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ABSTRACT 

Two groups of matched diblock copolymers were synthesized by anionic 

polymerization for experiments measuring the rate of chain exchange of copolymer chains 

between molecularly dissolved unimers and micelles. They included polystyrene-b-

poly(hydroxyethyl methacrylate) [PS-PHEMA], and poly(methyl methacrylate)-b-

poly(methacrylic acid) [PMMA-PMAA]. Each set of copolymers included an unlabelled 

polymer and a matched polymer labelled with a pyrene chromophore. 

Micelles of PS-PHEMA in cyclohexane / THF and PMMA-PMAA in ethyl 

acetate / methanol were characterized by viscometry and dynamic light scattering to 

determine the aggregation numbers. PMMA-PMAA micelles were formed in solutions of 

80 % or greater ethyl acetate and PS-PHEMA formed micelles in solutions of 20 to 75 % 

cyclohexane. The critical micelle concentrations (CMC) of PS-PHEMA in 20 % 

cyclohexane / 80 % THF and of PMMA-PMAA in 85 % ethyl acetate / 15 % methanol 

and in 90 % ethyl acetate / 10 % methanol were determined by measuring an increase in 

the fluorescence lifetime of pyrene attached to the end of the core forming block upon the 

onset of micellization. 

Two major goals. of this research were to confirm the rate law and to measure the 

polymer chain exchange constant under various conditions. The kinetics experiments 

were conducted by mixing a miceilar solution of the unlabelled copolymer with that of a 

solution of a matching pyrene labelled copolymer whose concentration was below its 

CMC. The incorporation of the labelled copolymer into micelles was following the 

variation in the fluorescence intensity of pyrene with time. The chain insertion rate 
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constant (kr) was determined for PMMA-PMAA at 22 °C in 85 % ethyl acetate and in 90 

% ethyl acetate. 

Micelle chain exchange experiments were also attempted for PS-PHEMA in 20 % 

cyclohexane. At room temperature the rate of polymer chain exchange was not detectable 

after 36 hours, however after heating at 50 °C for one hour 60 % of the labelled chains 

were incorporated into micelles. The difference in the rate constants was likely due to a 

greater amount of hydrogen bonding between polymer chains in the cores of the micelles 

of the PS-PHEMA system. 
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CHAPTER I. INTRODUCTION 

I-i. Diblock Copolymer Micelles 

Diblock copolymers consist of two homopolymer chains bonded to one another in 

a head-to-tail fashion. A dliblock copolymer consisting of a sequence of n units of 

monomer A and m units of monomer B can be represented by: 

[A+B1m 

In solutions of selective solvents block and graft copolymers show unique colloidal 

behavior. A selective solvent is capable of dissolving one of the constituent blocks but at 

the same time is also a poor solvent for the other block. The poorly solvated polymer 

blocks aggregate together and the well solvated blocks are dissolved in the solvent. Many 

different types of microphase segregated structures are possible, including lamellar, 

cylindrical and spherical micelles. Spherical micelles will be the focus of this project. A 

spherical micelle (Figure I-i, pg. 3) consists of an aggregation of the poorly solvated 

polymer block, called the micelle core, surrounded by well solvated polymer chains, called 

the micelle corona. It is the corona that is responsible for maintaining the dispersion of the 

micelle particles in solution. 

The factors which affect the process of miceJlimtion and the physical attributes of 

the micelles include the chemical composition', structure2 and molar mass' of the 
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copolymer, the strength of the interaction between the copolymer blocks and the solvent 

system4'5, copolymer concentration, and temperature6. 

Micelles are in equilibrium with molecularly dispersed polymer chains, called 

unimers (Figure 1-2, pg. 5). There are two models for association: closed and open 

association. Open association of block copolymers results in micelles that have a 

continuum of aggregation numbers7. Soap micelles in hydrocarbon media can approach 

this behavior. The usual case for block copolymers is for micelles to be formed in 

selective solvents where the aggregates have a narrow size distribution and this is called 

closed association7. 

Thus it is normally assumed for simplicity, that there is one aggregation (or 

association) number for the block copolymer micelles and that the process can be 

represented by: 

p{U] >M I-i 

where U represents the unimers units and M the micellar aggregation of p polymer 

units. 

The above system represents a state of dynamic equilibrium between the micelle 

aggregates and molecularly dissolved polymer chains (or unimers). Generally, this 
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Figure I-i. Aggregation of diblock copolymer chains into spherical micelles. 
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involves the incorporation and expulsion of single chains from the micelle aggregations. 

Thus the narrow size distribution is maintained. It is also possible that micelles could be 

formed by fission of micelles and by fusion of smaller aggregates. The energy barriers for 

fusion and fission would be much higher since fission would involve the simultaneous 

disentanglement of many polymer chains and fusion of two smaller aggregates would have 

to overcome a large energy of repulsion. 

The properties of copolymer micelles resemble those of soap dispersions in water. 

Diblock copolymer micelles consist of many polymer chains that have aggregated 

reversibly together. Diblock copolymer micelles are able to dissolve otherwise insoluble 

substances and stabilize dispersions of colloidal particles. For example, most dyes used in 

industrial processes are only sparingly soluble in water. Dyes can be made soluble in 

water with the addition of diblock copolymers and the application of these dyes to other 

materials is less problematic. 

Block copolymers have important applications in materials used for coatings, 

adhesives, and thin films. In these applications, if one of the blocks has an amphiphilic 

nature, adsorption of the block copolymers can change the surface wetting properties of 

the solid. Generally one of the blocks of the copolymer will coat out on the solid surface 

from a solvent if it is a poor solvent for one of the blocks. The result is a polymer brush 

which resembles micelles in so far as there is microheterogeneous phase separation of the 

two copolymer blocks. 

The adsorption of diblock copolymers at a surface interface will also be influenced 

by the formation of micelles in the solvent which occurs at polymer concentrations above 
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P 

k 

Figure 1-2. Schematic diagram of the dynamic equilibrium between unimers and diblock 

copolymer micelles. The forward reaction is the adsorption of an unimer chain into a 

micelle (see equation 1-2) 
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the critical micelle concentration (CMC). Micelle formation will affect the kinetics of 

surface adsorption of diblock copolymers8'9. 

The self- assembly of diblock copolymers could provide a relevant model for some 

aspects of the self-assembly of proteins, lipids and cell membranes. In cell biology these 

molecules perform transformations between micelles, vesicles and bilayer membranes and 

there are subtle physical changes that guide the form and the function of the structures'°. 

To some extent the factors which govern their organized aggregation have been 

delineated". However a full understanding of the thermodynamics and kinetics of self 

assembly of these types of molecules in aqueous and in organic media has not been 

achieved and the physical chemistry of diblock copolymer micelle formation may be 

instructive. 

• 1-2. Equilibrium Dynamics of Diblock Copolymer Micelles 

In a micellar system, chain exchange between the unimer pool and micelles, the 

breakdown of larger micelles into smaller ones (fission), and the formation of larger 

micelles from smaller ones (fusion) may all occur simultaneously'2"3. Of all these 

processes, micelle chain exchange is the most fundamental. 
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Aniansson and Wall assumed that association and dissociation proceeds in unitary steps 

and in the general case: 

kz) 

U+U M2 

k3 4 

M2 +U M3 

M.1+U M 1-2 

where M 1 and M are micelles with p-i and p chains, respectively; U denotes a unimer 

chain; and k and k are unimer incorporation and dissociation rate constants. Under 

equilibrium conditions, all of the individual step reactions (at each value of p) will also be 

at equilibrium and hence all k and k. are related by: 

d[MP] 
dt [u][M_11-k_[M] = 0 

and therefore 

k[M_1][U]= k[M] 1-3 
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The magnitude of the rate constants k and k. determines the relaxation rate of a 

diblock micelle system when it is subjected to an external perturbation. This becomes 

especially true if the chain exchange process is much faster than the micelle fusion and 

fission processes, a case generally applicable to diblock copolymer micelles'4. The 

magnitudes of k and k. also shed light on the rate of diblock copolymer brush buildup as 

polymer brushes 11-18, which are self-assembled structures of diblock copolymers at a solid 

substrate / solution interface. Polymer brushes have a close resemblance to the structure of 

diblock micelles. 

Despite the fundamental importance of k and k., the study of micelle chain 

exchange kinetics has been rare in the past. Halperin and Alexander'5 have recently 

derived scaling relations between k. and the lengths of two blocks of a diblock copolymer. 

Some experimental studies have been carried out on diblock copolymer micelles and the 

results have been analyzed in the spirit of the Aniansson and Wall (A-W) theory'921, which 

was developed for small-molecule surfactant micelles. According to the A-W theory, the 

concentration of unimers or micelles or their equivalents should relax after a 

"perturbation" to their new equilibrium values with two relaxation times 'Cl and c2 where 

t1 < i2. Assuming that the chain exchange process is much faster than the micelle fusion 

and fission processes, Aniansson and Wall related ul and t2 to k., k and to micelle 

parameters such as the average aggregation number p and the variance a in p. 

Some experimenters have initiated studies into the equilibrium dynamics of chain 

exchange for diblock copolymer micelles. Bednar et al.22 have followed the association 
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and dissociation kinetics of polystyrene-b-poly(hydrogenated isoprene) in 1,4 dioxane / 

heptane mixtures. In their experiments they first formed micelles in a solvent mixture and 

then added an equal amount of good solvent and monitored the dissociation of micelles by 

measuring the decrease in the intensity of scattered light from a laser source. Bednar also 

measured the rate of formation of micelles by adding an amount of poor solvent to a 

solution of well solvated polymer and measuring the increase in the intensity of scattered 

light from the laser source. The light scattering intensity data for the micelle formation 

experiment was fitted to the equation 1(t) = ale-I" + a2e2 and that of the micelle 

dissociation experiment was fitted to 1(t) = I(1 - a1eX" + a2e12), No correlation 

could be implied between the experimental relaxation times and any mechanism of 

relaxation under equilibrium conditions as the perturbations used in these experiments 

were too large. 

Prochazka et al.23 studied the micellization kinetics of polystyrene-b-

poly(hydrogenated isoprene) labelled with carbazole or anthracene in solutions containing 

various ratios of 1,4-dioxane and heptane. Non-radiative energy transfer (NET) between 

the two fluorescent chromophores was observed upon the onset of micellization. Separate 

micellar solutions of the diblock copolymer were made with anthracene and carbazole 

labels. These solutions were mixed and the increase in the amount of NET was measured 

with respect to time. The unimer-micelle chain exchange rate was observed by an increase 

in the amount of NET. The data was analyzed using a double exponential decay (or 

growth) in the fluorescence intensity. Using this approach it was not possible to obtain 
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the chain exchange rate directly because with the passage of time the distribution of the 

chromophore labels within the micelles becomes more complex. For example the 

efficiency of energy transfer from the donor to the energy acceptor may change in a 

complicated way as the number of acceptors in a micelle changes. Prochazka did show 

that the diblock copolymer micelle exchange rate was at least two orders of magnitude 

slower than that exhibited by detergents. 

Wang et al?A performed a similar experiment with polystyrene-b-

poly(oxyethylene) labelled at the block junction with either a naphthalene or pyrene 

chromophore in methanol / water solutions. They proposed an analysis of the 

fluorescence emission intensity data based on a model of chain exchange that transfers 

between micelles via unimers. They included the model of Duhamel et al.25 to account for 

the varying amounts of fluorescence quenching arising from the evolving distribution of 

the donor and acceptor molecules within the micelles. The fluorescence emission 

intensity data of the energy donor 1(t) was fitted to the equation 1(t) = A1e' + ke /'2 . 

However, their numerical analysis did not produce a fit that could relate their values for 

the double exponential decay to r, and 'r2 of Aniansson and Wall and therefore they were 

not able to accurately calculate a value for k. Wang concluded that the mechanism for 

chain exchange was more complex than chain expulsion from micelles to unimers followed 

by acquisition of a unimer into a micelle. They suggested that the exchange process 

included a mechanism where polymer chain transfer also occurred during the collision of 
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two micelle aggregates in addition to the expulsion / inclusion mechanism. To date no 

experimental data has been provided to support or contradict this proposed mechanism. 

Although the relaxation kinetics of diblock micelles has been found to follow a two 

stage mechanism in agreement with the A-W theory, rate constants such as k have so far 

not been obtained. The difficulty has been in establishing the equivalence between the 

experimentally determined ti and T2 and the relaxation times discussed by Aniansson and 

Wall, due to complications from the techniques used for monitoring the relaxation of a 

micellar system. 

In addition to the aforementioned complication, most of the previous studies 

utilized large perturbations. The use of large perturbations, such as the sudden change in 

solvent composition 26 or temperature27 to cause micelle formation from a solution without 

micelles of vice versa, makes the experimental detection of the relaxation process easier 

but renders the A-W theory inapplicable to the experimental results. 

1-3. Research Objectives 

This project was concerned with the determination of the kinetic properties of 

chain exchange of diblock copolymer micelles. The chain exchange rate was measured by 

monitoring the rate of incorporation of labelled diblock copolymer into micelles of the 

unlabelled diblock copolymer. The exchange rate should be directly proportional to the 

concentration of the unimer chains and to the micelle particles. Two major goals of this 

research were to confirm the rate law and to measure the polymer chain exchange constant 
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under various conditions. The changes in the rate constant were related to the properties 

of the micelle system. 

Three diblock copolymers were used in this study, poly(methyl methacrylate)-b-

poly(methacrylic acid) (PMMA-PMAA), poly(styrene)-b-poly(hydroxyethylmethacrylate) 

(PS-PHEMA), and poly(methyl methacrylate)-b-poly(hydroxyethylmethacrylate) (PMMA-

PHEMA). These polymers were synthesized by the anionic polymerization method to 

ensure monodisperse samples and a well defined structure. 

Fluorescence techniques, such as steady state energy transfer, time resolved 

fluorescence, and steady state anisotropy have been used in this project to measure the 

onset of micellization and to measure the critical micelle concentration (CMC). 

Techniques such as light scattering and viscometry have been used to characterize the 

overall radius and aggregation number of micelles of the three polymers mentioned above. 

Steady state fluorescence intensity measurements were then used to measure the exchange 

rate between unimer chains and micelles of PMMA-b-PMAA and of PS-b-PHEMA in 

selective solvent systems. 

1-4. Organization of the Thesis 

Chapter II provides a background for all the experimental procedures for 

characterization of diblock copolymers, followed by the methods of characterization of 

diblock copolymer micelles. A review of viscometry, light scattering and other scattering 

techniques, and of gel permeation chromatography (GPC), amongst other standard 
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techniques, is provided. Fluorescence techniques and their application to diblock 

copolymer micelles are also reviewed. Finally experiments reported to date on the 

measurements of the kinetics of micelle chain exchange are reviewed. Chapter III details 

the synthesis of all the polymers used in this thesis and characterizes all of the copolymers 

and standards used in this project. Chapter IV details the characterization of PMMA-

PMAA micelles in ethyl acetate / methanol solutions and measures the chain exchange rate 

of these micelles with the use of fluorescence techniques. Chapter V examines micelles 

formed by PMMA-PHEMA in ethyl acetate / methanol. These micelles are characterized 

and some fluorescence properties of the chromophore labels are detailed. This chapter 

includes an examination of the effect of dissolved oxygen on the fluorescence of pyrene. 

Chapter VI characterizes and examines micelles formed by PS-PHEMA in cyclohexane / 

THE Kinetic studies were attempted at room temperature and at elevated temperatures. 

Chapter VII provides conclusions and suggestions for future work. 



14 

CHAPTER II: BACKGROUND 

H-1. Characterization of Diblock Copolymers 

Studies of the properties of diblock copolymers require that the polymers have a 

well defined structure and a narrow molecular weight distribution. To date this usually 

requires that diblock copolymers are synthesized by anionic polymerization techniques2831. 

Diblock copolymers can be characterized by visc0metry3234, NMR35, gel permeation 

chromatography36'37 (GPC) and light scattering techniques38'39 (LS). If chromophore 

labels have been attached it is also possible to characterize the polymers with UV-VIS 

absorption spectroscopy. Other methods also include membrane and vapour pressure 

osmometry, ebulilometry and cryoscopy. All of the above methods are standard and are 

well known. 

The differing nature of the two diblocks complicates the interpretation of tests 

such as viscometry, light scattering and GPC. For viscometry, it is not usually possible to 

have a set of standard polymers to calibrate the viscometer for the Mark-Houwink 

equation40: 

[riJ=KM a 11-1 

Where [] is the intrinsic viscosity, K and a are constants for a particular polymer-solvent 

pair at a particular temperature and Mv is the viscosity average molecular weight. For 
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diblock copolymers the values of K and a would be an averaged value for the two blocks. 

Viscometry is not commonly used for the determination of the overall molecular weight of 

diblock copolymers. 

The same situation holds for GPC where the elution time is related to the effective 

hydrodynamic radius of the polymer which again is an averaged result of differing 

contributions from the two blocks with the overall polydispersity of the polymer also 

measured. It is possible to take a sample of the first block during the synthesis and 

measure its size and polydispersity by GPC. The number averaged size of the second 

block can be related to that of the first by NMR spectroscopy. 

The weight averaged molecular weight of the polymers can be determined by static 

light scattering. As with GPC and viscometry it is an apparent molecular weight that is 

determined from the experiment41'42. The average chemical composition of the 

copolymers can be found by NMR though it must be pointed out that there is generally a 

fairly broad distribution in the chemical composition even for a polymer with a narrow 

molecular weight polydispersity. 

The best method for the characterization of diblock copolymers is to obtain a 

sample of the first block during synthesis and to fully characterize this block by GPC, to 

obtain the polydispersity, and by light scattering to find the weight average molecular 

weight. The diblock copolymer is fully characterized by GPC to find the polydispersity of 

the whole polymer and by NMR to derive the number ratio of the two blocks and hence 

the molecular weight. 
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11-2. Characterization of Diblock Copolymer Micelles 

Many methods have been used to characterize micelles formed from diblock 

copolymers and these include light scattering techniques, dilute solution viscometry, small 

angle neutron scattering, electron microscopy, ultracentrifugation, gel permeation 

chromatography, small angle X-ray scattering, and fluorescence spectroscopy. 

11-2.a. Dilute Solution Viscometry of Copolymer Micelles 

In a dilute solution, solvated polymer chains will increase the viscosity of the 

solvent. The amount of this increase was considered by Einstein43. In the case where the 

polymer solute is treated as a collection of rigid non-draining spheres dispersed in the 

solvent, Einstein found the viscosity of a polymer solution to be: 

113 =110(1+2.5p) 11-2 

where (v is the volume fraction of the solute spheres, r is the viscosity of the solution, 

and i, is the viscosity of the solvent. Polymer coils or micelles are considered as non-

draining spheres that have a hydrodynamic radius Rh. The hydrodynamic radius can be 

related to the volume fraction of the solvated spheres to obtain: 

'1$ 11O(l+ iON rRh) 11-3 
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The intrinsic viscosity [] is defined as: 

[n]= Ii.,  TU 110  

Cu0 

11-4 

where c is the polymer concentration. By inserting equation 11-3 into 11-4 the relationship 

between the molar mass and the intrinsic viscosity is obtained": 

[u]= 1:;: N OR, 3  
11-5 

where No is Avogadro's number and the substitution for the concentration c = Mm N has 

been made. Rearranging we obtain: 

M m lft=j. NOR 11-6 

Mm is the molecular mass of any non-draining spherical particles including diblock 

copolymer micelles. Thus the molecular mass of these micelles can be obtained after the 

hydrodynamic radius is established. The hydrodynamic radius is determined from dynamic 

light scattering experiments. The aggregation number (p) of diblock copolymer micelles 
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can be found by dividing the measured molecular mass of the micelles (Mm) by the 

molecular mass of the diblock copolymer M. 

M 
M 11-7 

The molecular mass of single polymer chains can be found independently. 

Substituting into equation 11-7 for the value of Mm in equation 11-6 the value of p 

becomes: 

1Ot  
P = NOR, 

3[r]M 
11-8 

In experiments on copolymer micelles the intrinsic viscosity is determined from a 

set of measurements of relative viscosity at several polymer concentrations at a fixed 

solvent composition. The relative viscosity is defined as: 

11-9 

where the viscosity of the solvent lo and of the polymer solution 11 are measured with a 
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Ubbelohde viscometer. The relative viscosity is related to the measured flow times as: 

-PL 11-10 

where p is the density of the polymer solution and po is the density of the solvent and t is 

the flow time of the polymer solutions and to is that of the solvent. 

The specific viscosity 11,p is then defined as: 

11sp 11rl 11-11 

The reduced viscosity Tired is obtained by dividing i by the concentration of the 

polymer in the solution: 

- lisp 
Tired --

C 

11-12 

The reduced viscosity of the polymer-solvent system is measured at several 

polymer concentrations. The reduced viscosity is extrapolated to zero polymer 

concentration to arrive at the intrinsic viscosity: 

I 1_urn ( 
O1j_o <flred 11-13 
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The molecular mass of the copolymer is found as discussed above, the 

hydrodynamic radius of the copolymer micelle is measured, as discussed below, by 

dynamic light scattering techniques. 

ll-2.b. Light Scattering 

Light scattering has been used in this project to determine the hydrodynamic radius 

of diblock copolymer micelles. Light scattering techniques have the advantage over other 

methods, such as gel permeation chromatography, in that they are absolute techniques. 

The basis for the scattering of light by polymer chains is the difference in the refractive 

indices between the polymer segments and the solvent. There are two types of light 

scattering experiments, static and dynamic light scattering. In general the molecular 

weight of a diblock copolymer can be determined by static light scattering however in 

practice it is difficult to obtain accurate measurements of d Ydc I the specific refractive 

index, in mixed solvent systems. Small variations in the solvent system composition will 

result in large errors in the measured values of dn/d . In mixed solvent systems dynamic 

light scattering experiments can be used to measure the copolymer hydrodynamic radius. 

I-2.b.i. Static Light Scattering by Large Molecules in Solution 

Static light scattering experiments in a single solvent from a laser source can give 

the weight average molecular weight. The scattered intensity of the source is a function of 

the wavelength of the source, the angle of measurement, and the concentration of the 
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polymer solution amongst other factors. The equation of the scattering for a polydisperse 

saniple is38'39'45 

KC [•— =+2A c+3A3ARe M 2 

16ir 211 2 sin(e/) 

1+  ]rs )-• 
] 

11-14 

where K is the optical constant and is a function of the refractive index of the solvent, t d Ydc' he 

value of and the wavelength of the incident monochromatic light. The 

concentration of the polymer is c, A, are virial coefficients, AR is the excess Rayleigh ratio. 

The z averaged square of the radius of gyration is (S7). 
In the limit of zero polymer concentration and zero angle of measurement the 

weight averaged molecular weight is determined: 

(Kc _ 1 

AR9 )C-'O - M 

This evaluation is usually done with a Zinim plot. 

11 -15 
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ll-2.b.ii. Dynamic Light Scattering 

The hydrodynamic radius of diblock copolymer micelles in mixed solvent systems 

can be obtained by dynamic light scattering. The basis of dynamic light scattering is the 

measurement of the real-time fluctuations in the intensity of the scattered light. The decay 

of the normalized autocorrelation function of the intensity gI) with respect to the 

correlation time r for a monodisperse sample is given by: 

g " (t) = exp(—Pr) 11-16 

where r is the characteristic decay rate which is related to the translational diffusion 

coefficient, D, of the solute by: 

r=q2D 11-17 

where q is the scattering vector as defined in equation 11-21. For polydisperse samples the 

z-average value of the translational diffusion coefficient D is obtained. 

The value of D is related to the frictional coefficientfo by the Einstein equation: 

D=kT/f0 11-18 
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and the hydrodynamic radius of the solute is obtained from Stokes equation46 

D = kT/6wTl oRb 11-19 

If the value of the diffusion coefficient is the z-average value then the 

hydrodynamic radius is also the z-average of the hydrodynamic radius. 

II-2.b.iii. CMC and Micellization Kinetics by Light Scattering 

The critical micelle concentration of micellization can be determined since the 

intensity of the scattered light increases greatly upon micellization of diblock copolymers, 

typically by a factor of 50 at the CMC6. 

Static light scattering has been used for the determining the weight averaged 

molecular weight and the CMC of diblock copolymer micelles in both pure and in mixed 

solvent systems479. The experiments with mixed solvent systems can be more 

complicated, again because it is necessary to find d/dc  for the diblock in the mixed 

solvent system (see Section II-2.b.). This source of error can be minimized by choosing 

solvent pairs that are isorefractive. This problem can also carry over to the experiment 

itself over the range of polymer concentrations used if the solvent mixtures used are not 

carefully matched. This problem does not present itself in dynamic light scattering 

experiments. 
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fl-2.c. X-Ray Scattering 

X-ray scattering techniques have been used to characterize copolymer micelles. 

Small angle X-ray scattering has the advantage of a larger value of the scattering vector q 

due to the shorter wavelength of light that is employed. It is possible to determine the 

core radius as well as the overall micelle radius and the micelle aggregation number. The 

Guinier relationship dictates the intensity of the scattering: 

where 

q2R2 
I(q)=I0exp(— : 

34 

q - 4irn0 sin (O /2)  

11-20 

11-21 

and where 0 is the angle of measurement, ? is the wavelength of the of the incident 

radiation, no is the refractive index of the solvent and Jo is the intensity of the scattered 

light extrapolated to zero angle. Where qR / n, < 1.3 a plot of ln(J(q)) against 42 will 

yield the radius of gyration of the scatterers. 

In the case of X-ray scattering, where the electron density of the corona polymer 

chains is similar to that of the solvent, the scattering of radiation will be mostly due to 
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micelle cores. In most systems there is some contribution from both the cores and from 

the c0r0na5053. 

ll-2.d. Small Angle Neutron Scattering 

Neutron scattering has the potential to provide contrast between the micelle core 

and the corona by the method of selective deuteration. It is also possible to determine the 

configuration of a single chain within a micelle structure due to the large contrast provided 

by deuteration. Small angle neutron scattering (SANS) has been used to study the 

multiphase structure of poly(styrene)-b-poly(oxyethylene) copolymer in water54. 

The wavelengths of X-rays are typically 0.1 nm, that of neutrons 0.1 to 2 nm, 

compared to the wavelengths used in light scattering experiments (450-650 nm). The 

wavelengths used for X-ray and neutron scattering are much smaller and therefore these 

two methods are able to provide information of size on a much smaller scale than is 

possible using light scattering. However because of interference effects detection must be 

at small angles only for these two methods. The Guinier expression limits the range of 

useful dimensions that can be measured. For small angle X-ray scattering (SAXS) the 

maximum value of ( s2 ) h/2 is about 5 nm, for SANS it is about 20 nm, and for light it is 

about 200 nm. 
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ll-2.e. Sedimentation Velocity and Gel Permeation Chromatography 

Sedimentation velocity47 and GPC can in principle be used to determine the mass 

distribution of diblock copolymer micelles and information on equilibrium between 

unimers and micelles. Tuzar et al5556. have looked at the distribution of micelles of 

styrene-butadiene-styrene block copolymers in THF I allyl alcohol by sedimentation 

velocity and have been able to separate unimers and micelle aggregations. The micelle 

aggregations had reasonably narrow mass distributions and were well segregated from the 

unimers, all of which supports the closed association model of diblock copolymer 

association. 

Experiments on polystyrene-b-polyisoprene in N,N-dimethyl-acetaniide systems 

using GPC57'58 were successful in detecting micelles. In this set of experiments the 

temperature was raised and this changed the ratio of unimers to micelles which was 

successfully detected. The reverse flow method of correction was used to obtain a 

polydispersity of mass distribution of micelles of 1.02. In general, the separation of the 

micelles from the unimers can be less sensitive because the mode of separation is by the 

differences in the hydrodynamic radius. This does not change as much in going from 

unimers to micelles as does the molecular weight. Hence this method is much less 

sensitive than sedimentation velocity. 

In both cases the peaks are broadened according to Gilbert's theory59 due to the 

dynamic nature of the unimer-micelle equilibrium. Micelle aggregations were continuously 

disturbed and re-established as the experiment proceeded and this resulted in the 
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broadening of the peak at elution volumes below that of the unimers. This effect is 

minimized if the CMC of the polymer is much lower than the concentration of the sample 

used in the experiment and if the rate of dissociation of the micelles to free chains is very 

low. 

H-21 Electron Microscopy 

Direct information of the formation, the size and the shape of copolymer micelle 

has been obtained with the use of electron microscopy60. For example Price et al. have 

used transmission electron microscopy to observe polystyrene-b-poly(ethylene/propylene) 

in n-decane. TEM micrographs showed the micelles formed comprised of dense spherical 

cores of polystyrene surrounded by chains of poly(ethylene/propylene). They also showed 

that the size distribution of the micelles was narrow. The method of preparation of 

micelles for electron microscopy removes the solvent in all cases and this must have 

disturbed the characteristics of the micelles. Thus, it was possible to obtain or confirm the 

shape of the micelles and the size distribution of the micelles but it was not possible to 

obtain an accurate measurement of the dimensions of the micelles in its undisturbed state 

in solution. 
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ll-2.g. Osmometry 

Membrane osmometry has been used to measure the CMC and obtain the 

thermodynamic parameters of micellization for polystyrene-b-poly(ethylene/propylene) in 

n-decane60. The measured osmotic pressure varies as: 

r1/= R /M  + A2c 11-22 

where A2 is the second virial coefficient. At the CMC the value of Mn increases greatly 

and thus the value of is greatly reduced. The values of the CMC were measured 

as a function of the temperature from which the values of the enthalpy, free energy and 

entropy change of miceffization were deduced. The values of the CMC were measured to 

be between 2.5 and 0.3 g/L (2.5 * i0 to 3 * 10.6 M) range. It was however necessary to 

assume that the aggregation number of the micelles formed did not change over the 

temperature range used. This assumption was not validated. 

II-2.h. Fluorescence Spectroscopy 

The most important methods used in this study of the properties of diblock 

copolymer micelles were fluorescence spectroscopic techniques. Many experiments have 

already been done using fluorescence techniques23'25'6169 due to the techniques sensitivity. 

Fluorescence spectroscopy is more sensitive than other spectroscopic techniques primarily 

due to the lifetime of the excited states of the chromophores. Generally70, the lifetimes of 
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chromophores is in the range of 10 ns. This is in the time scale in which chromophore 

molecules are able to rotate and also is in the time frame in which fluorescence quenchers 

are able to migrate to excited chromophores in solvents (but not usually in solids). This 

makes fluorescent chromophores sensitive probes to changes in its environment. An 

important property of fluorescent chromophores that can change significantly with a 

change in the environment is the average fluorescence lifetime. 

ll-2.h.i. Time Resolved Fluorescence Emission Spectra 

The time correlated single photon counting (TCSPC) method has been utilized to 

measure the fluorescence lifetime of excited chromopbores71. Some of the factors that 

influence the lifetime are the natural or intrinsic fluorescence lifetime of the chromophore, 

the number and efficiency of fluorescence quenchers available to the chromophore during 

the fluorescence lifetime, and the environment that the chromophore. In the case of 

chromophores attached to diblock copolymers fluorescent probes can be found at the ends 

on either of the constituent blocks, or at the junction between the blocks. Also, the 

chromophores could be located randomly on either of the blocks. Generally, the time 

resolved fluorescence experiments in this study are conducted under atmospheric 

conditions and hence there is dissolved oxygen in the samples that can quench excited 

chromophores. The experiment consists of measuring the fluorescence decay profile and 

then determining the average fluorescence lifetime by the weighted sum of the exponential 
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decay. The average lifetime is determined by: 

('v) = lailu i 11-23 

where ai is the pre-exponential factor or a multi-exponential fit to the decay curve with 

lifetimes of t. In our study, fluorescent chromophores will be attached to diblock 

copolymers in some advantageous fashion and the fluorescence properties of the 

chromophore both in and out of micelles will be measured. 

ll-2.h.ii. Energy Transfer 

Energy transfer is the process by which excitation energy of one chromophore 

(energy donor D) is transferred to another (energy acceptor A) via the dipole-dipole 

mechanism. The general reaction is represented by the equation: 

D'+A_kd D+A 11-24 

The mechanism involves dipole-dipole coupling between the donor and the 

acceptor. A necessary condition for energy transfer to occur by the non-radiative (dipole-

dipole) mechanism is that the fluorescence emission spectra of the energy donor overlap 

with that of the absorption of the acceptor molecule. Trivial energy transfer, which occurs 
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when the donor emits a photon which is subsequently reabsorbed by the energy acceptor 

can be minimized be keeping the concentration of the chromophores low. 

The rate of energy transfer is given by: 

1(R 6 

et tDR) 
11-25 

where CD is the fluorescence lifetime of the energy donor and R the distance between the 

two chromophores. R0 is a characteristic distance called the critical resonance energy 

transfer distance. The efficiency of non-radiative energy transfer E(R) is given by72: 

1?6 

E(R)— Ito  11-26 

If the distance of the two chromophores is equal to the critical distance then the efficiency 

of energy is 50 %. In general, the value of Ro for most useful chromophore pairings is in 

the 20 to 50 angstrom range. It should also be noted that the two chromophores need not 

be different and where the two chromophores are the same the transfer of energy is called 

energy migration. 

The critical energy transfer (or Forster) distance, can be calculated from the 

overlap between the light absorption spectra of the energy acceptor and the fluorescence 
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emission spectra of the energy donor. It has been derived by Forster as: 

R0= 
90001n(1O)IC 2 J  

128t 5n4N0 
11-27 

where 4D is the donor chromophore fluorescence quantum yield in the absence of energy 

transfer, n is the refractive index of the solvent at the excitation wavelength, No is 

Avogadro's number, J is the overlap integral between the normalized donor fluorescence 

intensity I. and the acceptor molar absorptivity, ex . 

J =57J,c,d? 11-28 

where X represents the wavelength and the fluorescence intensity Ix has been normalized: 

1I2dA.=1 11-29 

K-2 is a measure of the relative orientation of the donor and the acceptor. If the pair 

of chromophores are rotating at a rate much greater than that of energy transfer then its 

value is 2/3. 

In the current study the energy donors were limited to fluorene derivatives and the 

energy acceptors limited to pyrene derivatives. 
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II-2.h.iii. Fluorescence Quenching 

Fluorescence quenching is the term used for any process that decreases the 

fluorescence intensity of a chromophore and it can be the result of either excited state 

reactions, energy transfer, complex formation, and collisional quenching. In this study, the 

two modes of quenching that will be encountered are collisional (or dynamic) quenching 

and energy transfer. Collisional quenching is the result of encounters between an excited 

fluorophore and a quencher. The quencher must diffuse to the chromophore in the 

lifetime of the excited state and upon collision the chromophore returns to the ground 

state without emission of a photon. Oxygen is a common and very efficient quencher of 

almost all fluorophores. Collisional quenching of fluorescence is described by the Stern-

Volmer equation: 

= 1+kq'toIQ] 
F 

11-30 

where F0 and F are the fluorescence intensities in the absence and presence of the 

quencher, kq is the bimolecular quenching constant and 'Co is the lifetime of the fluorophore 

in the absence of the quencher, and [Q] is the concentration of the quencher. 
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The amount of quenching is also reflected in the measured lifetime of the 

fluorophore: 

11-31 

where t is the measured lifetime of the fluorophore in the presence of the quencher. The 

value of kq is related to the rate of collision by: 

kq = YkO 11-32 

where k0 is the diffusion-controlled bimolecular rate constant, and y is the quenching 

efficiency. 

The Smoluchowski equation 71 gives the relationship between the sum of the 

collision radii of the two chromophores R, the sum of the diffusion coefficients of the two 

chromophores D, and the value of ko. 

k = 4irRDN0  
1000 

"-33 

Therefore the amount of fluorescence intensity quenching (or equivalently, the 

decrease in the fluorescence lifetime) is related to the sum of the diffusion coefficients of 
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the fluorophore and the quencher. Oxygen quenching of a chromophore is one type of 

quenching that will be exploited in this study. Energy transfer from an energy donor to an 

energy acceptor is another form of fluorescence quenching of the energy donor. The 

quenching efficiency X is defmed as: 

=1- 11-34 

where 4DA is the quantum yield of the donor in the presence of the energy acceptor and 4D 

is the quantum yield of the donor without the energy acceptor present. 

11-3. Diblock Copolymer Micelles and Fluorescence Spectroscopy 

Fluorescence spectroscopy has been used to monitor the properties of diblock 

copolymers in solution, mostly to determine the onset of micellization. These experiments 

include fluorescence quenching62, steady state and time dependent fluorescence 

depolarization 65, time resolved fluorescence"8'63'79, excimer fluorescence spectroscopy63'69 

and non-radiative energy transfer23'25'61' (NET). 

Prochazka et al.63 monitored the onset of micellization of polystyrene-b-poly(tert-

butyl methacrylate) in 1,4 dioxane / methanol mixtures by monitoring changes in the 

formation of naphthalene excimer formation. With an increase in the methanol content 

micelles were formed with polystyrene cores to which were attached naphthalene 

chromophores. Upon micellization, the fluorescent properties changed. When the 
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polymer was dissolved molecularly, the naphthalene chromophores were able to form 

excimers. This was not the case for the micelles and the naphthalene excimer fluorescence 

band disappeared upon micellization. At the same time, due to a reduction in fluorescence 

quenching by excimer formation, the fluorescence lifetime of naphthalene increased upon 

micellization. 

Yeung and Frank69 studied the onset of micellization and the free chain-micelle 

equilibrium of polystyrene-b-poly(ethylene/polypropylene) in heptane by measuring the 

amount of styrene excimer formation. In micelle cores it was found that the phenyl rings 

were able to orient themselves to form excimers and hence the intensity of excimer to 

phenyl fluorescence increased. 

Prochazka et al.64 used time resolved fluorescence anisotropy decay of attached 

anthracene or carbazole to measure the onset of micellization of polystyrene-b-

poly(hydrogenated isoprene) in heptane-dioxane solvent mixtures. The chromophores 

were attached to the styrene blocks and upon micellization the residual anisotropy of the 

time resolved fluorescence experiments became significantly greater than zero. This result 

was interpreted to be due to a reduction in the mobility of the attached chromophores 

once micelle cores are formed. 

The fluorescence lifetime of fluorescent chromophores in micelles or on the 

interface of micelle cores was found to increase significantly upon the onset of 

micellization. Kiserow et al.48 measured the lifetimes of naphthalene chromophores on 

naphthalene-polystyrene-b-poly(methyl methacrylate) (N-S-MM) and polystyrene-
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naphthalene-b-poly(methyl methacrylate) (S-N-MM) in 1,4 dioxane / methanol. The 

average lifetime of naphthalene in N-S-MM increased upon the onset of micellization. An 

easy interpretation is made somewhat more difficult by the fact that upon micellization 

naphthalene excimer fluorescence ceases to occur. The excimer formation in the well 

solvated case would quench monomeric naphthalene fluorescence and hence reduce its 

average fluorescence lifetime. The drop in the naphthalene excimer fluorescence intensity 

is attributed to a reduced segmental rotation movement of the naphthalene groups within 

the micelles. S-N-MM did not form excimers in the well solvated case and Kiserow 

reports that there was only a small change in the fluorescence lifetime of naphthalene upon 

the onset of micellization. 

Watanabe and Matsuda67' studied the micellization properties of a graft 

copolymer of polystyrene- graft -fluorene-poly(methyl methacrylate)-pyrene (PS- graft - 

Fl-PMMA-Py) that was labelled at the junction point with a fluorenyl group (energy 

donor) and at the end of the PMMA block with pyrene (energy acceptor). This polymer 

was well solvated in THF and formed micelles upon the addition of cyclohexane greater 

than 80 % or upon the addition of acetonitrile of greater than 80 %. THF is a good 

solvent for both blocks, while cyclohexane is a poor solvent for PMMA and acetonitrile is 

a poor solvent for PS. In both cyclohexane rich and acetonitrile rich solutions the amount 

of energy transfer form fluorene to pyrene increased greatly upon micellization as 

measured by the steady state fluorescence intensity ratios. 
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Watanabe also observed an increase in the fluorescence lifetime of pendant pyrene 

chromophores from 27 ns to 105 ns upon the onset of micellization in acetonitrile. This is 

a curious result since acetonitrile is selectively poor for polystyrene and the pyrene 

chromophores were at the end of the well solvated micelle corona chains. The data for 

solvent systems that include the pyrenes in the micelle cores was not complete in this 

regard due to the insolubility of the polymer shortly after the micelles were formed. The 

data however did show an increase in the fluorescence lifetime of pyrene from 27 to 37 ns 

at the onset of micellization before phase separation took place. Thus for pyrene the onset 

of micellization was concurrent with an increase in the average fluorescence lifetime of 

pyrene. Watanabe speculated that the reason for the increase in the fluorescence lifetime 

of pyrene was due to a reduced oxygen quenching efficiency of pyrene fluorescence in the 

micelles both in the corona, which has a higher concentration of polymer chains in the 

immediate vicinity and in the micelle cores. 

Non-radiative energy transfer (NET) has been used to determine the onset of 

micellization and the micelle chain exchange kinetics between micelle particles. Major et 

al .61 synthesized styrene-isoprene diblock copolymer end labelled with a carbazoyl (energy 

donor) or a naphthyl (energy acceptor) group. The polymers labelled with the energy 

donor and acceptor pair constituted a matched set. Micelles were formed by the addition 

of heptane to a well solvated solution containing polymer labelled with carbazoyl and with 

anthracene in cyclohexane. In systems where the polymers were well solvated little or no 

energy transfer was observed. Upon the onset of micellization the amount of energy 
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transfer increased greatly. This was due to the close proximity of energy donors and 

acceptors in the micelle cores. The steady state fluorescence intensity ratio of anthracene 

to carbazoyl was measured using an excitation wavelength that is selective for carbazoyl. 

Major reported that the fluorescence lifetime of the anthracene group in going from 

cyclohexane to 90 % heptane solvent mixture remained the same within experimental 

error. 

11-4. The Dimensions of DibJock Copolymer Micelles 

The most obvious aspect of the dimensions of diblock copolymer micelles is that 

they are composed of a core of the insoluble polymer block and a corona of solvent 

swollen polymer chains of the other block. In a mixed solvent system there may be 

preferential solvent absorption into the micelle core74'75. The dimensions of the micelle 

corona depend heavily on the amount of overlap there is between the chains of the corona. 

In the case of "crew cut" micelles where the well solvated chains are short enough that 

they do not interact with each other, then in a good solvent the corona dimensions will 

scale as N, where v is 2/3 for a good solvent and 1/2 for a theta solvent, NA, is the 

number of repeat units of the corona forming polymer block76. The radius of the core will 

scale as N'3, where NB is the number of repeat units of the core forming polymer block. 

Where the amount of overlap between the corona polymer chains becomes 

increasingly greater the predictions as to the scaling of the size of the corona and the 

aggregation numbers becomes more complicated until the regime that occurs when the 
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size of the corona chains (NA) is much greater than that of the core forming chains. At 

this point (NA >> N B) the influence of the core is minimal and perturbation caused by 

chain interaction in the corona is also minimal and is restricted to near the core-corona-

interface. This is called the "hairy" micelle model. The radius of the micelle for the 

"hairy" micelle case scales as R oc N 5N'. 

11-5. Micellization Model 

Modelling of diblock copolymer micelles has been attempted by several 

groups8'9'77'78'8084. In our study it is the variation in the aggregation number with respect 

to the solvent quality and the polymerization number of the two blocks that is of interest. 

Munch and Gast8 have presented a model that attempts to account for all the 

thermodynamic parameters. In their treatment, they have simplified their treatment by 

assuming that the interaction between the solvent and the corona block was athermal (i.e. 

X AS = 0). Then the free energy,f, of micellization per chain is: 

L. = 4(3N8 /3( BS \1l/2 

kT 4it) 6 ) 
P-1/3 

2/3a 1/3 - a 1/3 )21 + 4f72 2'3 1/3 

a"3 +111+o3  3p 1 1+a40)[[i, J le +  ( 3A 00 p J 00 

00 
+  13  1°ln(1-0) 
l+a 

—a"3 

"-35 
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where p is the aggregation number, NA is the number of segments of the soluble block, NB 

is the number of segments of the insoluble block, XBs is the Flory interaction parameter for 

the insoluble block and the solvent, a is the ratio of NA / NB , 4o is the concentration of the 

soluble block in the corona sphere (volume fraction) and [3 is the ratio of the ratio of the 

total degree of polymerization to that of the size of the solvent (N / Ns). The aggregation 

number expected is then obtained by differentiating the free energy with respect to p, the 

aggregation number and then setting = 0. A complex relationship between XBs and 

p emerges. If one can arrive at reasonable estimates of all the parameters in the 

differential equation then an accurate description of the variation of p can be obtained as 

both the solvent quality and the degree of polymerization are changed. 

Nagarajan and Ganesh85 also considered this problem and they arrived at scaling 

relationship for the aggregation number with respect to the degrees of polymerization for 

both of the blocks. For polystyrene-b-polybutadiene in heptane they arrived at the 

following scaling relationships: 

p cc N'°N °24 11-36 
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CHAPTER III: SYNTHESIS and PROCEDURES 

III-1. Introduction 

The next sections describe the synthesis of the polymers used in this project. 

Diblock copolymers used for studies of micellization in dilute solution require copolymers 

that have well known architectures and low polydispersities. This necessitates the use of 

ionic polymerization techniques. The polymers used in this study are: 

1) Fluorene-poly(methyl methacrylate)-b-poly(methacryJic acid)-pyrene, 

[Fl-PMMA-PMAA-Py]. 

la) Poly(methyl methacrylate)-b-poly(methacrylic acid), [PMMA4'MAA]. 

2) Fluorene-poly(methyl methacrylate)-b-poly(hydroxyethylmethacrylate)-PYrefle, 

[F1-PMMA-PHEMA-Py]. 

3) Poly(styrene)-b-poly(hydroxyethylmethacrylate), [PS-PHEMA]. 

3a) Poly(styrene)-pyrene-b-poly(hydroxyethylmethacrylate), PS-Py-PHEMA]. 

The equipment used in the characterization of the diblock copolymers and in experimental 

studies of copolymer solution and of copolymer micelle solutions are also described. 
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ffl-2. Synthesis of Diblock Copolymers 

HI-2.a. Materials 

Fluorene. Fluorene (Aldrich, 98 %) was recrystallized three times from methanol and 

three times from hexane. 

Lithium chloride. Anhydrous material from Aldrich (99.99 %) was dried under vacuum 

prior to use. 

n-Buiyllithium - 1.6 M in hexanes (Aldrich) under argon or nitrogen in Sureseal bottles. 

They were titrated in 2,5 dimethylbenzyl alcohol indicator in freshly distilled 

tetrahydrofuran (THF). An amount (—. 17 ml) of the indicator is added to THF under 

argon and cooled to 00 C. n-butyllithium is added by syringe with vigorous stirring until 

the first sign of colour change to brown. 

s-Butyllithium - 1.2 M in cyclohexane (Aldrich) under argon or nitrogen in Sureseal 

bottle. Sample is titrated as per n-butyllithium. 

Tetrahydrofuran (THF) - THF used for polymerization reactions was refluxed over 

potassium metal until dry according to benzophenone indicator. Benzophenone turns 

from yellow to purple when dry. 

Methyl methacrylate (MMA)- MMA (Aldrich, 99 %) was first washed three times with 

10 % sodium hydroxide aqueous solution in order to remove the inhibitor and then three 

times with distilled water. The monomer was dried over MgSO4. The MMA was then 

distilled over CaH2 and then distilled over triethylaluminium just before use. 
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tert-Butyl methacrylate (TBMA)- TBMA (Polysciences, 99 %) was washed three times 

with 10 % sodium hydroxide aqueous solution and then four times with distilled water. 

The monomer was then dried over Na2SO4 overnight. The monomer was then filtered 

through Brockmann I aluminium oxide and then distilled over CaH2 just prior to 

polymerization. 

2-[(Trimethylsilyl)oxy]ethyl Methacrylate. The conversion of 2-hydroxyethyl 

methacrylate (HEMA) to the product has been described previously86. To 2-hydroxyethyl 

methacrylate (Aldrich, 97 %, 24 g, 0.18 mol) was added dropwise 1,1,1,3,3,3-

hexamethyldisilazane (Aldrich, 98 %, 30 g, 0.18 mol) over 20 minutes. The temperature 

was maintained at 0 T. A catalytic amount of trimethylsilyl chloride was then added and 

the reaction mixture was warmed to room temperature and stirred overnight. The product 

was obtained by distillation under reduced pressure from the mixture and stored over 

CaH2. The monomer was distilled from CaH2 and then from iriethyl aluminium under 

reduced pressure just prior to polymerization. 

Styrene. Styrene (Aldrich, 99 %) was filtered through an alumina columfi and then stirred 

with benzylmagnesium chloride at room temperature for 3 hours. The monomer was 

distilled under reduced pressure just before polymerization. 

HI-2.a.i. Synthesis of 1-Bromomethyl Pyrene 

The first step" to the target product was 1-pyrenemethanol which was obtained by 

reduction of 1-pyrenecarboxaldehyde (Aldrich, 99 %). Sodium borohydride (0.6 g) was 



45 

added to a mixture of 1-pyrenecarboxaldehyde (5.Og), ethanol (100 ml) and 10 ml of 0.05 

M NaOH solution and allowed to react at room temperature for five hours. The reaction 

was quenched with a dilute solution of sulphuric acid. Ethanol was removed by 

rotoevaporation and another 100 ml of water was added to the mixture. The product was 

extracted with three portions of diethyl ether. The ether layer was then washed with three 

portions of 10 % w/w sodium bicarbonate and then with three aliquots of distilled water. 

The ether solution was then dried with sodium sulphate, filtered, and then the ether was 

removed by rotoevaporation. 1-Pyrenemethanol was recrystallized from cyclohexane 

three times to obtain the pure product. 

1-Pyrenemethanol (1.9 g) was dissolved in CCL4 (125 ml) to which PBr3 (0.4 ml) 

was added. The reaction was allowed to proceed for 2 hours at 55-60 °C. The reaction 

was terminated with methanol (1 ml). The CCLI solution was then washed three times with 

10 % NaHCO3 solution, three times with distilled water and once with a saturated NaCl 

solution. The organic layer was then dried over NazCO3 after which the solution was 

filtered and the solvent then removed. The product was recrystallized from a mixture of 

CCLI and hexane. 1-Bromomethylpyrene is stable for months if refrigerated. 

HI-2.a.ii. Synthesis of Fluoreneacetic Anhydride 

1.0 g of 9-fluoreneacetic acid (Aldrich, 99 %) was dissolved in 10 mIs of dry 

benzene and 1.0 mls (3 equivalents) of thionyl chloride was added. The reaction88 was 

monitored by TLC plates. The solution was refiuxed for 11 hours with a calcium chloride 



46 

drying column and then was cooled to room temperature. The solvent, along with the 

thionyl chloride, hydrochloric acid, and benzene were removed under reduced pressure. A 

green coloured oil was left over. The product was purified first by filtering a benzene 

solution through Celite 454 and then by recrystallization from a benzene / hexane mixture. 

The product was a white crystalline solid and was confirmed with IR 

(1810,1743,1450,1403,1050,1037 cm') and NMR (7.27-7.90, 8H, m 4.37, 1H, t; 2.92, 

2H, d). 

HI-2.a.iii. Synthesis of 1-Pyrenebutyric Anhydride 

1-Pyrenebutyric acid chloride was provided courtesy of Dr. N. Hu, synthesized by 

the treatment of 1-pyrenebutyric acid with thionyl chloride. To synthesize 1-pyrenebutyric 

anhydride, 225 mg of 1-pyrenebutyric acid chloride was added to 220 mg of 1-

pyrenebutyric acid and dissolved in about 10 ntis of dry pyridine under argon. The yellow 

solution developed an orange colour during the first hour. The reaction was allowed to 

proceed for six hours. The solvent was then removed by vacuum pump. The crude 

product was then dissolved in benzene. A white solid was left behind and the solution was 

removed by pipette. The product was purified by recrystallization from hot benzene / 

hexane. The product was confirmed by JR (1814, 1743, 1053 cm'). 
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II-2.a.iv. Synthesis of 1-Phenyl-1-(1'-pyrenyl) Ethylene 

This compound was prepared by Dr. N. Hu from 1-pyrene-carboxyaldehyde 

according to the literature procedure". The pure product was obtained by 

recrystallization from ether twice. 

HI-2.b. Polymerization Reactions 

All polymerization reactions were carried out in glass flasks, which were carefully 

cleaned, under positive argon pressure. The polymerization flasks were dried under high 

vacuum and flame dried three times. The transfer of initiators and monomers were done 

by syringes that were carefully cleaned and then dried under vacuum. 

ffl-2.b.i. Polymerization Reaction for Fl-(MMA)35-H 

This polymer was used as a standard for UV-Visible spectroscopy to obtain a 

realistic value of the molar absorptivity of fluorene attached to PMMA and was 

synthesized by anionic polymerization. A polymerization flack was dried under high 

vacuum overnight with periodically baking. After charging the flask with argon, fluorene 

(0.1295 g) was added into the flask and dried under high vacuum for 30 minutes. The 

flask was charged with argon again and then THF (20 ml) was added. Into the THF 

solution was added n-butyllithium (1.6 M, 0.46 p1) at 0 T. After stirring for 5 minutes the 

solution was cooled to -78 T. Distilled methyl methacrylate ( 1.6 ml) was then added in 

one portion to the initiator solution. The polymerization was carried out at this 
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temperature for 60 minutes. The reaction was terminated with methanol and then the 

reaction mixture was raised to room temperature. The polymer was reprecipitated from 

methanol three times. Spectroscopic grade solvents were used for the purification. 

HI-2.b.ii. Polymerization Reaction for FI-PMMA-PHEMA-Py 

This polymer was made by sequential anionic polymerization 86 by Dr. N. Hu. A 

polymerization flask was charged with lithium chloride" (10 mg) and dried under high 

vacuum overnight with periodically baking. After charging the flask with argon, fluorene 

(35.0 mg) was added into the flask and dried under high vacuum for 30 minutes. The flask 

was charged with argon again and then THF (50 ml) was added. Into the THF solution n-

butyllithium ( 1.6 M, 0.1 ml) was added at 0 °C. After stirring for 5 minutes the solution 

was cooled to -78 T. Distilled methyl methacrylate ( 1.7 ml) was then added in one 

portion to the initiator solution. The polymerization of methyl methacrylate was carried 

out at this temperature for 20 minutes. Into the living polymer solution was added 

dropwise and slowly 2-[(irimethylsilyl)oxy]ethyl methacrylate (3.4 ml). The 

polymerization of the second block was continued for an additional 1.0 hour. The living 

polymer was terminated with 1-bromomethylpyrene. The termination reaction was allowed 

to proceed for 4 hours and then the polymer was treated with methanol and allowed to 

warm to room temperature. The polymer was then treated with methanol (2.0 ml) and 10 

% HC1 aqueous solution (0.3 ml) at room temperature for 30 minutes to hydrolyze the 

second block to HEMA. The polymer was poured into water and collected by filtration 
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and dried under vacuum. The polymer was redissolved in THF-MeOH (9:1) and 

precipitated three times from ether by the reverse precipitation technique in order to 

remove excess 1-bromomethylpyrene. 

HI-2.b.iii. Polymerization Reaction for PS-Py-PHEMA and PS-PHEMA 

These copolymers were synthesized by Dr. N. Hu. A clean and dry polymerization 

flask was charged with THF (50 ml) and the flask was cooled to -78 °C in a dry ice and 

acetone bath. s-Butyllithium (Aldrich, 1.2 M) was added as an initiator. Three drops of 

styrene were added into this solution, which was allowed to react for 1 minute. The 

remainder of the styrene was then added in one portion. The polymerization was carried 

out at this temperature for 30 minutes. Into the living polymer solution was added 

1,1-diphenylethylene (3 equivalents of the initiator) in THE After stirring for 30 minutes 

the second monomer, 2-[(trimethylsilyl)oxy}ethyl methacrylate was added dropwise over 

20 minutes. The stirring continued for another hour. The living polymer was quenched 

with methanol and the polymer solution was warmed to room temperature. 

The second block was subsequently hydrolyzed to HEMA by treating it with a 

solution of methanol (2.0 ml) and 10 % HCl aqueous solution (0.3 ml) at room 

temperature for 30 minutes. The polymer solution was poured into water and collected by 

filtration, and then dried under vacuum. The copolymer was redissolved in THF-MeOH 

(9:1) and reprecipitated from ether three times. 
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The synthesis of PS-Py-PHEMA follows the procedure is the same as that 

presented above with the exception that 1-phenyl-l-(l'-pyrenyl) ethylene was used to cap 

the polymerization of the first block (polystyrene), which was followed by the addition of 

the second block (2-[(trimethylsilyl)oxy]ethyl methacrylate). 

The copolymer was purified to remove the byproducts and then the polystyrene 

homopolymer was removed by heating a suspension of the solid polymer in cyclohexane at 

about 50 °C for four hours. Cyclohexane is a theta solvent for polystyrene and a non-

solvent for PHEMA. The solid diblock copolymer was filtered and the dissolved 

bomopolymer was recovered for analysis of size and polydispersity. 

Two sets of matched copolymers, with and without the pyrene labels, of 

approximately 100 and 300 repeat units per block were synthesized. The complete 

analysis of the characterization is shown in Table HI-i. 

HI-2.b.iv. Labelling of PS-(Py)-PHEMA with Fluorene Chromophores 

PS-(Py)-PHEMA diblock copolymer was randomly labelled with fluorene 

chromophores on the HEMA block by reacting the copolymer with 9-fluoreneacetic 

anhydride in dry pyridine at room temperature for 24 hours. The polymers were collected 

by reverse precipitation from 15 % diethyl ether in pentane. The pure polymers were 

obtained by three precipitations from ether-pentane ( 1:1). The labelling densities were 

determined by UV-VIS spectroscopy using fluorene acetic acid (Aldrich, 99%) as a 

standard [E(304 nm) = 7771 cm' M']. 
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L1I-2.b.v. Polymerization Reaction for Fl-PMMA-PMAA-Py and PMMA-PMAA 

The precursor polymer [fluorene-poly(methyl methacrylate)-b-poly(tert-butyl 

methacrylate)-pyrene] was synthesized by sequential anionic polymerization. Fluorenyl 

lithium was prepared by reacting equal molar amounts of fluorene and n-butyffithium 

(1.6 M, 0.1 ml) at 0 °C in THE Lithium chloride was added to improve the 

polydispersity90. The reaction mixture was cooled to -78 °C and methyl methacrylate was 

added, followed hail an hour later by the addition of tert-butyl methacrylate. The 

polymerization of the second block proceeded for six hours and was terminated with 

1-bromomethylpyrene (1.5 equivalents). The excess terminator was removed by reverse 

precipitation by pentane from THE. The unlabelled polymer was initiated by 

n-butyllithium and diphenylethylene and was terminated by the addition of methanol but 

otherwise followed the same polymerization procedure as above. 

The conversion of the tert-butyl methacrylate block to the product has been 

described previously91. The polymers were dissolved in dry dichloromethane. The tert - 

butyl group was hydrolyzed by the addition of irimethylsilyl iodide to this solution under 

argon and at room temperature for 45 minutes. The solvent was then removed under 

anhydrous conditions and under reduced pressure. Toluene was added to the polymer and 

then evaporated to remove tert - butyl iodide completely. The polymer was then dissolved 

in THF and the polymer solution was poured slowly into methanol containing a catalytic 

amount of 10 % HC1 solution. After stirring for 10 minutes the polymer was precipitated 

from NaS2O5 aqueous solution. The colourless polymer was collected and dried under 
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INITIATION 

a) Labelled copolymer 

Fluorene 

ii) 

n-Butyl Lithium 

CO2CH3 

Methyl Methacrylate 

HC  Li 

CH 

H2CC Li 

CO2CH3 

Figure 111-1. Initiation reaction steps for the anionic polymerization of 

Fl-PMMA-PTBMA-Py. The first step is extraction of the most acidic proton from 

fluorene by n-butyffithium. The second step is a Micheal reaction of the fluorenyl anion 

with a molecule of methyl methacrylate. 
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INITIATION 

b) Unlabelled copolymer 

111 Th 
i) -.CH2 Li+ 
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-+ Li 

n-Butyl Lithium 1,1 Diphenylethylene 

Methyl Methacrylate 

CH 

H2CC\ Li 

CO2CH3 

Figure 111-2. Initiation reaction steps for the anionic polymerization of PMMA-PTBMA. 

The first step is a Micheal reaction by n-butyllithium with diphenylethylene to eliminate the 

reaction of the anion with the carbonyl group of the methacrylate. The second step is a 

Micheal reaction of the diphenylethylene anion with a molecule of methyl methacrylate. 
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PROPAGATION 

CH 

H2C—C -I-
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rn-i 
O-t-Bu 

Figure 111-3. Propagation steps for the anionic polymerization for the diblock copolymers 

of PMMA-PTBMA. Both blocks are methacrylates and polymerize by sequential Micheal 

additions to the anions. The labelled copolymer is shown here, however the mechanism 

for the polymerization of the unlabelled copolymer is the same. 
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TERMINATION 

PH  

- CH 
CH / 3 
/ 3 -----

( HC—C 
) = 2 )=o 

0-t-Bu rn-i 0-t-Bu 
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H3C 

H3 

CO2CH31 1=0 
0-t-Bu 

F1-PMMA-PTBMA-Py 

+ 

1-Bromomethylpyrene 

Figure 111-4. The termination step of Fl-PMMA-PTBMA-Py. This step proceeds by 

nucleophuic substitution of the bromide by the living polymer anion. Termination 

unlabelled copolymer polymerization reaction is achieved by the addition of methanol. 



H 2 C 

56 

HYDROLYSIS 
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Figure 111-5. The hydrolysis of Fl-PMMA-PTBMA-Py to FI-PMMA-PMAA-Py. 

Trimethylsilyl iodide selectively hydrolyzes the t-butyl rather than the methyl group. 
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vacuum. The polymer was redissolved in methanol-ethyl acetate ( 1:1) and precipitated 

from ether by reverse precipitation. The polymer was collected and dried under vacuum. 

A small amount of the hydrolyzed polymers were esterified92 with 3 methyl-1-p-

tolyltriazene (Aldrich, 98%, 20 % molar excess) in benzene at 40°C for four days for 

molecular weight determination by GPC. 

ffl-3 Characterization of Diblock Copolymers 

HI-3.a. Characterization of F1-PMMA-H. 

Fl-(MMA)35-H was characterized by NMR (CD2Cl2) using a 20 second delay time 

between pulses. Aromatic fluorene peaks (811, 8.0-7.3 ppm) were ratioed against the 

methyl ester peaks (314, singlet, 4.2-3.2 ppm), the methylene peaks (2H, 2.6-1.7 ppm) and 

the methyl peaks (3H, 1.4-0.7 ppm). The average of these ratios was used for the repeat 

number of the polymer and was found to be 34.93 to 1.00. This polymer was then used to 

obtain the molar absorptivity of fluorene (see Section ffl-5.e.i.). 

HI-3.b. Characterization of FI-PMMA-PHEMA-Py 

Fl-PMMA-PHEMA-Py was analyzed by GPC, to find the polydispersity of the 

whole polymer, by proton NMR, to establish the ratio of the block repeat numbers, and by 

UV-VIS absorption spectroscopy, to determine the molecular weight of the copolymer. 

For analysis by gel permeation chromatography (GPC) Fl-PMMA-PHEMA-Py 

was esterified by reacting the polymer with acetic anhydride in dry pyridine. The esterified 
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polymer was found to have a polydispersity of 1.10 by GPC (Waters HR4 column, Ethyl 

acetate solvent, refractive index (RI) and UV-VIS detectors, see Figure rn-i). 

'H NMR (CDC13 / CD3OH, 20 s pulse delay) was used to establish that the ratio 

of the blocks was 1 PMMA: 0.96 PHEMA. The polymer was not esterified and a mixed 

deuterated solvent was used to dissolve the polymer. The block ratio was established by 

integrating the peak areas of the HEMA block ethylene protons (3.4-3.9 ppm, 2 broad 

peaks, 4H) to that of methyl ester protons of the MMA block (3.39-3.27 ppm, singlet, 

3H). UV-VIS absorption spectroscopy of fluorene (Figure 111-2) showed the molecular 

weight (Ma) of the polymer to be 22900 g/mol ± 10 %. The molar absorptivity of 

fluorene for this polymer was assumed to be the same as that fluorene-poly(methyl 

methacrylate) and at 304 urn was equal to 6844 crrfl M'. The absorbance of pyrene at 

304 nrn was subtracted from the total absorbance by using the ratio of the molar 

absorptivities at 342 urn (4.34 x iO4 M' . cm') and 304 nm (1.05 x 104 M' . cm') for 

1-pyrenemethanol (Figure 111-16). This molecular weight corresponded to a block size of 

100 units for the PMMA block and of 96 for the PHEMA block. 

Polymer V-i Fl-PMMA-PHEMA-Py 

96 
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Figure 111-6. GPC chromatograms of an esterified sample of Fl-PMMA-PHEMA-Py. 

The eluent was ethyl acetate at a flow rate of 1.0 mI/mm. M / M = 1.10. Poly(methyl 

methacrylate) standards were used. Both an RI (dark line) and UV-VIS (lighter line, ? 

343 nm) detectors were used. 
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Figure 111-7. UV-VIS absorption spectra of FI-PMMA-PHEMA-Py in THF 

(0.373 mg/ml). 
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HI-3.c. Characterization of the Copolymers of PS-PHEMA. 

These copolymers were characterized by proton NMR, GPC, and by UV-VIS 

spectroscopy. After the synthesis of the diblock copolymer, the homopolymer impurity 

was removed by heating in cyclohexane. The extracted sample was used for the 

characterization of the polystyrene block by GPC and light scattering (LS). The first 

block and the entire copolymer were analyzed by GPC. The molecular weight and 

polydispersity of the polystyrene block were obtained by running the samples against 

polystyrene standards (Polysciences). The molecular weight of the first block was 

calculated using the equation: 

Log (MW) = —0.7934(t)+12.2265 Correlation = 0.9994 111-i 

obtained from the calibration curve of the polystyrene standards (Figure 111-8). The 

results are summarized in Table 111-1. 

Prior to both the NMR and GPC experiments on the diblock copolymer the 

HEMA block was esterified with cinnamoyl chloride in dry pyridine. The ratio of the 

block sizes was obtained from proton NMR and when this data was combined with that of 

the GPC of the PS block the size of the PHEMA block was determined. The entire 

copolymer was also analyzed by GPC to obtain the overall polydispersity. 
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Figure 111-8. Calibration curve for Waters Styragel HR4 analytical column using 

polystyrene standards. The eluent used was ethyl acetate. 



63 

Re
sp
on
se
 (

Re
l.
 U

ni
ts

) 

It 

6 8 10 

Elution Time(min) 

12 

Figure 111-9. GPC chromatograms of the homopolymer PS, sample extracted with 

cyclohexane after polymerization of the copolymer PS-PHEMA. The eluent was ethyl 

acetate at a flow rate of 1.0 nil/min. M/ M = 1.08. Polystyrene standards were used. 
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Figure 111-10. GPC chromatograms of an esterified sample of PS-PHEMA. The eluent 

was ethyl acetate at a flow rate of 1.0 nil/mm. M / Mn = 1.09. Polystyrene standards 

were used. 
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Table Ill-i. Summary of characterization results for PS-PHEMA copolymers. 

PS block (GPC) Dibloc 

k 

Copolymer 

Polymer fl1 T M. / / M nw M 3 
/i 

g/mole g/mole LS & GPC a g/mole NMR 

NMR 
Lsa 

VI- la .90x104 .84x104 92 1.08 1.09 3.2x104 1.07 

VI- lb .97x104 .90x104 99C 1.08 1.17 0.93 

VI-2a 3.5x104 3.1x104 305 1.13 1.09 12.6x104 0.93 

VI-2b 3.2x104 2.7x104 249 d 1.21 1.13 0.83 

a: PS-b-PHEMA was esterified using cinnamoyl chloride and then analyzed. 

b: These represent the weight-average numbers of repeat units for PS. 

C: Estimation based on the n4, value of Polymer VI- la and the comparison of the GPC 

data of Polymers VI- la and VI- ib. 

d Estimation based on the n,, value of Polymer IV-2a and the comparison of the GPC 

data of Polymers VI-2a and VI-2b. 
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Figure III-11. NMR of PS 100 -PHEMA100 copolymer esterified by cinnamoyl chloride. 

Results of the NMR analysis of all the PS-PHEMA copolymers are shown in Table HI- 1. 
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Schematic diagrams of the PS-PHEMA(100) diblock copolymers characterized in Table 

111-1 are shown above: 

OH 

Polymer VI-la 

H2CCHH2C 

99 

Polymer VI-1b 
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Schematic diagrams of the PS-PHEMA(300) diblock copolymers characterized in Table 

111-1 are shown above: 

OH 

Polymer VI-2a 

H2C- CH H 2 C 

- _ 249 

HO 

Polymer VI-2b 
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llI-3.d. Characterization of FI-PMMA-PMAA-Py and PMMA-PMAA 

F1-PMMA-PMAA-Py and PMMA-PMAA were characterized by GPC, UV-VIS 

spectroscopy, and 'H NMR. The polydispersity of the polymers were found by GPC after 

methylation of the acid groups to the methyl ester with 3-methyl-l-p-tolyltriazene in 

benzene92. The esterified copolymers were analyzed versus PMMA standards 

(Polysciences) with a Zorbax 60S, 1000S, and 3000S columns using THF as an eluent and 

monitored by a Varian Aerograph refractive index detector. The total number of polymer 

repeat units were obtained as well as the polydispersity of the whole polymers (see Table 

111-2). 

The molecular weight of the methylated copolymer was calculated from the 

calibration curve equation generated from poly(methyl methacrylate) standards (see Figure 

111-12): 

Log(MW) = 12.175 - 03896(t(min)) Correlation = 0.9980 111-2 

The gel permeation chromatograms of the two methylated copolymer samples are 

shown in Figure 111-13. The calculated molecular weights are shown in Table 111-2. The 

overall weight of the methylated samples varies between the two samples by about 21 % 

which also translates into a difference of 21 % in the molecular weight of the labelled and 

the unlabelled samples of MMA-MAA. 
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The 'H-NMR of both MMA-TBMA copolymers were done in CDC13 with a delay 

time between pulses of 20 seconds. The relative amounts of the two blocks were 

established from the ratio of the amounts of the methyl ester group of MMA (3H, singlet, 

3.91 - 3.50 ppm) to the t - butyl group (9H, 1.75 - 1.41 ppm). The NMR of MMA-MAA 

polymers were done in CD3OD also with a 20 second delay time between pulses. The 

degree of hydrolysis was determined from the ratios of the integrated areas of the methyl 

ester protons (3H, singlet, 3.91 - 3.53 ppm) to that of the remaining t-butyl groups (1.42 - 

1.49 ppm). The block ratio calculations and the hydrolysis efficiencies are summarized in 

Table 111-2. The extent of hydrolysis for both polymers was about 94 %. 

The labelling efficiency of 1-bromomethylpyrene was determined by UV-VJS 

absorption spectroscopy using 1-methanolpyrene as a standard. 1.53 mg/mi of copolymer 

was dissolved in THF and an absorbance of 0.9188 was measured at 342 rim. This 

corresponds to a labelling efficiency of 49.4 %. 
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Table 111-2. Summary of characterization results for PMMA-PMAA copolymers. 

Polymer M 

gfmole 

GPC 

MI XM/M  

GPC a NMR 

b Percent M.W. 

GPC & hydrolysis g/mole 

NMR TBMAC 

IV-2 

2.88x104 1.12 1.11 146 93.9% 2.72x104 

3.48x104 1,09 1.05 173 94.6% 3.29x104 

a PMMA-b-PMAA was methylated using 3-methyl-1-p-tolyltriazene and then analyzed 

against PMMA standards. 

b: These represent the average number of repeat units for the PMMA block. 

c: Based on the NMR analysis of PMMA-PTBMA and PMMA-PMAA 
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Figure 111-12. Calibration curve for Zorbax 60S, 1000S, and 3000S columns using 

PMMA standards. The eluent was THF. 
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Figure 111-13. GPC chromatograms for labelled (dots) and unlabelled (line) PMMA-

PMAA. The copolymers were methylated before analysis to form methyl methacrylate. 

Refractive index detector response is shown. 
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Figure ffl-14. UV-VIS absorption spectra of F1-PMMA-PMAA-Py in THF 

(1.53 mg/ml) 
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111-4. Micelle Formation 

PMMA-PMAA. - Micelles were formed by the slow dropwise addition of ethyl 

acetate to a solution of PMMA-PMAA polymer in a mixture of methanol and ethyl acetate 

(v/v = 1:1), under vigorous stirring. Micelle solutions were sealed in glass ampoules and 

stirred at 40-45 °C for four hours before any physical measurements. 

PS-PHEMA. - Micelles were formed by dissolving the copolymer in THF and then 

adding the required amount of cyclohexane under vigorous stirring. The samples were 

then sealed in ampoules and then heated 40-45 °C for at least 4 hours with stirring. 

PMMA-PHEMA. - Micelles were formed by the slow dropwise addition of ethyl 

acetate to a solution of PMMA-PHEMA polymer in a mixture of methanol and ethyl 

acetate (v/v = 1:1), with vigorous stirring. These micelle solutions were stirred at 

30-35 °C for four hours before any physical measurements. 

Ell-5. Instrumental 

11I-5.a. Viscometry 

The flow times of solvents, polymer solutions, and copolymer micelle solutions 

were measured using a Cannon-Ubbelohde type viscometer immersed in a water bath 

equilibrated at 22.0 T. All copolymer, copolymer micelle and solvent solutions were 

passed though a 0.5 Lm filter before viscometry measurements. The viscosity of a 

solution or of solvent were assumed to be linearly proportional to its flow time. The 
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reduced viscosity Tired of a solution is then calculated using 

t - to 
lred = 

toc 
111-3 

where t and to are the flow times of the solution and of the solvent respectively. The 

solvent viscosities were determined by comparing flow times to that of water in the same 

viscometer. The viscosity of water was calculated by the equation of 

log10 (. i) 1.3272(20 - T) - 0.00 1053(T - 20)2 

TI 20  T+105 
"-4 

where 93 1120 = 1.002 cp. 

The density of water at the experimental temperature was calculated by 

extrapolating the density values93 of water between 20 °C (.99862 g/ml) and 25 °C (.99707 

g/ml). 

The density of the solvent mixtures of ethyl acetate / methanol and of cyclohexane 

/ ThF were calculated as a linear combination of the densities of the two constituent 

liquids. The calculated densities of 1:1 mixtures of both ethyl acetate / methanol and of 

THF / cyclohexane were measured in 100 ml volumetric flasks as a check and the results 

corresponded to the calculated densities within the experimental error of the volumetric 

flasks used (1 %). 



78 

HI-5.b. Dynamic Light Scattering 

All light scattering experiments reported in this thesis were done by Dr. J. Tao. 

The hydrodynamic radii Rh of micelles were determined at 22 ± 0.5 °C by photon 

correlation spectroscopy using an ALV spectrometer equipped with an ALV-5000 full 

digital correlator (280 channels) over the time range from i0 to 103 s. The laser source 

was an Addas Nd-YAG laser with emission at 532 nm. The incident beam and the 

scattered beam were polarized vertical to the scattering plane. The intensity 

autocorrelation function was analyzed by inverse Laplace transformation using the Contin 

program to obtain the distribution g°'(t). 

When binary solutions solvent mixtures were used, the refractive indices were 

calculated by using tthhee formula: = -w1 (,z1 — 1) + w2-  (n2— 1) where n is the refractive 
P Pi P2 

index of the mixed solvent and is a calculated value from the refractive indices fli and flz of 

the individual components, wi is the weight fractions of the two solvents and pi is the is the 

density of the component solvents. 

HI-5.c. Steady State Fluorescence 

Steady state fluorescence measurements were made on a Photon Technologies 

Alphascan instrument with a xenon lamp operated at 70 W. The steady state spectra were 

not corrected. The ratio of the fluorescence intensity of pyrene to that of fluorene (IpfIij) 

was measured by selectively exciting fluorene at 290 run. Fluorescence emission was 
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monitored from 300 nm to 500 nm. The slit widths were 1-2 mm and the PMT was 

operated at -630 V. 

For the kinetic experiments, pyrene was excited at 326 nm and the pyrene emission 

was measured at 387 nm. The slits were opened from 2.5 - 3.5 mm and the PMT was 

operated at -620 to -630 V. 

rn-5.d. Time Resolved Fluorescence 

Fluorescence lifetimes measurements were taken on a Photon Technologies LS 1 

time-correlated single photon counting spectrometer. The samples were excited with a 

hydrogen flash lamp operated at 5 kHz. Pyrene was excited at 326 or 343 nm and the 

fluorescence emission was monitor&I at 387 nm. The fluorescence experiments, except 

where noted, were done under ambient atmospheric conditions. 

1U-5.e. UV-Visible Spectroscopy 

UV measurements were carried out on a Hewlett-Packard 8452A Diode Array 

single beam spectrophotometer or on a Perkin - Elmer Lambda Array 3840 single beam 

spectrometer with photodiode array detector. 1 cm quartz cells were used at all times. 

HI-5.e.i. UV-Visible Fluorescent Chromophores Standards 

The labelling efficiency of 1-bromomethylpyrene, of 1-pyreneacetic anhydride and 

of 9-fluoreneacetic anhydride as well as the molecular weight determination of 
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FI-PMMA-PHEMA-Py were determined by using standards. 1-Pyrenemethanol and 

fluorene-poly(methyl methacrylate) [Fl-(MMA)35-H] were used. The UV-VIS spectra of 

1-pyrenemethanol is shown in Figure RI- 16 [e(342)=4.34 x 104 cm' • M']. 

111-S.f. NMR 

NMR spectra were obtained on either the Bruker ACE 200 MHz or the Bruker 

AM 400 MHz instruments using the 5 mm probes. 

U-5.g. Gel Permeation Chromatography 

Gel permeation chromatography (GPC) were done with Zorbax 60S, 1000S and 

3000S columns or with a Waters HR4 styragel column. A Varian Model 5000 Liquid 

Chromatography instrument was used as a pump. The samples were monitored by a 

Varian Aerograph refractive index detector and/or a Varian Vari-Chrom UV-Visible 

detector. Poly(methyl methacrylate) or polystyrene (Polysciences, Inc.) standards were 

used. 
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Figure 111-16. UV-Visible absorption spectra of 1-pyrenemethanol in THF (5.01 x i0 

mg/mi). The measured value of c(342 nm) = 4.34 x iO4 cm 1 M'. 
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Figure 111-17. UV-Visible absorption spectra of Fl (MMA)35-H standard in THF (0.1995 

mg/ml). The measured value of e(304 nm) = 6844 cm' M'. 
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CHAPTER IV: CHAIN EXCHANGE KINETICS of 

PMMA-PMAA MICELLES 

IV-1. Introduction 

The synthesis of poly(methyl methacrylate)-b-poly(methacrylic acid) of similar 

molar masses, with and without fluorene attached to the end of the PMMA block and 

pyrene labels attached to the end of the PMAA block was described in Section Ill-2.b.v. 

It will be shown below that these copolymers formed micelles with the PMAA block in the 

micelle cores in ethyl acetate / methanol solvent mixtures, for ethyl acetate volume 

fractions greater than 80 %. NET was used to detect the solvent systems where 

micellization occurred. The aggregation numbers of these micelles were determined by 

dilute solution viscometry and light scattering. The critical micelle concentrations (CMC) 

of PMMA-PMAA in solutions of 85 % and 90 % ethyl acetate were determined by 

measuring the increase in the fluorescence lifetime of pyrene upon incorporation into 

micelles. 

The goal of these experiments was to measure the rate of chain exchange between 

the pool of unimers and the micelles aggregates. A kinetic model is proposed for 

describing the rate of exchange (kr) of copolymer chains between unimers and micelles in 

Section IV-2.a. This model has been confirmed by experiments on PMMA-PMAA in 

85 % and 90 % ethyl acetate solutions that exploit the increase in the fluorescence 

emission intensity of pyrene upon incorporation into micelle cores. 
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IV-2. Theory 

IV-2.a. Experimental Procedure 

A new approach that determines the value of the micelle chain exchange rate, k, 

experimentally is described below and is a variation of a procedure previously proposed by 

Liu94. 

Schematics of the two copolymers used for these experiments are shown below: 

Polymer IV-1. PMMA-PMAA 

PH  

133 

CH3 

HO 

H 2 C 

166 

Polymer IV-2. Fl-PMMA-PMAA-Py 

H 



85 

The experiment involved mixing equal volumes of two solutions of the same 

solvent composition. The first solution was of micelle aggregates of the unlabelled 

copolymer (Polymer W-1) whose concentration was: 

o c—cs 
CM =  

where c is the unlabelled copolymer concentration, c5 is the CMC of the copolymer for the 

solvent system, and p is the aggregation number of the micelles. CMI was chosen to be 

approximately equal to c5. The second solution was of the labelled copolymer (Polymer 

IV-2) with a concentration co which is below the CMC (c5). c° was equal to ac' where 

a was chosen to be approximately 0.2 c'. 

Mixing the two solutions resulted in a unimer concentration [U] of (i+a)c*/2, since 

[U] = ac' for the Polymer IV-2 solution, [U] = c' for the Polymer IV-1 micelle solution 

and the volume increased by a factor of two. The concentration of unimers [U] 

immediately after mixing was below c'. The total unimer concentration was re-established 

to c' again by a rapid dissociation of unimers from the existing micelles. This initial 

adjusting period, characterized by 'Cj, was short (on the order of 6 s or less), and the total 

number of micelles remained constant'921. 

At time t = 'r1, the aggregation number of the micelles was slightly below that 

expected at complete equilibrium. Micelle size redistribution then proceeded. In this 



86 

process, a small number of micelles disintegrated and the majority increased in size. It was 

the kinetics of chain exchange, in this long time domain ( c2 = between Polymer 
OlV 

IV-2 chains, existing exclusively as unimers and micelles consisting of unlabelled polymer 

chains that was measured in these experiments. 

The experiment involved PMMA-PMAA in ethyl acetate / methanol mixed solvent 

systems. Ethyl acetate is a good solvent for the PMMA block and a poor solvent for the 

PMAA block while methanol is a good solvent for the PMAA block and a poor solvent 

for the PMMA block. The solvent systems used for these experiments were selectively 

poor for the PMAA block, 

The incorporation of labelled copolymer chains was monitored by measuring the 

increase in the steady state fluorescence emission intensity of pyrene. After mixing, 

unimers of Polymer IV-2 became incorporated into micelles of Polymer IV- l. The 

increased fluorescence emission intensity of pyrene was due to the reduced mobility of 

oxygen (see Section V-2.d) inside the PMAA core which resulted in a decreased efficiency 

of pyrene fluorescence quenching by oxygen. The fluorescence intensity of pyrene was 

monitored with respect to time. The value of k was obtained by analyzing the data. 

IV-2.b. Model of Dynamic Chain Exchange of Diblock Copolymer Micelles 

Chain exchange can involve micelles and unimers of Polymer IV-1 and Polymer 

IV-2, however the incorporation of a Polymer IV-1 chain into or its dissociation from a 

micelle had no effect on the pyrene fluorescence intensity. Thus only exchange involving 
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Polymer IV-2 chains was considered. The concentration of the labelled unimer chains c° 

was small relative to c, and therefore the probability for the incorporation of two or 

more Polymer IV-2 chains into the same micelle was low. The dominant chain exchange 

process involving Polymer IV-2 was: 

M+--Py < MPy IV-2 
+1 (---)k_ 
p 

where M represents a micelle of p unlabelled copolymer chains and no labelled polymer 

chains, and --Py represents a labelled unimer chain. In this situation the measurable rate 

of the backward reaction, that is the expulsion of the labelled chain from the micelle is a 

factor of p+1 smaller than the rate of expulsion of all chains. 

The rate of MPy formation is: 

d{MPy]k dt [M][-- Py]  1 k_[MPy] 
p+ 1 

Iv-3 

where [M] is the molar micelle concentration at time t, [MPy] is the concentration of 

micelles with an incorporated Polymer IV-2 chain, and [--Py] is the concentration of 

Polymer IV-2 unimers at time t. The second term on the right hand side can be neglected 



88 

where p is large. The aggregation number, p, is approximately 170 for these copolymer 

systems (see Section IV-3.a.). 

The concentration of micelles with one incorporated labelled copolymer chain is 

denoted by x = [MPy]. It was assumed that there is no more than one labelled copolymer 

chain incorporated into one micelle. Following the procedure of Liu 94 it follows that: 

[M]=C' IV-4 

and that the number of labelled unimer chains remaining at a time t during the experiment 

is: 

[--- Py]= c° —x IV-5 

Substituting in equations IV-7, and IV-6, into equation IV-5, and IV-5 becomes: 

dx(t) = kP KO — x)(c —x) IV-6 
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the solution to the above equation is known 95 to be: 

where: 

X(t)   

c (l_ e t) 

- 1_4_e_kt 

CM 

k=(c _ c)k 

Iv-7 

IV-8 

In this research the increase in the value of Ip(t), the fluorescence emission 

intensity of pyrene, was monitored. 

The fluorescence quantum yield of pyrene associated with unimers and micelles is 

'Vu and (em, respectively. The fluorescence intensity of pyrene at t after mixing is then: 

IPY  =K[(pmX+'V(CO Y _ x)] IV-9 

where K is a parameter dependent on the instrument settings and the initial concentration 

of Polymer IV-2 but is constant throughout a mixing experiment. To fit the experimental 
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data the boundary condition at t =0, x = 0 is applied to equation IV-9 which reduces to 

IPy(0) =KAPC° IV-10 

Inserting equations. IV-10 and IV-7 into IV-9 and with some rearranging: 

where ic' = K (pm - ç 11 )c. Therefore, pyrene fluorescence intensity increases if 

Pm > 

Experimental data for Ip(t) was then fitted to equation IV- 11 to obtain k. For this 

experiment it was also necessary to determine the CMC of the copolymer. The CMC of 

the Polymer TV-i in a suitable solvent mixture is determined by measuring the 

fluorescence lifetime, ('r), of the attached pyrene as a function of copolymer 

concentration. Upon micellization, the value of ('r) increases significantly for well chosen 

chromophores (see Section IV-2.d.). Pyrene is an excellent choice for a fluorescent 

chromophore in this experiment as it has a long intrinsic lifetime and it has a high molar 

absorptivity. As the labelled Polymer N-i is incorporated into a micelle structure from the 

unimer phase the steady state fluorescence intensity increases. 



91 

These polymers were observed to form micelles in mixtures of ethyl acetate and 

methanol when the ethyl acetate content was above 80 %. The MAA blocks with pyrene 

labels constitute the micelle core and the MMA blocks form the corona. 

IV-3. Experimental 

IV-3.a. Fluorescence Experimental Results on PMMA-PMAA Micelles 

IV-3.a.i. Fluorescence Intensity Ratio (Ip/I) to Determine Micellar Solvent 

Systems 

In none of the cases was pyrene excimer emission observed. Figure IV-1 shows 

the steady state fluorescence emission spectra for Fl-PMMA-PMAA-Py solutions in 50 % 

ethyl acetate / 50 % methanol and 90 % ethyl acetate / 10 % methanol. Both of the 

samples were excited at 290 nm, however the sample in 90 % ethyl acetate shows more 

pyrene fluorescence. The values of 'Py / In calculated from spectra like that shown in 

Figure IV-1 are shown in Figure IV-2 as a function of ethyl acetate content. From the 

increase in the intensity ratio it can be seen that micelles were formed with an ethyl acetate 

content of 80 % or greater (cf. Section V-2.b). 

IV-3.a.ii. Time Resolved Fluorescence Spectroscopy to Determine CMC 

The pyrene fluorescence intensity decay spectra were recorded as a function of 

polymer concentration for both 85% and 90% ethyl acetate solutions, by exciting pyrene 
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at 326 or 343 nm and monitoring the emission at 387 Mn. The time resolved intensity was 

fitted by the deconvolution method 71 using a sum of three exponential terms: 

IV-12 

where F(t) is the chromophore response, and aj and Tj are the fitting parameters (see 

Figure IV-3). The average fluorescence lifetime ' was calculated by using equation 11-23. 

The calculated average lifetimes are shown in Figures IV-4 and IV-5 (85 %) and 

IV-6 and IV-7 (90 %) as a function of polymer concentration. Upon the onset of 

micellization the average lifetime of pyrene increases significantly. The CMC for the 85 % 

ethyl acetate solutions was determined to be 1.30*10 mg/mi (Figure P1-5) and for the 

90 % ethyl acetate solution 1.24* 10-2 mg/ml (Figure P1-7). 
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Figure IV-1. Steady state fluorescence emission spectra of Fl-PMMA-PMAA-Py in 90 % 

ethyl acetate I 10 % methanol (triangles) and in 50 % ethyl acetate / 50 % methanol 

(lighter line). Fluorene is selectively excited at 290 nm. 



94 

0.25 

0 
40 50 60 70 80 90 

% EtOAc 

N I 
III 

N 

a 

U 

U 

U 

Figure IV-2. Ratio of the fluorescence intensity areas of pyrene to fluorene 

chromophores (IpfI) as a function of the solvent composition. 
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Figure IV-3. TCSPC fluorescence emission decay spectra of Fl-PMMA-PMAA-Py 

micelles in 85 % ethyl acetate / 15 % methanol, 0.015 mg/ml (grey circles) where 

(t) = 37.3 ns and 0.0056 mg/ml (dark line), (t) = 9.7 ns, The lamp profile is also shown 

(thin line). 
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Figure IV-4. Fluorescence lifetime of pyrene chromophores of Fl-PMMA-PMAA-Py as a 

function of copolymer concentration in 85 % ethyl acetate / 15 % methanol. Data was 

collected with 0.8247 ns / channel. 
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Figure IV-5. Fluorescence lifetime of pyrene chromophores of Fl-PMMA-PMAA-Py in 

85 % ethyl acetate I 15 % methanol as a function of copolymer concentration presented on 

a linear scale. 
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Figure IV-6. Fluorescence lifetime of pyrene chromophores of Fl-PMMA-PMAA-Py as a 

function of copolymer concentration in 90 % ethyl acetate / 10 % methanol. Data was 

collected with 0.8247 ns / channel. 
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Figure IV-7. Fluorescence lifetime of pyrene chromophores of Fl-PMMA-PMAA-Py in 

90 % ethyl acetate / 10 % methanol as a function of copolymer concentration presented on 

a linear scale. 
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IV-3.b. Characterization of Micelles 

Dilute solution viscometry and dynamic light scattering were used for the 

characterization of PMMA-PMAA copolymer micelles. Viscometry experiments were 

done on the unlabelled copolymer only and the results are shown in Figures IV-8 (85 % 

ethyl acetate) and IV-9 (90 % ethyl acetate). The intrinsic viscosities of the unlabelled 

copolymer are shown in Table W-1. 

The dynamic light scattering experiments were performed on 1 mg/ml solutions of 

both the labelled and the unlabelled copolymer samples at solvent compositions of 85 % 

and 90% ethyl acetate. The scattering angle 0 was between 15 and 45 degrees and the 

temperature was 21±0.5 T. The argon laser light source was operated at a wavelength 

= 532 nm. The aggregation number p was determined by using equation .11-8. 

The aggregation numbers are the same for 90 % and 85 % ethyl acetate solutions 

at about 170 polymer chains per micelle. The hydrodynamic radius for the labelled 

copolymer was about 10 % larger than that of the unlabelled copolymer. This result is 

consistent with the GPC data that shows the molecular weight of the labelled copolymer 

to be about 21 % larger than the unlabelled copolymer and that generally polymers with 

higher molar masses form larger micelles. 
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Table IV-1. Characterization of unlabelled PMMA-PMAA diblock 
coDolvmer micelles 

% EtOAc q ( 10 cm1) isoivent (cp) F (10 s') Rh (A) [11] (mug) p 

90 3.121 .436 2.58 189 .9.14 171 

85 3.116 .433 2.48 198 10.41 172 

Table IV-2. Characterization of labelled PMMA-PMAA-Py diblock 
coDolvmer micelles 

%EtOAc q (10 cm') (cp) F (1O s) Rh (A) 

90 3.121 .436 2.32 210 

85 3.116 .433 2.25 217 
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Figure IV-8. Reduced viscosity of PMMA-PMAA (unlabelled) micelles in 85 % ethyl 

acetate / 15 % methanol versus copolymer concentration. The intrinsic viscosity of this 

system was 10.4 mI/mg. 
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Figure IV-9. Reduced viscosity of PMMA-PMAA (unlabelled) micelles in 90 % ethyl 

acetate I 10 % methanol versus copolymer concentration. The intrinsic viscosity of this 

system was 9.1 ml/mg. 
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IV-4. Measurement of the Dynamic Chain Exchange Rate 

IV-4.a. Experimental Procedures and Results 

The values of 'Py / IF, shown in Figure IV-2 indicate that both 85 % and 90 % ethyl 

acetate solutions are micellar. For experiments in 90 % ethyl acetate, three sets of kinetic 

experiments with different c and c° combinations were tried and the values are shown in 

Table IV-3. One kinetic experiment in 85 % ethyl acetate system was done. At the end of 

each of the experiment runs the copolymer mixtures were heated to 45 °C for four hours 

to check if complete incorporation of the labelled Polymer IV-1 into the micelles was 

achieved at room temperature. It was found that further heating did not increase I(t) 

thus the incorporation was almost complete after each of the kinetic runs. In all cases, co 

were much lower than c". 

The experimental steady state fluorescence intensity of 1(t) of pyrene as a function 

of time after sample mixing is shown in Figure IV- 10. The experimental data was fitted to 

equation IV- 11 using ic' and k of equation IV-8 as the adjustable variables. The fit was 

done by an iterative fitting programme written by Dr. G. Liu. 

This programme fits the data by minimizing the error function 

N 2 

=WN)l Ith  IV- 13 
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where N is the total number of data points in a set; I(i) are the experimental pyrene 

fluorescence emission intensity values and Ith(l) are the corresponding calculated values 

from equation. IV- 11. To enable a meaningful comparison between the resultant x2 from 

different experimental runs, I(i) were all normalized with respect to the highest IJi) 

value in each data set. 

The resultant k values are tabulated in Table IV-3. Using equation. IV-8, the k 

values are calculated. The k values were consistent for various initial values of CO and 

Co. The value of k did increase as the ethyl acetate content decreased and this is 

consistent with the expectation that the PMAA core might be less compact in the 85 % 

ethyl acetate mixture. 

The fit between equation. IV- 11 and the experimental data was tested by re-

arranging equation IV-1 1 to present the data and the fit in a semi logarithmic fashion. 

I. 

1 

(I(t) - e tJ 
CO. 

= e_kt IV- 14 
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Figure IV-1O. Relative pyrene fluorescence intensity versus time for micelle chain 

exchange experiment in 90 % ethyl acetate / 10 % methanol. The above data was fitted to 

equation. IV- 11. c = 1.80 x i0 M and c° = 3.09 x 10-'M. 
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Taking the natural logarithm of both sides of equation IV-14 gives: 

- in 

o 
( (Jpy(t)_Ipy(0))[l_f Cm et 1 

) 
1 

K 
= kt = A(t) IV- 15 

Plotting the values of A(t) versus time should give a straight line with a slope of k. 

The plot of A(t) versus time for the experimental data in Figure IV- 10 is presented in 

Figure IV- 11. The fit at longer times (> 4000s) was not ideal, and experimental errors are 

suspected. The most likely cause of error was a photochemical reaction that was observed 

to occur with pyrene. Exposure to the light source for longer periods of time resulted in a 

decrease in the fluorescence emission intensity of pyrene which was probably the result of 

partial sample decomposition. Other sources of error include the mismatch in the size of 

the unlabelled and labelled copolymer (Section ffl-3.d) and neglect of the back reaction. 

G. Liu has done a computer simulation of the chain exchange experiment with and without 

the back reaction and estimates that the error introduced by neglect of the back reaction is 

no more than 4 %. 

The time scale used in this study has been large (-5 hours) and during this time 

period instrument shift was possible. The time scale can be greatly shortened by carrying 

out similar studies at elevated temperatures to speed up the chain exchange kinetic process 

and to improve data accuracy. 



108 

4 

3 

<2 

1 

0 
0 2000 4000 6000 8000 10000 12000 

Time (s) 

Figure IV-11. Values of A(t) (dots) and line of kt (k = 3.99 x 1O' s4, line) versus time for 

micelle chain exchange experiment in 90 % ethyl acetate / 10 % methanol (co = 1.80 x 

i0 M and c° = 3.09 x 10.8 M). The above data shows the quality of the fit to equation. 

IV- 11. A linear regression analysis of the above data points gives a slope of 3.83 x 10 s' 

(difference of 4.0 %, line not shown). 
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Table IV-3. Dynamic Chain Exchange Results 

% EtOAc C* (M) CM, (M) cy° (M) k (s') k (M's') X2 

85% 3.95*10 7 3.01*10 7 5.41*10 9.13*10 3.70*103 1.3*10-3 

90% i) 377*10 7 2.97*10-7 5.46*104 4.90*10 2.02*103 2.1*10 3 

ii) 377*10 7 2.97*10-7 3.12*104 5.40*10 2.03*103 2.5*10 3 

iii) 377*10 7 1.80*10-7 3.09*104 3.99*10 4 2.68*103 1.5*10-3 
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IV-5. SUMMARY 

PMMA-PMAA was found to form micelles in ethyl acetate / methanol mixtures 

where the ethyl acetate content is greater than 80 %. PMMA-PMAA and FI-PMMA-

PMAA-Py micelles with similar n and m numbers have also been characterized in 85 % 

ethyl acetate / 15 % methanol and 90 % ethyl acetate / 10 % methanol by light scattering 

and viscometry. The CMC of Fl-PMMA-PMAA-Py was found by measuring the 

fluorescence lifetime of the pyrene chromophores attached to the PMAA block. It was 

found to be 3.95 x i0 M (1.30 x 102 mg/ml) in 85 % ethyl acetate / 15 % methanol and 

3.77 x i0 M (1.24 x 10.2 mg/ml) in 90 % ethyl acetate / 10 % methanol. 

The dynamic chain exchange rates of these systems were measured by monitoring 

the steady state fluorescence emission intensity. The values of the rate exchange constant 

k were found by fitting the pyrene fluorescence intensity curve to equation IV- 11 and 

were determined to be 3700 M's' for 85 % ethyl acetate system and about 2030 M's' 

for 90 % ethyl acetate system. The results amongst the 90 % ethyl acetate systems with 

differing concentrations measured the same value for k within experimental error and two 

of the results were almost exactly the same. The value for 1c was smaller for the 90 % 

ethyl acetate system compared to that of the 85 % ethyl acetate system. This result is 

expected because the 90 % ethyl acetate system should have a more compact micelle core 

because the solvent system has less solvating power for the PMAA block. Using the 

newly proposed method for micelle dynamics studies, the chain exchange rate constants 

were measured for the first time. The model explained experimental data well. 
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CHAPTER V: PMMA-PHEMA COPOLYMER MICELLES 

V-i. Introduction 

In chapter IV the rate of micelle chain exchange was measured by monitoring an 

increase in the quantum yield of pyrene as labelled copolymer chains were incorporated 

into micelles. In this chapter the properties of diblock copolymer micelles of Fl-PMMA-

PHEMA-Py in dilute solutions of ethyl acetate and methanol are examined. The reasons 

for this study are twofold. The first is that PMMA-PHEMA would be a suitable 

copolymer for chain exchange study if a matching unlabelled copolymer were synthesized 

and the second is to examine the mechanisms of the increase in the quantum yield of 

pyrene upon incorporation into micelles. 

Pyrene fluorescence properties are used to detect micelle formation. It has been 

already suggested that the reason for the increase on the quantum yield of pyrene 

fluorescence is reduced diffusion of oxygen within the cores of copolymer micelles. This 

can be tested by comparing the increase in the fluorescence intensity of pyrene before and 

after the removal of atmospheric oxygen from micelle solutions. Experiments on the 

micellization of the diblock copolymer Fl-PMMA-PHEMA-Py show that: 

1. Fl-PMMA-PHEMA-Py formed micelles in mixtures of ethyl acetate and methanol 

where the ethyl acetate content was above 90 % such that the HEMA blocks with 

attached pyrene labels constituted the micelle core and the MMA blocks, end labelled 
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with fluorene, formed the corona. Micelle formation by PMMA-PHEMA was 

characterized by dynamic light scattering and dilute solution viscometry to obtain the 

hydrodynamic radius and the aggregation numbers. 

2. Upon the onset of micellization of Fl-PMMA-PHEMA-Py there was an increase in the 

measured rate of non-radiative energy transfer from fluorene to pyrene where fluorene 

was selectively excited. The reason for this increase was likely due to an increase in 

the fluorescence lifetime of pyrene and to a reduction in the distance between the two 

types of chromophores. 

3. The percentage increase in the fluorescence lifetime of pyrene upon micellization was 

found to be less when the dissolved oxygen was removed from the system. 

V-2. Results and Discussion 

Methanol is a good solvent for HEMA and a poor solvent for MMA, while ethyl 

acetate is a good solvent for MMA and a poor solvent for HEMA. Fl-PMMA-PHEMA-

Py was found to be well solvated in a 1:1 mixture of methanol and ethyl acetate. In the 

experiments described below the micellization properties of PMMA-PHEMA are 

examined as the concentration of the ethyl acetate is increased from 50 % to 99.5 % v/v. 

V-2.a. Characterization of Micelles by Viscometry and Light Scattering 

The formation of micelles by PMMA-PHEMA in dilute solutions of ethyl acetate 

and methanol was demonstrated by viscometry and dynamic light scattering 
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Figure V-i. Schematic diagram of the micellization of Fl-PMMA-PHEMA-Py in ethyl 

acetate / methanol. The HEMA blocks form the core of the micelle when the proportion 

of ethyl acetate is greater than 90 % and is surrounded by a corona of well solvated MMA 

blocks. The pyrene labels are embedded within the micelle core and the fluorene 

chromophores are at the end of the corona chains. 
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measurements. Micellar solutions of copolymers give lower values for intrinsic viscosity 

than those of well solvated solutions34. A typical set of results is presented in Figure V-2 

where the reduced viscometries are shown as a function of polymer concentration for 

95 % and for 50 % ethyl acetate in methanol solutions. The intrinsic viscosity of the 

copolymer at each of the solvent compositions is found by extrapolating the reduced 

viscosity to the limit of zero concentration (y-axis intercept). The 95 % ethyl acetate 

solution of PMMA-PHEMA had an intrinsic viscosity of 7.79 mI/mg versus 9.15 nil/mg 

for the 50 % ethyl acetate solution. This level of decrease in the intrinsic viscosity is 

similar to that of other investigators upon miceffization34'96. The complete set of results 

for this polymer are shown in Table V-i. 

These viscometry measurements were used in conjunction with dynamic light 

scattering results to obtain aggregation numbers of the micelle dispersions for several 

systems. The hydrodynamic radius of micelles was calculated from light scattering 

measurements. Equation 11-17 is substituted into equation 11-19 and after rearranging 

equation V-i is obtained: 

Rh _(6nl-) 

'cT12 
V-i 

The dynamic light scattering experiments were performed on 2 mg/ml solutions at 

various solvent compositions (Table V- 1). The aggregation number p, of the micelles was 

found utilizing equation 11-8 (see Section II-2.a.). 
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Figure V-2. Reduced viscosity as a function of copolymer concentration for 

Fl-PMMA-PHEMA-Py in 95 % ethyl acetate (circles) and in 50 % ethyl acetate (squares) 

in methanol. The viscosity measurements were done at 22.0 T. The intrinsic viscosity is 

determined as the y-axis intercept of the reduced viscosity. 
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The aggregation numbers were consistent from 99.5 % to 95 % ethyl acetate at 

about 64 polymer chains per micelle. The hydrodynamic radii were also consistent over 

this range at about 120 A. Diblock copolymer micelle aggregation numbers do not vary 

greatly with the quality of the solvent. The reasons for this behavior have not been 

delineated. This phenomenon has also been observed with other diblock copolymer 

micelle systems 97 studied in our laboratory. 

V-2.b. Steady State Fluorescence Experiments on PMMA-PHEMA Micelles 

Fluorene and pyrene are an energy donor-acceptor pair (cf. Section II-2.h.ii.) and 

the value of Ro is relatively large" (-32 A). The fluorescence emission spectra of fluorene 

and the UV-VIS absorption spectra of 1-pyrenemethanol are shown in Figure V-3 and 

significant overlap occurs between the two spectra. 

The ratio of 'Py / IF, was expected to increase upon micellization due to a reduction 

in the distance between the two types of chromophores (see Figure V-i). The distance 

between the two chromophores in the well solvated case is the end to end distance of the 

polymer. Upon micellization, energy transfer should occur between the excited fluorene 

and the pyrene chromophore on the core/corona interface nearest to the excited fluorene. 

The transition from well solvated polymer to micelles has been studied with the use of 

non-radiative fluorescence energy transfer and the results. 
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Table V-i. Characterization of Diblock Copolymer Micelles of PMMA-PHEMA. 

% EtOAc q (10 cm') Thoivent (cp) r (10 s) Rh (A) [ii] (Mg/Ml) p a 

99.5 3.096 .4445 3.90 119.9 7.30 65.0 

98.0 3.094 .4420 3.93 118.6 7.60 60.4 

96.5 3.093 .4399 3.81 122.7 7.89 64.5 

95.0 3.092 .4386 3.83 122.3 7.79 64.7 

90 3.086 .4363 4.55 103.1 8.07 37.4 

50 weak 

signal 

9.15 

a - p is the aggregation number of the micelles. 
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The experimental conditions were as given in section II-4.c.. The ratio of the 

fluorescence intensity of pyrene to that of fluorene (Ipy/IFI) was measured by selectively 

exciting fluorene at 290 nm. Fluorene fluorescence emission occurred from 300 nm to 

370 nm and that of pyrene was from 370 nm to 480 nm. In Figure V-4 a set of steady 

state fluorescence emission spectra are shown for Fl-PMMA-PHEMA-Py solutions at the 

concentration of 0.022 gIl (9.6*10 M) as a function of ethyl acetate content. In none of 

the cases was pyrene excimer emission observed. The integrated areas of fluorene to 

pyrene fluorescence emission are plotted in Figure V-5. 

Changing the ethyl acetate volume fraction from 50 % and 85 %, did not result in 

any significant change in IPy/IFI. The change in IPy/JFI with the ethyl acetate content in the 

85 % to 99.5 % region is shown in Figure V-6 for three different polymer concentrations. 

All of the spectra show some pyrene fluorescence emission even when micelles are not 

formed. This is due to a small amount of direct absorption by pyrene at 290 nm. For the 

most dilute polymer solution shown (0.0224 g/l) an abrupt increase occurs at 95 % ethyl 

acetate and for the other two polymer concentrations the increase occurs at = 90 % ethyl 

acetate. The increase in the value of IPy/IFI as the ethyl acetate content became greater 

than 90 % was indicative of the onset of micellization. 

There are three possible reasons identified for the increase in IPy/Ill. The first is an 

increase in the rate of energy transfer efficiency (ket) which varies with the distance 

between the two chromophores as per equation W-1. 
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Figure V-3. The overlap of the fluorescence emission of fluorene (dots) with the 

absorption spectra of 1-pyrenernethanol (squares). The fluorescence emission spectra is 

uncorrected (excitation = 265 nm). 
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Figure V-4. Steady state fluorescence spectra of Fl-PMMA-PHEMA-Py in ethyl acetate / 

methanol as a function of ethyl acetate content. Excitation wavelength selectively excites 

fluorene (% ,., = 290 nm). Polymer concentration is 0.022 mg/ml for all samples. 
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Figure V-S. Ratio of the fluorescence intensity areas of pyrene to that of fluorene for 

Fl-PMMA-PHEMA-Py in ethyl acetate / methanol as a function of ethyl acetate content. 

Excitation wavelength (? ex ) is 290 nm. Polymer concentration is 0.022 mg/ml for all 

samples. Fluorene fluorescence is integrated from 300 to 365 nm and that of pyrene from 

365 to 475 nm. 
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Figure V.6. Fluorescence intensity ratio (Ipy/II1) for Fl-PMMA-PHEMA-Py for 

copolymer concentrations 0.022 mg/ml (triangles), 0.044 mg/mi (circles), and 

0.110 mg/ml (squares). 
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reduction in oxygen quenching of pyrene fluorescence. Less oxygen quenching results in 

an increase in the steady state pyrene fluorescence intensity since the quantum yield of 

pyrene excitation is effectively increased. This is experimentally demonstrated in section 

V-2.d. below. 

The third contributing factor is energy migration amongst the fluorene 

chromophores. Fluorene is able to transfer its exciton energy to other fluorene molecules 

because its fluorescence emission spectra overlaps with its with its light absorption 

spectra. For well solvated Fl-PMMA-PHEMA-Py in dilute solution the amount of this 

type of transfer is negligible because the fluorene chromophores will on average be too far 

apart. Micellization of the copolymer aggregates many of the copolymer chains together 

and the fluorene chromophores attached to the corona chains will be closer than Ro for 

energy migration. The exciton energy of fluorene can migrate from fluorene to fluorene 

until a favourable fluorene - pyrene interaction occurs and the exciton energy is transferred 

to pyrene. The overall result is an increase in the pyrene fluorescence intensity. 

k 
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V-2.c. Time Correlated Single Photon Counting Fluorescence Spectroscopy 

In the two sections above the formation of diblock copolymer micelles in certain 

solvent systems was measured by dilute solution viscometry, dynamic light scattering, and 

steady state fluorescence energy transfer. In order to further elucidate the reasons for the 

change in the properties of the fluorescent chromophores attached to PMMA-PHEMA, 

the fluorescence lifetime of the pyrene labels was measured. 

The UV-Visible and fluorescence emission spectra of pyrene are shown in Figure 

V-7. It shows absorption maxima at 326 and 343 rim for 1-pyrenemethanol and 

fluorescence emission maxima at 387 and 398 run. For time correlated single photon 

counting (TCSPC) experiments pyrene was excited at 343 rim and its fluorescence 

emission was monitored at 387 rim. A TCSPC fluorescence emission decay spectra for 

this polymer is shown in Figure V-8. Most of the fluorescence experiments were done 

under atmospheric conditions. Some experiments were done under an argon atmosphere 

using the freeze-thaw method to remove oxygen. This was done to determine the effect of 

oxygen quenching on (Ipy/IFI). These experiments are described in section V-2.d. below. 

Freeze-thaw cycles were normally avoided because the process may induce copolymer 

micellization or change the aggregation number of existing micelles. 

Pyrene fluorescence intensity decay was recorded as a function of both solvent 

composition and of polymer concentration. The time resolved fluorescence intensity 

curves were fitted by the deconvolution method' using a sum of three exponential terms 

(eqaution IV- 12). The average fluorescence lifetime r was calculated by equation 11-23. 
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Figure V-7. The UV-Visible absorption (solid line) spectra of 1-pyrenemethanol in THF 

and fluorescence emission spectra of Fl-PMMA-PHEMA-Py (circles) in 1:1 ethyl 

acetate / methanol. Pyrene was excited at 343 nm and the fluorescence emission spectra 

was uncorrected. 
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Figure V-8. Fluorescence emission decay curve of pyrene attached to Fl-PMMA-

PHEMA-Py. The pyrene chromophores are in copolymer micelle cores. Solution is 1.52 

mg/mi of copolymer in 95 % EtOAc. The solution was not de-oxygenated and the 

measured average fluorescence lifetime is 43.9 ns. The profile of the flash lamp source is 

also shown. 
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The calculated average lifetimes are shown in Figure V-9 as a function of solvent 

composition at a polymer concentration of 0.022 mg/mi. Upon the onset of micellization 

the average lifetime of pyrene increases. For solvent mixtures of between 50 % to 85 % 

ethyl acetate the average lifetime is fairly constant at 24 ns but increases up to 90 ns in the 

micellar regime. The general form of these sets of results mirrors very closely those of the 

steady state fluorescence results and this suggests that one of the reasons for the increase 

in the observed IpjIFi is an increase in the fluorescence lifetime of pyrene. 

The calculated average pyrene fluorescence lifetimes are shown in Figure V-10 as 

a function of solvent composition and polymer concentration. The magnitude of the 

increase in the fluorescence intensity ratio (Ipy/IFI) upon m1ceJ1i7tIon increases as the 

concentration of the copolymer increases. Figure V- 11 shows the fluorescence lifetime of 

pyrene in 95 % and 50 % ethyl acetate copolymer solutions as a function of copolymer 

concentration. The well solvated copolymer has a pyrene fluorescence lifetime that 

remains roughly constant. At 0.022 mg/ml the fluorescence lifetime was 24 ns and it 

decreases to 19 ns at 5.0 mg/mi. This decrease in the fluorescence lifetime is likely due to 

an increased amount of fluorene fluorescence quenching by the carbonyl groups on the 

polymer backbones of other polymer chains. At higher copolymer concentrations this 

interaction is more likely for the well solvated case. The pyrene fluorescence lifetime in 

the 95 % ethyl acetate experiments was always greater than that of the corresponding 50 

% ethyl acetate solution and the fluorescence lifetime increased with higher copolymer 

concentration. This is consistent with the closed association model of diblock copolymer 
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Figure V-9. Fluorescence lifetimes of pyrene attached to Fl-PMMA-PHEMA-Py in ethyl 

acetate/methanol as a function of ethyl acetate content. Excitation wavelength selectively 

excites pyrene ( ex = 343 nm, X em = 387 rim). Polymer concentration is 0.022 mg/ml for 

all samples. Samples were measured under ambient conditions. 
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Figure V-1O. Pyrene average fluorescence lifetimes vs. ethyl acetate content. Results 

from copolymer concentrations are 0.022 mg/mi (ties), 0.044 mg/ml (squares), 0.110 

mg/ml (circles) and 1.52 mg/ml (triangles). 
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Figure V-li. Fluorescence lifetime of pyrene versus Fl-PMMA-PHEMA-Py polymer 

concentration for 95 % ethyl acetate micelle solutions (triangles) and for 50 % ethyl 

acetate polymer solutions (squares). Excitation = 343 rim, emission = 387 rim. The 

lifetime of pyrene increases with concentration for the 95 % ethyl acetate solutions as a 

greater percentage of the polymer is in the micellar phase. 
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micellization. It is assumed that below the CMC the copolymer chains will be molecularly 

dispersed and above the CMC all of the additional copolymer will aggregate into micelle 

structures. Thus at higher concentrations a higher percentage of the copolymer chains will 

be aggregated into micelles and their associated pyrenes would have longer fluorescence 

lifetimes. Since the overall pyrene fluorescence lifetime is a weighted average of all the 

contributing chromophores, at copolymer concentrations the pyrene lifetime should be 

higher. The pyrene fluorescence lifetime converges to 50 ns for 95 % ethyl acetate 

solutions. 

V-2.d. Oxygen Quenching of Fluorescence in PMMA-PHEMA Micelles 

The fluorescence emission intensity ratio (Jpy/Ip) was shown, in Section V-2.c, to 

increase in proportion to the value of the fluorescence lifetime of pyrene. The role that 

dissolved oxygen plays in the above experiments is demonstrated by removing oxygen and 

repeating the experiments. Oxygen was replaced with argon with three freeze/pump/thaw 

cycles. Pyrene fluorescence lifetimes (Table V-3) and IPy/IR (Table V-2) were measured 

for copolymer samples in 50 % and 95 % ethyl acetate solutions were measured under 

atmospheric conditions and under argon. The lifetime of pyrene under argon increases 

upon the onset of micellization by 25 %. Under atmospheric conditions the corresponding 

increase is 264 %. This is also reflected in the steady state fluorescence results. The ratio 

of the fluorescence intensities (Ipy / IF,) increases 106 % under argon and increases 498 % 

under atmospheric conditions. It is concluded that oxygen quenching plays a significant 
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Table V-2. Effect of Oxygen on the Fluorescence Intensity Area Ratios. Polymer 

concentration = 0.116 mg/mi. Excitation wavelength (X,.,= 290 nm). Argon samples 

were subjected to three times freeze-thaw treatment to remove atmospheric oxygen. 

50 % EtOAc 

(I/I) 

99.5 % EtOAc 

(I/.ER) 

Ratio Increase (%) 

atmospheric O .281 1.68 498 

Argon 1.61 3.31 106 

Table V-3. The Effect of Oxygen on the Lifetime of Pyrene Fluorescence. Polymer 

concentration = 0.116 mg/ml, = 343 11111' = 387 nm. Argon samples were 

subjected to three times freeze-thaw treatment to remove atmospheric oxygen. 

Pyrene lifetime ( r) 

50 % EtOAc 

Pyrene lifetime (t) 

99.5 % EtOAc 

% increase in 

pyrene lifetime 

atmospheric 02 24.5 ns 89.3 ns 264 

Argon 168.1 ns 210.6 ns 25 
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role in the increase in the pyrene fluorescence lifetime which results in an increase in Ipy/IFI 

for copolymer micelles. Diffusion of oxygen to pyrene chromophores in the cores of 

micelles is reduced and this results in an increased pyrene fluorescence lifetime and 

intensity. There is an increase in the fluorescence intensity area ratio for micelles under 

argon atmosphere. The increase in the fluorescence lifetime under these conditions is 25 

% but the increase in the intensity area ratio is 106 %. This extra increase is the result of 

the reduced distance between the two chromophores upon micellization. 

V3. Summary 

PMMA-PHEMA micelles formed in 90 % or greater ethyl acetate were well 

characterized by viscometry, and light scattering. The aggregation numbers and 

hydrodynamic radius were measured for a number of solvent systems. It has been shown 

that non-radiative energy transfer between the two chromophores and time dependent 

fluorescence can also be used to detect the formation of micelles in selective solvents. The 

above series of experiments show large changes in the observed [Py/IFI upon the onset of 

micellization. The reasons for the increase in pyrene fluorescence intensity upon the onset 

of micellization are reduced oxygen quenching in the core of micelles, an increased energy 

transfer rate between fluorene and pyrene and an increase in the energy migration between 

fluorene chromophores. The increased rate of energy transfer is the result of a reduced 

distance between fluorene and pyrene upon the formation of micelles. The fluorescence 
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properties of the pyrene chromophores on F1-PMMA-PHEMA-Py can be used to explain 

the similar behavior of pyrene on the other copolymers used in this research. 

In summary, micelles of this copolymer in ethyl acetate and methanol have been 

well characterized. Selective solvent systems have been determined and micellization of 

PMMA-PHEMA occurs in systems containing more than 90 % ethyl acetate in methanol. 

The fluorescence properties of Fl-PMMA-PHEMA-Py are well suited for chain exchange 

kinetics studies. The fluorescence quantum yield of the pyrene chromophore increased 

significantly upon incorporation into copolymer micelles. For these studies to proceed it 

would be necessary to synthesize a matching unlabelled copolymer and to determine the 

CMC of the copolymer in the solvent system of choice. 
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CHAPTER VI: PS-PHEMA MICELLES 

VI-1. Introduction 

The chain exchange rate of PMMA-PMAA micelles in ethyl acetate / methanol 

was measured in Chapter IV by following the increase in the fluorescence emission 

intensity of pyrene. Some of the factors that contributed to the increase in fluorescence 

intensity upon micellization were delineated in Chapter V. In this chapter, the properties 

of PS-PHEMA micelles will be examined. 

PS-PHEMA micelles are interesting because micelles are formed over a wider 

range of solvent mixture ratios and therefore the effect of the solvent quality on the 

micelle chain exchange rate could be examined over a much greater range with this 

system. PS-PHEMA formed micelles in cyclohexane / THF from 20 to 75 % v/v 

cyclohexane, with the HEMA block in the core. 

PS-PHEMA micelle chain exchange experiments were done by procedures similar 

to those described in Chapter IV. PS-PHEMA micelles were characterized by dilute 

solution viscometry and dynamic light scattering. TCSPC fluorescence measurements on 

pyrene chromophores, attached at the junction point between the two blocks of the 

copolymer, were made at several solvent mixture ratios to confirm the solvent 

compositions that result in micelle formation. The CMC of Polymer VI-lb (Section III-

3.c.) in 20 % cyclohexane was also found by TCSPC fluorescence measurements. Micelle 

chain exchange rates were monitoring by the pyrene fluorescence emission intensity and 
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were done at both room and elevated temperatures. Energy transfer measurements were 

also used in micelle chain exchange experiments between micelles labelled with energy 

donors and energy acceptors respectively. 

VI-2. Theory 

VI-2.a. Dynamic Chain Exchange Experiments by Pyrene Fluorescence Intensity 

The theory and experimental procedure follows closely that of sections IV-2.a and 

IV-2.b. In this experiment, pyrene was at the junction between the two blocks of the 

copolymer. Pyrene however was still expected to increase in quantum yield upon 

incorporation into micelles from the unimer pool. It was the rate of the this increase that 

was measured. The pyrene fluorescence emission intensity data was fitted to equation 

IV- 13 with the fitting parameters i and k. The CMC was determined by TCSPC 

measurements of the pyrene chromophore as a function of copolymer concentration. 

VI-3. Experimental 

VI-3.a. Characterization of Micelles 

THF is a good solvent for both PS and PHEMA while cyclohexane is a poor 

solvent for PHEMA and a theta solvent at 34.5 °C for PS. Dilute solution viscometry and 

dynamic light scattering were used for the characterization of Polymer VT- la and Polymer 

VI-2a micelles in a range of cyclohexane / THF solvent systems. These results are 

presented in Tables VI-1 and VI-2 and Figure VI-1 and VI-2. The dynamic light 
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scattering experiments were performed on 2 mg/mi solutions. The experiments were done 

at 22 ± 0.5 °C, using a 514.5 nm source and at a scattering angle e of 135°. The 

hydrodynamic radii were calculated using eqn. V-i and the aggregation numbers were 

calculated using eqn. 11-8. 

The aggregation numbers for PS-PHEMA(100) and for PS-PHEMA(300) were 

reasonably constant over most of the range of solvent compositions. For PS-

PHEMA(100) the aggregation number was about 85 and for PS-PHEMA(300) it was 135. 

A small amount of phase separation occurred for the samples of PS-PHEMA(100) in 70 

and 75 % cyclohexane. 

VI-3.b. Time Resolved Fluorescence Spectroscopy 

The pyrene fluorescence intensity decay spectra were recorded as a function of 

solvent composition for Polymer VT- lb. The copolymer concentration was about 1 mg/ml 

to ensure that any micellar solutions were well above the CMC of the copolymer and that 

the signal intensity was strong. The results are presented in Figure VI-3 and they show 

that the polymer was in a micellar phase for solutions between 10 % to 60 % cyclohexane. 

The pyrene chromophores were excited at 343 nm and the emission decay was monitored 

at 387 nm. The time resolved intensity was fitted by the deconvolution using a sum of 

three exponential terms (see equation IV- 14). The average fluorescence lifetime ' was 

calculated as per equation 11-23. 

Upon the onset of miceffization the average lifetime of pyrene increases 

significantly. This experiment confirms the results of the viscometry experiments as an 
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Figure VI-1. Intrinsic viscosity versus solvent composition for PS-PHEMA. Polymer 

VI- la (squares) and Polymer VI-2a (triangles) are shown. 
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Figure VI-2. Aggregation number versus solvent composition. Polymer VI- la (squares) 

and Polymer VI-2a (triangles) are shown. 
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increase in the fluorescence lifetime of pyrene is seen for samples in 20 to 60 % 

cyclohexane. 

The results of chapter IV indicated that diblock copolymer micelles in less selective 

solvent systems experience faster chain exchange with unimers. Therefore, for chain 

exchange experiments with PS-PHEMA, the first kinetic experiments were attempted with 

20 % cyclohexane micellar solutions. It was necessary to determine the CMC of the 

copolymer in the solvent system to be used to set the experimental conditions properly. 

The CMC was determined by measuring the fluorescence lifetime of pyrene chromophores 

of Polymer VI- lb as a function of copolymer concentration in 20 % cyclohexane / 80 % 

THF. The results are shown in Figure VI-4. The CMC of this solvent system and 

copolymer was about 0.01 mg/mi. 

VI-3.c. Dynamic Chain Exchange Rate Experimental Results 

Dynamic chain exchange experiments with PS-PHEMA were done in a similar 

manner to those done in chapter IV. The smaller chain dliblock copolymer was chosen 

because faster chain exchange was expected. For this set of experiments the CMC was 

previously determined to be 0.01 mg/ml (5 x 10 M). 

The concentration of the labelled unimer solution was 1.16 x 10-'mg/mi (5.25 x 

10 M, —0.1 CMC) and that of the unlabelled micelle solution was 0.16 mg/mi (5.6 x 106 

•M, 10 CMC) The experiment was run for 24 hours with only just perceptible gains in the 

fluorescence intensity of pyrene. At this point the sample along with a magnetic stirring 

bar were sealed in a glass ampoule. The sample was heated with stirring at 51 °C for 1 
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Figure VI-3. Average lifetime of pyrene chromophore on Polymer VI-lb versus solvent 

composition. The copolymer is in a micellar solution for samples with 20 % to 60 % 

cyclohexane. 
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Figure VI-4. Average fluorescence lifetime of pyrene chromophores of Polymer VI- lb 

versus copolymer concentration for 20 % cyclohexane / 80 % THF solutions. 
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Table VI-1. Characterization of Unlabelled PS-PHEMA Diblock Copolymer 
Micelles for Polymer VI-3a. FPS-PHEMA(300 

% C6H12 q (10 cm') TIsOVCnt (cp) IT' (10 s ') Rh (A) [ri] (mug) p 

75 3.213 .7267 1.059 290 12.84 152 

70 3.211 .6972 1.062 301 14.10 155 

60 3.207 .6474 1.127 305 17.18 132 

50 3.202 .6064 1.161 303 18.04 123 

40 3.197 .5731 1.207 320 18.83 139 

30 3.193 .5448 1.253 323 20.06 134 

20 3.188 .5215 1.252 337 19.42 157 

Table VI-3. Characterization of Unlabelled PS-PHEMA Diblock Copolymer 
Micelles for Polymer VI-la. EPS-PHEMA(100 

% C6H12 q ( 10 cm') Tisoint (cp) F (10 s ') Rh (A) [Ti] (mug) p 

60 3.207 .6474 2.50 137 9.42 84 

50 3.202 .6064 2.69 136 10.38 73 

40 3.197 .5731 2.55 151 11.12 95 

30 3.193 .5448 2.80 144 10.53 87 

20 3.188 .5215 3.22 131 10.99 62 
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hour. The sample was then allowed to cool to room temperature for 30 minutes and 

exposed to the atmosphere to ensure that the equilibrium amount of oxygen was dissolved 

again in the sample. The fluorescence intensity of pyrene measured to be about 60 % of 

the anticipated gain expected of full labelled unimer chain incorporation. 

VI-3.d. Dynamic Chain Exchange in 10 % Cyclohexane Solution 

The above experiment was repeated in 10 % cyclohexane / 90 % THF solution. 

The average fluorescence lifetime of pyrene in 10 % cyclohexane was measured to be 42.2 

ns and therefore the copolymer was in a micellar dispersion. The CMC of PS-PHEMA in 

10 % cyclohexane was measured and found to be about the same as in 20 % cyclohexane. 

The experiment was set up in the same manner as section VI-3.a. above. Again, there was 

little measurable change in the pyrene fluorescence intensity over a number of hours. It 

was concluded that at room temperature there was little chain exchange. 

VI-3.e. Micelle Chain Exchange by Energy Transfer 

Chain Exchange between micelles of PS-PHEMA (Polymer VI-la.) labelled by 

pyrenebutyric anhydride and labelled by fluorene acetic anhydride were measured by the 

increase in the fluorescence energy transfer in an experiment that was similar to that of 

others23''. This experiment was conducted in 75 % THF / 25 % cyclohexane. The 

sample of PS-PHEMA(Fl) was labelled randomly with the fluorene chromophore on 2.4 % 
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of the HEMA blocks and the sample labelled with pyrene chromophores was labelled 

randomly on 4.0 % of the HEMA blocks. 

Micellar solutions of the differently labelled copolymers were prepared separately. 

The fluorene labelled copolymer solution was prepared at a concentration of 0.23 mg/mi 

and the pyrene labelled copolymer solution was prepared at a concentration of 0.046 

mg/mi. Both solutions were well above the CMC for this solvent composition. The two 

solutions were mixed and the fluorescence emission intensity of both fluorene and pyrene 

were monitored periodically. The fluorene chromophores were selectively excited at 290 

nm. Very little change was observed after two hours of stirring at room temperature. The 

mixed sample was then heated at 50 °C for 1.25 hours and the steady state fluorescence 

was measured again in the same manner as before. The amount of pyrene fluorescence 

increased indicating some unimer chain exchange. 

VI-4. Summary 

VI-4.a. PS-PHEMA Micelle Characterization 

For solutions with cyclohexane content of 20 to 75 % the sizes of Polymer VI-2a 

micelles are larger than those of Polymer VI- la, which is in agreement with the prediction 

of scaling theories'5. Scaling theories have been used to derive relations between the 

length of a diblock copolymer and the size of "hairy" and "crew-cut" micelles. In a 

"hairy" micelle, the core block is much shorter than the corona one and the radius R of a 
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micelle is chiefly determined by the thickness of the corona, which scales as 

R cc m4125n315 VI-2 

where m and n represent the number of units in the core and corona block, respectively. 

In a crew-cut micelle, the radius R, now governed by the core size, scales according to: 

R oc m213 VI-3 

With our samples, the lengths of the core and corona blocks are comparable and 

no simple scaling relations exist between R and n and m. One would intuitively expect R 

to increase with n and m. 

As the solvent quality for the PHEMA block worsens, the hydrodynamic radius R1 

decreases for Polymer VI-2a micelles but remains constant for Polymer VI- 1 a micelles. 

These results seem to contradict the theoretical prediction of Munch and Gast8'9. Their 

numerical analysis showed that as the solvent quality for the core block worsened, the 

corona thickness increased, the core diameter decreased, and the overall radius of the 

micelle, e.g. Rh , increased. The possible reason for the discrepancy is that our 

experimental situation is different from what was examined by Munch and Gast. They 

examined the effect of adding a solvent which was a poor solvent for the core forming 

block and a good solvent for the corona block on the change of micelle sizes. 
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Cyclohexane at room temperature borders between a theta and a poor solvent for PS. The 

theta temperature is 34.5 T. As more cyclohexane is added to the polymer solution, the 

corona layer may not expand as much as it would in a good solvent. This hypothesis 

seems to explain the Rh results of Polymer VI- 1 a micelles. The molar mass of the PS 

block of Polymer VI- la is only — 1.0 x 104 g/mole. Cyclohexane may be reasonably good 

for PS with such a low molar mass. Upon the addition of cyclohexane, the PS block of 

Polymer VI- la may expand more significantly than in the Polymer VI-2a case, which 

makes Rh of Polymer VI- la micelles relatively constant at all cyclohexane concentrations. 

Examination of Rh distribution of Polymer VI- la and VI-2a micelles revealed that 

Polymer VI-2a formed more stable micelles. While Polymer VI micelles had a single peak 

Rh distribution at all solvent compositions examined, Polymer VI- la was seen to form a 

small amount of aggregates with sizes larger than those of micelles at cyclohexane content 

above 60 %. 

VI-4.b. Dynamic Chain Exchange Experiments 

Dynamic chain exchange experiments at room temperature showed that little or no 

chain exchange occurred. When the samples were heated to 50 °C exchange did occur, 

both for the pyrene intensity experiment and for the energy transfer. This indicates that at 

lower temperatures exchange proceeds at a very slow rate and that the rate is quite 

sensitive to temperature. Experiments by other investigators in our research group show 
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that PS-PHEMA does not coat onto silica surfaces. Only diblock copolymers with some 

cinnamoyl pendant groups coated out. 

The results of the energy transfer experiment (section VI-3.e) indicate that chain 

exchange would occur at elevated temperatures for micelle solutions in 75 % cyclohexane 

even though little or no exchange occurs at room temperature. 
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VII. CONCLUSIONS 

The dynamics of the unimer - micelle equilibrium are a fundamental property of 

diblock copolymer micelles. The primary goals of this research were to confirm the rate 

law and to measure the polymer chain exchange constant. Steady state fluorescence 

emission intensity of pyrene was used to monitor the rate for PMMA-PMAA chains to 

migrate between the unimer and micelles in ethyl acetate / methanol directly and the values 

of k were found to be independent of the concentration of the micelle aggregates and that 

of the labelled unimer. The chain exchange rates values followed the expected trend of 

faster exchange in the less selective solvent (85 % ethyl acetate) than in the more selective 

solvent system (90 % ethyl acetate). 

The exchange of PS-PHEMA in cyclohexane / THF was found to be much slower 

than that of the PMMA-PMAA systems at room temperature and in fact was only 

detectable at elevated temperatures. The reason for the slower exchange rate is not 

entirely clear. The CMC of PS-PHEMA in 20 % cyclohexane / 80 % THF was very close 

(-1.4 x 102 mg/ml) to that of PMMA-PMAA in either 85 or 90 % ethyl acetate in 

methanol (-1.3 x 102 mg/ml). Any differences in the systems are not reflected in the 

CMC values. The answer probably lies in the nature of the micelle cores themselves. The 

HEMA cores of the PS-PHEMA micelle system would have hydrogen bonding between 

different polymer units. There would be interactions between the alcohol, carbonyl and 

ester groups. Hydrogen bonding could have also occurred between the carboxylic acid 
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groups of the PMAA block cores of the PMMA-PMAA micelles. The strength of the 

hydrogen bonding in the case of the PS-PHEMA was likely stronger than that of the 

PMAA block due to the fact that there was methanol in the solvent system with the 

PMMA-PMAA micelles. Methanol would be preferentially absorbed into the cores of 

PMMA-PMAA micelles and would form hydrogen bonds with the PMAA polymer block. 

The interaction of PMAA with methanol would reduce the strength of interaction between 

groups on the polymer chain and reduce the attraction of the acid groups for each other. 

The result would be an increased rate of chain expulsion due to a lower energy barrier. 

Micelle chain exchange experiments with PS-PHEMA at elevated temperatures 

should be attempted in the future. Care would have to be taken to ensure strict 

temperature control since the solubility of the fluorescence quencher oxygen in solvents is 

very sensitive to temperature. The problem of oxygen solubility could be circumvented by 

excluding oxygen and using a non-volatile and soluble fluorescence quencher such as an 

amine. The diffusion rate of soluble non-volatile fluorescence quenchers is also expected 

to be much slower in the cores of micelles and hence the fluorescence emission method for 

measuring the chain exchange rate should be viable. 

The equilibrium dynamic properties of diblock copolymer micelles have important 

implications for the adsorption kinetics of these polymers onto surfaces. Adsorption from 

a selective solvent results in the formation of a polymer brush where one of the polymer 

blocks finds it thermodynamically favourable to adsorb. Diblock copolymer solutions 

with concentrations above the CMC will form micelles and this will complicate the 
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adsorption kinetics of the copolymer unto the surface. This is because it is the unimer 

phase that is adsorbed and miceffization of the copolymer reduces the amount of unimer 

chains available for polymer adsorption.. Thus the rate that polymer chains are expelled 

from micelles will dictate the rate of surface adsorption of polymer. 

Where k can be measured the value of k. can be calculated if the concentration of 

the copolymer in the solvent phase and the CMC are known. The importance of the value 

of k has been demonstrated in our laboratory by coating experiments with PS-PHEMA 

and PS-PHEMA esterified with cinnamoyl chloride (PS-PCEMA). PS-PCEMA was 

found to adsorb onto silica surfaces from 60 % cyclohexane however unesterified PS-

PHEMA did not and this may have been the result of the low rate of micelle chain 

exchange for PS-PHEMA. 

The CMC of diblock copolymers in selective solvents has been determined by 

TCSPC fluorescence emission decay spectra. This technique for CMC determination has 

not been reported before. The magnitude of the change in the fluorescence lifetime of the 

chromophore upon micellization is also a good indication as to the amount of the change 

expected during the kinetic experiments. 

Pyrene was proven to be a good choice for the fluorescent probe for these 

experiments. Pyrene has a high absorptivity and quantum yield which allows it to be used 

at the low concentrations required for these experiments. It also has a long intrinsic 

lifetime and this makes pyrene sensitive to changes in the diffusivity of oxygen. 
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Many other experiments are possible with the new fluorescence technique. It 

would be interesting to see the effect of elevated temperatures, and of the solvent 

composition at these elevated temperatures, on the exchange rate of PS-PHEMA in THF / 

cyclohexane solvent mixtures. It would be interesting to observe the differences in the 

chain exchange rates of this system as the solvent composition is changed from 20 % 

cyclohexane to 75 % cyclohexane. It is predicted that solvent systems with more 

cyclohexane would exhibit slower chain exchange rates at any particular temperature since 

they are more selective for the core forming PHEMA blocks. 

PMMA-PMAA has an easily measurable exchange rate at room temperature in 

both 85 % and 90 % ethyl acetate. It would be possible to formulate relationships 

between the dimensions of the diblock copolymers and the exchange rates if polymers of 

different block lengths were synthesized. In particular these types of studies should be 

done on copolymers that form "hairy" micelles and "crew cut" micelles. The linetic data 

on the hairy micelles should delineate the effect that the corona size has on the exchange 

rate and kinetic data on the crew cut micelles could provide the same for the core size. 

It is highly desirable to find a diblock copolymer that will coat out on surfaces 

from an aqueous dispersion. The problem to date has been the very low rates of chain 

exchange that copolymer micelles exhibit in aqueous medium. It would be interesting to 

find copolymers that have detectable rates of chain exchange in water as this would point 

the way to a workable system. 
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In conclusion, a new experimental technique has been developed that can directly 

measure the chain exchange rate of diblock copolymer micelles. This procedure should 

prove useful in providing a more complete understanding of these systems both from a 

theoretical point of view and for practical applications. 
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