechanism. The

fust step, which is the fast process, entailed a series ofadhesive collisions between

spherical micelles to fonn "Pearl neck.lace" intennediates. The rate-limiting step involved

the reorganization of the necklaces to form smooth rods. The resulting rods had a smaller

diameter than the spherical micelles from which they were formed. Within the transition

region, the ratio of the rods to spheres increased with rising water content. The reverse

process, the rod-to-sphere transition, a1so involved two relaxation steps. The fast step was

ascribed to the formation ofa bulb on either or both ends of the rods. These bulbs were

slowly pinched off to release free spheres in solution during the rate-determining process.

Since neither the sphere-to-rod nor the rod-to-sphere transition proceed with of

conservation of mass (i.e. the aggregation number of rods is larger than that of spheres), it

was not possible to obtain rate constants for the steps in each mechanism. However, the

turbidity-time profiles were fitted best to a double exponential equation (with exceptions

al higher polymer concentrations) from which relaxation times were obtained. The rate of

both the forward and reverse transitions were comparable. The kinetic results indicated

that the relaxation times for both transitions increased with an increase in the initial water

content of the solvent mixture. When the magnitude ofthe solventjump was increased,

the sphere-to-rod transition occurred more quickly, while the rate of the rod-to-sphere

transition became slower. Increasing the initial copolymer concenttation resulted in a

decrease in the relaxation times for the sphere-to-rod transition, but a more complex trend

was observed in the 't values of the rod-to-sphere transition.

In order to extend the study of the rod-to-vesicle transition led by Chen et al., the

kinetics and mechanism ofthe vesicle-to-rod transition were investigated. ' As the

transition region was approached from the vesicle side, the Mean diameter of the

aggregates decreased with little change in the vesicle wall thickness, which resulted in an

increase in the curvature energy. This made the vesicles energetically unstable and

subsequendy prone to structural transformatioD. The tirst intermediate aggregates

observed were in the shape of"bowties" (two adjoined spheres). The bowties grew into
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"dumbbell" shaped structures. The dumbbells extended about the long-axis at the expense

of the bulbs on either end until smooth rods were formed. The average volume of the

vesicles and the rods was quite similar, which suggests that this transition involved the

conversion ofone vesicle into one rod and vise-versa, as was observed in the case of the

rod-to-vesicle transition. 1

The kinetic data obtained for this multi-step transition yielded a single relaxation

time. This result, coupled with the fact that the non-bilayer bowtie intennediate structures

were not likely formed directly from vesicles, suggests that experimental limitations

prevented us from acquiring information about one or more of the faster steps in the

transition. However, the kinetic results that were obtained shows that the relaxation time

for the vesicle-to-rod transition increased slightly with an increase in both the initial

water content of the solvent mixture and the magnitude of the dioxane content jump. The

relaxation time also increased with increasing PQlymer concentration, and the effect was

much more pronounced than in the case of the other two parameters.

5.1.2 Effect of Sodium Dodeeyl Sulfate on Hloek Copolymer Aggregates in Solution

A study of the effect of sodium dodecyl sulfate (SOS) on the solution behavior of

aggregates prepared from PS31O-b-PAAS2 in dioxane-water mixtures was described in

chapter 4. It was found that the SOS Molecules interact with the copolymer chains, and

that these interactions cause the block cOPQlymer aggregates to undergo morphological

transitions at lower water contents than those required in the absence of surfactant.2 The

polymer-surfactant interactions were found to he multi-dimensional because of the

amphiphilic character of SOS. The micro ions of the surfactant molecules screened the

electrostatic field generated by the partially charged corona chains, while the surfactant

tails partitioned ioto the aggregates, which resulted in an increase in the core diameter.

These processed led to architectural transformations because they disturb the force

balance that govems the morphology of the aggregates. The details of the interaction of

SOS with PS-b-PAA were confirmed from parallel studies carried out with sodium

chloride and tridecanoic acid in order to isolate the effects of the micro ions and of the

linear alkyl chain.
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A morphological phase diagram was constructed to detennine the structural

boundaries. The concentration of SOS required to induce the morphological changes

increased with rising water content. This was attributed to the fact that the surfactant

Molecules that partition ioto the aggregates can hinder the transition process by

increasing the degree ofcorona repulsion. Thus, the morphological boundaries were

detennined by the balance hetween the factors that promote structural change and those

that hinder the process.

The phase diagram studies were performed using two methods of solution

preparation in order to test the equilibrium nature of the system. In one case the

concentration of SOS was increased while the solvent composition and copolymer

concentration were fixed, while in the second method the water content was increased

and the polymer and SDS concentrations were held constant. It was found that the system

is under equilibrium control, except at lower water contents where the kinetics of the

system influenced the morphology of the aggregates to a greater extent than the

thennodynamics.

5.2 SuggestiODS lor Future Work

The aim of this section is to provide sorne insight into how to build upon the

studies described throughout this thesis. The discussion begins with sorne suggestions for

the expansion of the investigation of the kinetics and mechanisms of morphological

transitions occurring in block copolymer aggregates. This is followed with a few ideas for

studies that May prove useful for leaming more about how to tailor the structure of block

copolymer aggregates with small molecule surfactants.

5.2.1 SuggestioDslor Researeb on KiDetics aad Mecbaaisms of Morpbological

Change

The studies presented in chapters 2 and 3 provide the kinetic and mechanistic

details associated with three morphological transitions (sphere-to-rod, rod-to-sphere, and

vesicle-t~rod). There are many other transitions for which the kinetics and mechanisms

are yet to he explored such as the bilayer-to-vesicle3
, the bi-continuous rod-to-vesicle",

the vesicle-to-hexagonally packed hollow hoopss, the vesicle-to-large compound
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micelle6
, and several others. The reversibility of many of these morphological changes

makes it viable to explore the details of the reverse transitions.2

Although our studies have focused on the influence that changing the initial

solvent composition, the magnitude of the solvent jump, and the initial polymer

concentration have on the kinetics of the morphological transitions, a number of other

system parameters are known to effect the architecture of the aggregates and may also

influence the transfonnation processes. These factors include the type of nonspecific

solvent employed (i.e. THF or DMF instead ofdioxane)" the temperature8
, the length of

the copolymer blocks3
, the nature of the repeat units in the copolymer9

, and the presence

ofadditives6
• Among these factors, the temperature is of particular interest because lower

temperatures are likely to slow down the transition kinetics, and since we were not able to

obtain a complete picture of the kinetics and mechanism of the vesicle-to..rod transition,

repeating the study at lower temperatures May provide more information about this

process. In addition, it May he possible to detennine the activation energy associated with

each transitions step from a detailed study of the kinetics at different temperatures.

However, it Most he noted that in order to examine the structural ttansformations at a

lower temperature, the morphological boundaries must first he evaluated at the new

temperature.

Since changing such parameters as the temPerature, the nature of the solvent, and

the presence ofadditives eireet the morphology of the copolymer aggregates, it would

also he fruitful to carry out kinetic and mechanistic studies using one of these factors to

induce the transitions in much the same way as jumps in either the water or dioxane

content were employed in the studies discussed in this thesis.

Expanding the investigation of the kinetics and mechanisms of morphological

transitions in black copolymer aggregates in solution in anyone of the above mentioned

directions would shed new light on how to control these systems and May provide sorne

ideas for potential applications of these systems.
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5.2.2 Suggestions for Future Work on the Effeet of Surfactants on PS-b-PAA

Agregates

The work presented in chapter 4 is the first study of the interaction of PS-b-PAA

aggregates \\ith surfactants of the same charge in dilute solution. Thus, Many aspects of

this work are yet to he examined. The first step for the continuation of this project is to

further characterize the nature of the association hetween SOS and the PS310-b-PAAs2

aggregates. It May he possible to determine the number of SOS Molecules required to

bring about each morphological transition. This can be attemped by using sodium NMR

studies or by electrochemical analysis with a surfactant selective electrode, after dialysis

of the copolymer.surfactant solutions to remove unassociated SOS.IO.11 In addition., since

the behavior of the system at lower water contents is dependent on the method of solution

preparation, an examination of the mechanism., thermodynamics., and kinetics of micelle

formation in the presence of SOS may prove to valuable from both an academic and an

industrial standpoint.

Once the characteristics and properties of the interaction of SOS and PS-b-PAA

aggregates are more understood.. it would he interesting the try to tailor the influence of

the ionic interactions and hydrocarbon tail partitioning on the morphology of the

aggregates by completing parallel studies using surfactants with different structural

properties such as thase with two head groups, a zwitterionic head group, a double chain

tail, and a styrene based tail. This tailoring process May aIso he possible by using both

nonionic surfactants and simple electrolytes together to induce morphological change.
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