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ABSTRACT 

The research presented in this dissertation will examine the formation and 

stability of diblock micelles. The author will then extend the diblock results to ABC 

tri'block copolymer micelles. Polystyrene-block-poly(2-ci~amoylethyl methacrylate) 

(PS-b-PCEMA) with PSPCEMA > 9.0 forms star-like micelles in cyclopentane (CP) and 

CP/tetrahydrofbran (THF) mixtures It was found that star-like micelles show a relation 

between the aggregation number V) and the degree of polymerization of the core block 

(rn) as given byfim0-8. It was also seen that the micelles had a relation between the core 

radii (Rc) and Combined with data kom the literature, this represents one of the 

most comprehensive studies to examine the scaling of micelle aggregation numbers and 

core sizes. The same data were used to examine the thickness of the micelle corona. The 

data did not fit the theory well, most likely due to experimental error. 

PS-b-PCEMA was also used to investigate the factors which effect the stability of 

micelles. There are a number of parameters, which can be used to adjust micelle 

stability. Increasing temperature causes miceHes to become less stable. An increase in 

the amount of block selective solvent causes the micelle to become more stable. When 

the core block length is increased, the micelle becomes more stable. When the corona 

block length is increased, the micelle breaks apart more readily. 

acrylate) with n = 370, rn = 420,Z = 550 was also studied. It was shown to form spherical 

micelles in 35% THF/65% hexanes. The micelIes were cross-linked and fhctionalised. 
... 
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The functionalised nanospheres were shown to be good templates for inorganic 

nanoparticles. 

Maghemite was formed in the cores, and the nanoparticles were shown to have 

magnetic properties. The nanospheres were also used to form palladium nanoparticles. 

The nanosphere-encapsulated palladium had catalytic properties. Using charged 

species, the polymer surrounding the palladium showed some charge selectivity, yielding 

different hydrogenation rates for different species. The reactants tested were triethylallyl 

amine and vinylacetic acid. The polymer support also showed size selectivity for 

different sized reactants. The reactants studied were methylmethacrylate and ethylene 

glycol dirnethacrylate. The polymer shell and core acted as a nanofilter, prohibiting large 

molecules £iom adsorbing onto the palladium. 

To understand the rate data, the kinetics of hydrogenation were examined. The 

ensuing rate equations were used to describe the results qualitatively. 
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The chemists are a strange class of mortals, impelled by an almost insane 

impulse to seek their pleasure among smoke and vapor, soot and flame, 

poisons and poverty, yet among all these evils I seem to live so sweetly.. . 

- Johann Joachirn Becher (1635- 1682) 



Chapter I Introduction 

1. Polymers 

Polymers exist in nature in many forms, ranging fkom proteins to natural rubber. 

Not until the 19* century did mankind move f?om using naturally-occurring polymers to 

modifying them, and the modern polymer industry was born. The general definition of a 

polymer is a substance, which is composed of molecules that have long sequences of 

atoms or groups of atoms linked together covalently.' The long chain nature of a 

polymer imparts unique properties, such as high viscosity, long-range elasticity and high 

strength. It is these properties which make polymeric materials interesting, both 

fundamentally and industrially. 



2. Dissolution of Polymers 

Long-range elasticity and high strength are properties of bulk polymer samples. 

High viscosity is a property of polymers dissolved in a small molecule solvent. Although 

bulk polymers are of interest both fundamentally and industrially, they will only be 

discussed as they relate to polymers in solution. The primary focus of this thesis is the 

properties of polymers in solution. Before the behaviour of polymers in solution can be 

examined, the dissolution of macromolecules needs to be discussed. 

a) Mixing of Small Molecules 

To understand how polymers dissolve in solution, one must first consider small 

molecules. Before two liquids (A and B) are mixed, one can predict that if a molecule is 

taken from container A, it will be a molecule of A and likewise, if taken fiom container 

B, then it will be a molecule of B. After mixing, it cannot be predicted with certainty 

whether the molecule taken will be A or B . ~  This indicates an increase in disorder upon 

mixing. An increase in disorder results in an increase in entropy. The entropy of a 

system can be described by the Boltzmann equation: 

1.1 S = k , h Q  

where S is the entropy, kB is the Boltzrnann constant (kB = 1.380 x ~ o - ' ~  JK-I), and R is the 

number of different ways the system can be arranged. In the case of a mixture of s m d  



molecules, the number of ways of placing XA, A molecules in a Iattice of XAfXB cells 

with the remaining cells filled by Xe, B molecules gives a:' 

Using Stirling's approximation (In X! = X ln X - X, for large values of X) and substitution 

into the Boltzmann equation, the entropy of the mixture is: 

If we let the total number of molecules equal one mole, then XA+Xe=NA (where fi is 

Avagadro's number, 6.023 x 1 0 ~  mol-I). This results in the terms within the natural logs 

becoming mole hctions (xA, and xB). Remembering that NAkB=R, where R is the gas 

constant (R = 8.3 145 JK-lmol-I) the entropy of the mixture becomes: 

1.4 S u  = -R(XA ) + X B  1) 

In order to understand the act of mixing, one has to look at the entropy of the 

initial states as well. For pure A there is only one way of placing XA molecules in a 

lattice of XA cells. Likewise, there is only one way of placing XB molecules in a lattice 

of XB cells. The result is: 

I.5a S, = kg In1 = 0 

The overall entropy of mixing is the difference between the entropy of the starting 

materials and the entropy of the final product, thus: 

1-6 MMRing = SAB -(s1 +SB )=-R(x, h ( x A  )+xB h ( x B ) )  



The measure of spontaneity of a reaction is in the Gibb's energy. The Gibb's 

energy of mixing is given by: 

I*' AGMiing = MMiiing - TmMiring 

where is the Gibb's energy of mixing, AHMixin, is the enthalpy of mixing and T 

is the temperature in Kelvin. If the two solutes (A and B) are similar in nature, then the 

enthalpy of mixing is zero due to the interactions between the molecules of A and B 

being the same as the A-A and B-B interacti0ns.l The result is that the Gibb's energy 

relies on the entropy. 

1.8 AG,,, = RT(X, h ( x ,  )+x,  h ( x ,  )) 

Since the mole fractions are always less than one, the result is that the Gibb's energy is 

negative, and a negative AG indicates a spontaneous process. When the two solutes are 

not similar in nature, then the A-B interactions are not necessarily the same as A-A and 

B-B interactions, the result being that the enthalpy term cannot be dropped out of the 

Gibb's energy formula. If A and B are significantly different, then there will be a large 

enthalpy of mixing resulting in a positive Gibb's energy and mixing will not be 

favoureda2 An example of this would be trying to mix oil with water. This leads to the 

rule of "like-dissolves-like". 

b) Mixing of a Polymer with a Small Molecule Solvent 

Equation L8 is a good starting point to understand the mixing of a polymer with a 

small molecule solvent. Unfortunately, even for athermal mixing (AHMkkg=O), polymer 



solutions show significant deviation from the analogous small molecule case. The failwe 

arises fiom the assumption that the solvent and solute molecules are identical in size.' In 

the former case, the polymer size is substantially Iarger than that of the small molecule 

solvent. The modified theory, which takes into account both the size differences between 

the solute and solvent, and the intemolecular interactions was proposed independently by 

Paul Flory and Maurice ~ u ~ g i o s .  ' As such, the theory is referred to as the Flory-Huggins 

theory. 

The first assumption, which has to be made, is that a polymer is a chain made up 

of segments, each being the same size as the small solvent molecule. The number, n, of 

segments in a chain is given by the ratio of the molecular volume of the polymer and that 

of the solvent molecule. This means that n is not necessarily equivalent to the degree of 

polymerisation. To continue with the determination of the Gibb's energy of mixing, 

statistical mechanics is applied. With the polymer divided into segments, it is now 

possible to devise a lattice model which consists of identical cells, each having the same 

size as the solvent and having Z neighbours ('2' will change depending on whether the 

packing is cubic, hexagonal etc.). Now the polymer chains can be placed in the lattice 

such that each segment occupies one cell, and one molecule corresponds to a continuous 

sequence of n cells. 



Figure 1-1: A) a 3x5 lattice with 15 solvent molecules. B) a 6x8 lattice with 6 

polymer molecules. C) a 7x9 lattice with 6 polymer molecules, each with 8 

segments, and 15 solvent molecules. 

When placing a polymer molecule in the lattice, the first segment can be placed in 

any empty cell, but the remaining n-1 segments are restricted to being placed in an empty 

cell in the adjacent Z neighbours. The number of ways that the polymer molecules (XB) 

can be placed in the lattice followed by the placing of the XA molecules of solvent is thus 

given by:' 

The first square brackets enclose the term for the total number of conformations 

of the XB polymer molecules when, in placing each molecule we assume the lattice is 

empty.' The second square brackets is the £?action of conformations in the first set of 

brackets which are allowed, taking into account that each subsequent molecule added 

cannot occupy lattice cells which are already taken.' The third square brackets is the 

factor which increases the total number of configurations of the polymer molecules, once 

they are diluted by the solvent molecules. ' 



The number of ways pure polymer molecules can arrange is not equal to one as 

was the case for small molecules. It is actually given by the first two terms of equation 

As seen in 1.6, the entropy of mixing is given by the difference between the entropy of 

the mixed system and the entropy of the pure substances. The entropy of a pure small 

molecule substance is zero thus the result is:3 

where and +B are the volume fractions of the solvent and polymer respectively as 

given by: 

I.12b +, = fl, 

x.4 + f l B  

Comparing the entropy of mixing for small molecules (equation L6) with that for a 

polymer with a small molecule (equation 1.1 l), one can see that the only difference is the 

replacement of the mole fractions with the volume fractions. 

The next term to be derived is associated with the effects of intermolecular 

interactions. Since intermolecular interactions have an effect on entropy as well as 

enthalpy, this term is actually a Gibb's energy. Three types of interactions need to be 

considered, solvent-solvent (A-A), segment-segment (B-B) and solvent-segment (A-B). 



For every two A-B contacts formed upon mixing, one A-A and one B-B contact is lost. 

Thus the energy associated with one solvent-segment contact is given by: 

1-13 4 c o n l a c t  = g~ -+ (g ,  + g BB ) 

If there are a total of p ~ s  A-B contacts in the mixed solution then the overall Gibb's 

energy for A-B contacts is given by: 

1-14 AGmnmct  = P M Ageontact 

Considering that each segment, with the exception of the ends has two connected 

neighbours, so that the total number of lattice sites adjacent to all the polymer molecules 

can be taken as XB(Z-2'n, the result is that equation 1.14 can be rewritten as: 

'*''a A G m n t a a  = (2 - 2 ) X A @ B A g c m  

By introducing the Flory-Huggins parameter, 

1-16 x = (2 - 2)Ag,,, / kT 

the Gibb's energy for A-B contacts is changed to: 

1-15' AGcon, = RT~A@Bx 

This is the h a l  form of AGconuct, so all that is left is to combine it with the 

entropy of mixing to achieve the overall Gibb's energy of mixing: 

1.17 A G w d n g  = AGcon,act -TMwW = " ( x ~  h(@, ) + X B  in(@, )+ ~ A # B  X )  

In general, the equations for the mixing of small molecules and for the mixing of 

a polymer with small molecules have similarities. The difference lies in the extra term, 

which takes into account molecule interactions. The volume fkactions are always less 

than one, so the first two tems will always be negative, thus the mixing is favourable (i.e. 



the Gibb's energy is negative) when the third term is either negative or the absolute value 

is less that the absolute value of the sum of the first two tams. 

The Flory-Huggins polymer-solvent interaction parameter (x) is introduced because 

the lattice parameter, 2, and the Gibb's energy of contact Age,,,, cannot be easily 

obtained experimentally. The Flory-Huggins parameter is a temperature dependent, 

dimensionless quantity. 

From equation I. 17, the excess Gibb's energy of mixing is the last term, where the 

first two terms are due to mixing in an ideal solution. The excess Gibb's energy of 

mixing for a dilute solution can be rewritten as:' 

1.18 AG,, = R T ~  - ~ k ;  

The first term R T X $ ~ ~  results fiom contact interactions, while the second term, -RT$B~/~, 

arises fkom the connectivity of the chain segments.' The significance is that when x = % 

then the excess Gibb's energy is zero and the solution acts ideally (i-e. only 

conformational entropy is a contributing factor). Solvent-polymer systems, which satisfy 

this condition, are said to satisfj. O conditions. When x<%, the solvent is said to be a 

good solvent and the is less than zero so polymer dissolution is favoured. If 

p ! 4 ,  then the A h i x i n g  is greater than zero and polymer dissolution is thermodynamically 

unfavoured. The solvent is thus considered a poor solvent. The overall result is that for 

only the small range of solvents where ~ 1 %  is it possible to dissolve a polymer. 

Therefore, it is harder to dissolve a polymer in a small molecule solvent, than it is to mix 

small molecule solvents together. 



c) Mixing of Two Polymers 

In general polymers do not mix. The reasons for this lack of mixing can be 

understood when the thermodynamics are considered. Following the procedure outlined 

in the Flory-Huggins theory discussed previously, it is assumed that the blend of XA 

chains of polymer A each having n~ segments, with X g  chains of polymer B, each having 

n~ segments. With random mixing, the Gibb 's energy is:3 

This expression is very similar to equation I. 17- The +/n terms are the volume 

fractions of an individual segment. Since the entropy of mixing (the first two terms) is 

dependant on l/n, then as the molecule gets bigger, and the number of segments 

increases, the mixing becomes less favoured entropically. The result is that the third 

term, due to the interactions between segments becomes the driving force for mixing of 

polymer blends. As discussed in the previous section, the third term is only favourable 

for mixing when x is small (5 %). Since x is usually positive and greater than %, most 

polymers do not mix. 

It is through the equations presented in the previous sections that one can 

understand both block segregation in bulk samples and self-assembly of block 



copolymers in selective solvents. An understanding o f  why certain polyrner/polyrner and 

polymer/solvent compositions mix, while others do not is the basis for all block 

copolymer self-assemblies. It is these properties which make block copolymers so 

valuable to materials chemists. 



3. Block Copolymers 

Block copolymers were introduced, without being defined, at the end of the 

previous section. A block copolymer is a polymer, which has two or more diffaent types 

of polymers covalently bound together as blocks. As shown in figure 1-2, the block 

copolymers discussed here will be of the linear type. 

Figure 1-2: Schematic of A) linear AB diblock copolymer, B) linear ABC tnilock 

copolymer. 

Other types of block copolymers exist, such as star and graft block copolymers but 

they are not the subject of the present research and as such will not be mentioned again. 

The types of block copolymer that will be discussed here include AB diblock copolymers 

and ABC triblock copolymers. 



Figure 1-3: A) a graft polymer where the back-bone is a block of polymer A (solid 

line) and the grafted chains are blocks of polymer B (dotted line). B) A star polymer 

where some of the arms are blocks of po1per A and some are blocks of polymer B. 

A block copolymer is advantageous over random copolymers and homopolymers in 

the fact that the blocks retain the physical properties of the parent homopolymer but are 

joined to each other so are not able to completely separate fiom each other. Utilising 

these characteristics, many interesting polymer structures and properties can be achieved. 



4. Block Copolymer Self-assembly in Solution 

In solution, a block copolymer acts similar to small molecule surfactants. As 

described previously, a polymer will dissolve in a good solvent and not in a poor solvent. 

If a block copolymer is synthesized so that the blocks have different solubilities, the 

blocks will act in a similar fashion to the hydrophilic and hydrophobic parts of a 

surfactant. A solvent is chosen such that it is good for one of the blocks and not for the 

other. The result is that one block dissolves while the other phase-segregates from 

solution. Since the two blocks are covalently bonded, the insoluble block is unable to 

phase segregate on a macroscopic level (i.e. to precipitate out of solution). The result is 

that the polymers aggregate, to form micelle-like structures, where the soluble polymer 

acts to shield the insoluble polymer fkom the solvent. 

Figure 1-4: A) Schematic of a small molecule surfactant micelle. B) Schematic of a 

diilock copolymer micelle. 



The aggregation of block copolymers takes place in order to reduce unfavourable 

interactions between the insoluble block and the solvent. The polymer micelles are not 

limited to spherical morphologies, a number of conformations are possible, depending on 

the solvent conditions, the degrees of polymerisation of the blocks and the temperature. 

Despite this, the most common types of micelles are spherical, these are the types which 

we will be concerned with here. Spherical micelIes can be divided into star micelles and 

crew-cut micelies. 

Figure 1-5: A) Star micelle, m<<n. B) Crew-cut micelle, m>>n. 

The polymer micelle is divided into three areas; the core, in which the insoluble 

polymer block is assumed to act like a polymer melt, the corona, in which the soluble 

polymer stretches into the solvent, and the interface where the corona and core meet. The 

physical properties used to describe a micelle are the overall radius, RM, the radius of the 

core, Rc, the thickness of the shell, Rs, and the aggregation number, f. The fFrst three 

properties are diagrammed in figure 1-4, f is the number of chains that come together to 

form a micelle. In figure I4B,  the polymer micelle has f = 1 1. 

A number of theoretical studies have been made to determine how the properties 

of the polymer, such as degree of polymerisation, affect the properties of the micelle. In 



general the aggregation number,f; and the radius of the miceIle core, R, can be expressed 

where m is the degree of polymerisation of the core block, and a and y are constants 

derived f?om theory. 

For star micelles, Zhulina et aL6 and EIalperin7 determined cc and y to be 4/5 and 3/5 

respectively. On the other extreme de ~ e n n e s ~  determined that for a crew-cut micelle, a 

and y were 1 and 2/3 respectively. Thus it can be seen that by carefully controlling 

polymer parameters, we can control the properties of the micelle formed. 

The actual procedure to form micelles is varied depending on the polymer used. If 

the soluble block is long enough, the polymer can be dissolved directly into a single 

solvent, which is good for that block and poor for the other. This is not always possible, 

so one can choose a solvent that is good for both blocks at a given temperature, and then 

lower the temperature through the O temperature until the solvent becomes poor for one 

of the blocks. This is a difficult procedure and limits the solvents available. The final 

method is the one used most commonly. The polymer is dissolved in a solvent which is 

good for both blocks; then a poor solvent is slowly added until the overall composition of 

the mixed solvent is such that it is poor for one of the blocks. 

Micelles exist in solution with unimers. Unimers are single chains of polymer. 

This is a dynamic equilibrium condition, such that polymer chains enter and leave the 

micelles. 



Figure 1-6: Micelle-Unimer equilibrium in solution 



5. Micelles as precursors 

Micelles are interesting structures, but are mostly used as precursors for other nano- 

and microscopic structures. It is of great importance to understand the physical 

properties of micelles, such as their stability and how their size is affected by the 

properties of the starting polymer. Once these things are understood, then the use of 

micelles as precursors for other structures can be optimised. 

a) Nanospheres 

As the name suggests, nanospheres are spheres with dimensions in the 1-200 nm 

range. Nanospheres and their analogues (i.e. nanofibres, nanotubes, etc.) can be formed 

in a number of different ways. The procedure emphasised here, is through the formation 

of the analogous micellar structure, then the locking of the structure through chemical 

modification of the micelle. The key chemical modification used in this research is 

photo-crosslinking. In pho to-crosslinking, one of the blocks (usually the one which 

makes up the core) has a functional group which reacts under ulka-violet light with other 

hctional groups to covalently bond chains together so that the structure cannot separate. 

The specific polymers will be discussed in chapter W. 

In order to obtain nanostructures with the same structures as the miceues, the 

crosslinking must be faster than the exchange process of micelles with unimers in 

solution. If this is not the case, then the structures resulting from crosslinking may be 



deformed due to the start of crosslinking of a givea chain in the core and then the 

expulsion of the chain f5om the core. This being the case, we wish to determine the 

conditions under which we can make the micelle the most stable. 

b) Brushes 

Polymer brushes are a dense layer of polymer chains that have one end tethered to 

a &ace and the other end extending out into s o l ~ t i o a . ~ - ~ ~  In a diblock polymer brush, 

the insoluble block spreads on the substrate surface like a polymer melt, and the soluble 

block extends out into solution like the bristles of a brush.12 Polymer brush layers are 

important because they can be used to modify a swface. Some examples include the 

stabilisation of latex particles and pigment particles.'2913 

Solvent 

Figure 1-7: Schematic of a polymer brush on a solid 



Polymer brushes can be formed from solutions which contain either micelles 12,14-17 

or unimers. 18-20 When using a micelle solution, the micelles are formed, such that the 

block, which is to adhere to the substrate, is the core of the micelle and the block which 

will form the brush layer is the corona. The substrate is then dipped into the micelle 

solution and the miceHes adsorb onto the surface. The micelles initially adsorb intact. 

With time, the micelles relax to form a layer. 

Solvent Solvent 

Figure 1-8: Schematic of miceIles adsorbing on a solid substrate to form a brush. (A) The 

micellar solution and substrate. (El) Micelles adsorb intact. (C) Deformation of micelles. (D) 

Formation of brush layer. 



There are many factors contributing to the energetics of the system, but it is the 

favourable interaction between the insoluble block and the substrate that drives the 

formation of the brush layer." If the micelles are too stable they remain adsorbed on the 

surface as discreet entities. The chains within the micelles need to be mobile, allowing 

for the micelles to break apart and rearrange to form the b m h  layer.1721 Thus it is 

important to h o w  under what conditions a micelle can be destabilised. 



6. Research Objectives 

The objective of this research is to investigate the properties of block copolymer 

micelles in a effort to obtain an understanding of how to control them so micelles can be 

used as precursors for "structure-controlled nanornaterials" like those outlined in the 

review article by Forster and ~ntonietti.~' The basic principles of micelles will be 

investigated using AB diblock copolymers, which are the simplest model that can be 

described. The results will then be expanded to ABC triblock copolymer micelles, which 

will be used as a template for inorganic nanocomposite materials. The diblock 

copolymer chosen is polystyrene-block-poly(2-cinnamoyIethy1 methacrylate) (PS-6-  

PCEMA), shown in figure 1-8. Polystyrene (PS) is soluble in nonpolar organic solvents, 

while PCEMA has a double bond that can be 

Figure 1-9: Polystyrene-Mock-poly(2-cinnamoylethyl methacrylate) 

The f is t  study to be performed will examine the properties that control the size of a 

micelle. The advantage to using micelles as templates for inorganic synthesis is that their 

size and shape can be controlled. In order to fuaher understand this manipulation of the 



morphology, we must examine how the polymer block lengths affect the size of the 

nanospheres created. PS-b-PCEMA will be used. A number of samples with differing 

PCEMA (core) block lengths will be examined, with respect to the relations described in 

equations 1-20> and 1-2 1. 

After determining what affects the size of a micelle, the dynamic equilibrium 

between micelles and unimers will be examined. As mentioned previously, the micelles 

are in equilibrium with unimers in solution. The speed at which unimers enter and are 

expelled fkom the micelles determines the stability of the micelle. The more exchange 

which occurs, the less stable the micelle is likely to be. Changing such properties as 

temperature, solvent composition and polymer block lengths can effect the speed of 

exchange.25 

The knowledge obtained from the diblock copolymer studies can be extended to 

ABC triblocks. The polymer chosen for this section was palyisoprene-block-poly(2- 

cinnamoylethyl methacrylate)-block-poIy(tert-butyl acrylate) (PI-6-PCEMA-b-PtBA). 

All three blocks have the ability to be chemically modified which is of great importance. 

The double bond of the pol yisoprene can be chemical1 y altered.26 The double bond of the 

PCEMA can be crosslinked as mentioned earlier, and the PtBA block can be converted to 

poly(acry1ic acid) (PAA)" which is water-soluble and changes the characteristics of the 

polymer. 



Figure 1-1 0: Polyisoprene-block-poly(2-~5nnarnoylethyl methacrylate)- block-poly(tert- 
butyl acrylate) 

To use triblock nanospheres as templates for inorganic particles, a cavity needs to 

be formed in which to load the inorganic compound. ABC triblocks are a relatively new 

area of research and as such only a few papers have been published on solution studies of 

triblock copolymers. "" In a fairly extensive look at b& properties of triblock 

copolymers, Zheng and wang3 saw a number of morphologies that were similar to those 

predicted for diblocks." With this in mind, it is assumed that triblocks will form 

analogous micelles in solution. The use of a triblock is of interest because each block can 

be used to perform a specific function in the structure. The block which forms the corona 

will be used to solubilize the nanosphere, the middle block can be used to stabilise the 

nanosphere through crosslinking, and the block forming the inner core can be modified to 

produce the cavity which will be used as a template to form the inorganic particle. 



It is not enough to just state that the polymer particles formed can be used for 

inorganic templates, it must be proven. With this in mind, the particles will be loaded 

with iron (11) to show that magnetic particles can be formed within the cavity. Using a 

similar method, the cavity will also be loaded with palladium (11) to form nanospheres 

that have catalytic properties, which can be investigated further. 



7. Thesis Organisation 

The rest of this thesis is organised as follows; chapter II will summarise the 

Literature on nanospheres, polymer brushes, and polymer templates. Chapter III will 

describe the general physicaVanalytical methods used to characterize both polymers and 

polymer nanostructures. The polymer synthesis will be described briefly in chapter N. 

It is important to note that I did not synthesize the polymers; they were synthesized for 

me as the polystyrene-block-poly(2-hydroxyethyl methacrylate) (PS-6-PHEMA) and 

polyisoprene-block-poly(2-hydroxyethyl methacrylate)-block-poly(tert-butyl acrylate) 

(PEb-PHEMA-6-PtBA) forms of the polymers. Chapter IV will concentrate on the 

chemical modifications, which I performed on the polymers supplied to me. Included in 

this chapter will be a description of how nanospheres were formed from the triblock 

copolymer. Chapter V will discuss how the block lengths of a diblock effect the 

dimensions of the resulting micelle. Chapter VI will go on to discuss the dynamic 

equilibrium between a micelle and &ers in solution and how varying certain physical 

properties of the system can change the equilibrium. In chapter W, the formation of 

triblock nanospheres with cavities and their use as templates for inorganic species will be 

described. The formation of magnetic nanospheres, and their use as proof of the 

ternplating ability of the nanosphere will be discussed first, followed by the formation of 

palladium nanospheres which can be shown to be use l l  in hydrogenation reactions. The 

penultimate chapter will address the use of the nanosphere-encapsulated palladium to 

hydrogenate charged species and different sized species. A kinetics model is proposed to 



explain the hydrogenation results. The final chapter will provide conclusions and some 

ideas for £bture work. 



Chapter II Background 

1. Methods to Nanospheres and Polymer Brushes 

Nanoparticles are of interest in materials science for a number of reasons. 

Reduction in the size of components for various technologies is of great importance for 

improving portability, and speed of processing.u In nanoparticles, the surface area to 

volume ratio can be very high. The increase in surface area available can provide 

improved catalysts.u Chemical characteristics such as optic, magnetic, electric, 

adsorptive, and catalytic are size dependant, thus a nanoparticle may exhibit usefid 

properties not seen in a larger bulk sample.u With these reasons, material scientists are 

investigating a wide number of nanostructures, hoping to h d  new applications. 

There are many synthetic ways to produce polymer nanospheres and polymer 

brushes. The research presented here concentrates on the formation of both from block 

copolymer micelles. Prior to examining micelles, it is of some use to examine other 

methods for creating nanospheres and brushes and making a comparison between these 

methods and that of the micelle precursor. 



a) Nanospheres 

The term 'hanosphere" is a broad term, which encompasses any  sphere, which 

has a diameter between 20 nm and 200 nm. Here we will only be concerned with 

nanospheres that are formed fkom organic polymers. 

i) Dendrimers 

Dendrimers are monodisperse macromolecules with a regular and highly 

branched three-dimensional structure.35 One can consider a dendrimer to be a 

unimolecular micetle, the result being that dendrimers can perform a number of functions 

analogous to micelles. Dendrimers can adsorb onto substrates to modify the surface. 

Since the dendrimer is covalently bound together, it does not disintegrate to form a 

polymer brush (as a rnicelle can), but they can be deformed depending on the surface- 

dendrimer interactions. The dendrimers may adsorb as noninteracting as 

compressed ellipsoids due to surface-interacting end groups,3741 interacting r n ~ l t i l a ~ e r s ~ ~  

or non-interacting multilayers?2 These are analogous to the adsorption of stable micelles 

to a substrate. 



Figure 11-1: Schematic of a 4h generation dendrimer. The reactive sites at each 

generation branch to give two new chains. (Adapted &om Bosman et al. [35], O 1999, 

Chem. Rat.) 

When drawn, dendrimers tend to be drawn highly symmetrically with all the ends 

pointing outward in a tiered fashion. The question is: are the end groups in dendrimers 

pointing outward or folded back? Monte Carlo simulations have shown that the density 

of a dendrimer decreases when going from the core to the periphery?3 The result is that 

it is suspected that the ends of the branches are folded back in on themselves. The end a 



groups are most likely found distributed throughout the dendrimer volume, filling the 

voids." This can have serious repercussions on reactivity, if the reactivity of the 

dendrimer is reliant on the end-groups. 

The first reported example of host-guest chemistry utilising dendrimers wzs by 

Dandliker et aleM where the core of the dendrimer contained a porphyrin-zinc complex. 

Dandliker et alP5 also synthesized iron porphyrin containing dendrimers. Other host- 

guest complexes include the uptake of various aromatic compounds in a dendrimer with a 

4,4'-dihydroxybiphenyl core. Thus dendrimers can be used to complex both inorganic 

and organic substances. 

Dendrimers are of growing importance in catalysis too. The combination of the 

nanoscopic dimensions and the ability to be molecularly dissolved means that they have 

potential in the space between homo- and heterogeneous catalysis. In 1995,  runner^^ 

introduced dendrimers with internal catalytic sites. In the subsequent investigations by 

other groups into the use of dendrimers as catalyst supports, it was seen that the 

dendrimers did not impose stereoselective reactions, and when the dendrimers contained 

enantiomeric substituents, the enantioselectivity was not significant .35 Bosman et a[?' 

suggest that the lack of selectivity is due to the flexibility of the dendrimers, thus 

resulting in a lack of spatial constraints. In addition, the use of bulky dendritic branches 

around the catalytic site lowers the turnover rate of the catalyst significantly, which may 

make the catalyst useless on a commercial level. 

There are two different synthetic approaches to the construction of dendri~ners.'~ 

Divergent synthesis is started with a multifunctional core molecule and each functionality 



is reacted with a molecule which also has functionalities. The new layer is then M e r  

reacted, and this is repeated working outwards in a three-dimensional pattern. 

Convergent synthesis starts at the periphery and ends at the core." Figure II-2 is a 

schematic representation of dendrimer synthesis. 

In the divergent synthesis, every reaction is performed on a single, growing 

centre. The result is that each reaction has to be very selective to avoid errors, which will 

be carried through to the ha l  molecule. The purity of the final dendrimer is governed by 

 statistic^.^' In the convergent method, there is a low number of reaction centres, resulting 

in a small number of side products that can be removed through purification at each step. 

The result is that the product of the convergent method can be considered defect-free. 



Figure 11-2: Schematic of the divergent synthesis of the dendrimer illustrated in figure 

II-I. The circles represent reactive centres on the dendrimer which will only react with 

the reactive sites on the monomer (squares). 



ii) Hyperbranched polymers. 

Hyperbranched polymers are similar to dendritic polymers, except there are fewer 

branch points within the polymer, which is a result of a mixture of linear and branching 

repeat units.47 Knauss and  lark^^ made use of a hyperbranched polyurethane- 

poly(ethy1ene glycol) to form a star polymer with a polyurethane core of approximately 

10 nm diameter, and a poly(ethy1ene glycol) corona. 

The difficulty involved in using either dendritic or hyperbranched polymers is that 

they are hard to control in terms of size and polydispersity!9 Flory has shown 

theoretically that the molecular weight and polydispesity of the sample increases to 

infinity when there is a high con~ersion.~ 

iii) Microemulsion polymerisation. 

Microemulsion polymerisation is another method to achieve polymer spheres. In 

this method, organic monomers are polymerised inside surfactant micelles. The resulting 

'latex7' particles are less than 100 nm in diameter." The particle size increases with an 

increase in monomer concentration, and/or a decrease in the surfactant con~entration.~~ 

This makes sense intuitively since, more monomer would act to swell the surfactant 

micelles, allowing more to react, and create larger particles. A decrease in the surfactant 

concentration will result in the same increase of monomer in each individual micelle. 

One of the problems with microemulsion polymerisation is the need for high 

surfactant concentrations to stabilise low polymer  concentration^.^' Another problem 



with microemulsion is that it tends to show varying polydispersity depending on the 

reaction conditions. A h a l  problem is that the molecular weight dispersion (MWD) 

tends to be broad (uw /urn = 3 - 6) due to the continuous particle nucleation. 

iv) Phase Segregation. 

Phase segregation in bulk phase block copolymers is the last technique to form 

nanospheres, not including the proposed method of using the solution self-assernb 1 y 

properties of block copolymers. In chapter one, the mixing of polymers was investigated, 

and it was seen that two different polymers tend not to mix. This remains true for block 

copolymers. The difference with block copolymers is that the two different polymers are 

covalently bound together, the result being that the polymers cannot segregate on a 

macroscopic scale. The polymers can only segregate on a microscopic scale, which 

results in regions of one polymer surrounded by a continuous phase of the other. 

Khandpur et studied the phase behaviour of ten polyisoprene-block-polystyrene (PI- 

6-PS) diblock copolymer samples with varying compositions which ranged fiom 0.24 to 

0.82 volume fkaction of PI (+I). They found five distinct microstructures: spheres, 

hexagonally packed cylinders, lamellae, hexagonally perforated layers and a bicontinuous 

cubic phase. The spheres of PI in PS occurred with br between 0.2 and 0.25. Spheres of 

PS in PI occurred at between 0.8 and 0.85. Thus for any diblock copolymer, by 

controlling the volume fraction of the two blocks, one can form spheres of one block in a 

continuous phase of the other. If the block, which forms the spheres, is cross-linkable, 

the spherical structure can be locked-in. Now with the introduction of a solvent good for 



the continuous phase, the spheres can be redissolved. The crosslinked block forms the 

core of the nanospheres, and the block, which was the continuous phase, forms the 

corona, and acts to solubilize the nanospheres. The Liu group has used this method to 

form nan~fibers.~~ This method can be extended to making spheres as shown by Ishizu 

and ~ n e n . ' ~  The problem with this technique is that the core is limited to the range given 

(i.e. 20-25 % of the polymer). This may cause problems if a large core is desired for 

loading large quantities as in the possible use for drug delivery or water re~nediation.~~ 

v) Self-Assembly. 

Self-assembly is the assembly of polymers which is induced with a change in the 

system. Traditionally the change is in either temperature, solvent composition, or 

concentration of the self-assembling species. A standard example is the increase of 

concentration of a small molecule surfactant to beyond the Mitical rnicelle concentration 

wbich induces the formation of micelles. This example is used in everyday life with 

detergents for cleaning dishes and laundry. Similarly, polymers will self-assemble to 

form structures. Diblock copolymers were discussed in Chapter I where their self- 

assembly in block selective solvents was introduced. This is another method of forming 

nanospheres. This method will not be explained in detail at the present time, since it is 

the basis of this research. Some past research on self-assembly of diblock copolymers in 

aqueous media has been reviewed separately by Chu and ~lexandridis .~~ S elf-assembly 

is not limited to aqueous media. A review of past self-assembly in organic media has 

been presented by Tuzar and ~ratochvil." 



b) Polymer Brushes 

Polymer brushes are long-chain polymer molecules that are anchored by one end 

to an interface with a high enough density of end attachments to force the remaining 

polymer to stretch away fiom the interface, into the solution. The interface, to which the 

polymer chains are attached, may be a solid substrate, the interface between two 

dissimilar liquids, or the interface between air and a solvent. For solid substrates, the end 

of the chain which is bound to the surface can be either chemically attached, or the chain 

can be of a chemical group which has favourable interactions with the surface, thus 

favouring adsorption." In a polymer brush, the insoluble block acts like a polymer melt 

at the interface, while the soluble block stretches into the solution phase like the bristles 

of a 

Polymer brushes are of use to protect colloidal particles fiom flocculation in a 

suspension. This is because, if the two brush layers are forced to overlap, they repel each 

other, causing the particles to move apart. The repulsive force between the brushes is due 

to the high osmotic pressure found within the brush.'' For these reasons, polymer 

brushes have been used in the past to stabilise latex and pigment particles.12 

i) Langmuir-Blodgett Films 

The Langrnuir-Blodgett deposition mechanism is the simplest method of fonning 

a monolayer on a substrateas6 Polymers self-organise at the interface between a solvent 

and air. They are encouraged to interlock by being pushed together. Then by dipping the 



substrate into or pulling it out of the solution, the monolayer of polymer is deposited on 

the substrate's surface." The orientation of the polymer on the substrate depends on the 

direction that it was moved through the liquid-air interface. 



Figure 11-3: A Langmuir-Blodgett trough to form polymer films on substrates. A) The 

deposition of molecules at the air-liquid interface. B) The alignment of the molecules 

through compression of the surface. C) The deposition of a monolayer of the molecules 

on a vertical substrate being removed fiom the liquid layer. (Adapted fkom Ulman [57], 

O 199 1, Academic Press) 



ii) Unimer Adsorption. 

Adsorption of individual polymer chains to form polymer brushes can be 

achieved by using either end-hctionalised homopolymers, or diblock copolymers. End- 

hctionalised polymers are used because the terminal functional group can adsorb to the 

interface and then be chemically bound to lock the brush in place. Diblocks are easier to 

use because one can utilise the different chemical properties of the blocks to cause one to 

adsorb onto the substrate. This method, utilising block copolymers, has been studied by a 

number of groups. 9,13,14.17-20 These studies were performed in solvents which were poor 

for one block but not for the other, thus encouraging the adsorption of the poor block 

onto the substrate. In all cases except Bosst et all4 the solutions that the brushes were 

formed fiom were below I mg/mL in concentrations. The low concentration was to 

ensure the absence of micelles (i-e. the solutions were below the concentration at which 

the micelles formed). Initially, the chains adsorb far apart from one another, and the 

polymer deposition is fast, being governed only by Brownian diffusion of the chains from 

the bulk solution to the substrate. Once the polymer chains start to overlap, a kinetic 

regime is entered. Now the dissolved polymer chains must overcome a potential barrier 

created by the chains already adsorbed to reach the surface and adsorb themselves. Now 

the adsorption is governed by the activation barrier, and the surface coverage. It is only 

in this latter regime that a brush forms. The formation of brushes from unirners in a 

single solvent can be explained by the scaling relation derived by Marques et aL21 for 

unimer adsorption in the van der Waals-buoy regime. 



iii) Micelle Adsorption. 

Polymer brushes can also be formed fkom the adsorption of micelles to an 

interface, and their subsequent disintegration to form a The formation of 

monolayers f?om micellar adsorption has grown increasingly popular over the past 

twenty years. Many groups have studied it. 9.1 1.21 38-68 

The adsorption of micelles to form brush layers, follows the van der Waals-buoy 

regime which was derived by Marques et a[.,'' and proven by Tao et a1." Micelles 

disintegrate to form brushes because a brush is energetically more stable than a micelle. 

The removal of the insoluble block f?om the solution phase lowers the enthalpy of the 

system due to the reduction in the number of unfavourable contacts between the insoluble 

block and the solvent molecules. In order for brushes to form, it is important for the 

polymer chains within the micelle to be sufficiently mobile to allow for the micelles to 

rearrange into a brush layer.17 If the micelles are too stable they will adsorb onto the 

substrate as intact micelles. 13'17 

c) Advantages to Micelle Precursors 

Dendrimers have been shown to have applications in similar areas to those which 

polymer micelles are being investigated. The advantage to micelles being that block 

copolymers are easier to synthesize and with crosslinking the micelles are just as stable. 



In addition, the core can be made hollow, which is not the case with dendrimers. A 

dendrimer relies on pores within its structure 

The advantage of using a diblock copolymer to form a polymer brush is that the 

binding energy between the insoluble copolymer and the substrate can be tuned to ensure 

brush formation. One of the disadvantages to using homopolymer unimers for brush 

formation is that the binding provided by a single end group may be too weak to tether a 

long chain. The achievement of high surface coverage has also been difficult. lo The 

advantage to using micelles in brush formation is that they can be caused to disintegrate 

to form brushes. 



2. Micelle Structure 

As discussed earlier, a diblock copolymer wil l  form micelles when dissolved in a 

block selective solvent. PS-b-PCEMA micelles are star-like if the block ratios are 

(corona/core) 2 9.0.' Zhang and Eisenberg have observed crew-cut nanospheres ikom 

PS-b-PAA with (corona/core) ratios of S 0.1." If the micelles are to be used as 

precursors to nanospheres, how the aggregation number and size change with the number 

of repeat units for each block is of importance. These relations have been the topic of a 

lot of study in the past. 6-8.71-79 

a) Theoretical Scaling Approach 

In a scaling approach, numerical coefficients are omitted so that only the 

underlying relations can be found." This is a powerfbl method for predicting trends. 

These relations are expressed as power laws. 

~ e i e r ~ '  was the first to propose a theoretical relation between aggregation number 

Cf), micelle core size (Rc) and block lengths of the core and corona block (n and rn 

respectively) in 1969. In the thirty years since, there have been a number of groups who 

have attempted to improve or postulate new relations. The commonality among all the 

theoretical approaches is that they start f?om the change in free energy of the system, 

which occurs when micelles form due to the association of individual unimers. The free 

energy is then minimised with respect to either f or Ra depending on which is of interest. 



Three different types of models have been proposed in the past. The first 

computes the fiee energy of micelle formation assuming uniform polymer concentration 

in both the core and the corona. Examples of this are given by Noolandi et aL7*, 

Nagarajan et and Leibler et Noolandi et considered the dominant 

contributions to the total &ee energy only. Nagarajan et and Leibler et 

determined a theoretical relationship by calculating f and Rc for model systems, while 

taking all the energy terms into consideration. 

The second type of model considered the core polymer segments to be of uniform 

density but the corona to be extended. This type includes the theories of Zhulina et aL6, 

Birshtein et a ~ . ~ ' ,  EIalperin7, and ~ a r ~ u e s . ' ~  The final model utilises self-consistent field 

theory to determine a detailed segment density profile within the micelle- Thus, the 

density is determined for both the core and the corona. Another difference with this 

method is that it assumes a di&e interfacial region whereas the other methods assume a 

sharp boundary between the core and the corona. This third method was utilised by van 

Lent and ~chuet jens,~~ and Hurter et A l l  of these models had a single form for the 

relations they were investigating:5 

II.1 f - m a n P  

and II.2 R, = my n" 

where a, p, y, and h are constants which vary depending on the theoretical model used. 

~ e i e r , ~ '  Whitmore et and Leibler et al." determined a, P, y, and h for the 

micellar structure dissolved in a homopolymer which has the same chemical identity as 



the corona block. This is not of interest here so will not be discussed M e r .  We are 

only concerned with block copolymer micelles, which form in small molecule solvents. 

Micelles can have two extremes; star micelles have corona block lengths much 

longer than the core block lengths. When the corona block is much shorter than the core 

block then crew-cut micelIes form. Thus, it is important to approach each type of micelle 

differently. For each of the scaling relations determined, it was found that P and A could 

be assumed to be zero. ~ a l ~ e r i n '  and Zhulina et aL6 examined star micelles and 

separately determined a and y to be 4/5 and 3/5 respectively. The other extreme (crew-cut 

micelles) was studied by de G ~ M ~ s , ~  who found a and y to be 1 and '/3 respectively. 

Noolandi and   on^^^ determined a and y for polystyrene-block-polybutadiene (PS-b-PB) 

in heptane, a O solvent for PB to be 0.90 and 0.64 which are intermediate between those 

of star and crew-cut micelles, even though they were looking at crew-cut micelles. 

b) Experimental Verification 

The question which arises is; how does one go about proving these relations? 

Many groups have attempted this in the past, some with more success than others. 8 1-88 

Bluhm and whitmore'' attempted to verify the relations determined by Noolandi and 

  on^^^. Bluhm and whitmore*' determined the radius of gyration (RG) of PS-6-PB 

micelles in heptane. Unfortunately since Rc is not easily related to R,, the comparison of 

the experimental data with those ofNoo1andi and  on^^^ was not conclusive. At around 

the same time Bahadur et published a study of polystyrene-block-polyisoprene (PS- 



bPI) in solvents selective for the PI block. McComeU et a ~ . ' ~  also studied PS-6-PI 

micelles. In both cases the PS weight hctions were very high (up to 7 1 %). Such high 

insoluble block weight fractions are more likely to cause the formation of cylindrical 

micelles or ~esicles.'~ Bahadur et saw abnormally hi& aggregation numbers, 

which may be attributed to the formation of cylindrical micelles. McConnell et aLg3 

observed sudden changes in aggregation numbers, which could be attributed to changes 

in micellar morphology fiom spheres to cylinders. As a result of these problems neither 

Bahadur et a1.72 nor McConnell et were able to verify the scaling relations. 

van Lent and ~cheut jens~~ introduced the concept of a spherical lattice and 

showed the aggregation number increased dramatically fiom 40 to 240 while the core 

block length increased fkom 30 to 80. Unfortunately, the curve was plotted as a linear 

fimction. The data were not given in the paper so it was not possible to re-plot the data 

on a logarithmic scale so no scaling relations could be obtained. Using the spherical 

lattice theory of Scheutjens, ~ i n s e ' ~  studied the aggregation number and hydrodynamic 

radius of Phonic  triblock copolymers and related diblock copolymers. For the triblocks, 

he found that the aggregation number was essentially constant at all block compositions 

(i.e. a = 0). The same held true for the hydrodynamic radius of the micelles. 

Xu et aL8* studied polystyrene-block-poly(ethy1ene oxide) (PS-b-PEO) micelles 

in water in an effort to test the scaling relations. It was not possible to determine micelle 

size or aggregation number since the micelles tended to aggregate together to form larger 

structures. The result being that no scaling relation could be verified. 



Antonietti et al? were successll in determining aggregation numbers for four 

pol ystyrene-block-pol y(viny1p yridine) (P S -b-P W) samples with PVP weight percents of 

less than 33%. They determined that with P kept as zero, a was between 1.5 and 2. This 

is larger than predicted by theory. Qin et also determined a to be in this range. For 

polystyrene-block-poly(methacry1ic acid) (PS-b-PMA), in 20% water in dioxane a was 

found to be 1.89 while was determined as -0.86. Similar to PS-b-PMA, Zhang et ~ 1 . ~ ~  

studied polystyrene-block-pol y(acry1ic acid) (P S- b-P AA) in pure water. No experimental 

values were determined forf; but the core radius (Rc) scaled with y = 0.40 and h = -0.15. 

The y value is in the same range as those predicted by the theoretical relations. Tao et 

a ~ . ~  have speculated that the reasons the three systems given in this paragraph do not 

correlate with theory is because they did not allow sufficient time for the micelles to 

reach equilibrium.5 They cite the chain exchange kinetics of PS-b-PAA micelles in water 

being slow as a prime example of the need for long equilibrium times. 

Using star micelles of polystyrene-block-poly(sodium acryl ate) (P S-b-P ANa), 

Khougaz et a1.8' determined f values. Their data had a large enough deviation, that they 

could be fitted inconclusively with an a of either 0.8 or 1. Similarly, Tao et al. used star 

micelles to test the theoretical studies.* Their study was an improvement on the previous 

studies because with the introduction o f  a cross-linkable chain, they could lock in the star 

micelle structure prior to analysis. Tao et a ~ . ~  used polystyrene-block-poly(2-cinnamoyl 

ethyl methacrylate) (PS-b-PCEMA), the PCEMA block formed the core of micelles in 

cyclopentane (CP), which could then be crosslinked. The crosslinked micelles could be 

separated from unimers. The advantage of this system is that the micelles cannot 



disintegrate, and a wider range of solvents can be used. In addition, with the removal of 

the unimers, there is a narrower distribution of size fkom which to determine f and Rc. 

The core block length scaled with f and Rc to the same order of magnitude as predicted by 

theory Unfortunately, the data were unable to make a distinction between the different 

theories. 

Wrster et al.'O have shown that a general relation can be used to explain the 

scaling of diblock, triblock, graft copolymers and small molecule surfactants. Their 

relation includes both the degree of polymerisation of the core and corona block such that 

a and p are 2 and -0.8 respectively. Combining the data fkom previous papers and their 

own research on polystyrene-block-poly(4-vinylpyridine), they found that the 

experimental values of a and P were 1.93 and -0.79, which was in close agreement with 

the proposed theory. The values for a and P are different fkom those proposed earlier 

because F6rster et al." were working in the super strong segregation limit (SSSL). The 

SSSL is where the chains in the microdomains are stretched to the limit of their contour 

length and the interface between the core and the corona is completely occupied by the 

junctions between block A and B, such that there is no place to incorporate more chains. 



3. Dynamics of Copolymer Micelles 

As seen in section one, the use of micelles is quite important for the preparation of 

polymer nanospheres and polymer brushes. If micelles are made fiom a block copolymer 

such that the block which makes the core can be crosslinked, then the structure can be 

locked in to form either star polymers or nanospheres depending on whether the core 

block or the corona block is longer. If the uncrosslinked micelles are brought into contact 

with a solid substrate, then the micelles can be adsorbed and subsequently disintegrate to 

form a polymer brush.I7 

In both the formation of nanospheres and the formation of a polymer brush, 

optimizing the relaxation rate of the micelles is very important. In the case of 

crosslinking micelles to form nanospheres, the micelles need to be stable on the time 

scale of the crosstinking so that the crosslinking 'locks in" the structure without 

perturbing it. Diblock copolymer micelles have been reported to have lifetimes on the 

order of hours or longer.80 The size ( r ad i~s )~  and number of "anns" (aggregation 

number)' of the micelle is dictated by the scaling relations discussed in section two. 

Provided that the crosslinking is fast compared to the exchange rate of the polymer chains 

in the micelle, then the structure of the nanosphere can be assumed to be the same as that 

of the micelle. 

Ding et al.13 saw that micelles adsorbed intact onto a silica surface if the 

tetrahydrofuran (THF)/ cyclopentane (CP) solvent mixture was greater than 92% CP. It 

was suggested that at such high CP contents the micelles were too stable to disintegrate to 



form a brush layer." The parameters which control the stability of the micelle are thus of 

utmost importance when using micelles as precursors to nanospheres, and polymer 

brushes. 

The question that needs to be answered is how to monitor the stability of a 

micelle. A micelle may change its size as a result of three mechanisms. The first is 

exchange with unimers in solution as mentioned in chapter one." The second is the 

breakdown of large micelles to form smaller ones via fis~ion,~~and the last mechanism is 

the formation of large micelles by the fusion of smaller ones.92 Of the three processes, 

Halperin and ~ l e x a n d d '  have argued that the first is the most significant. Thus, the 

more stable the micelle, the slower a unirner will be to either enter or leave the micelle. 

Conversely, a micelle is less stable if there is a fast exchange of mimers between the 

solution and the micelle. Theoreticians have approached this problem by examining the 

relaxation of a system, which has been perturbed slightly from its equilibrium state. Such 

shifts are normally performed by either a temperature jump (T-jump), or a minor solvent 

composition change. 92-95 The initial experiments were performed by introducing 

profound perturbations to a system such as inducing micellisation to a system which 

previously did not contain micelles. To understand the equilibrium interplay of micelles 

with unimers, the system much be as close to equilibrium conditions as possible.25 With 

this in mind, the time during which the change of conditions takes place (for example, the 

T-jump) much be much shorter than the micelle formation or decomposition time?2 To 

achieve this, researchers have turned to fluorescence techniques to study micelle chain 

exchange. 9 1,97,98 Fluorescence was initially used to study micelles and surfactants in 



aqueous media.g1 Yeung and ~ r a d ? ~  were one of the first groups to extend the use of 

fluorescence into the field of diblock copolymers in organic solvents- Fluorescence is a 

powerful tool which can be used for a variety of st~dies,~'  some of which include, the 

incorporation of small hydrophobic molecules in the core of the rnicelIe, 100-102 the 

determination of the critical micelle concentration (cmc), 103,104 and the investigation of 

the mobility of chains within the core of a m i ~ e l l e . ~ ~ ~ '  Fluorescence is ideal for these 

because, the fluorescence is dependant on the environment of the fluorophores. 

Parallel to the work done on low molecular weight surfactant 

mi~elles,~~~fluorescence can also be used to investigate the stability of polymer micelles 

as seen in the efforts of Wang et a1? and Prochazka et 0l.9' It was ~iu., '~'  in 1995 who 

proposed the experimental design and theory for a fluorescence experiment which would 

provide the equilibrium constants for unimer introduction into arid expulsion from a 

micelle. In a typical experiment, a diblock was divided into two samples, one was 

labelled with a fluorescence donor, and the other with a fluorescence acceptor. Each 

sample was dissolved to form separate micelle solutions of equal concentrations. The 

micelles were considered to be thermodynamically equivalent. The solutions were then 

mixed together, and as the chains were exchanged, there was a decrease in donor 

fluorescence intensity and an increase in acceptor intensity. The theory was proven 

experimentally by Smith and ~ i u ' ~  in 1996. 

To improve on this method, the chains labelled with either a donor or acceptor, 

are replaced with chains labelled with a single chromophore which either fluoresces on 

its own (monomer fluorescence), or combines with another chromophore to form an 



excimer which fluoresces at a different wavelength. This eliminates any effects due to 

the non-equivalence of a donor-labelled polymer versus an acceptor-labelled polymer. A 

certain amount of inequivalence remains due to labelled versus unlabelled polymer- 

A solution containing labelled micelles, will have a low monomer fluorescence, 

and a high excimer fluorescence. When mixed with a micelle solution of unlabelled 

chains, the monomer fluorescence intensity increases due to the dilution of the excited 

species in the core of the micelles. The increase in monomer fluorescence intensity can 

be monitored and fitted with a double exponential as predicted by Aniannson-Wall 

~heory.'~ The system is complex, and cannot be equated directly to the rate constants 

suggested by Aniannson and The data, however, are enough to perform a hereto 

unexplored systematic study of factors such as variation in temperature, solvent 

composition, and diblock composition which afCect the stability of micelles. 



4. Polymer Structures as Inorganic Templates 

The idea of using organic polymer mesophasic structures as templates for 

inorganic nanoparticles is not a new one. There are many cases where inorganic particles 

have been made in the core of diblock mice~es,~~~-"~dendrimers, 115-1 18 in diblock 

sofids, 119-121 and in the water pools of reverse micelles, 122,123 or vesicles. IZ4 Mesophasic 

structures have also been used as templates for the formation of mesoporous 

alurnin~silicate,~~~ and semiconductor solids.'26 This is in fact, a large field. Here, the 

focus will be on the use of polymer structures in the preparation of magnetic 

nanoparticles and catalytic nanoparticles. 

a) Magnetic Nanoparticles 

Nanoscale magnetic materials are of great interest because of the dramatic change 

in physical properties which occurs when the particle size approaches the critical length 

governing the physical property of intere~t.'~' In the case of magnetism, as the particle 

size decreases below the single domain value, the particle becomes s ~ ~ e r ~ a r a m a ~ n e t i c . ~ ~ ~  

In ferromagnets, after being subjected to a magnetic field, a residual magnetic moment 

remains in the particle when the field is removed. With a superparamagnet, this is not the 

case. It is referred to as superparamagnetism because the particle behaves like a 

paramagnet but with a much larger spin moment. For y-Fe2O3 the critical size which 

defines a single domain is 166 nm.12' 



Magnetic gels have been the subject of intense research in the past because of 

their potential applications in medical diagnostics. Ziolo et aLL2* synthesized a new 

magnetic material of y-Fez03 in a polymer matrix. They demonstrated 

superparamagnetism for particle sizes below 10 nm. Kroll and Winnik also prepared y- 

Fez03 in a gel matrix.129 The gel created was isolated in the form of spherical beads that 

were superparamagnetic and stable at room temperature.129 Breulmann and CBlfen made 

a magnetic mineral-polymer composite.'M They formed a gel in which the size of the 

pores could be tuned to the desired application.130 

Thin films containing iron oxides are of interest because of their possible 

applications in the production of catalysts, sensors, or their uses in non-linear optics and 

magnetic devices. A number of different groups have investigated the formation of iron- 

filled thin films. Armelao et ~ l . ' ~ '  utilised a sol-gel technique to obtain a-Fe203, 

nanostructured thin films, with superparamagnetic properties. Whm& et a I. 13' prepared 

polyacrylic acid (PAA) pore filled polypropylene (PP) membranes and then filled the 

pores with 5Fe2O3.9H20. The resulting nano-needle shaped magnetic particles were 

shown to be superparamagnetic. Liu et al. I" also attempted this. Instead of using grafted 

PAA inside PP membranes, they synthesized a membrane from bulk poly(tert-butyl 

acry1ate)-block-poly(2-cinnamo ylethyl methacrylate) (PtB A-6-P CEMA) where the P tB A 

formed cylindrical domains. On hydrolysis of the tBu ester group to a carboxylic acid, 

channels were formed. Once formed, the channels were filled with Fe(I1) and oxidised to 

form y-Fe203. 



Surfactant vesicles are like small microreactors and may provide both an 

environment for synthesising magnetic particles and a way of controlling the size of the 

particle formed. The encapsulation of magnetic particles in vesicles is also of interest for 

studies of intact biological systems.l" An example of their utility is as magnetic dmg 

carriers.134 By applying a magnetic field to a localized disease, one could isolate the 

distribution of drugs to the infected area Mann et al. IWr3' studied the use of 

phosphatidylcholine vesicles loaded with magnetite. Reed, and ~endler'~' used surfact ant 

vesicles to control the formation of Fe304 nanoparticles. Although they were using 

surfactants and not polymers, the fact that diblock copolymers can act like surfactants 

suggests that this technique can be extended to use with polymers. 

The problem with vesicles is that they can be difficult to form with a diblock 

copolymer and they can disintegrate with a change in solvent conditions. Thus, the use 

of polymer nano- and microspheres is more desirable. Winnik et all3* used macroporous 

crosslinked poly(diviny1benzene) microspheres and loaded them with up to 19% iron per 

total weight. This is proof that the pores within the polymer spheres can be used to form 

magnetic domains. 

b) Catalytic Nanoparticles 

Nanoclusters of catalytic metals such as palladium (F'd) or platinum (Pt) are of 

importance because they possess interesting catalytic properties. Often the properties are 

intermediate between the bulk and atomic properties. Similar to magnetic nanoparticles, 



catalytic nanoparticles can be made using polymer nanostructures as templates. A lot of 

the literature deals with the catalytic moiety being bound to the outside of a polymer 

bead. This will not be discussed here. The present study concentrates on the use of 

polymers as templates, as opposed to just binding the inorganic component to the 

polymer surface. Hirai et al.I3' describe a common synthesis where palladium 

nanoparticles are prepared in situ and then a polymer is adsorbed onto the surface to 

prevent coagulation and precipitation. This is not an example of template synthesis, 

although it is an example of a polymer-supported catalyst. 

In the previous section, it was seen that diblock copolymer films could be used for 

template synthesis of magnetic particles. The same holds true for palladium nanoclusters. 

Ciebien et al. 1407141 synthesized palladium nanoclusters within a rnicrophase separated 

diblock copolymer film. This is similar to the work done by Liu et The use of 

diblock copolymers results in nearly monodisperse clusters. The only draw-back that 

Ciebien et a2.l" discovered was that diffusion of a reactant through the polymer to the 

catalytic surface was the rate determining step in catalytic reactions performed with the 

polymer coated catalysts. 

Spatz et al.'" used an A-B block copolymer where the B block was capable of 

binding metals. Thus, when the polymer forms rnicelles with the B block forming the 

core, there will be a selective adsorption of Pd into the core. Once the micelles were 

formed, Spatz et attempted to cast an ultrathin film using the theory discussed here 

in section lb. The result was a thin layer of the B block containing the adsorbed metal 

and a brush layer of the A block. This work is of interest because it shows that micelles 



can be formed which will preferentially adsorb a metal into their core. The problem lies 

in the A block being hydrophobic. The micelle-supported catalysts can only be used in 

nonpolar solvents. 

Other examples of micelles used for the synthesis and stabilisation of noble metd 

colloids include Antonietti et a~.,'~' Klingelhtifer et a1.'12 and Seregina et al. I 

Beyond using micelles, one can use dendrimers to synthesize metallic 

nanoclusters. Dendrimers are more stable to changes in solvent than micelles. Balogh 

and ~omalia,"~ used dendrimers as templates for the synthesis of copper (0). Copper 

nanoclusters tend to aggregate rapidly. ' I6  in situ synthesis of copper nanoclusters within 

the dendrimer avoids the aggregation problem. Zhao et al. 11Sy"6 showed that they could 

encapsulate Pd and Pt into dendrimers and the subsequent nanoparticles could be used for 

catalytic hydrogenation reactions. 

c) Advantages of Triblock Nanospheres 

The advantage to using polymer nanospheres and dendrimers as templates over 

other systems is in the stability of the polymer structure. It is possible to create inorganic 

particles the same size as the template without the concern of the template collapsing. 

Crosslinked triblock nanospheres have the advantage over dendrimers because, as 

discussed earlier in the chapter, dendrirners are harder to synthesize with narrow size 

distributions and distinct functionalities. 



Considering the many methods for making nanospheres and brushes, the simplest 

is through a micelle precursor. Each structure has opposite requirements with respect to 

the stability of that precursor. Nanospheres need the micelles to be stable on the time 

frame of minutes, while the crosslinking reaction occurs. The polymers used currently in 

the Liu group all utilise W photocrosslinking, which takes between 15 and 60 minutes. 

As the crosslinking density within the micelle increases, the relaxation time of the micelle 

increases. This means that with crosslinking, the micelle becomes more stable, until the 

cross-linking density becomes high enough, that now unimer exchange takes place and 

the structure is locked-in. Brushes, on the other hand need micelles that are unstable, so 

that the micelles will disintegrate to form the brush. The relaxation time of a micelle, 

which indicates its stability, increases with an increase in the molar mass of the parent 

polymer. Thus, as the polymer gets larger, the micelle becomes more stable. This must 

be taken into account depending on the application that the micelle is to be used for. 

Based on the previous results by Smith and ~iu;' it was decided that a study of 

the stability of micelles was needed. The study will use fluorescence methods to look at 

the unimer/micelle exchange for PS-b-PCEMA in THF/CP mixtures. Such factors as 

solvent composition, temperature, and block length will be investigated to determine their 

effects on micelle stability. 

If micelles are to be used as precursors to nanospheres then it is essential to 

determine the relation between polymer block Lengths and the size and aggregation 



number of the micelle because these parameters are carried over to the resultant 

nanosphere. ~a l~e r in , '  de ~ e n n e s , ~  Noolandi and   on^^^ and Bulina et al! have all put 

forward theories for these scaling relations. Tao et aLI2 made an attempt to verify these 

relations using crosslinked PS-b-PCEMA micelles. Unfortunately, their data were 

inconclusive. Using a larger range of polymers this research will continue where Tao et 

al. left off and determine experimentally which scaling relation holds true for PS-6- 

PCEMA star micelles. 

Nanospheres are not a means to an end, they are usually the first step toward a 

material application. With this in mind, the information obtained fkom the first two parts 

of the research will be extended to the use of crosslinked triblock copolymer nanospheres 

as possible templates for inorganic nanoparticles. 



Chapter III General Methods 

1. Introduction 

An important aspect to this research is the characterization of the polymers and 

the nanostructures formed £?om them. With small organic molecules, such as monomers, 

the chemical structure is relatively simple and can be deduced by using such techniques 

as mass spectroscopy, nuclear magnetic resonance, ultra-violet/visible spectroscopy, and 

inf?ared spectroscopy. Polymers are not as simple to identi& and characterize. Often, 

the monomers used for a polymer can be attached in different combinations, resulting in 

polymers with different characteristics. An example is a substituted vinyl monomer, as 

shown in figure III-I, it can produce isotactic, syndiotactic or atactic polymers. The 

tacticities represent stereoisomers. The stereochemistry during propagation of the 

polymer determined the tacticity of the final product. The reactive site for free-radical, 

anionic and cationic polymerisation is sp2-hybridized. An sp2 centre is planar. Whether 

the next monomer adds fiom the top or bottom of the sp2 plane determines the orientation 

of substituent groups. Isotactic polymers have similar groups on alternating sides of the 



polymer, while syndiotactic polymers have similar groups alI on the same side of the 

polymer. Atactic polymers are a random distribution of substituent groups. 

Figure III-1: Illustration of the different tacticities available using a di-substituted 

ethylene monomer, CH2=CAB. A) Isotactic. B) Syndiotactic. C) Atactic. 

Another example of how the same monomer can be polymerised to produce 

different polymers is isoprene. Isoprene, depending on the conditions can polymerise via 

a 1,2 addition, 3,4 addition or 1,4 addition. Polyisoprene can even incorporate differing 

amounts of these addition products within the same chain. 



Figure Ill-2: The addition products of isoprene. A) cis- 1,4-addition. B) 1,2-addition. 

C) 3,4-addition. D) trans- 1,4-addition. 

The variations in the substructure of a polymer chain make characterization more 

difficult than for the analogous small molecules. Likewise, a nanostructure will be more 

complicated than the parent polymer chain. With this in mind, the following chapter has 

been divided into three parts, the characterization of the polymer chains, the 

characterization of the nanostructures, and the use of fluorescence spectroscopy to probe 

the structure of polymer micelles. 



2. Characterization of Polymer 

When characterizing a polymer there are two questions. The first is, 'What is the 

chemical composition of this polymer?" The second is, 'What is the size/size 

distribution of the polymer?" The first is a standard question in chemistry and is usually 

answered using spectroscopic techniques. The second question is unique to 

macromolecular chemistry where reactions may not go to 100% completion, and the 

products are not necessarily separable. Anionic polymerisation can be considered 

polymerisation without termination. To understand the molar mass distribution, the rate 

that a molecule of monomer is added to an active centre must be examined. Upon 

solving for the number of species with 1,2,3.. . up to x molecules of monomer, it can be 

seen that the polymer formed has a Poisson distribution of molar mass. 

This section has been sub-divided, such that it will identify the spectroscopic 

techniques used to determine the chemical composition first, followed by the techniques 

used to determine the size and size distribution of the polymer. 

a) Proton Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy can be used to determine the 

connectivity of atoms, and the environments in which they occur. Unfortunately, this 

method is limited in which elements it can identifl. Most usually, NMR is used to 

characterize compounds that contain 'H, 13c, "P, and 'F. For organic polymers, this is 



still a very strong tool in determining the connectivity of the polymer. For example: 

determining which addition products are present in polyisoprene. NMR can also be used 

for determining the relative amount of different blocks in a block copolymer. NMR, 

although straight-forward, is somewhat different for polymers than for small organic 

molecules. The long chains act differently in solution. Some of the theory of NMR will 

be discussed here, with an emphasis on the aspects which differ Eoom the NMR of nonnal 

small organic molecules. 

When the spin quantum number (I) of a nucleus is nonzero (I#O if either the 

atomic number or the mass number of the atom is not even), the nucleus spins on its 

axis.'" A spinning charge generates a magnetic field; thus, the nucleus has a magnetic 

moment. The nucleus has 21+1 degenerate magnetic energy levels. When the nucleus is 

placed in an external magnetic field (Boy directed along the z-axis), the energy levels are 

separated and have populations, which are described by the Boltzmann distribution 

fimction? The nuclei do not align themselves with B,, instead they precess around the z- 

axis at a characteristic frequency (the Larmor fkequency).'" Nuclei precess at different 

frequencies depending on the type of nucleus and the differences in its bonding, and 

position in the molecule.'" If the nuclei are irradiated with a radio fiequency (RF) pulse 

which has the same f?equency as the Lannor fiequency then resonance occurs. 

Resonance is where the z-component of the nucleus' magnetic moment is rotated into the 

 lane.^ Resonance occurs at different RF for similar nuclei in dissimilar magnetic 

environments. The electrons, also possessing a charge, precess in the B, field. Electron 

precession opposes the direction of B,, causing a shielding of the nucleus. The result is 



the nucleus experiencing a local magnetic field @3. The local field changes the Larmor 

frequency of the nucleus, resulting in a different resonance frequency. 

Most modern NMR instruments use Fourier transform techniques. The sample is 

placed in a uniform magnetic field (B,), that is then irradiated with an RF pulse, exciting 

all the Larmor frequencies. The magnetic moments of all the nuclei being examined 

(typically either 'H or 13c) rn rotated to the xy-plane. Each nucleus then undergoes fkee 

induction decay @ID) as it relaxes to its equilibrium state. The FID is measured and a 

Fourier transform converts it fkom a signal in the time domain to the fkequency 

domain.i44 In most cases, many signals must be obtained to get a spectrum with a high 

signal-to-noise ratio. 

Proton NMR examines the resonance fkequencies of protons. The different 

environments of the protons in the molecule lead to different Larmor fkequencies. The 

differences in frequencies are known as chemical shifts. Protons next to electronegative 

groups have fewer electrons surrounding them and so are less shielded fkom B,.'~' The 

result is a shift to higher fiequencies. Chemical shifts can be used to identify certain 

groups within the molecule. This can be done because the chemical shifts are expressed 

on the &scale which is independent of B,. The chemical shifts are usually compared to 

tetramethylsilane (TMS), which is given the value 0 ppm. Chemical shifts for particular 

groups (e.g. phenyl protons) in polymers do not vary significantly fiom those in small 

organic molecules,'" thus the spectra of polymers are analogous to those of the 

equivalent small molecules (e-g. ethyl ortho formate and poly(vinylethy1 ether)). The 



spectrum of the polymer however, will have broader lines due to the slower motions of 

the large molecules in solution as well as other structural complexities. 

Line splitting is due to the process of indirect or scalar coupling. Scalar coupling 

is where the spin state information is transmitted through covalent bonds.'" If a nucleus 

has N equivalently coupled neighbours, its resonance is split into N+l lines whose 

weighting are determined by statistical  consideration^.^" Scalar coupling can be used to 

determine the connectivity of the molecule. The splitting in the polymer fkequencies is 

similar to those in analogous small molecules. Neighbouring nuclei have magnetic 

dipoles which can effect a nucleus. For small molecules in solution, the magnetic dipoles 

cancel to zero net dipole due to Brownian motion which can rapidly change the relative 

orientations of the molecules with respect to one another. For polymers, the motions of 

chains are slower, resulting in the net dipole being non-zero. The result is a broadening 

of the resonance peaks up to 10-50 Hz. 146 Broadening can mask splitting patterns and 

intensities. 

It was mentioned above, that the signal comes £iom the relaxation of the 

molecule's magnetic field fkom the xy-plane t o  its equilibrium position (the FID). The 

decay occurs via two mechanisms, spin-lattice relaxation and spin-spin relaxation. Spin- 

lattice relaxation is the dominant mechanism and is characterized by the relaxation time, 

or depending on the nucleus being examined.'" In I = !4 systems, spin-lattice 

relaxation refers to the relaxation of the magnetic field through dipole-dipole interactions 

with the other molecules in the sample (the "lattice"). The dipole-dipole interactions 

occur because of molecular  motion^.'^ Macromolecules move slower than smaller 



molecules, thus relaxation times are longer in polymer NMR. The magnitude of the 

relaxation time determines the rate at which a sample can be pulsed and retain intensity 

fidelity.'44 The delay time is the time needed for relaxation before performing another 

pulse cycle. The delay time in polymer NMR is approximately 45 seconds (varies for 

different systems), whereas the delay time for small molecule NMR is on the order of a 

few seconds. 

As stated p~eviously, there are many similarities between small molecule and 

polymer NMR experiments. There are also some significant differences. The most 

obvious difference is the larger line widths of the signals in a polymer spectrum. A 

number of parameters can be adjusted to produce spectra with narrower line widths. One 

of these adjustments is the dilution of the polymer to decrease viscosity and increase 

polymer mobility. 

Solution 'H-NMR is an important technique for three reasons. First, it can be 

used to determine chemical connectivities and verify chemical reactions. Second, NMR 

can be used to determine block ratios in block copolymers. Finallyy it can be used to 

determine amounts of polymerisation products. For example, it can be used to determine 

the relative amounts of 1,2-addition, 3,4-addition, trans- 1,4-addition and cis- 1,4-addition 

products in polyisoprene. 
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Figure III-3: The magnetization of a sample of spin-% nuclei. A) In the absence 

of an external magnetic field, the spins are random about the z-axis. B) In the presence 

of an external field, the net magnetization is in the positive z-direction. C) After a 

perpendicular RF pulse, the spins are rotated into the xy-plane. 



b) Gel Permeation Chromatography 

Average molar masses can be determined by a number of methods, resulting in 

values for both number average and weight average molar masses (p, , Uw). Once 

these are known, the polydispersity of the polymer sample can be determined (i.e. 

- - 
M, l M,). This may not be enough and more complete information about the molar mass 

distribution (MMD) may be required.' One way to obtain this information is to 

kactionate the polymer into a number of fkactions of narrow MMD. Fractionation is 

achieved by using size exclusion chromatography (SEC). Gel permeation 

chromatography (GPC) is a type of SEC. In GPC, a dilute polymer solution is injected 

into the head of a chromatography column and is carried down the column by a solvent 

stream (i-e. GPC is a form of liquid chromatography). The column is packed with a 

porous gel. The pore size of the gel is a critical parameter for the separation, and is 

typically chosen between 5 run and 1 p . 1 4 '  The solvent is much smaller than the pores 

so it can enter them. The result is that it has a long flow-path. The solvent cames the 

polymer with it where possible. Small polymer molecules can enter some of the pores, so 

they have long flow-paths too. The larger polymer molecules are excluded fiom the 

smaller pores, so their flow path is shorter.'47 The result is that the polymer elutes &om 

the column in order of decreasing molar mass. Separation by size-exclusion assumes that 

there are no interactions between the porous gel and the polymer. The only property 

leading to the different elution times is the tortuosity of the path that the polymer must 

take. The volume required to elute a particular polymer species (V,) is the sum of the 



void volume (the volume surrounding the gel) and a fraction of the internal volume (the 

volume of solvent inside the pores), which is visited by the polymer species. At the flow 

rates typically used in GPC, the polymer has time to diffise in and out of the pores, so 

equilibrium conditions are satisfied- This being the case, the fraction of the internal 

volume visited by the polymer can be given by an equilibrium constant (K,=c~Jc~~~ 

where ci, and c,, are the concentrations of the polymer inside and outside the pores). 

From therxnodynamics, Kse can be equated to the Gibbs energy for permeation into the 

pores (AGpO). In size exclusion chromatography, the enthalpy associated with entering 

the pores must be zero, thus giving AGp4-,TASp0. An expression for TASpO in terrns of 

molecular dimensions can be derived, which results in an expression for the elution 

volume of the polymer which can be seen to decrease approximately linearly with the log 

of the molecule size (in a sphere, the size is expressed as the diameter, in a rod it is the 

length). If the molecular size of the polymer molecule in solution is taken as its 

hydrodynamic volume, then using the Mark-Houwink equation it can be seen that a 

calibration plot of log M against V, should be approximately linear. The column can be 

calibrated with standards of known molar mass, the elution volume can be used to 

determine the unknown molar mass of a polymer. 
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Figure III-4: Schematic of the inside of a GPC column. The column is packed 

with porous beads, through which the solute must pass. Small polymers (shown bottom 

left) will fit into the pores of the beads, and thus will take longer to elute than larger 

polymers which have only portions finiag into the pores (bottom right). 

The eluant is monitored continuously, and the chromatogram obtained can be 

either concentration versus elution volume, or it can be converted to concentration versus 

elution time. With the help of a computer, the GPC chromatogram is converted to a 

weight fkaction MMD which is the weight &action as a fimction of the molar mass. From 

the weight fiaction MMD any molar mass average can be determined (i.e. u,, , a., and 

).I  The determination of the molar mass is not the primary function of the GPC. 

GPC data are more valuable for providing a complete molar mass distribution of the 

polymer. The chromatogram can show the presence of bimodal distributions, low 



molecular weight tailing, and high or low mass shoulders. Using GPC one can 

understand the distribution of the polymer and relate that to other observed properties. 

c) Static Light Scattering 

NMR is a good method for determining relative amounts of different chemical 

species, but does not provide absolute quantities. GPC is only able to give accurate 

molecular weights if it is calibrated with standards that are the same species as the sample 

in question and of a similar size. For specialized polymers, this is not possible. In 

general, the GPC is calibrated with PS standards, so the molecular weight determined is 

not accurate. Thus a method is needed that can provide accurate molecular weights for 

the polymer. Once determined, the molecular weight can be used to determine the chain 

length of the polymer, which is an important property in materials chemistry. The 

preferred method used for molecular weight determination is static light scattering (SLS). 

The interaction of electromagnetic radiation with a molecule results in either the 

absorption or scattering of the radiation. In static light scattering, the electromagnetic 

radiation is visible light provided by a laser, and the interaction with the molecule results 

in elastic scattering. Scattering is due to the oscillating electromagnetic field inducing an 

oscillating dipole in the molecule.148 An oscillating dipole is a source of electromagnetic 

radiation, so the molecule emits "scattered'' light in all directions. Rayleigh developed a 

theory for light scattering from small molecules (assuming them to be point scatterers), 

which stated: 



where c is the concentration of the solute (g/mL), B is the 2"* virial coefficient, is the 

Rayleigh ratio and K is the optical constant, 1,148,149 

II 

The Rayleigh ratio is the reduced relative scattering intensity. The optical 

constant contains the refiactive index of the solvent (no), the wavelength of the incident 

beam (k) and the refkactive index increment.' The refiactive index increment describes 

how the refractive index of the solution changes with polymer con~entration.~" One of 

the assumptions of Rayleigh's theory was that the molecules are small (cW20) compared 

to the wavelength of light.150 Debye extended the theory to large particles (e.g. 

polymers). The problem with large particles is that they are no longer point scatterers, 

and the light scattered from one point in the molecule may interfere with the light 

scattered from another point in the same molecule. The Rayleigh expression can be 

modified with the addition of a particle scattering function; 1,148,149 

Debye showed that P(0) depends on the shape of the scatterers and derived an expression 

for when the scatterers are Gaussian coils. Debye's expression related P(0) to the mean- 

square radius of gyration (&) and the scattering vector (q), where 0 is the scattering 

angle. ' 



Guiner recognized that P(B) becomes independent of shape as 8 approaches zero 

and obtained a shape-independent expression for P(8), resulting in the expression for 

light scattering; 

Light scattering can be performed with a number of concentrations over a number 

of angles. Using the above expression, Kc/dRe can be plotted versus sin2(8/2) +kc where 

k is a constant to separate the lines. The graph obtained (refmed to as a Zimm plot) 

resembles a grid with lines joining constant concentrations and lines joining points with 

the same value of 8. If the data are extrapolated to 8=0 then the intercept of the 

corresponding line is 1/Gw. If the data are extrapolated to zero concentration, then the 

slope of the resulting line will yield RG. This method is called static Iight scattering to 

differentiate it fiom dynamic light scattering, which will be discussed later. 

This method of determining aw is accurate over a broad range of weights. The 

upper limit corresponds to dimensions approaching V2 where complete destructive 

interference fiom different parts of the same molecule occurs.' For most light scattering 

instnunents, this limit corresponds to approximately 200 nrn. When the sample being 

studied approaches the size limit, there is an increasing amount of interference between 

scattering ftom different parts of the same particle. This interference is angle dependent 



and is a minim= when 8=0. Thus, to minimize interference problems in large particles, 

small (low) angles are usually used. 

Static light scattering is a powerful technique. It can be used to determine the 

Mw of a polymer as well as the pw and & of a polymer nanostructure. 



Figure III-5: Example of a Zimm plot for PS-b -PCEMA. The shaded spheres 
represent the data obtained for different concentrations (the vertical rows) at different 
concentrations (the horizontal rows). The crosses represent the extrapolation of the 
data to zero concentration (the vertical row) and zero angle (the horizontal row). 



3. Characterization of Nanospheres 

When making nanostructures using polymer self-assembly, the first question we 

ask is "What is the shape and size of the nanostructure?" Once we have identified that 

we have achieved the desired shape, size and size distribution, we often perform chemical 

manipulations on the firnctional groups present in the nanostructure. h example of this 

is the crosslinking of the PCEMA double bonds to lock in the structure. We need to 

monitor the progress of this reaction. Usually this can be done using spectroscopic 

techniques. This section has been sub-divided, first the techniques used to determine size 

and shape of a nanostructure will be discussed, followed by the techniques used to follow 

the hctionalization of the nanostructures. 

a) Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a technique for imaging materials 

down to atornic limits. 1513152 TEM depends on differences in nucleus and core electron 

densities within a sample to reveal morphological information. A beam of electrons is 

directed at a thin sample. The beam is scattered as the electrons pass through the sample. 

The amount of scattering is what causes contrast in TEM images. The images are like 

shadows, which result fkom the loss of electrons due to scattering. The Rayleigh criterion 

for light microscopy stated that the smallest distance that can be resolved is 

approximately half the wavelength of the light used. Electrons have wave-like 



characteristicsy and their wavelengths are related to their energies. For a 100 keV 

electron, the wavelength is approximately 0.004 nrn, which results in a resolution of 

0.002 ~ 1 . ~  Although we can't achieve such high resolutions due to mechanical 

difficulties, electrons can be used to examine details on a much smaller scale than light 

microscopy. Typical resolutions are better than 0.5 nm.ls3 
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Figure III-6: Illustration of how TEM images a 3D object in 2D. The image 

should be darker where the sample is thicker. This is not always observed in practical 

situations. 

An electron microscope can produce atomic level images, can generate a variety 

of signals which can be used to identify the sample, and the image is always in focus 

(despite the shape of the surface)? Most typically in polymer chemistry, TEM is used to 

examine the morphology of the polymer. 



TEM samples can be prepared in a number of ways. In the studies presented here, 

liquid samples were aspirated onto a carbon coated copper mesh, the solvent evaporated 

and the polymer was left on the mesh. The mesh was mounted in the microscope 

between the electron source and the detector. The sample chamber was evacuated to 

remove any molecuies that could adhere to the surface of the sample and affect the 

image. The electron beam was directed onto the sample, passed through and was 

collected at the detector beneath the sample. The 3D sample was rendered as a 2D 

image. The image contrast comes from the difference in scattering of the electrons by 

different regions of the sample. Different atoms scatter the electrons to differing extents. 

In the experiments discussed here, the poly(2-cinnamoylethyl-methacrylate) (PCEMA) 

and polyisoprene (PI) double bonds can be stained with osrnium tetraoxide.'" The 

osmium is a heavy atom with lots of core electrons and a large nucleus to scatter the 

electron beam, the result is that the PCEMA block appears darker in the TEM pictures. 

Likewise, iron and palladium form good images. Their large nuclei cause the electron 

beam to be strongly scattered resulting in a dark image of the iron or palladium structure. 

b) Dynamic Light Scattering 

The structures observed in TEM are dry, and their properties may change in 

solution. Also, it is not convenient to measure the size of particles directly .from the TEM 

images, because the number obtained would be limited to the small sample size selected 

and measured. For these reasons, dynamic light scattering (DLS) can be used. Dynamic 



light scattering measures the light scattered by a particle as it moves in and out of the 

path of the detector. It provides an averaged hydrodynamic radius of the particles in 

solution. 

Dynamic light scattering techniques can be divided into two groups; those that use 

photon correlation to measure the fiequency distribution of the scattered light and those 

that directly measure the frequency distribution with a monochromator placed between 

the sample and the detector. 15' Thus, photocorrelation spectroscopy (PCS) is a specific 

method of performing dynamic light scattering (DLS). It is the fiequency shifts which 

provide the information needed to determine the diffusion of molecules in solution. In 

DLS, the time-averaged intensity of the scattered radiation is measured. A lot of 

information can be obtained fiom examining the real-time motion of the solute molecules 

(i.e. polymers). In solution, the polymers move randomly and it is possible to monitor 

this motion by recording the real-time fluctuations in the intensity of scattered light 

reaching the detector. As described previously, light will be scattered by a molecule if 

the molecule has a polarizability different &om its surroundings. Light induces an 

oscillating dipole moment in the molecule with emits radiation in all directions.L56 Since 

the total light scattered is due to the scattering of a number of molecules, it is the sum of 

the light scattered fiom each molecule. The molecules occupy different places in the 

sample, so the scattered light will have different phases as it reaches the detector.lS6 The 

phases of the light reaching the detector change with time due to the movement of the 

molecules. Consequently, the sum of the individual components varies with time. This 

variation averages to zero in static scattering methods, but in dynamic methods, where 



the instantaneous light intensity is measured, the fluctuation results in the intensity 

fluctuating between zero and approximately twice its average value.'56 The time required 

for a fluctuation between these extremes can be considered the time required for two 

molecules to move far enough apart to change their relative phases by 180°. The 

fluctuation time depends on the scattering angle and the size of the molecule.156 The 

magnitude and frequency of the intensity fluctuations increases as the size of the volume 

element observed decreases. For smaller volumes, there is less chance of the light 

scattered fkom two molecules will interfere destructively when it reaches the detector. 

For this reason, the instrumentation is designed so that the scattered light entering the 

detector can be considered to have come fiom a single point in the solution.' The total 

number of photons entering the detector in a given time interval (usually 50 ns to 100 p) 

are counted, and the process is repeated over the total observation time (usually > 3 min). 

The data is recorded and analyzed by a digital correlator interfaced to a computer. The 

time interval between successive photon countings is the sample time At, and the time 

between any two photon comtings (not necessarily consecutive) is their correlation time, 

2. The sample time must be chosen so that it is much smaller than the time fiame of the 

fluctuations. If z is only a few multiples of At then the corresponding photon counts are 

not correlated. The normalization autocorrelation function (jg(')(~)) of the scattering 

intensity is a function of the intensity and the correlation time. The correlator evaluates 

g(')(z) for a number of values for T fiom the photon countings. The autocorrelation 

function is found to decay exponentially with increasing z. The logarithm of g(')(z) is 

fitted using a method of c~mulants;~ 



III.C ~nk(')(t)J= L -K,= +x&.r2 +... 

where K1 is related to the z-average diffbsion coefficient by 

m.7 K, = (D) - 

Here, q is the scattering wave vector as described in equation m.4 for SLS. 

Stoke's law states: 14' 

where kT is the thermal energy, and q is the viscosity of the solvent. Thus the z-average 

hydrodynamic radius, Rh, can be obtained fiom <D>~.' The method of cumulants also 

gives an indication of the size distribution of the analyte being studied from the ratio of 

the coefficients; PD=K2/KI. 157,158 

c) Ultra-violetNisible Spectroscopy 

The ultra-violet and visible regions lie between 190 nm and 800 nm. UV-visible 

light is high energy and can promote electronic transitions in molecules. The absorbed 

energy causes electrons to be excited into higher molecular orbitals. An example is 

formaldehyde which has a non-bonding HOMO and an antibonding (n*) LUMO.'~' In 

the W-visible region, formaldehyde can absorb energy at either 355 nm to excite an 

electron into a singlet K*, or at 397 nrn to excite the electron into a triplet x*.15' The fact 

that certain chemical groups absorb energy in the W-visible region, makes this an ideal 

way to monitor their presence. The Beer-Lambert law shows that the absorbance of a 



specific wavelength of light is directly proportional to the concentration of the absorbing 

species. This is used to follow the cross-linking procedure in later chapters. 

IH.9 Abs. = d c  

Where A h .  Is the absorbance, E is the molar absorptivity, L is the pathlength and c is the 

concentration of the chromophore. 

d) Fourier Transform-Infrared Spectroscopy 

Chemical species can absorb energy to cause their bonds to vibrate, bend and 

rotate. Different chemical groups absorb at different wavelengths. This can be a great 

help for polymer chemists. Sometimes, chemical modifications are made to the polymer 

structures. FTIR provides a straightforward method of m o n i t o ~ g  the presence and 

absence of specific groups. Using the Beer-Lambert law, FTIR can be quantitative. 

The hfkared (IR) region lies between the visible and microwave regions of 

-I 145 electromagnetic radiation (1 to 50 p, or 4000 to 650 cm ). The energies associated 

with the vibrations of atoms in a molecule are of the same magnitude as IR radiation,143 

thus absorption of IR radiation results in transitions between different vibrational states. 

The radiation can only be absorbed if its energy matches the difference in energy between 

the two vibrational states. The transition between vibrational energy levels can only 

occur if the vibration causes a change in the molecule's dipole moments2 By measuring 

the absorption of IR radiation over a range of frequencies, we get a spectrum which 

shows absorption bands. Because the IR bands are due to the various modes of vibration 



in a molecule, it acts as a fingerprint, and no two compounds will have the same 

spectra. 14' 

In molecules, one can consider vibrations as deformations of the bonds holding 

the atoms together. Each band seen in an IR spectra is due to a specific type of bond 

defo~mation.'~~ Although the entire IR spectnun is characteristic for a given molecule, 

certain groups give characteristic bands no matter what molecule they are in.'" This 

latter characteristic of IR spectroscopy can be used to identify certain groups within the 

sample being investigated. This technique can provide infomation on chemical, 

structural, and conformational aspects of polymers. 

e) Carbon- 13 Nuclear Magnetic Resonance Spectroscopy 

As was stated earlier, NMR can be a powerfbl tool for the elucidation of the 

connectivity of molecules. Solution 'H NMR is not an effective method for analysing the 

interiors of polymer nanostructures. As was seen in section 2(a), the signal seen by the 

instrument is dependant on the mobility of the analyte. In the case of polymers in 

solution, they move quite slowly, so the decay of the signal is very slow. In the case of 

the polymeric block within the nanostructure, there is even less movement. The result is 

that the interior blocks are not visible by liquid NMR techniques. We must resort to solid 

state NMR which can overcome this problem. Until recently, solid state 'H NMR did not 

give much information, and 13c solid state NMR was used to investigate the polymer 

chain and provide data regarding the fhctionalities present. 



Carbon43 has I=% like 'H, but it occurs with very low natural abundance 

(1.1 1%).14' in 13c spectra, dipolar coupling has a strong effect because 'H have such a 

high abundance (1 00%) they will always be found with I 3 c  nuclei. Conversely, scalar 

coupling will be negligible because of the very low probability of finding two I 3 c  nuclei 

close together. Dipolar coupling can ibe removed (dipolar decoupling DD) by providing a 

second RF pulse tuned to the fiequemcy of the protons.1" This leaves just the 13c nuclei 

being seen by the detector. 

Solid state NMR is more complicated than solution NMR.  In a soIution, the 

tumbling of the molecules caused the chemical shifts to be isotropic, but chemical shift 

actually depends on molecule orientation with respect to the external magnetic field (B,). 

In a solid, a molecule's orientation i s  k e d  so the chemical shift will vary depending on 

the molecule's alignment. Chemical shift anisotropy is corrected for by magic angle 

spinning (MAS; 8=54.7'). In a solid, there is limited molecular motion, this leads to 

large C ~ I  relaxation times. The relaxation times can be decreased by cross-polarization 

(XP), which takes advantage of the fact that proton spin diffusion causes dl protons in a 

solid to have the same 9 1  ( and H~1) .3  An initial RF pulse is applied at the proton 

Larmor frequency, the RF signal is then shifted by % of a wavelength to lock the protons 

into precession about the y-axis. A RF pulse is used to put the I 3 c  magnetic field in 

contact with the proton magnetic field. The carbons get their polarization f%om the 

protons and are thus subject to the proton relaxation time, %I.'" Solid state "C NMR 

uses DD, MAS and XP together to obtain near solution-like resolved spectra- 



f )  Electron DiEaction 

Electron beams are ionizing radiation, and as such, produce a wide range of 

secondary signals which may be used in conjunction with microscopy for sample 

characterization. In TEM, the electron beam is scattered by the atoms which make up the 

specimen. If the specimen is ordered, the scattering is also ordered and results in 

constructive and destructive interference. The interference forms a pattern which is the 

result of electron difiaction. Although this method can be used to analyse crystalline 

polymers, and even regularly packed amorphous structures within a polymer, this section 

will concentrate on describing how ED is used with respect to inorganic crystals. This is 

because ED was used here to determine the identity of the inorganic species loaded into 

the cores of nanospheres. 

The image observed in ED depends on the order of the specimen. A single crystal 

will provide a pattern which consists of a series of dots arranged in a two dimensional 

pattern. As the crystalline units become small and randomly orientated, the dots join to 

form concentric circles indicating a polycrystalline structure. The spacing of the rings, 

although not unique, can be used to determine the identity of the crystals forming the 

pattern. 

A crystal can be considered as a three-dimensional lattice with regularly repeating 

units. The lattices can be divided into planes which define the repeating units. The 

planes contain the atoms which make up the crystaIIine lattice. Since a lattice consists of 

regularly repeating units, multiple lattice planes can be drawn parallel to each other. The 



spacings between these parallel planes are called d-spacings. Each lattice may have more 

than one plane. The plane is defined by Miller indices (h,k,l) which are the reciprocals of 

the intercepts that the plane makes along the three major axes.16' To indicate the set of 

planes that the d-spacing refers to, the d is usually given the subscript h.k, [. 

The d-spacings for the ED can be determined and compared with a database of 

known crystals and their d-spacings. Since d-spacings are usually unique to a particular 

material, and independent of technique (either X-ray, neutron or ED), comparison with 

literature values can provide the identity of the crystal. 

g) Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) measures the change in mass of a sample due 

to thermal degradation. The sample is weighed into a sample boat which is placed on a 

thenno-balance which permits continuous weighing with an accuracy of =t 0.00 2 mg. 

The sample is then heated from room temperature to 600 "C at 10 OC/rnin under a 

nitrogen atmosphere. Decreases in the weight of the sample due to polymer 

decomposition can be monitored as a function of temperature. In general, polymers tend 

to leave a residue; a result of incomplete decomposition. Typical polymer profiles show 

several weight-loss steps.16' 



4. Fluorescence Emission Spectroscopy 

Fluorescence is one of many ways that an electronically excited molecule can 

return to its ground state. Substances which display significant fluorescence generally 

possess delocalised electrons, typically in conjugated double bonds. 162 The conjugation 

acts to lower the energy of the electronic excited state. The molecule can then absorb 

light in the UV-visible region, which will excite the electrons from the ground state into 

an excited state. Once in the excited state, the molecule may relax by emitting light or by 

non-radiative decay. 14' These processes can be shown by a Jablonski diagram. 

Figure m-7: Jablonski Diagram 
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relaxes to the lowest vibrational energy level of SI. This is non-radiative decay. In the 

process, if there is a triplet state (TI) with similar energy levels, the electron can undergo 

intersystem crossing and enter a triplet state. If the electron relaxes to the ground state 

fiom the triplet state with the emission of a photon, this is phosphorescence. When the 

electron relaxes from SI to the ground state, the light emitted is fluorescence. The 

fluorescence emitted is shifted to longer wavelengths (Stoke's shift) fiom the absorption 

spectrum1" because there is less of an energy difference between the lowest vibrational 

level of the first electronic excited state than there is between the lowest vibrational level 

of the ground state and the upper vibration levels of SI and Sz. The absorption spectrum 

show a vibration structure characteristic of the upper state, and the emission spectrum 

shows a structure characteristic of the ground state. 

Fluorescence is a form of radiative decay and it has a lifetime of - 10 ns. If 

during this time something occurs to deactivate S1, the fluorescence will not occur. This 

is fluorescence quenching. There are three ways of deactivating ~ 1 . l ~ ~  The first is 

intersystem crossing as described above, the second is non-radiative decay, and the third 

is photochemical reaction. 

Non-radiative decay occurs when a solvent composed of molecules with widely 

spaced vibrational levels (e.g. water) can accept large quanta of electronic energy.I4' The 

solvent stays in the ground electronic state, but accepts the energy fkom the SI of the 

solute, allowing the solute to drop back to the ground state. Another form of non- 

radiative decay is the transfer of energy through collisions. 



A photochemical reaction is where another species in the system reacts with the 

species in the Sl state, and the energy is used in the reaction. Photochemical reactions 

can have a number of different mechanisms, but all result in quenching of fluorescence. 

One example of a photochemical reaction is electron transfer, which causes the excited 

electron to transfer to another molecule. Rather than having two molecules, one in its 

ground state and one in its excited state, there are two radical ions. Another example is 

excimer or exciplex formation. These are the reactions of an excited molecule with a 

ground state molecule to form an excited complex. An excimer is where the two 

molecules are the same and an exciplex is where they are different. The h a 1  form of 

photochemical reaction is the transfer of energy. A donor molecule absorbs radiation, if 

it encounters an acceptor molecule, the energy is transferred to the acceptor before 

fluorescence fkom the donor can occur. This donor-acceptor quenching will dominate all 

other forms, and is used as a tool in fluorescence emission spectroscopy to study the 

environment of the sample. 

Most polymers do not display significant fluorescence and need to be labelled 

with fluorescent probes before fluorescence studies can be performed. Fluorescence is a 

pow& tool for elucidating structural properties in polymers. Fluorescence bands shift 

frequency depending on the fluorophores environment. Depending on where in the 

polymer chain the fluorophore is attached, a polymer chain's environment can be probed. 



Chapter IV Synthetic Methods 

As stated previously, block copolymers are ideal for preparing phase-segregated 

nanostructures. The diblock PS-b-PCEMA was chosen because of the cross-linkable 

PCEMA group. PI-b-PCEMA-b-PtBA has three blocks with unique properties as 

discussed previously. This chapter will describe the basic method of anionic 

polymerisation used to synthesize these polymers." The subsequent fhctionalization 

reactions will be discussed in detail. The chapter will finish with a description of the 

synthesis of inorganic nanoparticles within a triblock copolymer template. 

a All the polymers used in the following chapters were synthesized by other members of 
the Liu group. The subsequent fhctionalization reactions were performed by the author. 



2. Polymer Synthesis 

a) Diblock Copolymers 

Polystyrene-block-poly(2-cinnamoylethyl methacrylate) (PS-b-PCEMA) is a 

diblock copolymer consisting of a block of polystyrene covalently bonded to a block of 

poly(2-cinnamoylethyl methacrylate). The structure is shown in figure IV.lb, where n 

and m represent the number of repeat units of styrene and 2-cinnamoylethyl methacrylate, 

respectively. 

Figure IV-1: (a) PS-b-PHEMA (b) PS-b-PCEMA 

The precursor to PS-6-PCEMA is P S-b-poly(2-hydroxyethyl methacrylate) (P S-b- 

PHEMA).The hydroxyl group in PHEMA is sensitive to the basic reactive center in 

anionic polymerisation. To overcome this the hydroxyl group of the HEMA monomer is 

protected as a trimethylsilyl ester (TMSEMA). The first block to be polymerised is PS. 



The polymerisation of styrene was initiated with sec-butyl lithium at -78OC in the 

presence of lithium chloride. In block copolymer synthesis, chains with anionic end 

groups are not terminated between blocks. The second monomer is added immediately to 

the solution of chains of the first block and the reaction continues. Polystyryl anions are 

highly reactive. 1,l-Diphenylethylene OPE) was added to sterically hinder the 

polystyryl anions, preventing all but the desired reaction. The second block was formed 

when trimethylsiloxy ethyl methacrylate (TMSEMA) was reacted with the PS chains 

tenninated with DPE. The reaction was tenninated with methanol, and the 

TKF/methanol mixture caused the hydrolysis of the trimethylsilyl protecting groups 

(figure IV. 1 a) .b 

The PS-b-PCEMA polymers used in this thesis were synthesized by Dr. Andrew Guo 
and Dr. Meilin Yang. 



Figure IV-2: 'H NMR spectrum of PS-b -PCEMA in CDC13, obtained on a Bruker 
ACE 200 MHz instrument. 



The PS-b-PHEMA polymers were characterized after conversion of PHEMA to 

PCEMA, because PHEMA is not soluble in TEE and CDC13 which are the solvents used 

in GPC and NMR respectively.' PS-b-PCEMA was dissolved in THF and run on a PS 

calibrated styragel HT-4 GPC column with THF as the eluant to determine the 

polydispersity. The PS:PCEMA ratio was determined by dissolving the diblock in CDC13 

and running a 'H NMR using a Bruker ACE 200 MHz instrument. The PS has 2 distinct 

peaks at 6.5 and 7.1 ppm which integrate to 2 and 3 protons respectively. The PCEMA 

has 2 distinct peaks at 4.2 ppm which integrate to 2 protons each. From the ratio of the 

integrations on the spectrum, the relative amounts of PS and PCEMA (dm) can be 

determined. PS-b-PCEMA can be dissolved in toluene and analysed by SLS to give aw . 

SLS was performed on a Brookhaven Model 9025 light scattering instrument equipped 

with a 150 mW argon-ion laser operated at 488 nm. From the n/m ratio and pw, the 

number of repeat units in each block was determined. 

b) Triblock Copolymers 

Polyisoprene-block-poly(2-cinnamoylethyl methacrylate)-block-poly(tert-butyl 

acrylate) (PI-b-PCEMA-b-PtBA) is a triblock copolymer consisting of covalently bonded 

blocks of polyisoprene, poly(2-cinnamoylethyl methacrylate) and poly(tert-butyl 

acrylate). The structure is shown in figure N-3b. 

" All work beyond the synthesis of PS-b-PHEMA was performed by the author. 



Figure IV-3: (a) PI-b-PHEMA-6-PtB A (b) PI-b-PCEMA-b-PtB A 

Where n, rn and I represent the number of repeat units of isoprene, CEMA, and tBA 

within the polymer respectively. PI-b-PTMSEMA-b-PtBA was synthesized using 

anionic polymerization. 164,165 The polymerisation of isoprene was initiated with sec-butyl 

lithium at room temperature in n-hexane. After the isoprene had hlly reacted, THF was 

added at -78OC. Similar to the PS-b-PfIEMA synthesis, DPE was used to make the 

anionic center more sterically hindered before adding TMSEMA. The second block was 

synthesized as described for PS-b-PHEMA in section W-2.a. Once all the TMSEMA 

had reacted, tert-butylacrylate was added to form the third block. The reaction was 

terminated with methanol as described in section IV-2.a.d 

- -- 

The PI-b-PHEMA-b-PtBA triblock copolymer was synthesised by Dr. Sean Stewart. 



Figure IV-4: 'H NMR spectrum of PCEMA homopolymer in CDCG, obtained on an 
Bruker ACE 200 MHz instrument. 



A triblock is a little more complicated to analyse. An aliquot of the PI prior to 

addition of the TMSEMA was taken and analysed by GPC, 'H NMR and SLS to 

determine the molecular weight, and number of repeat units of isoprene. '66 The reaction 

was then continued to form the PHEMA and PtBA blocks. Again, it was easiest to 

analyse this polymer in the PI-6-PCEMA-b-PtBA form, so the PHEMA was cinnamated. 

The triblock could then be analysed by GPC and [H NMR. With the absolute 

identification of PI determined from the aliquot, it was possible to determine the number 

of repeat units of PCEMA and PtBA, and the overall molecular weight of the polymer.e 

All characterization of the triblock was performed by Dr. Sean stewart. 16' 



3. Polymer Functionalization 

a) PCEMA Preparation fi-om PHEMA 

The hydroxyl groups in PHEMA can be fkctionalized to produce PCEMA. This 

is a straightforward reaction involving tr-ans-cinnamoyl chloride. The polymer is 

dissolved in dry pyridine to a total of approximately ten weight percent. Three mole 

equivalence (compared to the amount of PHEMA) of trans-cinnamoyl chloride was 

dissolved in dried pyridine (-3 wt. %). The cinnamoyl chloride solution was then added 

dropwise to the polymer solution, creating a solution that was overall 5 weight percent in 

the polymer. The solution was allowed to stir at room temperature for 24 hours. The 

polymer was isolated by adding dropwise to 500 mL methanol which was 1 N in sodium 

hydroxide. The precipitate was filtered and dried. The polymer was purified by 

dissolving into tetrahydrohan and precipitating into a methanoYice mixture. This 

procedure was repeated three times. Proton NMR performed in CDC13 confirmed the 

reaction had gone to completion. The glycol peaks at 4 ppm were compared to those of 

the methyl in the backbone (-1 ppm). A ratio of 4:3 was expected. The glycol peaks 

were then compared with the cinnamoyl phenyl protons (- 7.5 ppm) which should have a 

ratio of 45. These ratios confirm the reaction went to completion. 



b) PS-6-PCEMA-P y Preparation 

Polymer chains labelled with pyrene on the PCEMA block were required to study 

micelle dynamics. Labelling was achieved by dissolving approximately 5 weight percent 

of PS-b-PHEMA in dry pyridine, and reacting with a solution added dropwise of 1- 

pyrenebutyryl chloride (approximately 10 molar equivalence to the amount calculated for 

a given labelling density) for ten hours. Three molar equivalents of cinnamoyl chloride 

were then added and the mixture was left to react for an additional 10 hours. The 

polymer was isolated and purified as described in section IV.2.a. The absence of fkee 

pyrene in the purified product was verified by gel-permeation chromatography using an 

ultra-violet (UV) detector at 342 nm. If free pyrene was present, it would appear in the 

solvent peak. 

The I-pyrenebutyryl chloride needed was prepared by reacting pyrene butyric 

acid with SOClz in benzene, following a literature method. 16' The product was purified 

by recrystallization f?om toluene/hexane (v/v = 1 / 1). 

The number of pyrene groups attached to each polymer chain was determined 

using a Perkin-Elmer Lambda Array 3840 W-vis spectrophotometer. It was assumed 

that the attached pyrene groups had the same molar extinction coefficient (2.95 x lo4 cm- 

'MI) as pyrene butyric acid in THF at 342 nm. Thus using the Beer-Lambert law as 

stated in equation III.8,lS9 the concentration of pyrene could be calculated. From there, 

knowing the concentration of the polymer solution, it was possible to calculate the pyrene 

density per chain. 



4. Diblock Micelles and Nanospheres. 

a) Micelles 

Figure 
f >  

IV-5: Core-Shell structure of a PS-6-PCEMA micelle 

The diblocks used in this research were PS-6-PCEMA and PS-6-PCEMA-Py 

whose preparations were discussed previously. Tetrahydrofuran (THF) was a good 

solvent for both PS and PCEMA blocks. Cyclopentane, (CP), selectively solvated oniy 

the PS block. To form spherical micelles with a PCEMA core and PS corona, a mixture 

of THF and CP was used. Spherical PS-6-PCEMA micelles were important for both the 

study of micelle dynamics and scaling relations. 

To form micelles, the total amount of polymer needed to make a finished 

concentration of 1 m g / d  was dissolved in THF. Cyclopentane was added dropwise to 

the polymer solution until the desired THF/CP composition was reached. The solutions 

were then refluxed at 50°C for a minimum of 1 hour to obtain stable micellar structures. 



TEM images obtained on a Hitachi H-7000 instrument operated at 100 kV were used to 

confirm the shape of the micelles, and SLS was used to determine the size. 

The micelles were prepared in a mixed solvent. In order to retain the micellar 

structure, the SLS measurements also had to be performed in a mixed solvent. Light 

scattering was affected by the preferential adsorption of one of the solvents into the core 

of the m i c e ~ l e . ~ ~ ~  The adsorption of one of the solvents brought about local modifications 

to the refiactive index of the polymer solution.148 To account for this, measurements of 

the refiactive index increment (An,) of the polymer in the mixed solvent, relative to pure 

mixed solvent at a constant chemical potential, required the dialysis of the solution 

against the solvent. This was done by first introducing 5.00 mL of a polymer solution 

into a dialysis tube (Spectra/Por 4). The tube was equilibrated with the appropriate 

solvent (150 mL) for 48 hours. Changes in polymer concentration due to dialysis were 

monitored by UV spectrophotometry at 274 nm. 

The dn, values at 488 run were determined using a differential refkactometer 

(Precision Instnunents Company) equipped with a band-pass filter at room temperature. 

The specific refkactive index increment (dnddc) was obtained from the slope of the An, 

versus polymer concentration (c) plot. 



(i) Micelle Dynamics. 

In the micelle dynamics study, five PS-6-PCEMA samples were used. The results 

of the characterization of these samples will be listed in chapter VI. AU samples had a 

low polydispersity, as seen in TEM and verified by DLS. 

All fluorescence measurements were carried out using a Photon Technology 

International Alpha Scan system equipped with a 75 W xenon lamp. Excitation and 

emission spectra were reported as they were recorded without correction for the 

wavelength-dependant lamp emission and photomultiplier tube response efficiency. For 

all measurements, the excitation and emission slit widths used were 4.5 and 5.5 nm, 

respectively. Emission spectra were obtained by exciting at 343 nm. 

Kinetic data were obtained at different temperatures. The room-temperature 

micelle mixing kinetics involved the mixing of PS-b-PCEMA and PS-b-PCEMA-Py 

micelles, each at 1.00 mL and 1.50 mL in THF//CP. The pyrene emission intensity was 

monitored at 398 nm as a function of time. High temperature experiments involved the 

use of sealed mixing vessels. Three small prongs were formed in a glass tube, with inner 

and outer diameters of 8.5 and 11 mm, approximately 4 cm above the bottom end. The 

bottom end was then sealed. After the tube was cleaned, a stirring bar and 1.00 rnL of a 

PS-b-PCEMA-Py solution with a concentration of 0.150 mg/mL were added. A 1.00 mL 

aliquot of a 1.50 mg/mL solution of PS-6-PCEMA was added to a thin seated ampoule 

which was then inserted into the glass tube so that it rested on the three prongs above the 

PS-b-PCEMA-Py solution. The PS-6-PCEMA-Py solution was frozen, allowing the tube 



to be sealed under slight vacuum without loss of solvent. Each sealed system was then 

eqairated in the temperature regulated fluorescence cell holder for 30 minutes. at the 

desired temperature which was controlled with a water bath. The cell holder had a depth 

of 8 cm to ensure uniform heating of both the PS-6-PCEMA-Py and the PS-b-PCEMA 

ampoule. The inner ampoule was then broken by shaking, which initiated mixing and 

started the experiment- 

b) Nanospheres 

To form nanospheres, the stable micellar solutions were placed in a quartz cell 

and illuminated with UV light fkom a 500 Watt mercury lamp, with wavelengths greater 

than 260 nm. Wavelengths less than 260 nm will crosslink PI double bonds which is 

undesirable. The temperature was maintained at 20°C throughout crosslinking. This 

photo-crosslinking reacted the double bonds of the PCEMA pendant chains as shown in 

figure IV-6. 



Figure IV-6: Crosslinking of PCEMA double bonds. 

The crosslinking resulted in a decrease of the UV signal at 274 nm, which corresponded 

to the W absorption of the PCEMA double bond. Therefore, by monitoring the signal 

decrease at 274 MI the degree of crosslinking could be followed. Both intermolecular 

and intramolecular reactions can occur. It has previously been shown by Dr. Liu's group 

that a forty percent conversion of the double bonds results in adequate intermolecular 

bonds so that the structure is "locked-in". 

The nanospheres were isolated by precipitation into a methanoVice mixture. They 

were then dried under vacuum and stored for further use. 



(i) Scaling Relations. 

To test the scaling relations, first, the PS-b-PHEMA precursor was extracted by 

refluxing in cyclohexane to remove any homopolystyrene. PS-b-PCEMA micelles were 

formed by dispersing the polymer in CP through gentle heating. Refluxing for 1-3 days 

allowed for the formation of stable structures. These structures were locked in by UV 

cross-linking at 50°C. The heating was used to ensure micellar equilibrium was 

established and to make CP a better solvent for PS- All micelles were cross-linked before 

physical studies were performed. TEM was used to confirm the morphology of the 

nanospheres. Both DLS and SLS were performed in purified toluene to determine @,,, , 

Rh and Rc. All dust was removed by centrifbgation at 5 x lo3 rpm for 5 minutes. The 

angles used for SLS were less than 90". 



5. Triblock Nanospheres 

The synthesis and characterization of PI- b-PCEMA-b-PtB A were performed by 

Dr. Sean and will not be discussed fiuther. The goal of this research is to 

form novel new structures -from the ABC triblock provided. 

a) Preparation of Triblock Nanospheres. 

The triblock, PI-b-PCEMA-b-PtBA was obtained by reacting the PHEMA with 

trans-cinnamoyl chloride as described in section N3.a .  This triblock has three blocks 

that have quite different solvation properties. However, all three blocks are soluble in 

THF. Hexanes is a good solvent for only the PI block. Thus, following the same 

method as for the diblock micelles, triblock micelles could be formed. 

The shape of the micelles was confirmed using TEM. The size of the micelles 

was determined f?om DLS obtained on a Brookhaven Model 9025 light s c a t t e ~ g  

instrument equipped with a 150 mW argon-ion laser operated at 488 MI. The PCEMA 

shells of the resulting spherical micelles were then crosslinked to lock in the structure. 

TEM and DLS were used to confirm a lack of change in the size and shape of the spheres 

on crosslinking. 



< 
Figure IV-7: PI-b-PCEMA-b-PtBA miceUe in THF/HX 

b) Functionalization of the Triblock Nanospheres 
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Figure W-8: Schematic of the fimctionalization of PHI-6-PCEMA-6-PtBA nanospheres. 

The PI corona block was hydroxylated to give poly(2,3-dihydroxqisoprene) (PHI) 

following a method adapted by Dr. Jianfb  in^^^ firom the literature.16* To 16 mL of 

90% formic acid, at room temperature, were added 4 mL of acetic anhydride, 4 mL of 

30% hydrogen peroxide and 0.10 mL of concentrated sulfuric acid. The mixture was 

stirred for 5 minutes in an ice bath. A 20 mL aliquot was taken and added to 100 mL of 



the 1.0 mg/mL nanosphere solution which was not isolated after cross-linking. The 

mixture was allowed to react at room temperature for eight hours. The solution was 

concentrated to 1/1 its' original volume using a rotary evaporator and then precipitated 

by dropwise addition to iced water. The nanospheres were isolated by vacuum filtration 

and added to 20 mL of 1 N sodium hydroxide solution in 1:l vlv water/THF. The 

nanospheres were mixed in the sodium hydroxide solution for 18 hours at room 

temperature, after which, the nanospheres were precipitated by rotary evaporating the 

THF out of the mixture, which left the polymer in a concentrated solution of water and 

sodium hydroxide. The precipitate was washed with water until the wash water had a pH 

of 7. As the ionic species were removed, the nanospheres became more soluble in water. 

The resulting dissolved nanospheres were precipitated into acetonitrile. The formation of 

PHI was verified using FTIR spectra obtained fkom a potassium bromide pellet on a 

Galaxy Series 4030 instrument (Mattson) using WinFIRST V2.10 software. Solid state 

"C NMR performed on a Bruker AMX-300 instrument, using a 4-mm BLA solid state 

probe with the CPZlev program and 'H NMR were also used to determine the presence 

of PHI. 

Figure IV-9: Conversion of PI to PHI 



The core t-butyl groups were cleaved using the same method as for fkee polymer 

chains.169 Any labile protons in the nanosphere will react with iodotrimethyl silane 

(TMS-I) which is a strong Lewis base. Thus, enough excess TMS-I had to be added to 

allow for side reactions. The nanospheres were slurried in dry dichloromethane. It was 

determined that 3 mole equivalence, relative to the number of PtBA repeat units, of TMS- 

I would be sufficient. The TMS-1 was added to the nanosphere slurry and allowed to 

react at room temperature. After 2 hours, the reaction was centrifuged, and the solvent 

decanted. The precipitate was washed three times with dry dichloromethane and finally 

dissolved in a 1 : 1 v/v water/methanol mixture to form a concentrated solution. Adding 

dropwise to acetonitrile precipitated the nanospheres. The cleavage was proven using "C 

NMR and FTIR. 

Figure N-10: Cleavage of the t-Bu groups in the core of the hiblock nanospheres 

to form PAA. 



c) Use of Nanospheres as Templates 

(i) Magnetic Nanoparticles. 

Loading with 
aqueous FeC12 

Oxidation of 
~e'" with 

Figure IV.ll: Schematic of the loading of PHI-b-PCEMA-b-PAA nanospheres 

with y-Fe20s. 

To form y-Fe203 nanoparticles, the PHI-b-PCEMA-b-PAA nanospheres were 

dissolved in water to f o m  a 6 mg/mL solution. To 2.5 mL of the nanosphere solution, 

was added 2.5 mL of saturated aqueous iron (II) chloride. The saturated iron @) chloride 

solutiou was prepared by adding an excess of iron (11) chloride to deionized water that 

had been degassed for 5 minutes with argon. The solution was allowed to stir at room 

temperature overnight. It was then centrifiged to remove the undissolved iron. The 

nanosphere/iron solution was left to stir for 24 hours, after which, it was centrifUged at 14 

x lo3 rpm for 10 minutes to settle the nanospheres. The supernatant, which contained 

excess iron (IT), was decanted and the nanospheres were washed three times with 0.01 N 

hydrochloric acid. A final wash was performed using neutral deionized water. The 

nanospheres were then redissolved in 2.5 mL of neutral deionized water, to which 1 N 



sodium hydroxide was added dropwise until the pH equalled 10. Then 2.5 mL of 30% 

hydrogen peroxide was added to the nanospheres, and they were allowed to react for 18 

hours at room temperature. After oxidation of the iron @) to y-Fe20a, the sample was 

isolated by centrifugation and washed to remove excess hydrogen peroxide. The loading 

and oxidation steps were repeated two additional times to ensure adequate loading of the 

core. The orange colour of the solution containing the loaded nanospheres got darker 

with each additional loading step. The iron oxide identity was determined using electron 

diftkaction and the crystals were confirmed to be inside the nanospheres by TEM. 

(ii) Catalytic Nanoparticles. 

$)ff muction of pd2+# 
aqueous PdC12 - - 

With hydrazine 

Figure N-12: Schematic of the loading of the triblock nanospheres with 

palladium (0). 

To form palladium (0) nanoparticles, 100 mg of nanospheres were dissolved in 50 

rnL of methanol. To it, 50 mL of PdC12 solution (0.1884 g; 3.3 mol. equiv. to PAA) was 

added. The whole solution was degassed with argon for 15 minutes. The solution was 

allowed to stir for 48 hours at room temperature to allow for complexation of the Pd with 

the PAA carboxylate groups. 5mL aliquots were taken at 5, 10,20, and 40 minutes then, 

1,4, 8, 12,24, and 48 hours. The aliquots were centrifiged for 5 minutes at 14 x1 o3 rpm 



to isolate the nanospheres, which were subsequently washed three times, at 10 minutes 

each time, with 0.01 N HCI to remove excess pdZC. The nanospheres were then dried 

under vacuum ovemight. Once dry they were analysed for Pd content using TGA. 

After 48 hours, the solution was centrifuged to isolate the nanospheres. They were 

subsequentIy washed by dissolution in 0.01 N HC1 to remove excess pd2+, which may 

have been on the outside of the particles. After washing three times, the nanospheres 

were redispersed in pH 7 water to which 10% v/v of hydrazine was added. This was 

allowed to react overnight at room temperature. They were then washed a further three 

times with water. It is important to note that all solutions were degassed with argon, and 

kept under an argon atmosphere. 

Figure IV-13: The reduction of pd2+ with hydrazine. 

Three successive Pd loadings were performed as ol-ltlined above. The amount of Pd 

after each loading was determined using TGA. The presence of Pd (0) in the core was 

confirmed with TEM and ED. Dry nanospheres were kept under vacuum. 



6. Hydrogenation Reactions 

The nanosp here-encapsulated palladium particles were tested for catalytic activity 

towards alkene hydrogenation. The alkenes used were, triethylallyl ammonium bromide, 

vinylacetic acid, methylmethacrylate and ethylene glycol dimethacrylate. The amine was 

synthesized as outlined below, the rest were purchased fiom Aldrich Chemical Company. 

a) Triethylallyl Ammonium Bromide Synthesis 

Triethylallyl ammonium bromide (TEAA) was synthesized following a literature 

procedure170 To 200 mL of hiethylamine (Aldrich) was added - 30 mL of ally1 bromide 

(Aldrich). The mixture was stirred for 48 hours at room temperature and the formation of 

the salt product was indicated by the observation of a fbe  white precipitate. The slurry 

was then added to dry diethyl ether (Fisher) and stirred for 1 hour. The precipitate was 

filtered and re-crystallized fiom methanol and diethyl ether. 

b) Hydrogenation Reactions 

The procedures for using nanosphere-encapsulated Pd and Pd black as catalysts for 

allcene hydrogenation are the same. The hydrogenation was performed typically in 

methanol at the reactant/Pd molar ratio of 100: 1 using the following set-up: 



Hydrogen 
Gas 

Figure N-14: Schematic of the reaction apparatus used for alkene hydrogenation. 

f 

Hydrogen gas was flowed at 0.5 mL/min into a methanol bubbler and then into 

the reaction vessels. The methanol bubbler was installed to minimise evaporative solvent 

loss fiom the reaction vessels. The hydrogen flow rate was optimised. Too high a flow 

rate would lead to reactant loss due to evaporation. Too low a flow rate would not allow 

the replenishment of hydrogen to the palladium surface. A flow rate of 0.5 W m i n  was 

chosen because it did not cause the loss of methylmethacrylate, which was the most 

volatile of the allcenes investigated, while still providing adequate hydrogen for the 

reaction to take place. This was proven by a control experiment in the absence of 

catalyst, with just hydrogen bubbling through the system for four hours. 

For each allcene, the reaction was performed in pardel at pH 3 and pH 10 in the 

two vessels illustrated. The pH was adjusted using either 1 N HC1 or solid NaOH. The 

acid and base were used in such a concentrated form to minirnise the dilution of the 

b -1 Giiii) 2 d 

Vessel 1 n 



reaction mixture. In a typical experiment, - 5 mg of nanosphere-encapsulated Pd (0) 

were dispersed in 5.0 mL of methanol. Hydrogen was bubbled through the solution for 

30 minutes to reduce surface oxides to Pd (0).17' The alkene was then added along with 

0.25 mole equivalence of butanol to be used as an internal standard. In the case of the 

liquid alkenes, it was added via microsyringe. For the ammonium bromide salt, the 

catalyst was dissolved in only 4.0 mL of solvent. The remaining 1.0 mL of solvent was 

used to dissolve the amine. The amine solution was added after the surface oxides had 

been reduced, providing a total reaction volume of 5.0 mL. 

To test for size seIectivity, a series of experiments were performed with mixtures of 

MMA and EGDMA. The h&fA and EGDMA were mixed in equimolar quantities such 

that the total moles of reactants were 1 00 times higher than that of the catalyst. 

For all but the amine reaction, 0.1 mL aliquots were taken to test for products. For 

the amine reaction, the aliquot was 0.3 mL. The samples were centrifbged for 2.5 

minutes at 5 x lo3 rpm to separate the catalyst £?om the allcene and product. The MMA 

and EGDMA reactions were followed by gas chromatography on a S.G.E. fused silica 

column with an OV-101 liquid phase and mass spectrometric detection (GC/MS). The 

VAA was tested by both 'H NMR and GCMS. The GC/MS results were the same as the 

1 H NMR results, so the GC/MS was used to monitor the hydrogenation reaction. The 

peaks of all the reactants and products were normalized with respect to the butanol 

internal standard. 



TEAA hydrogenation was monitored by 'H NMR because it could not be 

analyzed by GPC. This is because quaternary amines are not volatile. The reaction 

solvent for TEAA was DzO due to it being less expensive than deuterated methanol. No 

internal standard was needed in these reaction, the disappearance o f  the amine was 

followed fiom the decrease in the intensities of the vinylic proton peaks relative to the 

alkane protons. 



Chapter V Thermodynamics of Copolymer Micelles 

1. Introduction 

Polystyrene-block-poly(2-cinnamoylethyl methacrylate) form star-like micelles in 

cyclopentane when the n/m ratio is greater than 8.2.172 The fact that the PCEMA block 

can be photo-crosslinked makes this an ideal polymer to study the effects of block lengths 

on micelle aggregation number 0, core radius (Rc) and corona thickness (Rs). In this 

chapter, the work of Tao et will be used in conjunction with five new samples to look 

at the various scaling relations put forward in chapter LI. 



2. Polymer Characterization. 

Before the polymers could be used, they were extracted to remove any 

homopolystyrene which may have been present- Extraction was achieved by refluxing 

the PS,-b-PHEMA, precursor in cyclohexane overnight. As well as removing the 

homopolystyrene, some of the samples were fkctionated to obtain polymers with a 

narrower polydispersity. Fractionation was performed after the P H E W  block was 

cinnamated to produce PCEMA. Sample 1515-85 derives fkom the same polymer as 

sample 8 13-59 used by Tao et a[.' The polymer was fiactionated in refluxing acetone. 

Acetone will remove polymer with high PCEMA content. To achieve the fractionation, 

the polymer was dissolved in a minimum amount of THF to which, acetone was added 

until the cloud-point was reached. The solution was heated to approximately 50°C for 

two days, then cooled. A precipitate formed which was the high molecular weight 

fraction, rich in PS. The THF/ acetone was decanted and roto-evaporated to dryness to 

obtain the low molecular weight fraction. The high molecular weight fkaction was used 

in this study. Sample 76 12-78 8 was prepared in a similar manner. Acetone kactionation 

was not successful for samples 1200-1 10 and 2500-270. Neither sample produced a 

precipitate on cooling. The cooled solution formed two Iayers however, which did not 

have a distinct interface. The top layer was decanted and both layers were evaporated to 

dryness. The polymers were purified by dissolving in THF and precipitating in 

ice/methanol. The denser bottom layer contained the high molecular weight fkaction 



which was used in the following studies. The Lighter, low molecular weight fraction did 

not produce enough polymer for further investigation. 

Once extracted and fiactionated, the samples were characterized using 1H NMR 

and SLS. The characterization results are listed in table V- 1. 

Table V-1: Characterization of polymers. 

ID WE) x104 S, x102 n x102 m 
by NMR by SLS 

640-80 9.66 8.7 6.4 0.80 
1200-1 10 11.3 15.7 12 1.1 
15 15-85 17.8 18.0 15 0.85 
2500-270 9.19 32.6 25 2.7 
76 12-788 9.66 99.8 76 7.9 

All 'H NMR studies were performed in CDCl,, which solubilizes both PS and 

PCEMA. All the SLS studies were performed in toluene (TOL). For the SLS studies, the 

dnddc of the polymer was needed. Tao et a[? have published an equation for empirically 

determining the dnddc of PS-b-PCEMA polymers (equation V.1). Table V-2 compares 

the calculated dnJdc values versus the experimentally determined values. The calculated 

values are el % higher than the measured values. This is a good correlation. However, 

equation V.l was determined at 632 nm. The wavelength used in these experiments was 

488 nm. Thus the calculated dnJdc values were incorrect. Since the experimentally 

determined values were obtained at 488 nm, they are the ones which were used in the 

SLS characterization of the polymers. 



The Zimm plot assumes homopolymers only, and as such, the apparent molecular 

masses should be corrected. The diblock correction was not performed because it was 

believed that the correction will be negIigible due to the fact that the dnJdc values of P S  

and PCEMA are very similar, 

Table V-2: Comparison of the measured dnJdc with calculated dn,Adc. 

ID WPS dnddc (a) dnddc (mL/g) % difference 
(calculated) (measured) 

640-80 0.76 0.1099 0.1099 0% 
1200-1 10 0.8 1 0.1 105 0.1 100 0.5 % 
15 15-85 0.88 0.1 112 0.1 102 0.9 % 
2500-270 0.79 0.1 102 0.1094 0.7 % 
7612-788 0.79 0.1 102 0.1095 0.6 % 

It was also assumed that the dnddc values for the micelles are the same as for the 

individual chains. The micelles will act primarily like PS, but since homo-PS and homo- 

PCEMA have very similar dnddc values, (0.094 vs. 0.1 12 -), it is assumed that the 

enor incurred by using the dnddc values obtained for the individual polymer chains will 

be minimal. 



3. Micelle Preparation and Characterization 

All micellar samples were prepared by dissolving the poIymer in CP and reflwcing 

for four days in a closed system. The samples were then photo-crosslinked. TEM 

images were obtained by spraying the cross-linked micelle solution fiom CP onto carbon- 

coated copper grids. After c r o s s ~ g ,  the samples were concentrated and precipitated 

into icelmethanol. At this point there were still llnimers present in the sample. To 

remove these, the fractionation procedure described above was repeated. This is possible 

because the nanospheres act like high molecular weight PS. Thus, refluxing in THH 

acetone will dissolve the unimers with PCEMA, while the nanospheres act as if they have 

no PCEMA, so will not dissolve. The result is that the precipitate is rich in just the 

nanospheres, while the filtrate is rich in h e r s .  This method of fractionating the 

individual polymer chains is different fiom the method used by Tao et aL5 because they 

used a GPC column to fractionate based on size, while here the fkactionation was based 

on solubility. 



Figure V-1: TEM image of 640-80 sprayed from CP. 



Figure V-2: TEM image of 1200-1 10 sprayed from CP. 



Figure V-3: TEM image of 15 15-85 sprayed from CP. 



Figure V-4: TEM image of 2500-270 sprayed from CP. 



Figure V-5: TEM image of 7612-788 sprayed from CP. 



Samples 7612-788 and 1515-85 yielded 78% by weight spheres after separation fkom the 

uniMers. Sample 2500-270 resulted in 80% yield and samples 1200-1 10 and 640-80 had 

96% yields. Yields were calculated by dividing the mass of nanospheres retrieved by the 

initial mass of polymer dissolved in THF/acetone. 

The fkactionated nanospheres were then precipitated in ice/methanol and dried. 

For SLS and DLS analysis, the nanospheres were dissolved in TOL. The results are 

given in table V-3. CP could not be used as the solvent for SLS because the highest 

purity available was 95% (Aldrich), the other 5% consisting of other hydrocarbons. The 

use of a mixed solvent requires dialysis of the polymer solution against the pure mixed 

solvent. This is a time-consuming and delicate procedure.2s It will be discussed fkther 

in chapter VT, where it was used when studying the dynamics of micelles in different 

solvent compositions- 

Table V-3: Characterization of cross-Wed micelles." 

m x107 i;l, RG R~ 

by SLS (nm) (nm> 
640-80 1.3 30 43 
1200-1 10 3 -0 60 95 
1515-85 2.7 64 98 
2500-270 13 1 . 5 ~ 1  o2 2 . 4 ~ 1  o2 
7612-788 92 1.1x102 2.5~1 o2 

a The Zimm plots are provided in Appendix 1. 



The molar masses, aJv, and radii of gyration, RG, of the cross-linked micelles 

were determined directly fkom SLS. The hydrodynamic radii, Rh were determined 

directly from DLS. 



4. Verification of Scaling Relations 

The scaling relations pertain to the aggregation number,f; the core radius, Rc, and 

the corona thickness, Rs. These are a l l  calculated £tom the data provided in tables V-1 

and V-3. The results for these parameters are summarised in table V-4. 

Table V-4: The aggregation number, fS core radius, R,, and corona thickness, Rs, as 

determined for the samples described in Tables V- l and V-3. 

The aggregation numbers,_f; were determined by dividing the molecular mass of 

the nanosphere by the molecular mass of the starting polymer chain. The core radius was 

determined fkom the weight percent of PCEMA (wPcEMA) and assuming that the density 

of the core was 1.0 g/mL, using equation V.2. It is important to note that the R, value is 

for dry nanospheres, not solvated. 



The shell thickness was determined by calculating the difference between Rc and 

Rh. This is only an approximation because in toluene the cores are swollen, and Rc was 

calculated for non-swollen cores. The error should be small because the polymers used 

form star-like micelles so Rs should be much larger than R,.' 

a) Aggregation Number 

Chapter II first introduced the concept of scaling relations. Equation V.3 

reiterates equation II.1. Solving for a and P simultaneously, was not attempted. 

However, assuming p to be zero as predicted by de ~ e n n e s ~  and Zhulina and ~irshtein; 

~ a l ~ e r i n . , ~  and Noolandi and ~ 0 x 1 ~ ~ ~ ~  equation V.3 can be rearranged to yield equation 

V.4, where a0 is a fitting constant. 

V.3 f = m a n a  

Combining the data kom the five polymers shown above, with the data fkom Tao 

et al.: equation V.4 can be tested. Figure V-6 shows that the first and last data points 

&om Tao et al? deviate fiom the linear regression of the data. When these data points 

are eliminated, linear regression yielded a = 0.796 with a correlation coefficient of 0.965. 

This indicates that f scales to m0-80, as predicted by ~ a l ~ e r i n . ~  This fits with the 

observation that at n/m 1 9.0, the micelles are star-like.' 

Fijrster et aLgO do not assume that P is zero, but 0.8. Taking this into 

consideration, they plot fioe8) as a fimction of (m) on logarithmic axes. This is 



equivalent to plotting hcfira8) as a function of ln (m). The plot was linear. FGrster et aL9' 

predicted that a should be 2. Figure V-7 shows the PS-b-PCEMA data fkom figure V-6 

plotted the same as FBrster's data. The result is a linear plot with a slope of 1.58 and 

correlation coefficient of 0.989. The data presented here does not fit F6rster7s theory 

because the degree of polymerisation for each block, n and rn, are correlated. For the star 

micelles formed in this research n/m = 10. Thus as n changes, so does m. To verify the 

theory of F6rster et al., a series of polymers with different n/rn ratios as well as different 

rn values would be needed. 

The data can also be fitted using equation V.5 if a and P are d e k e d  as given in 

the various theories. The a0 and a1 values generated fiom fitting equation V.5 to the 

combined data are shown in table V-5. 

V.5 f = a, +a,manB 

Table V-5: Fitting parameters for fitting experimentally determined aggregation 

numbers V) to equation V.5 using the different theoretical relations. 

Model ai a2 Correlation Coefficient 
de ~ e n n e s ~  59 1.2 0.94 1 
a = l , P = O  
Noolandi &  on^^^ 37 2.3 0.953 
a= 0.90, p = 0 
~ a l ~ e r i n '  8.5 4.5 0.96 1 
a = 0.80, P = 0 
Nagarajan & ~ a n e s h ~ ~  -46 0.66 0.853 
a = 1.19, p = -0.51 
Forster et aLgO - 1 . 0 ~ 1 0 ~  7 .8~1  0' 0.769 
a = 2, p = -0.8 



Examining equation V.5, one would expect that f approaches one as rn approaches 

zero. Another way of thinking about this is to assume that as the sample approaches 

homopolystyrene, no micelles would form so only unimers would be present The result 

is that the unimolecular micelles would have an aggregation number of one. As a result, 

a0 should approach one. Thus the data appears to support Halperin's theory. 



Figure V-6: Plot of ln (f) vs in (m ) for star micelles fiom Tao et al. ' (0) and the 
data in tabIe V.4 (X). 



Figure V-7: Plot of in 0% 0.8) vs. In (m ) for the data from Tao et aZ. (0) and Tables 
V- 1 and V-3 (X) 



b) Core Radius 

The core radii for the samples were calculated using the weight fkaction of 

PCEMA determined by NMR. The core radius calculated is for dry cores. In 

cyclopentane, the solvent in which the micelles were formed, the core may be swollen. 

We assume that the degree of swelling is uniform for all the micelles studied. If the 

micelles swell by a factor denoted by cp, then the relation between core radius and degree 

of polymerisation for the core can be expressed as: 

V.6 ln(gpR,)=a,+ylnrn 

Some mathematical manipulation of equation V.6 shows that plotting either h(qRc)  or 

h(Rc) versus ln(m) will result in graphs with the same slope. The difference lies in the 

intercept of the graphs. Since the value of interest is the slope, which is equivalent to y, 

the swelling of the core is irreIevant. 

Figure V-8 shows that the data can be fitted with a linear regression. The result is 

y = 0.603, which corresponds to Halperin's model. Again, this fits with the observation 

that the micelles studied here should be star-like. The data were fitted using equation 

V.7, which is equivalent to equation V.5 used for5 The fitting data is given in table V-6. 

V.7 R,=a ,+a ,myn" 



Table V-6: Fitting parameters for fitting experimentally determined core radii (Rc) to 

equation V.7 using the different theoretical relations. 

Model a4 a5 Correlation 
Coefficient 

de ~ e ~ e s '  1 -4 0.50 0-992 
y='13, h = 0 
Noolandi & I3ong0 0.78 0.60 0.993 
y= 0.64, h = 0 
~ a l ~ e r i n '  -0.18 0.80 0.994 
y= 3/5, 1. = o 
Nagarajan & ~ a n e s h ' ~  4.5 

Again, reasoning through equation V.7 for when m approaches zero can give a 

clue as to which of these relations fits the data best. It would be expected that if there is 

no PCEMA present, then there will be no core, thus a4 would be zero. As a result, it is 

anticipated that Halperin's model again fits the data. 



Figure V-8: Plot of in (R .) vs In (m ) for star micelles fiom Tao et al. ' (0) and the 
data in table V.4 (X). 



c) Corona Thiclmess 

Daoud and ~ o t t o n " ~  have stated that the corona thickness s h d d  scale according 

to: 

Where n is the number of styrene units in the polymer. As stated previously, Rs was 

determined by taking the difference between Rh and Rc. Figure V-9 shows a plot of 

equation V.8. The data f?om Tao et a[.' fit the theory well with a correlation coefficient 

of 0.998. When the new data are included, the correlation coefficient drops to 0.73 1. 

3/5 15 Figure V-9 shows that the data at lower (n f )-values fit equation V.8, while as the 

3 6  /5 values for (n f ) increase, the deviation from theory increases. Since the deviations are 

irregular, the most likely explanation is experimental error. The Rh values were 

determined in triplicate. If was believed that repeating the DLS measurements would 

provide more confidence in the Rh values. 

Since the Rc values fit Halperin's theory, it is believed that the Rh values are the 

source of the error in this experiment. The last data point belongs to very large micelles. 

In preparing the sample for DLS, the centrifugation to remove dust particles may also 

have removed micelles, resulting in the remaining fraction containing micelles with 

smaller dimensions. The deviation of sample 2500-270 is harder to justify. The larger 

than expected value for Rs may be due the corona chains being more extended in CP than 

predicted by theory. The reasoning for this has not been investigated. 



Figure V-9: Plot of R vs. n 3/5 f "' for the data fkom Tao et al. (0) and Tables V-1 
and V-3 0. 



5. Summary  

The experimental data of Tao et a[.' were inconclusive. Their data resulted in 

values for a and y intermediate between the scaling relations of ~ a l ~ e r i n '  for star-like 

micelles and the scaling relations of de ~ e m e s '  for crew-cut micelles. The conclusions 

of Tao et al.' were that more experimental data needed to be obtained. There was enough 

curvature to their plots of (h Rc) and (Inn versus (ln m) that their data were ambiguous. 

Here, M e r  data have been presented to suggest that the scaling relations presented by 

~ a l ~ e r i n ~  for star-like micelles are correct for PS-b-PCEMA samples with n/m ratios of 

greater than 9. 

The experimental data deviated considerably fiom the theory presented by Daoud 

and for the thickness of the corona. The data may have substantial error 

involved in them. 



Chapter VI Dynamics of Copolymer MiceIles 

1. Introduction 

As discussed earlier, PS-6-PCEMA diblock copolymers form spherical micelles 

with PCEMA cores and PS shells in THFICP mixtures with sufficiently high CP 

contents." This polymer has been studied extensively by the Liu group and was chesen 

because it has applications in the formation of mi~e l l e s , ' ~~  polymer brushes,I3 star 

polymers, and crew-cut nanospheres. ' 73 Micelles are in dynamic equilibrium with 

unirners in solution. The relaxation rate of a micelle is related to the introduction into 

and expulsion of unimer chains from the micelle. The optimisation of the relaxation rate 

is of critical importance in the formation of polymer brushes and nanospheres. When 

cross-linking the micelles to form nanospheres, the micelles should be stable on the t h e  

scale of PCEMA cross-linking. Thus, UV irradiation only locks in and does not pertarb 

the structure of the micelle. In the case of brush formation, the micelles must not be too  

stable. It is desirable to have the micelles disintegrate onto the substrate. If the micelles 

are too stable then they adsorb intact and do not form a brush layer. 



This research was designed to be a systematic study of the factors, such as 

variation in temperature, solvent composition, and diblock composition, which affect the 

stability of PS-b-PCEMA micelles in THF/CP. It was expected that the results could be 

extended to explain other organic solvent/polymer systems. To study the mixing of 

micelles, micellar solutions of PS-b-PCEMA and PS-b-PCEMA-Py were prepared as 

described in chapter W. PS-6-PCEMA-Py denotes a PS-b-PCEMA polymer which has 

been labelled with 2-3 pyrene molecules per PCEMA block. Pyrene is a fluorophore 

which will fluoresce individually, or form excimers that will fluoresce. We will refer to 

fluorescence emitted from single pyrene molecules as monomer fluorescence. Excirners 

are complexes between two fluorophores which fluoresce at a different wavelength than 

the monomer fluorescence. In our system, excimers will only occur in the cores of the 

micelles where the pyrene molecules are brought close enough for the excimers to form. 

The labelled and unlabelled miceUes were mixed and the pyrene monomer fluorescence 

intensity monitored. It was expected that as the polymer chains mixed, the monomer 

fluorescence intensity ivould increase at the expense of the pyrene excimer fluorescence. 

This is because as the micelles mix, the pyrene in the cores is diluted by the udabelled 

polymer. As the concentration of pyrene in the cores decreases, fewer pyrene molecules 

encounter other pyrene molecules so fewer excimers are formed. The kinetic information 

obtained will help to predict the conditions needed for cross-linking of micelles and the 

formation of polymer brushes. 
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Figure VI-1: Normalized fluorescence spectra of 270-23-Py (0.10 mg/mL) before 
(solid line) and after (dotted line) mixing with an equal volume of 270-23 solution 
(1.00 rng/rnI,) in 100% CP. 



Relative Intensity 

Figure VT-2: Pyrene monomer fluorescence intensity increase as a fimction of time 
after the mixing of 302-37 and 302-37-Py rnicelles in 90% CP. The solid line results 
fiom a best-fit line using equation VI.2. 



2. DiscussionofPolyrner System 

The diblocks consist of n units of styrene covalently bonded to m units of CEMA. h the 

following sections, they will be denoted by these numbers (n. rn) separated by a hyphen 

(i-e. n-m). PoIymers which have been labelled with pyrene will be denoted with an extra 

"Py" at the end (i.e, n-rn-Py). 

Illustrated in Figure VI-1 is the comparison between the fluorescence spectra of 

270-23-Py before and after mixing with an equal volume of a 270-23 solution in 

cyclopentane. Upon establishing chain exchange equilibrium, the pyrene excimer 

fluorescence intensity at -475 nm decreased and the structured monomer emission at 

382,398 and 423 nm increased. This was caused by the pyrene concentration decreasing 

inside the micellar cores. 

Figure VI-2 illustrates the increase in pyrene monomer fluorescence with time 

after the mixing of 302-37-Py with 302-37 in 90% CP/10% THF at RT. The fluorescence 

spectra for the rest of the trials will not be shown. The results are given in tables VI- 1 

through VI-7. The mixing process can be explained as follows: If the micelle is denoted 

by Mh+,, where h is the number of PS-b-PCEMA-Py chains and p is the number of PS-b- 

PCEMA chains, assuming that a micelle can increase or decrease in size only one chain 

94,95 at a time, one can describe the general kinetic scheme as:25 



Figure VI-3: Kinetic scheme for the mixing of labelled (- PY) and 

dabelled (MMM) polymer chains. 

In Figure VI-3, h and p can assume values anywhere between zero and infinity. 

The rate constants for chain uptake and expulsion are given by k+ and k-. The coefficients 

h andp are included with k- as the chance for a chain to exit is proportional to the total 

number of chains of a particular type present. Cantu et al. '" published a solution for the 

mixing of different polymer micelles but their assumptions of mixed micelles were not 

valid for our model. The equation cannot be solved to obtain an analytical expression for 

the pyrene monomer fluorescence intensity with respect to time. As a result, we have 

fitted the increase in pyrene monomer intensity at time t, relative to that at time zero 

(Ipy(t)-Ipy(0), or AI(t)) to the following empirical equation: 

Where 71 and q are two relaxation times of micelles. The Aniansson and Wall theog4 

also predicts two micellar relaxation times. Since the monomer emission intensity is non- 

trivially related to the mass change of a given species, the 71 and 22 values given here are 

different to those described by Aniansson and Wall. A better way to examine relaxation 



is through the average relaxation time as given by equation VI.2. This should give an 

indication of how rapidly the rnicelle chains mix under the various conditions 

investigated. 

Five polymers were used in this study. They were characterized by the methods 

described in Chapters III and N. The details of the characterization won't be discussed 

here but Table VI. 1 lists the results. 

Table VI.l: Characteristics of the PS-6-PCEMA and PS-b-PCEMA-Py samples. 

a Sample used for examining the effect of different labelling densities. 



Since this is a study of micelle dynamics, it is important to verify that we are 

working with micelles. The critical micelle concentration (cmc) is the concentration of 

polymer above which micelles exist and below which the polymer exists as unimers. For 

amphiphilic block copolymers, the cmc is generally very low compared to the cmc of 

surfa~tants.~~ The size difference between individual chains and micelles makes the 

determination of the cmc easy by SLS. It was assumed that a concentrated solution (- 1 

mg/mL) would consist of micelles. As the concentration of the solution is decreased 

through successive dilution, there will reach a concentration at which the micelles will no 

longer be present. The micelles will scatter more light than the unirners in solution. Thus 

at the cmc the scattering will decrease drastically. This can be monitored if Kc/ARs is 

plotted against the concentration. Where K is the optical constant of our light scattering 

system, ARe is the Rayleigh ratio and c is the concentration of the solution. The Me term 

contains the scattering intensity term, thus Kc/AR decreases with increased 

concentration. Figure V14 shows the scattering of 75-43,and 222-42 at a scattering angle 

of 90°, both in 82% CP. It can be seen that below the cmc, Kc/ARo decreases rapidly 

with increasing concentration. This is due to the initial formation of aggregates. After 

the cmc, the slope is reduced, indicating stable micelles, which do not change in size. 

The cmc value was defhed as the concentration at the intersection between the two lines 

representing the slopes at low and high concentrations. The cmc values for the polymers 

used in this study are sumrnarised in Table VI.2. In general, the cmc appears to decrease 

sharply with increasing CP content. 



Figure VI-4: Critical Micelle Concentration Determination for 75-43 and 222-42 at 

90' in 82% CP by SLS. 



Table VI.2: Critical Micelle Concentrations (mg/mL) for PS-6-PCEMA samples 

at different CP solvent contents. 

It is important to keep in mind that different methods of cmc determination may 

yield different values depending on how they identie the micelles. SLS is no exception, 

it may yield values larger than those obtained by other methods due to not following the 

concentration back to where aggregation first occurs. At this point the size is expected to 

remain constant (at around the size of a unimer chain), and as such, Kc/dRe would be 

level at low concentrations. This was not seen because the detection limit for SLS was 

0.03 rng/mL. For this experiment, this is not a concern because we wanted to make sure 

that we were working with micelles, and if our estimate of the cmc is too high, then we 

are guaranteed to be working with micellar solutions. 



3. Results 

a) Effect of Varying P yrene Labelling Densities. 

Labelling the PCEMA block with pyrene may affect the structure of the micelles 

formed- As in most fluorescent probe studies, it is assumed that this perturbation is 

negligible. A difference in pyrene labelling density may cause more severe effects. The 

labelling density will affect the formation of excimers, and thus may change the 

relaxation times observed. To determine if this is a significant source of error, we 

compared the kinetics of mixing for unlabelled micelles with those of 222-42-Py which 

had been labelled as two different samples to densities of 1.3 and 2.0 pyrene groups per 

chain. 

In 90% CP, the average mixing times of the two differently labelled samples were 

258 and 268 seconds respectively. This suggests that variation in the pyrene labelling 

density used here has an insignificant effect on the observed micelle mixing rate. 

b) Effect of Polymer Concentration Change. 

When mixing two different solutions of micelles together, it is important to 

understand how the concentrations of those solutions effect the mixing kinetics observed. 

For this reason the effects of varying the 302-37 and 302-37-Py concentrations, and 

w-Py], on TI and 22 were examined. The results are listed in table VI.3 



Table W.3: Effect of varying 302-37 and 302-37-Py concentrations, FI] and 

Ff-Py] at 90% CP on micelIe exchange kinetics. 

Increasing M, increased the relaxation times, opposite to the effect of increasing 

w-Py]. Also shown is the variation in relaxation times as a function of the ratio of 

labelled to unlabelled polymer, [M-PyIIFT] or a. At the same 0, but different FIJ and 

p - P y ] ,  22 and <T> are similar, Thus, it can be assumed that the rate of micelle mixing is 

not determined by the absolute values of [MJ and [M-Py] but by the ratio of the two, a. 

Intuitively one may expect that the rate of chain exchange would increase with the 

number of rnicelles present. This may be true of the total chain-mixing rate in terms of 

chains exchanged per unit time in the whole system. The method used for monitoring 



mixing observes individual micelle environments. Pyrene fluorescence intensity is only 

sensitive to the pyrene concentration differences in each micelle. Another way of 

thinking of this is that it is only sensitive to the number of chains exchanged per unit time 

in each miceUe. This "relative" chain exchange rate may not depend on how many 

micelles are present in total. 

A plot of average relaxation time as a function of 4, is shown in figure VI-5. 

Figure VI-5 shows that the relation between <u and @ is a complex one. Unfortunately, 

this relation cannot be explained without a solution for the equations shown in figure VI- 

3. 



Figure VL-5: Effect of varying @ on the relaxation time, <T>, of 302-37 micelles in 
90% CP. 



c) Effect of Solvent Composition. 

Samples 302-37 and 264-75 were studied at different CP/ THF mixtures, The 

results are summarised in table VI.4. In general, we see that as the amount of THF (a 

good solvent for both blocks) increases, the rnicelle chain exchange rate increases. This 

can be explained by the THF swelling and plasticizing the PCEMA core. With a swollen 

core, it is easier for chains to reptate out of the micelle. This explains why Ding et nl.13 

saw polymer brushes form in lower CP content solvents, but at high CP solvent mixtures, 

the rnicelles were so stable that they adsorbed onto the substrate and did not disintegrate. 

Table VIA: Effect of solvent composition on rnicelle chain exchange  kinetic^.^ 

The rnicelle concentration used was 1 .SO mg/mL for both PS-b-PCEMA and PS-b- 
PCEMA-Py 



The exception to the trend is the data for 302-37 at 76% CP. Table VI.4 shows 

that zl is 7.1 s. A possible explanation for the data not fitting the trend is that the initial 

rapid increase in pyrene monomer fluorescence intensity was not captured accurately. 

This is possible due to the human error involved in capturing the data in such small 

timefiames. As a result, the a1 term observed was smaller than it should have been which 

would have caused an error in <z>. 

The possibility of the change in micelle chain mixing rate between samples being 

due to a drastic change in micellar size or aggregation number was investigated by LS. 

As can be seen by the right side of table VI.4, this is not the case. In fact, the micelle size 

did not change at all between 82% and 90% CP while the rate slowed down by a factor of 

two* 

TEM shows that no cylindrical micelles are present when CP < 97%172 so the 

increase in the aggregation number between 90% CP and 96% CP is due to the increase 

in the size of the spherical rnicelles. At 100% CP (Figure VI-6) some short cylinders 

were observed which can explain the large jump in aggregation number and the sharp 

decrease in the Rh/RG ratio. 



Figure VI-6: TEM image of 302-37 sprayed from 100% CP. Image obtained by 

Dr. Jianfi Ding. 



d) Effect of Temperature. 

Temperature is also an important factor because it can effect the ability of a 

solvent to solvate a polymer. An increase in temperature can provide the energy required 

to overcome an activation barrier to chain exchange. For this reason polymer 302-3 7 was 

studied in 100% CP and 96% CP at various temperatures between 22°C and 45OC. TabIe 

VI.5 shows that the chain exchange rate increased with increasing temperature in both 

solvent compositions. It is expected that the increased temperature increases the chain 

mobility allowing an individual chain to reptate out of the micelle more easily. 

Table VI.5: MiceLle chain exchange kinetic data for 302-37 at different temperatures.' 

T 1 o - ~  21 1 o - ~  22 1 o - ~  (2> Rh 
("C) (s) (s) (s) ( n . 1  

100% CP 

The concentration of 302-37 and 302-37-P y were 1 -50 and 1.1 50 rng/mL respectively. 



Change in micellar structure due to temperature change was of concem. A 

change in the micellar structure could have been the cause for the increased micelle 

chain-mixing rate. For this reason Rh was determined at different temperatures in 100%. 

These values were obtained without correcting for the change in the viscosity of CP with 

increasing temperature. The increase in temperature will correspond to a decrease in the 

viscosity of CP which will correspond to Rh values higher than those shown here. With 

this in mind, it can be assumed that Rh doesn't change considerably as the temperature 

increases. Thus, a micellar structural change with temperature was not the major cause 

for the increased micelle-mixing rate. 

The 72 values show a clear trend toward faster rates at higher temperatures, 

however the 71 values show some irregularities. This is similar to the exception noted for 

the study of solvent composition. Again, the discrepancies are attributed to the 

experimental difficulties associated with capturing the fast term. 

Keeping this in mind, the zl data will not be considered further. The 22 data could 

be treated to determine the activation energy for mixing. Figure VI-7 is a plot of In (l/Q) 

vs. (1/T) for each of the solvent compositions. The data was fitted to the Arrhenius 

equation: 

Where A is the pre-exponential factor, E, is the activation energy and k, is related to l / ~  

because k, is a rate constant of mixing and z is the time related to mixing. The activation 



energies were determined fiom the slopes in figure VI-7 to be 28 and 33 k.J/mol for 100 

and 96% CP respectively. 

The values of Ea for the two different solvent compositions are quite similar. 

These values may be the same within experimental error. The magnitude of the 

experimental error was not determined. Wang et a[.'', however observed for PS-b-PEO 

in polar solvents (methano1:water) a decrease in Ea with the addition of a poor solvent for 

the core block. This is what we observed because 100% CP is poorer for the core block 

(PCEMA) than 96% CP. 



Figure VI-7: Plot of In(l/.rz) as a function of ( I R )  for 302-37 at 100% CP and 
96% CP. 



e) Effect of PCEMA Block Length, 

The samples 302-37, 270-23, and 264-75 all have approximately equal length PS 

blocks while the PCEMA block length is varied- Table VI.6 lists the results of micellar 

mixing in 96% CP. It can be seen that the micelle chain exchange rate decreases as the 

length of the core block increases. This trend is also observed in 90% CP. The decrease 

in rate is expected. As the PCEMA block length increases, it requires longer times for 

the polymer to reptate into or out of a micellar core. 

The micelle mixing time of 270-23 at 90% CP was abnormally long. Thinking 

that we had possibly gone below the cmc of this polymer, we attempted the experiment 

again at 5.00 mg/mL concentrations for both 270-23 and 270-23-Py. Again, an 

abnormally long mixing time was obtained. One possible explanation is our failure to 

capture the fast rising pyrene monomer intensity. At 96% CP TI was already 2.4 s, if this 

term is considerably shorter at 90% CP which is indicated by the other data, then it would 

be exceptionally hard to measure accurately due to human error. 



Table VI.6: Effect of varying PCEMA block lengths on micelle chain exchange 

kinetics .d 

f) Effect of PS Block Length 

Samples 75-43, 222-42 and 302-37 have similar PCEMA lengths and increasing 

PS block lengths. The rnicelle mixing data are given in table VI.7. It can be seen that as 

the PS chain length increases so does the chain exchange rate. This is counter-intuitive. 

One would expect chain mobility to become more hindered as the corona gets thicker. 

The explanation becomes clear if PS chain segment-segment repulsion is considered. As 

the corona block becomes longer, the chains are more densely packed, which increases 

the repulsion between neighbouring PS chains. This repulsion can be partially offset by 

Both labelled and unlabelled polymer concentrations were 1.50 mg/mL unless 
otherwise stated. 



the expansion of the PCEMA core due to an increased uptake of THF. The higher 

fiaction of THF in the core will then increase the PCEMA rejection and incorporation 

rate. 

Table VI.7: Effect of varying PS block lengths on micelle chain exchange kinetics in 

Both labelled and unlabelled polymer concentrations were 1.50 mg/mL unless 
otherwise stated. 



4. Summary 

Various parameters were studied to determine their effects on PS-6-PCEMA 

micelle stability as measured by fluorescence spectroscopy. As the amount of block- 

selective solvent decreased (i-e. CP) or the temperature increa~ed,~ the chain exchange 

rate increased. This indicates a less stable micelle. At fixed PS length, an increase in the 

core block (i-e. PCEMA) resulted in a longer relaxation time, or a more stable micelle. 

Conversely, at a k e d  core block length, an increase in the corona block length (i.e. PS) 

resulted in a decrease in the relaxation time, or a less stable micelle. 

These results can be used when designing micelles as precursors for applications. 

If nanospheres are desired, a solvent with sufficiently high content of the block-selective 

solvent (i.e. CP) is needed to hold the micelles in shape. In contrast, for a polymer brush, 

the concentration of the block selective solvent should be lower, or the temperature raised 

to promote disintegration of the micelles. These results will be used qualitatively in the 

following experiments. 

The author would like to acknowledge Dr. Jianfu Ding for designing the temperature 

studies and obtaining the raw fluorescence data for 302-37 in 100% CP. Dr. Ding also 

obtained the raw fluorescence data for 3.2-37 in 96% CP at RT, 264-75 in 90% and 82% 

CP at RT and 270-23 in 90% and 96% at RT. All data analysis was performed by the 

author. 



Chapter VII Triblock Nanospheres 

1. Introduction 

a) MiceUes and Nanospheres 

In the previous chapters it has been shown that diblock copolymers self-assemble 

into micelles. It has also been shown that poly(2-cinnamoylethyl methacrylate) can be 

photo-crosslinked to form locked-in sbructures. 5,66,154,175 This can be extended to triblock 

copolymers. ' 6s Polyisoprene-block-poly(2-cinnamo ylethyl methacrylate)-block- 

poly(tert-butyl acrylate) (PI-b-PCEMA-b-PtBA) is shown below: 

0 

Figure VII-I: PI-PCEMA-PtBA triblock copolymer. 



where n, m, and I are the number of isoprene, CEMA and t-butyl acrylate repeat units 

respectively. In the polymer used in this study, they are 370, 420, and 550 respectively. 

The synthesis has already been reported by our group, 16' and was summarized in chapter 

N. The polymer characteristics as determined by Dr. S. Stewart are listed in table VII- 1. 

Table VIT-1: Characterization data for PI-b-PCEMA-6-PtBA synthesized by Dr. 

S. Stewart. 

The PI block I The Triblock 

PI-b-PCEMA-b-PtBA is an interesting polymer because the three blocks have 

varying properties, which can be utilized for the preparation of functional nanostructures. 

In PI- b-PCEMA-b-PtB A, all three blocks are soluble in tetrahydro furan (THF) but 

hexanes (HX) is a selective solvent for the PI block only. Thus by varying the 

composition of T H F M  solvent, micelles will form with the PI block as the corona and 

the other two blocks making the core. The solvent composition can be fine-tuned so that 

spherical micelles are formed with the structure as given in figure VII-2. 

dnJdc Zii?, by LS 
1 ,4-PIa 

(mug) (g/mol) 
by GPC 

- -- 

a The degree of 1,4-addition was determined fiom 'H NMR 

n m I 
by GPC 
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Figure VII-2: A triblock micelle. 

Here, the formation of nanospheres from the ABC triblock copolymer, PI-b- 

PCEMA-b-PtBA will be investigated. Once formed, it will be shown how the 

nanospheres can be functionalised to produce hollow structures. These processes will be 

studied using 'H NMR, 13c NMR, FTIR, DLS, and TEM. The hollow nanospheres will 

then be used as templates to form inorganic structures. Both magnetic nanoparticles and 

catalytic nanoparticles will be investigated. 

b) Nanospheres as  Templates for Synthesis of Inorganic Nanoparticles 

Dr. F. Henselwood has previously shown that diblock copolymers can be used to 

make nanosized porous spheres which were then proven to take-up perylene. 100,177 

Similarly, our porous triblock copolymer nanospheres can be loaded. Inorganic salts 

were chosen to illustrate this ability. As such, the triblock nanospheres act as templates 

for the synthesis of inorganic nanoparticles. The advantage to using polymer 

nanospheres as templates is in the stability of the polymer structure. It is possible to 



create inorganic particles the same size as the template without the concern of the 

template collapsing. 

Large ferromagnetic particles undergo a magnetic hysteresis effect when they are 

exposed to an electromagnetic There is a critical size below which this 

hysteresis effect does not occur. We are attempting to create nanospheres that are below 

this critical size. Mann et aL has shown that nanometer-sized magnetic particles are 

desirable for industrial and technological products. S everal potential applications can be 

identified, such as magnetic data storage, magnetic toners, magnetic inks, ferrofluids, and 

contrast agents in magnetic resonance imaging. 17' Our work combines the solubility seen 

in the work of Mann et and Reed et a/.'" with the iron oxide synthesis in the 

presence of polyacrylic acid of Winnik et The result is nanosized magnetic 

particles solubilized by a polymer coating. Here, the use of the triblock nanospheres as 

templates to make nano-sized magnetic particles will be investigated. 

Nanoclusters of catalytic metals such as palladium (Pd) or platinum (Pt) are of 

interest because they show potential as catalysts. Often the catalytic properties are 

intermediate between bulk and atomic properties. Similar to the formation of magnetic 

nanoparticles, palladium catalysts can be formed in polymer nanostructures. This will 

also be investigated. 



2. ABC Triblock Micelles and Nanospheres. 

a) Solvent Composition Effects. 

The structures formed in the following solvent compositions were examined by 

TEM to determine which gave monodisperse spheres, 97%, 95%, 93%, 80%, 70%, and 

65% hexanes in THF (v/v). The TEM images are shown in figure W-3 (a) through (f). 

The samples have been stained with O S O ~ ( ~ ~ ,  which selectively stains double bonds. 

Since both PI and PCEMA contain alkene groups, both blocks will stain. Thus, what we 

are observing in figure VII-3 is the overall diameter of the nanospheres. One may expect 

the core to be lighter in colour because the PtBA groups do not stain. This is not the 

case, possibly due to the core being too small to image. Considering the block lengths, if 

the polymer were in bulk, where the density could be assumed 1 .OO dm3, then the ratio 

of PtBA to the two stained blocks is 0.53. However, in THF/HX, there is swelling of the 

PCEMA block by the THF and swelling of the PI block by the HX, thus the density of 

the stained blocks will be c1.00 g/cm3 and so the ratio of PtBA to PI-PCEMA will be less 

than 0.53. The 65% HX image in figure -3, shows a diameter of -21 nm. Thus the 

core must be < 1 1 nm. Sizes less than 1 0 nm are hard to image by the TEM methods 

used in this research. The assumption made is that the PtBA core will not swell as much 

in THF/HX as the PCEMA and PI. In high HX content solvents this is a valid 

assumption, but at the lower HX content solvents, there is more THF present which may 

partition into the core and cause increased swelling. 



Figure -1-3: TEM images of PI-b-PCEMA-b-PtBA micelles in (a) 97% HX, (b) 95% 

HX, (c) 93% HX, (d) 80% HX and (e) 70% HX and ( f )  65% HX after staining with 

OsO4(,)* 



The TEM images indicate that the 65% HX achieved the desired spherical 

morphology with the narrowest size distribution. At lower concentrations of THF, 

cylindrical morphologies were obsmed. Long worm-like structures were seen in the 

97%, 95%, and 93% samples while the 80% and 70% samples had cylinders, which 

appeared to be only 2 or 3 spheres linked together in a "pearl-necklace" conformation. 

The TEM image in figure VII-3(f) shows that the 65% sample had a diameter, 

dm of -21 nm. Dynamic light scattering was performed on the same sample and gave a 

hydrodynamic diameter (dh) of 86 * 1 nm. The dh value is significantly larger than the dm 

value. The different dm and dA values suggest that the micelles were substantially swollen 

in THF/HX with 65% ETX as suggested above. 

b) Crosslinking of ficelles. 

The PCEMA block of the 65% HX sample was photo-crosslinked using a cut-off 

filter to remove wavelengths below 260 nm. Photo-crosslinking occurs due to the 

dimerization of double bonds to give a cyclobutyl group. A cut-off filter was required to 

ensure that only the PCEMA double bonds reacted. The wavelength needed for PI is less 

than 260 nm and so the PI was not cross-linked. The conversion of the double bonds can 

be monitored by the decrease in their UV absorbance at 274 nm. The structure was 

considered locked-in at 40% conversion. A plot of CEMA conversion as a function of 

W irradiation time is not shown here because PCEMA crosslinking is well established 

and has been used extensively in the past by Dr. Liu's group. 



Figure W-4: Comparison of the solid-state I3c NMR spectra for (A) PI-b-PCEMA-b- 

PtBA polymer, (B) cross-linked PI-b-PCEMA-b-PtBA nanospheres, (C) PHI-b-PCEMA- 

b-P tBA nanospheres and @) PHI-b-PCEMA-b-P AA nanospheres. 



Figure W-5: Comparison of the 'H NMR of (a) PI-b -PCEMA-b -Pt BA polymer in 
CDCI,, @) PI-b -PCEMA-b -Pt BA nanospheres in CDC13 and (c) PHI-b -PCEMA- b 
Pt BA nanospheres in DzO. 



The crosslinking experiment was verified by the decrease in the alkene peaks, G 

and F in the 13c NMR relative to E, the phenyl peak. The crosslinking of the nicelles 

could also be judged empirically. After crosslinking, the sample dispersed in such 

solvents such as chloroform, THF and toluene to yield solutions with the bluish tinge 

characteristic of solutions containing nanometer-sized particles. The original polymer, 

prior to c r o s s ~ g ,  was MIy soluble in these same solvents to form clear solutions. 

Further proof of the crosslinking is given by the 'H NMR in figure W-5. As discussed 

in chapter ID, Iiquid NMR relies on the mobility of the sample for the nucleus to be 

detected. In figure VII-5(a), all three blocks of the polymer are seen. After crosslinking, 

the PCEMA and PtBA blocks are immobile in the core and shell of the nanosphere. As a 

result, it is expected that the only block which will be seen is the PI. Figure VII-5@) 

shows the peaks fiom PI and one peak fiom PtBA. The reduced intensity of the t-butyl 

proton peak relative to the PI peaks and the complete disappearance of the PCEMA 

proton peaks suggest the reduced segmental mobility of the PtBA and PCEMA blocks as 

a result of crosslinkhg. The most reasonable explanation for why the PtBA signal did 

not disappear I l ly,  is that the core was swollen with CDC13, imparting partial mobility of 

the chains within the core. Not only is this proof of cross-linking, but also proof that the 

PI block is the one which forms the corona. 

It is interesting to note that the relative peak intensities of the PI have changed. 

As discussed in chapter III, PI can polymerise to give three major products, depending on 

the polymerisation conditions Those products are trans- 1,4, 3,4-addition and cis- 1,4. In 

the polymerisation method used here, the molar percentages of these products are 



predicted to be Is%, 4% and 81% respectively.L80 In figure W-5(a), the peaks fiom 

these different products are labelled, and the NMR ratios correspond to the expected 

values. In figure VII-5@), the ratios are distorted. No definitive explanation has been 

found for this change in intensities. One possible reason is that the cis-1,4-addition 

product has less mobility in the nanostructure than the other addition products. The same 

relative intensities are seen even when the delay time between the magnetization pulses 

of the NMR experiment is increased from 15 to 45 seconds to take into account this lower 

mobility. 

Dynamic light scattering performed before and after crosslinking showed that the 

size remained constant (after crosslinking dh = 87 & 1 nm). TEM images fiom both 

before and after also show no change in morphology due to crosslinkingg The dm value 

obtained from the TEM images is 26 nm. Although this appears larger than the micellar 

dm, caution is advised in interpreting the data. When measuring diameters fiom a photo, 

the sample size is very small and so a larger standard deviation is expected. Thus, it is 

believed that the size of the nanospheres is the same as that of the micelle precursors. 



Figure VII-6: TEM image of crosslinked PI-b-PCEMA-6-PtBA nanospheres from 65% 

HX. 



1. Performic Acid 
H2S04 /RT OH ~I.&-CH I --ECH,-k~ - I 

n OH n 

Figure VII-7: Reaction scheme for the hydroxylation of PI. 

(i) PI Hydroxylation 

The pol yisoprene block was hydroxylated to give poly(2,3 -dihydroxyisoprene) 

(PHI). This reaction involved three steps. The first was to prepare performic acid by 

reacting hydrogen peroxide with formic acid. Hydrogen peroxide is available fkom 

Aldrich as a 30% solution in water and performic acid is sensitive to water, so acetic 

anhydride was added to the reaction mixture to consume the water present. The reaction 

also required concentrated sulphuric acid as a catalyst. The second step involves the 

addition of the formic acid without isolating it, to the polymer solution. The performic 

acid reacts with the double bonds of the PI to initially yield an oxirane. The final step is 

the hydrolysis of the fomyl ester in 1.0 N sodium hydroxide to foxm PHI. The solution 

'H NMR before hydroxylation showed a PI peak at 5.1 ppm. After hydroxylation a peak 

had appeared at 3.8 ppm due to the hydrogens on the PHI-diol. The 5.1 ppm peak 

remained which indicates the survival of some PI, despite the lack of the other PI proton 

peaks. Another possibility is that the peak at 5.1 ppm is the result of undetermined side 

reactions. Figure W-4(c) shows the ')c NMR spectrum after hydroxylation. The PI 

block is not observed in the before spectra, possibly due to excessive peak broadening 



causing the signal to be lost in the baseline. The 13c NMR does not provide substantial 

evidence for hydroxylation. The alkene peaks at 118 and 148 ppm have decreased 

M e r  indicating reaction of the PI double bonds. In addition, the peaks in the 55-65 

ppm range have changed somewhat which corresponds to the presence of the OH bound 

carbons. 

Figure VIT-8 shows the FT-IR spectra before and after hydroxylation. Analysis 

shows the appearance of an OH stretching band at 3400 an-'. The double bond 

stretching band at 1620 mi1 has decreased in intensity and there is a complete 

consumption of the =C-H out-of-plane bending vibration at 980 c m - I .  Before the 

hydroxylation the 1620 cm-' band is a combination of the double bonds fkom the PCEMA 

block and the PI block. The crosslinking only reacted 40% of the PCEMA double bonds, 

leaving 60% to contribute to the 1620 crn-I band. If this band is compared to the carbonyl 

band at 1730 cm-I both before and after hydroxylation, it can be seen that it has decreased 

by 35%. The decrease in size is most likely due to the reaction of the PI double bonds. 

A final proof that the PI was converted to PHI is the solubility of the resulting 

nanospheres. Prior to the reaction, they were soluble in non-polar solvents such as 

hexanes. After reaction, the nanospheres were found to be soluble in methanol, water 

and marginally in chloroform. This change in solubility indicates the change of the 

corona block into a hydrophilic moiety. 
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Figure VII-8: FT-IR spectra of the triblock nanospheres (a) afier PCEMA 
crosslinkiing, (b) after PI hydroxylation, and (c) after t -butyl cleavage. 
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Figure VII-9: TEM image of PHI-b-PCEMA-b-PtBA nanospheres from THF with a 

small amount of NaOH (IN). Stained with OSO~(~) .  



Figure W-9  shows a TEM image of the nanospheres after hydroxylation of the PI 

block showing that the integrity of the spheres was maintained. The diameter was 

determined to be -25 nm which is comparable to the -26 nm determined prior to 

hydroxylation. This comparable size indicates that the PI block is still being stained by 

the 0 ~ 0 4 ~ ~ ~ .  This is most likely due to the staining of residual double bonds within the 

PHI. 

Dynamic light scattering was performed on the hydroxylated nanospheres in THF 

with a few drops of 1N NaOH added to solubilize the nanospheres. The dh was 

determined to be 57 nm. This is substantially larger than the dm value, but smaller than 

the dh value determined prior to hydroxylation. It is larger than the dm value because of 

swelling in the core and shell layers from THF. It is smaller than the dh value prior to 

hydroxylation due to THF no longer being a good solvent for the PHI corona. The 

corona will not swell as much in THF as PI, and thus the overall size of the polymer is 

reduced. 

(ii) t-Butyl Cleavage 

Cleavage of the t-butyl group in the core to give a poly(acry1ic acid) core is a two- 

step process as depicted in figure W-10. 

Figure W-10: Reaction scheme for the hydrolysis of PtBA. 



Figure VII-11: TEM image of PHI-b-PCEMA-b-PAA nanospheres sprayed from 50/50 

v/v methanoVHzO. 



The hydroxylated nanospheres were treated with an excess of trimethylsilyl iodide 

to convert the t-butyl groups into trimethylsilyl esters. At the same time, the hydroxyl 

groups of the PHI corona also reacted with the TMS-I to produce trimethy~silyl ethers. 

Both types of trimethylsilyl groups were then hydrolyzed in methanol with a few drops of 

1N HCl. Proof of the t-butyl cleavage was gathered by FTIR. Figure W-8(c) shows a 

loss of the t-butyl rocking peak at -845 cm-' and an increase in the hydroxyl group band 

at -3500 an-'. This cleavage was verified by "C NMR, which shows a loss of the t- 

butyl peaks at both 29 ppm and 81 ppm. The PtBA ester carbon was also shifted fiom 

-173 to -176 pprn. A peak appears in the 13c spectrum at approximately 3 1 ppm. This 

may be due to the t-butanol by product not being fully removed f?om the core prior to 

analysis. 

Dynamic light scattering performed in water on the hydrolyzed nanospheres 

provided a dh value of 89 nm. This value is the same as that obtained for the micelles or 

nanospheres determined in THF/HX with 65% HX. The increase relative to the values 

found in TKF/NaOH after hydroxylation of the PI suggests that water solubilizes the PHI 

corona better than THF. Further evidence results f?om the nanospheres dissolving better 

in water than in THF. 

Figure VII-11 is a TEM image of the hydrolyzed nanospheres after staining with 

OSO~(~,. Since the PAA groups do not stain, the cores are lighter than the residual PI and 

PCEMA double bonds that do stain. The diameter, dm, including the dark shells is -20 

nm. The exact reason for the appearance of the cores in figure W - 1  1 in comparison to 

the previous figures of the nanospheres is unhown. A possible explanation is that PAA 



and PCEMA segments have better phase separation than PtBA and PCEMA. The PtBA 

and PCEMA segments close to the interface between the two blocks may mix causing a 

%blurring" of the interface between the core and the shell. As a result, PCEMA in the 

core may stain, causing the core to be poorly defined in the previous TEM images. If 

PAA and PCEK4 have better phase segregation, then the interface between the core and 

the shell will be sharper. The result is that the core would be more defined- 

Figure W-12: Schematic representation of how (a) poor phase separation and (b) good 

phase separation may effect TEM images. 



Table VII-2: TEM (d,lnm) and hydrodynamic (4lnrn) diameters of the triblock 

nanospheres at each stage in synthesis. 

Synthesis Step 
d m  1 

Solvent 

dh 1 

Solvent 

Micelles 

After cross-linking 

After PI hydroxylation 

After t-butyl cleavage 

25 nrn 

THJ?/ trace Na0H 

57 nm 

THF 

It has been shown here that spherical micelles can be prepared using a triblock 

copolymer. These are not star-like so cannot be related to the PS-b-PCEMA micelles 

discussed in previous chapters. The resulting nanospheres have onion-like layers of the 

three blocks. Mer cross-linking, the resulting nanospheres have been fimctionalised to 

produce nanospheres with both a hydrophilic core and corona without utilizing a vesicle 

morphology. These structures have potential as templates for nanoparticles synthesis. 



3. Triilock Nanospheres as Templates for Inorganic Nanospheres 

a) Magnetic Nanospheres 

Iron oxide particles were formed within the polymer nanospheres using an 

adapted procedure from the 1iterat~re.I~~ The process consists of the three steps. Firsf 

the PAA protons are exchanged with Fe (Il) in the f o m  of FeCI2. The next step is to 

precipitate the Fe (II) in the cores using NaOH, and the final step is to oxidize the Fe 

(OH)2. It is predicted that the Fe (II) binds the acrylic acid groups together as seen in 

figure VII-13. No effort was made to quantify the amount of iron in the core of the 

micelles, although it is believed that the three successive loadings increased the quantity. 

This is suggested by the fact that the nanospheres attained a progressively darker orange- 

brown colour with multiple loadings. 

' ~ e  

Figure M - 1 3 :  A schematic representation of the exchange between the PAA 

protons and the iron 0, where x+y = 100% and the Fe (II) does not necessarily bind 

adjacent acrylic acid groups. 



TEM was used to confirm the iron (11) had loaded into the core of the 

nanospheres. Nanospheres with iron (11) were sprayed fiom water, and observed by TEM 

with and without staining. The stained particles had a dark core due to the iron present 

and dark shell and corona @om the staining of residual double bonds. The diameter 

observed was approximately 28 MI. The unstained sample exhibited much smaller 

particles that were assumed to be iron (II) crystals and had diameters of approximately 7 

nm. The iron loaded nanospheres were then oxidized and analysed again by TEM, 

without staining. With no staining, the dark spherical domains observed must be the Fe 

0 particles. The particles have diameters ranging from -4 to -16 nm. The -16 nrn 

value is in agreement with the nanosphere core size calculated previously and suggests 

that the iron particles are present in the core of the nanospheres. This is an indication of 

the size control offered by these templates for inorganic particle synthesis. 

The electron difiaction (ED) pattern of the spheres was obtained after the 

oxidation step. It shows concentric blurred spots. Individual crystals of iron oxide would 

produce a clear pattern of spots. When there are multiple crystals, with completely 

random orientations, the pattern becomes concentric rings.'8L When the sample has a 

preferred orientation of the crystals, the result is a blurring of the spots.181 The iron 0 

sample shows this blurring, indicating a preferred alignment of the iron oxide in the cores 

of the nanospheres. The ED pattern was compared to a gold standard. The camera 

constant, (hL) was determined fkom the gold. 

w.1 U=R,d, 



where dW is the d-spacing found in the literature for gold and RED is the radius of the ED 

pattan. Using the camera constant, and the diameters of the ED rings for the iron oxide 

sample, the iron oxide d-spacings were determined. Comparing the d-spacings to 

literature values,182 determined that the iron is present as y-Fez03 which is paramagnetic. 

The magnetic nature of the sample may explain the apparent alignment of the sample. 

The magnetic particles may align due to the magnetic field produced by the TEM 

instrument. Assuming the cores are small enough that we get individual crystals forming, 

clear dieaction spots are expected if they are all aligned completely. The loaded 

nanosphere TEM sample was made by evaporating the solvent from a mixture of PHI 

homopolymer and nanospheres. The result was the nanospheres suspended in a 

continuous phase of PHI. The PHI may act to keep the nanospheres f?om fully aligning 

with the magnetic field, thus the blurred spots and not clear ones. This method was used 

for preparing the TEM sample because individual nanospheres sprayed on the TEM grids 

were influenced by the magnetic fields present in the instrument and did not stay on the 

viewing stage. The result was the inability to image the sample. The PHI homopolymer 

acts as a matrix to hold the nanospheres in place even in the presence of a magnetic field. 



Table W-3: Interplanar spacings for iron particles within the triblock nanospheres as 

compared with the for y-Fe203 (cubic-maghemite) and their corresponding 

m l e r  indices. 

dhY (experimental) dm (literature) Miller Indices 

(A) (A) (hk0 
2.52 2.52 311 

2.20 2.23 321 

1.65 1.6 1 51 1,333 

1.49 1.48 440 

1.26 1.27 533 

The main problem in the synthesis of small magnetic particles is aggregation. 

The TEM image clearly shows that this is not a problem with the current particles. 

Further confirmation was given by DLS, which gave dh = 90 nm, the same value as found 

after t-butyl cleavage as shown in table W-2. 

The iron-loaded nanospheres were dissolved in distilled water and a bar magnet 

was placed along the side of the vial. Although they settle due to gravity, it can also be 

seen that they are influenced by the magnetic field and stick to the side of the vial. The 

solution was stable and only settled after many hours. 

The magnetic particles were not firher characterized. However, they are 

expected to be superparamagnetic, because they are far smaller than the critical size of 

160 nm for exhibiting bulk magnetic properties.L27 



Figure VII-14: TEM images of nanospheres containing (a) iron (II), (b) iron (II) with 

O S O ~ ( ~ )  staining, and (c) iron (110 crystals. 



Figure VII-15: Electron Diffraction of the iron (110 crystals observed in TEM. The 

conditions are 100 kV, and 0.8 m camera length. 



Figure VII-16: Photograph showing in the right vial, the attraction of the magnetic 

nanoparticles by a horseshoe magnet, and in the left vial, a control experiment indicating 

that no significant settling of the nanospheres due to gravity is present after 6 hours. 



b) Palladium Nanospheres 

Similar to the magnetic nanospheres, catalytic nanospheres can be created by 

loading of the triblock nanospheres with Pd (II) and reduction to Pd (0). This was 

achieved in two steps; first the loading of Pd (II) using PdC12, and then the subsequent 

reduction of Pd with hydrazine. 

Palladium (11) entered the PAA cores of the nanospheres due to a complexation 

with the carboxylic acid groups.183 The complexed Pd (II) was then reduced by 

hydrazine. Evidence for this reaction was the formation of gas bubbles (assumed to be 

nitrogen) on the addition of the hydrazine to the nanosphere solution. TEM showed the 

cores had s m d  particles in them. Since the nanospheres were not stained, the dark spots 

seen were a result of the Pd. In figure VII-17, it can be seen that the particles were not 

perfectly spherical. The largest dimension, however was less than -15 nm, which was 

the size of the cores of the polymer nanospheres as seen in figure VII-11. This confirms 

that the particles were prepared inside the cores of the triblock copolymer nanospheres by 

template synthesis. 

Electron dieaction identified the particles as Pd (0). The d-spacings were 

determined using the same method as outlined ftom iron oxide, and are listed below. 

They agree with the literature values for Pd (0). 



Table VII-4: The interplanar spacings of the palladium in the core of PHI-b-PCEMA-b- 

PAA nanospheres as compared to Pd (0) from the literature.Ig2 

dhkl (experimental) dhkl (literature) hriiller Indices 

(A) (A) (hk0 

The kinetics for the loading of the PdC12 into the cores of the nanospheres were 

followed using TGA. Figure VII-19 shows that 8% Pd (11) partitioned into the 

nanospheres in the first hour. The loading increased a fuaher 10% in the subsequent 47 

hours. 

Also followed by TGA was the effect of multiple loadings on the amount of Pd in 

the core of the nanospheres. The nanospheres were left to equilibrate with a solution of 

Pd (II) for 24 hours. The nanospheres were rinsed and analysed. They were seen to have 

19% Pd by weight. The nanospheres were dissolved and placed in a fkesh solution of Pd 

(II) and allowed to equilibrate. The second loading showed only 2 1% Pd by weight. The 

equilibration was repeated a third time which yielded 23%. As seen by figure VII-20, 

multiple loadings with Pd (II) were not advantageous. There was not a significant 

increase in the amount of Pd found in the core of the nanospheres. 



Figure VII-17: TEM of  Pd (0) loaded nanospheres. 



Figure VII-18: The Electron Dimaction pattern of Pd (0) loaded nanospheres observed 

in TEM. The conditions are 100 kV, and 0.8 m camera length. 



time (min) 

Figure VXI-19: The kinetics of the loading of Pd (II) into the core of PHI-b -PCEMA 
b - P A 4  nanospheres as analysed by TGA. 



Number of 24 hour loadings 

Figure -20: Three subsequent loadings of Pd (n) into PHI-b -PCEMA-6 -PAA 
nanospheres as analysed by TGA. 



The triblock copolymer nanospheres have been used successfilly as templates for 

the synthesis of y-Fez03 and Pd (0) particles with diameters less than 16 nm. An 

important aspect of the research shown is that the nanoparticles are stabilized by their 

polymer templates such that they do not flocculate to form larger particles. The 

nanoparticles also remain dispersed in solution, such that they do not settle. 

The magnetic nanoparticles may have M e r  uses, but these were not explored. 

The Pd (0) nanoparticles have the obvious use as catalysts. There are many aspects to the 

Pd (0) nanoparticles that make them desirable for catalysis. They are small, and thus may 

be more reactive due to the increased surface area-to-volume ratio. They are stabilized so 

they can be dissolved in the reaction medium. Moreover, the encapsulating polymer 

nanospheres modifL the catalyst environment which may effect the catalyst reactivity. 

Thus, the Pd (0) loaded nanospheres were investigated for use in catalytic reactions, and 

the results are discussed in the following chapter. 



Chapter Vm Applications of Nanosphere-Encapsulated Palladium Particles 

1. Introduction 

In the previous chapter, the synthesis of Pd (0) nanoparticles was reported. The 

Pd particles are of interest because they are less than 16 nrn in diameter and do not 

flocculate. Like Pd black, the nanosphere-encapsulated Pd nanoparticles can be used to 

catalyze the hydrogenation of alkenes. The interesting aspect of using nanosphere- 

encapsulated Pd is the modification of the catalytic activity toward different reagents that 

the polymer nanospheres provide. This chapter will deal with the investigation of the 

hydrogenation of triethyldlyl amine (TEAA), vinylacetic acid (VAA), methyl 

methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA) using both Pd black 

as a standard and the encapsulated nanoparticles. A kinetics model will be proposed to 

explain the data? 

a This model was designed by Dr. G. Liu. 



1. pH Effects on Hydrogenation 

The core of the triblock nanospheres consists of PAA. Being an acid, PAA will 

be protonated at low pH and fully deprotonated at high pH. The pK, of poly(methacry1ic 

acid) is approximately 7.184 Assuming that PAA has a pK, in the same range, at pH 3 the 

PAA will be l l l y  protonated, and at pH 10 it will be hl ly  dissociated. It is predicted that 

the difference in charge density in the core will affect the rate of hydrogenation for 

charged alkenes. 

a) Triethylallyl amine 

TEAA is a positively charged amine with a pendant double bond. The 

hydrogenation was performed following the method outlined in chapter IV. Figure VIII- 

1 shows that the reaction went to completion in approximately 3 hours for pH 10. The 

reaction rate for pH 3 was slower and the reaction did not go to completion. Figure VIII- 

2 shows the same reaction conditions using Pd black as the catalyst. The hydrogenation 

using Pd black is independent of pH within experimental error (NMR is typically + 
5%)'" These results suggest that the difference in reaction rate for the nanosphere- 

encapsulated Pd is a result in structural changes within the polymer support. The pH 10 

rate is higher because the negatively charged AA groups will attract the positively 

charged TEAA. This driving force is not present when the pH is 3. 
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Figure VIII-I: The decrease in the normalized concentration of TEAA 
([TEAA]/[TEAAJ0), with respect to reaction time at pH = 3 and pH = 10 performed in 
D20 using nanosphere-encapsulated Pd (0). 
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Figure VIII-2: The decrease in the normalized concentration of TEAA 
([TEAA]/[TEAA]o), with respect to reaction time at pH = 3 and pH = 10 performed in 
D20 using Pd black obtained fkom Aldrich Chemical Company. 



Comparing figures Vm-1 and Vm-2, it can be seen that the different catalysts 

have different kinetic laws. The Pd black data is easiest to understand and will be treated 

first. The plot of ([TEAA]/[TEAAJo) versus time is linear. This is of the form: 

m . 1  [TEr4A-Hj]=ICL 

which is a zero order kinetics with respect to reactant concentration. The data obtained 

using the nanosphere-encapsulated Pd can be fitted with the following expression: 

vu1.2 rmA1 = a + b exp 
Lwl, 

where a and b are fitting coefficients, and raPp is related to the inverse of the rate 

constant. The pH 10 data was fitted with equation Vm-2 to yield a = 0.002, b = 0.949, 

and Tapp = 53.5 minutes. These suggested that the kinetics was first order with respect to 

the reactant. Fitting the hydrogenation data at pH 3 yielded a = 0.477, b = 0.499 and T~~~ 

= 8 1.4 minutes. The larger Tapp value for pH 3 indicates that pH 3 has a smaller rate 

constant which is in agreement with the slower reaction of TEAA at pH 3 than at pH 10. 

For an irreversible first order reaction, the a and b values are expected to be 0 and 1 

respectively. This was not seen for the pH 3 data, and suggested either the establishment 

of a reaction equilibrium or the shutdown of the reaction pathway at higher conversion. 

Since the reaction went to completion when Pd black was used at pH 3, the failure to go 

to completion when using nanosphere-encapsulated Pd could not be due to the 

establishment of an equilibrium. As a result, the plateau in figure Vm-I must be a result 

of the shutdown of the reaction pathway. The shutdown is most likely due to the 



irreversible adsorption of the product (triethylpropyl ammonium bromide) or some 

unidentified side product onto the catalyst surface. 

To better understand the different kinetic laws illustrated by the different 

catalysts, Dr. G. Liu developed the following kinetic models. 

In the case of Pd black catalyzed hydrogenation, the kinetics are simple to 

understand. Assuming the adsorption and dissociation of the hydrogen is fast, the 

adsorption of the reactant onto the Pd surface is the rate-determining step. As a result, 

the reaction follows the Langmuir-Hinshelwood me~hanism:~ 

Where €IH is the fiactional coverage of hydrogen, and OR is the fiactional coverage of the 

reactant. We can assume that the hydrogen and the reactant adsorb to different sites, and 

that the continuous bubbling of H2 into the system means that OH is constant. The 

adsorption of the reactant onto the Pd surface follows the Langmuir isotherm:' 

Where K is the coefficient for the partition of the reactant between bulk solution and the 

Pd sudace. Since alkenes are adsorbed strongly by Pd, K[PI is much greater than one so 

OR approaches one. As a result, the reaction rate has a zero order dependence on the 

reactants. 

Consider the nanospheres; the reagents must di f ise  through the corona, shell and 

core prior to coming in contact with the catalytic palladium surface. The PHI corona is 

assumed to be swollen by the solvent so the reagents will diffiise through it without 



resistance. The shell and core are not so easily transversed. The pathway for 

hydrogenation would involve the following four steps. 

Figure Vm-3: The steps involved in the hydrogenation of a reactant (R) using 

nanosphere-encapsulated Pd (0). (a) The diffusion of the reactant from the bulk solution 

(B) to the PCEMA shell (S), (b) The diffusion of the reactant fkom the shell to the PAA 

core (C), (c) The adsorption of the reactant onto the Pd, and (d) the hydrogenation 

reaction- 

The dashed arrow in step (d) implies the omission of steps involving the 

desorption of product fkom the Pd surface, followed by diffision out of the core and shell 

phases and finally partition into the bulk solution phase. These steps are assumed 

irreversible and fast compared to the first four steps. This is a reasonable assumption 

because the hydrogenated product does not contain a double bond and so will not have 

the rr-orbitals which cause adsorption to the Pd. Once chemisorption is lost, the product 

can diffuse quickly through the polymer into the bulk solution, which is a good solvent 

for the product. 



Considering the chemical equations given in figure Vm-3, the kinetic equations 

can be produced as shown in equations VIII-S(a) through VIII-5(d). It is assumed that 

the reactant and the H atoms adsorb to different sites on the Pd surface and as such do not 

compete for sites.lg6 The result is that el and (1-9 give the fkactions of occupied and 

unoccupied sites for the alkene respectively. It was also assumed that the surface 

coverage of hydrogen atoms was constant throughout the experiment. This is valid 

because the H2 was bubbled continuously and the diffusion rate of H2 into the 

nanospheres is much faster than that of the alkene. 

where 

VIII.6 k;4 = k 1 4 e ~  

As seen in figure VIII-3, Rls is the allcene in the shell, RIB is the alkene in the 

bulk and Rlc is the alkene in the core. The ' 1 ' refers to alkene ' 1 '. This is not important 

at present, but will be important in later sections when more than one alkene are used. 

We can define KI1, K12 and K13 as the partition coefficients for the steps in figure VIII-3 

(a) through (d). As such, they are the ratios of the forward and backward rate constants. 



Using steady-state approximations with respect to [Rls], [PIC], and 81, and assuming 

Kl3BIC] much greater than (l-kldk-t3) we can express the rate of reaction in terms of the 

concentration of reactant in the bulk solution. 

with 

Equation VIII-7 indicates the hydrogenation reaction is first order when using 

nanosphere-encapsulated Pd catalysts at pH 3. When the pH is changed to 10, the only 

part of the particle which is effected is the core. The hydrogenation on the Pd surface is 

not effected by pH as exhibited by the data obtained on Pd black. Thus, k'14 will not 

change with pH. The shell remains unchanged with pH so kl 1 and & 1 remain unchanged. 

The adsorption of the reactant onto the Pd surface &om the core should not differ too 

much between pH's because the Pd is in contact with the core. Thus, there should be no 

drastic changes in G3 and The result is that the reason for the increase in the rate of 

reaction £iom pH 3 to pH 10 must be a severe increase in K12 and kI2. 

b) Vinylacetic Acid 

The rate of hydrogenation for T E U  was effected by the changes in the PAA core 

of the nanospheres due to the changes in the pH of the solution in which the 



hydrogenation was being performed. To confirrn that the charge density of the core was 

the main reason for the difference in reaction rates, a different reactant was studied, 

Using the model proposed, a negatively charged species should show the opposite effect 

when hydrogenated using the nanosphere-encapsulated Pd at pH 3 and 10. To examine 

this hypothesis, VAA was used. VAA is negatively charged at pH 10, and neutral at pH 

3. It is predicted, that at pH 10, when the PAA nanosphere core is also negatively 

charged, the hydrogenation of VAA will be slower than at pH 3, where both species are 

neutral. 

Illustrated in figure W - 4  are the results fkom the hydrogenation of VAA at pH 3 

and 10. Fitting the data with equation VIII-2 yields a=0.429, b=0.575, and 'TaPp=523 

minutes for the pH 3 data. The pH 10 data produced ~ 0 . 5 8 9 ,  b=0.42 1, and ~,,,=578 

minutes. This shows that the reaction was less favoured for pH 10, as predicted. Thus, 

the model for the pH dependence of hydrogenation in using the nanosphere-encapsulated 

Pd catalyst was correct. 
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Figure VIII-4: The decrease in normalized VAA, ( ~ A A ] / ~ A A ] O ) ,  during 
hydrogenation, as a function of time at pH 3 and 10. The reaction took place in 
methanol using nanosphere-encapsulated Pd catalyst. 



3. Nanosphere Structural Change Effects on Hydrogenation 

As stated previously, at pH 3 the PAA cores will be i l l y  protonated, while at pH 

10 they will be fully deprotonated. As well as the charge density playing a role in the 

selectivity of hydrogenation, it is predicted that actual structural changes within the core 

will also effect hydrogenation. At pH 3, the m y  protonated carboxylic acid groups can 

form a gel-like network through hydrogen-bonding15 Hydrogen-bonding does not occur 

at pH 10. As a result, it is expected that at pH 3, the cores will act as nanofilters, 

dowing certain sized molecules to access the Pd surface while restricting larger 

molecules. 

a) Methylmethacrylate and Ethylene Glycol Dimethacrylate 

Ethylene glycol dimethacrylate (EGDMA) is twice as large as 

methylmethacrylate, and as such, it is expected to have slower kinetics than MMA. 

Figures VIII-5 and VIII-6 show the hydrogenation of MMA and EGDMA at pH 3 and 10 

respectively. It appears that the EGDMA reacted faster than MMA initially but at later 

reaction times, the MMA became faster. This indicates that the anticipated nanofilter 

effect is more compLicated than was fist  thought. 

From the data, it is seen that the apparent rate constant must be larger for 

EGDMA initially and then must change such that it decreases to a point were MMA is 

larger at longer reaction times. Equations Vm-7 and Vll I-8 show that the apparent rate 

constant is a complex fimction of the rate constants for the various partition steps in 



figure Vm-3. EGDMA may have a smaller klI and kf2 relative to MMA due to more 

resistance to diffusion into the cross-linked shell and hydrogen-bonded core. As a result, 

k,, will decrease. This may be offset by a smaller k-~j from the EGDMA being more 

strongly adsorbed onto the Pd surface. The result is that the EGDMA hydrogenation may 

be more favourable than MMA due to a larger adsorption equilibrium constant, K13 for 

EGDMA than for MMA. This would be a result of EGDMA having two double bonds to 

adsorb onto the Pd surface as opposed to only one in MMA. It would have been more 

accurate to use EGDMA-H2 which represents EGDMA with only double bond. This new 

reactant would have the same adsorption to Pd as MMA because it wouId only have one 

double bond. 

The reaction rate of EGDMA slowed down relative to that of MMA at higher 

conversions due to the increased formation of EGDMA-Hz. EGDMA-H2 competed with 

EGDMA for surface adsorption sites and subsequent hydrogenation. The competition for 

sites, slowed down the reaction of the EGDMA. As proof to the formation of EGDMA- 

H2 which desorbed fiom the Pd surface, only to re-adsorb and react further is given by 

the fact that the intermediate product was seen in the GC/MS analysis of the reaction. 

Figure VZII-7 shows the variations in relative amounts of EGDMA, EGDMA-H2 and 

EGDMA-2H2. 

A comparison of the kinetics of MMA and EGDMA, each at both pH 3 and 10 

shows that they had faster reaction rates at pH 10. An examination of equations VIII-7 

and VIII-8, as well as figure Vm-3 is needed to justify this observation. At pH 3, the 

cores are charged, this should not effect the partition between the bulk and the shell, and 



thus KII and k ~ ,  remain unchanged. Also, as exhibited by the lack of pH dependence 

when using Pd black, kr4 should not change with pH. Due to MMA and EGDMA being 

less soluble in a charged core, the rate constants and partition coefficients which wodd 

be most changed are K12, the partition between the shell and core, kI2, the rate constant 

for migration into the core, K13, the partition &om the core onto the Pd, and tr3, the 

desorption rate constant. There would be decrease in Klr, k-13 and k12, while &3 would 

increase. The increase in the rate constant at pH 10 indicates that this last increase in K13 

is the dominant factor. It is important to note that the EGDMA and MMA reactions were 

done separately. 
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Figure Vm-5: The hydrogenation of MMA and EGDMA at pH 3 in methanol using 
nanosphere-encapsulated Pd as the catalyst. The reactions were performed separately 
for each of MMA and EGDMA. 
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Figure VIII-6: The hydrogenation of MMA and EGDMA at pH 10 in methanol using 
nanosphere-encapsulated Pd as the catalyst. The reactions were performed separately 
for each of MMA and EGDMA. 
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Figure VIII-7: The hydrogenation products of EGDMA at pH 10 in methanol using 
nanosphere-encapsulated Pd as the catalyst. 
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Figure Vm-8: The hydrogenation of MMA at pH 3 and 10 in methanol using 
nanosphere-encapsulated Pd as the catalyst. 
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Figure Vm-9: The hydrogenation of EGDMA at pH 3 and 10 in methanol using 
nanosphere-encapsulated Pd as the catalyst. 



b) Methylmethacrylate/Ethylene Glycol Dimethacrylate Mixtures 

The MMA and EGDMA reactions in the previous section were performed 

separately. Selectivity requires the preferential reaction of one reactant in a mixture of 

reactants. As such, the hydrogenation reactions were repeated with MMA in the presence 

of an equimolar amount of EGDMA. FigureVm- 10 shows the conversions of MMA and 

EGDMA as a function of time at pH 10. It can be seen that the reactants act differently 

as a mixture than they do separately. The kinetic curves show a lack of the exponential 

decay that was seen in figure VIII-5. The mixtture data also showed that the MMA 

seemed to react preferentially at al l  times, in contrast to the previous data. 

The change in reaction kinetics required a re-analysis of the kinetics model. Dr. 

G. Liu proposed the following modifications to the model. The partition of the reactant 

into the shell &om bulk, and into the core fiom the shell should remain unchanged for 

both a system with two reactants, RI and R2. AS a result equations VIII.S(a) and (b) 

remain valid. Equation VIII.S(c) must be altered to take into account the adsorption of 

two reactants. The result is in shown in equation VIIf.S(c') and VIII.S(c"). 

- k,, [R,, ](I - 0 )  - k-,O2 - VIII.S(c") - - 
dt 

where 01+02=e . Steady-state approximations with respect to 6 and O2 yield the rates of 

disappearance of reactants 1 and 2 in terms of the concentrations of each of the reactants 

in the core as shown in equations Vm.9(a) and (b). 



If the concentration of R2C is set to zero in equation Vm.9(a), and the 

concentration of Rlc is set to zero in equation Vm.g(b), then the hydrogenation rates for 

individual reactions, of reactant 1 and 2 respectively can be obtained. 

Comparing equations Vm.9 and Vm. 10, it can be seen that the kinetics are truly 

different when pure reactants are hydrogenated versus when mixtures of reactants are 

used. Equations VIII.g(a) and (b) show that the rate of reaction for reactant I and 2 are 

coupled. In order to make quantitative predictions of the rate of hydrogenation in the 

systems studied, it is necessary to solve the kinetic equations given in Vm.5 and VIII. 10. 

This was not attempted because it became very complex. 
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Figure Vm-10: Comparison of MMA and EGDMA hydrogenation kinetic data for 
mixtures of  reactants. The reaction was performed at pH 10 in methanol with initial 
molar ratios of  43 :43 : 1 for MMA, EGDMA and Pd. 



The deviation from the expected exponential decay of reactants for the 

MMA/EGDMA mixtures prompted the investigation of the hydrogenation of a mixture of 

reactants using Pd black as the catalyst. Palladium black was studied at both pH 3 and 

10. The linear decay seen for the TEAA and VAA hydrogenations was repeated for the 

mixture of MMA/EGDMA. Although MMA appeared to react slightly faster than 

EGDMA, the selectivity was not as apparent as when the nanosphere-encapsulated Pd 

was used. The data obtained on Pd black also showed that there is no pH selectivity 

between MMA and EGDMA 

At the beginning of section 3, it was hypothesized that the selectivity seen in 

using the nanosphere-encapsulated Pd was a result of hydrogen-bonding between 

carboxylic acid groups at low pH. The data seen to this point has been for pH 10, which 

has deprotonated P M  cores and thus no gel-filtering. As seen in the data to this point, a 

size fltration still occurs. To fhther test for the gel-filtration, the hydrogenation of 

EGDMA/MMA mixtures was studied at pH 3. The data suggests an absence of 

selectivity at this pH. This lack of selectivity between MMA and EGDMA at pH 3 may 

be due to both being too large to move freely through the hydrogen-bonded core. As a 

result, the PAA gel acts to slow both reactants down. 
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Figure W - 1 1 :  Comparison of the hydrogenation of MMA and EGDMA ina 
mixture of the two at pH 3 using Pd black as the catalyst and methanol as the solvent. 
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Figure VIII-12: Comparison of the hydrogenation of MMA and EGDMA in a 
mixture of the two at pH 10 using Pd black as the catalyst and methanol as the solvent. 
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Figure VIIZ-13: The hydrogenation data for a mixture of EGDMA/MMA at pH 3 in 
methanol using nanosphere-encapsulated Pd as the catalyst. 



3. Summary 

In this chapter, it has been shown that the nanosphere-encapsulated Pd 

nanoparticles can be used as hydrogenation catalysts. The Pd black used as a control had 

a surface area of 40 m2/g as determined by the Aldrich Chemical Company. The 

nanosphere-encapsulated palladium had a d a c e  area of -SO m2/g. The surface area was 

calculated assuming uniform spheres with 10 nm diameters. Although the reaction times 

are longer for the encapsulated Pd, than for Pd black, they have many advantages. The 

Pd particles synthesized here do not aggregate which is advantageous because 

aggregation leads to a loss of reactivity from a decrease in surface area. The outer 

polymer provides modification to the Pd reactivity through structural changes which 

result from pH changes. 

Although the nanosphere-encapsulated Pd is still a heterogeneous catalyst, it is 

soluble in the reaction media. The solubility provides better access to the catalyst than 

traditional heterogeneous systems. 



Chapter CY Conclusions and Future Work 

1. Conclusions 

The initial research was aimed at understanding the formation of rnicelles fiom 

block copolymers, in an attempt to improve their role as precursors to nanostructures. 

This knowledge was then used in the formation of triblock copolymer nanospheres. Once 

formed, the nanospheres were used as templates for the preparation of inorganic 

nanoparticles. A number of conclusions can be made fiom these studies. 

EIalperin7 put forward the theory that in star-like micelles the degree of 

polymerisation of the block that comprises the core, controls the aggregation number and 

core size. The scaling relation he proposed was that f scales to mO.* and Rc scales with 

m0.6 - Five new PS-b-PCEMA polymers were investigated. Combined with previous data 

from Tao et a[.* the study supports Hdperin's theory. The new samples span 80 to 790 

repeat units of PCEMA. Combined with the previous data, the samples comprise 

PCEMA chains as low as 12 repeat units. This represents one of the most comprehensive 

studies to examine the scaling of micelle aggregation numbers and core sizes. The study 



of F6rster et al." examined a larger range, by combining the data fiom other sources. 

The study shown here is the largest using one type of polymer. 

The same data was used to test the theory by Daoud and Cotton for the thichess 

of a corona. The theory fit the data at low PS block lengths but as the block length 

3/5 /5 increased, the data deviated from the predicted linear relation of n f vs. Rs. The 

deviation was most likely a result of experimental error. DLS measurements are 

extremely sensitive to dust contamination. 

Another concern when forming micelles as intermediates to other structures is the 

stability of the micelles. The stability of PS-6-PCEMA was investigated with respect to 

solvent composition, block lengths and temperature. It was found that a number of 

parameters can be used to adjust micelle stability. As temperature increases, micelles 

become less stable and disintegrate more readily. When the amount of block selective 

solvent is increased, the micelle becomes more stable. When the core block length is 

increased, the micelle is more stable, while when the corona block length is increased, the 

polymer chains leave the micelle more readily. 

These results should be kept in mind when designing a micellar system for a 

specific application. If the application requires unstable micelles which will adsorb at an 

interface, then a high temperature, good solvent, or large corona block is required. If the 

application requires stable micelles, then cooling the system, adding a poor solvent, or 

increasing the core block length is advised. 

Combining this knowledge with that of how block lengths effect the size and 

aggregation number of the micelle can be very helpful. The size of the core block can 



give an indication to the core size and aggregation number, while the formation 

conditions such as temperature and solvent composition can give an idea of the stability 

of the resulting micelle. With these two studies, the tailoring of micelles to specific 

applications can be achieved, 

Since diblock copolymer micelles have been used extensively in the past in the 

Liu group as precursors to different nanostructures, the research was directed to the 

applications of triblock micelles. PI-b-PCEMA-6-PtBA with n = 370, m = 420, I = 550 

was shown to form spherical micelles in 35% THF/65% HX. Making the approximation 

that one isoprene unit is twice the length of CEMA or tBA unit, then the relative block 

lengths are n ' = 740, m = 420 and I = 550. In HX, PCEMA and PtBA are insoluble. If 

the triblock is shortened to approximate a diblock where the insoluble block is (PCEMA 

+ PtBA) then the micelle has a core block approximately 970 units long and a corona 

with approximately 740 units. Comparing this to the diblock studies, the triblock does 

not form a star-like micelle. Thus, the scaling relations determined for star-like micelles 

cannot be applied. The kinetics of micelle formation are still applicable in an empirical 

sense. The higher the amount of THF in the system, the less stable the rnicelles will be. 

The triblock nanospheres were functionalised. The subsequent nanospheres were 

shown to be good templates for the formation of inorganic nanoparticles. Maghemite 

was formed in the cores of the nanospheres, and was shown to have magnetic properties. 

The author then moved on to show that the nanospheres could also be used to form 

palladium nanoparticles. The palladium nanoparticles were reduced to Pd (0) which was 

used as a catalyst for the hydrogenation of alkenes. This is an important illustration of 



the practical use of polymer nanostructures. All too often, novel nanosh-uctures are made 

but their uses are not explored. The interest in polymer chemistry is primarily that of 

creating new materials. Thus, it is important not only to form the structures but also to 

investigate their uses once made. 

The nanosphere-encapsulated palladium was shown to have charge selectivity 

through pH changes in the core of the polymer support and size selectivity for different 

sized reactants. The polymer shell and core act as a nanofilter to restrict large molecules 

from adsorbing onto the catalytic surface of the palladium. 

The kinetics of the nanosphere-encapsulated palladium hydrogenation reactions 

were also examined. The kinetics were first-order for individual reactants, but when a 

mixture of two reactants is introduced to the catalyst, the kinetics became more 

complicated. The two reactants competed with one another for adsorption onto the 

catalyst. 



2. Future Work 

a) Scaling Relations for Crew-cut Micelles 

The samples used in chapter V to study the scaling relations between polymer 

block lengths andL R, and Rs all had n/m greater than nine. This ratio represents star-like 

micelles. ~ a l ~ e r i n '  and Zhulina6 formulated their theories for star-like micelles, 

however, de ~ e n n e s ' ~  theory was developed for crew-cut micelles. Zhang and 

~ i senbe r~"  have shown that crew-cut micelles can be formed fkorn PS-b-PAA. 

Modification of their work to use PS-b-PCEMA with rn being much larger than n would 

be of interest to see if de Gemes' theory holds true. Such a study would also determine 

whether star-like and crew-cut micelles scale differently, or if there is one scaling relation 

which can be used for both, as suggested by F6rster et ~ 1 . ~ ~  

b) Scaling Relations for Triblock Copolymers 

The triblock used here does not fit the description of a star-like rnicelle and as 

such, the scaling relations cannot be applied. Only recently, have ABC triblock 

copolymers started to be investigated. Solution studies are not abundant in the literature. 

The synthesis of a triblock with the appropriate block lengths to fit the definition of a 

star-like micelle would be of interest* It could d e n  be studied in a similar way to the 

diblocks presented in this thesis. A study could be made to see if it too scales according 



to the theoretical scaling laws. To avoid problems with PI, a PS-b-PCEMA-b-PtBA 

polymer is suggested, with n much larger than m+Z. Such a study would either show that 

triblock copolymers act as diblocks or it would provide the data needed to create a new 

scaling relation for triblock copolymers. Either way, the information would be of 

interest. Triblock copolymers can be synthesized using anionic polymerization, making 

it possible to produce them with narrow molecular weight distributions. The synthesis 

has already been proven successfbl in the Liu lab. The ease of synthesis means that ABC 

triblock copolymers will play an increasing role in materials chemistry. The applications 

for which a polymer can be used can be predicted once one understands how the blocks 

effect self-assembly. 

c) Nanosized Magnetic Particles 

Magnetic nanoparticles were only briefly investigated as proof of the template 

action of triblock nanospheres. Magnetic nanoparticles have an interesting chemistry of 

their own. Usual preparation involves the formation of the particle in presence of a 

stabilizer which adsorbs onto the surface to prevent the particles from flocculating. In 

many cases, the stabilizer is a polymer. Using a polymer nanoparticle as a template 

introduces the polymer at the beginning, ensuring no flocculation. The size and shape of 

the magnetic particle is controlled by the size and shape of the template. The template 

used here was a nanosphere, but this could easily be extended to nanotubes. A rod 

shaped magnet would be of interest because nanorods can form liquid crystals, and 



magnets can be aligned preferentially using an external magnetic field. This means that a 

liquid crystal could be aligned by turning on an external field around a sample of 

randomly oriented magnetic nanorods. If the magnetic domains within the nanorods are 

below the critical size of 160 nm, they will be superparamagnetic, meaning that they will 

not retain any magnetization when the external field is removed. After the external 

magnetic field is taken away, the rods can relax to a random alignment. The result is an 

on/off switch mechanism on a nanometer-sized scale. 

Considering the possible applications of nanometer-sized magnets, lkther 

investigation into their template synthesis is recommended. 

d) Other templates 

The use of triblock nanospheres as templates for iron oxides and palladium 

catalysts suggests that triblock nanostructures could be of use for many kinds of template 

synthesis. The advantage of a triblock is in the crosslinked shell which can provide 

structural support to the nanostructue, while the core can be chemically modified to 

allow room for the element or compound of interest. Trr'block copolymers have a wide 

variety of possible self-assembled structures, which means that they can be used as 

templates for a wide variety of shapes. The applications are only limited by the 

researchers' imagination. 

To start, different inorganic salts could be investigated in the same template 

system. Some ideas include platinum, cadmium (11) sulfide, gold, silver and copper. The 



PI-b-PCEMA-6-PtBA triblock has also been shown to form nanofibers. Using the same 

ternplating technique with conductive metals, the nanofibers could be used as templates 

for conductive nanowires. 

This thesis is not an end but rather a beginning- The possibilities within block 

copolymer seIf-assembly are endless. Some of the kinetics and thermodynamics have 

been investigated here, but there are still a lot of questions to be answered. The 

application of triblock nanostructures as templates is a fascinating field which should be 

investigated fiuther. 
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Appendix 1 Zimm Plots for PS-b-PCEMA Nanospheres 

The data presented in chapter V is based on the Zimm Plots reported here. The 

motecular weights, and radii of gyration are reported in table V-2. The corresponding 

dnJdc values are reported in table V-2. 



Figure Al-1: The Zimm plot for PS-b  -PCEMA nanospheres made fiom sample 640- 
80 performed in toluene. The concentrations where 0.330, 0.490, 0.684,0.917, 1.074 
and 1.543 mg/mL. The angles used were 20,30,45,60,75, and 90 degrees. 



Figure A1-2: The Zimm plot for PS-b -PCEMA nanospheres made £iom sample 1200- 
1 10 performed in toluene. The concentrations where 0.0989,0.203,0.362,0.459, 
0.588,0.840 and 1.375 rng/mL. The angles used were 30,35,40,45, 50, 55,60,65 
and 70 degrees. 



Figure A1-3: The Zimm plot for PS-b -PCEMA nanospheres made from sample 1 5 1 5- 
85 performed in toluene. The concentrations where 0.0533,0.0938,0.203,0.339, 
0.53 1,0.784 and 0.99 1 mg/mL. The angles used were 25,30,45,60,75 and 90 
degrees. 



Figure A14: The Zimm plot for PS-b -PCEMA nanospheres made f?om sample 2500- 
270 performed in toluene. The concentrations where 0.166,0.28 1, 0.467, 0.804, 
0.975, 1.286 and 2.469 mg/mL. The angles used were 25, 30, 45, 60, 75, and 90 
degrees. 



Figure A1-5: The Zimm plot for PS-b -PCEMA nanospheres made from sample 7612. 
788 performed in toluene. The concentrations where 0.106,0.212, 0.339, 0.463, 0.636 
and 0.958 mg/mL. The angles used were 30,45,60,75 and 90 degrees. 




