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Abstract 

Theoretical treatments of dynamic properties of polymer solutions are reviewed. 

Particular emphasis is placed on the discussion of diffusion in polymer solutions. The 

relationship between the slow diffusion coefficient found by Dynamic Light Scattering 

(DLS) and the Self Diffusion Coefficient is shown. 

An introduction to DLS theory is given . The experimental techniques involved in DLS 

measurements are discussed. 

Concentration dependencies of the DLS observed slow diffusion coefficient in ternary 

polymer solutions of polystyrene-poly vinyl methyl ether-solvent have been measured. 

Solvents used were toluene, carbon tetrachloride and tetrachloroethylene and the 

polymer molar masses were I IO 000 gmoJ- 1 for both polystyrene (PS) and poly vinyl 

methyl ether (PVME). Solvents were chosen to be very nearly isorefractive with 

PVME. Toluene is very nearly an equally good solvent for the polymer pair PS and 

PVME, while tetrachloroet hylene is equally poor for both polymers. Carbon 

tetrachloride is an unequal quality solvent for this polymer pair. The results of these 

DLS measurements are reported. 

Four sets of experiments are described . The first is the effect on the relationship 

between D1 (the slow mode diffusion coefficient found by DLS) and D s (the self 

diffusion coefficient) of different mass fractions in the polymer solution. It is found the 

mass fraction , x, has little effect on the observed diffusion coefficient. Secondly the 

effect of the polymer-polymer interaction parameter, X, on the relationship between D1 

and Ds is investigated. It is found solutions formed with equal quality solvents have Di 

nearly equal to D 5 . But so lutions formed with unequal quality solvents have D 1 

considerably less than Ds and that these solutions suffer phase separation at lower 

concentration . Thirdly the effect of polymer molar mass on the relationship between D1 

and Ds is investigated. These are found to be in line with those expected from literature. 
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Fourthly the considerable discrepancy between D1 and Ds which is manifest in 110 000 

gmoJ- 1 PS/ 110 000 gmoI-1 PVME/ toluene solutions at polymer volume fractions 

greater than 0.4 is investigated. The diffusion coefficient found, D1, does not fit a 

unique concentration power law . Two unique regions are seen with concentration 

exponents of -11±4 and -14.9±0.7 for the low and high concentration regions 

respectively . This is found to agree with results found in literature. 
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Chapter 1.1 Polymers and Dynamic Light Scattering 

Chapter 1 

Introduction 

1.1 Polymers and Dynamic Light Scattering 

Since the dawn of the laser, Laser Light Scattering has allowed the investigation of 

molecular size movements within solutions . Recently ternary polymer solutions 

containing two polymers and a single solvent have been investigated using Dynamic 

Light Scattering (DLS). The lack of suitable theory, and apparatus of sufficient quality 

has limited these investigations to diffusion coefficient dependence on molar mass and 

concentration. Generally these investigations have utilised special polymers and 

solvents in order to reduce the complexity of the results found. 

Benmouna and Borsali et al [I] [2] [3] [4] have recently produced a theory of diffusion 

specifically for polymer solutions, which they have extended in ternary polymer 

solutions. This theory makes several predictions which are easily verifiable by 

experiment. Daivis [5] has briefly examined various aspects of this theory 

experimentally, however these results require confirmation and expansion, as well as 

experimental investigation into recent theoretical advances of this theory . 

Daivis's work advanced understanding of diffusion in polymer solutions , however 

understanding was left incomplete in several areas . In his work Daivis compared 

diffusion in an equally good solvent for the polymer pair polystyrene (PS) and poly 

vinyl methyl ether (PVME) with that for the same polymer pair in an unequal quality 

solvent. The comparison of this diffusion data with data collected with the same 

polymer pair in an equally poor quality solvent would reveal much about polymer 

motion in solutions, yet this work was not attempted by Daivis. Daivis noted that the 

diffusion coefficient measured by DLS deviated from that obtained by Pulse Gradient 

Spin Echo Nuclear Magnetic Resonance Spectroscopy (PGSE NMR) at high polymer 

concentrations. This work was not pursued by Daivis . This work investigates aspects of 



Chapter 1. 1 Polymers and Dynamic Light Scattering 

Daivis's work which have been left incomplete or require further investigation for 

resolution . 
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Chapter 1.2 Thesis Organisation 

1.2 Thesis Organisation 

Chapter 2 summarises existing theories of diffus ion in polymer solutions, and DLS 

theory . This chapter also explains what po lymers are and gives a basic understanding of 

the prope rties of polymers c ritical to understanding this thesis. 

Chapter 3 summarises experime ntal procedures for both the DLS equipment and also 

for solution preparat io n. This chapter also summari ses some of the theoret ical 

background for the DLS equipment, and the sources of polymers and solven ts utilised 

in this work. 

Chapter 4 summarises investigations into four aspects of the work previously presented 

by Daivis e t al [5] f6] [7 ] [8] [9]. The first is the effect on the relationship between Di 

and Ds of different mass fractions in the polymer system 110 000 Da lton PS/ 110 000 

Dalton PVME/ solvent (where three different solvents were utili sed:- to luene, carbon 

te trachloride and tetrachloroethy le ne). Secondly the effect of the polymer-po lymer 

interaction parameter, X, on the relationship between D1 and Ds is investigated. Thirdly 

the effect of polymer molar mass on the re lationsh ip between D1 and Ds is investigated . 

Fourthly the considerable d iscrepancy between D1 and Ds which is manifest in 110 000 

Dalton PS/ I IO 000 Dalto n PVM E/ to luene solutions at polymer volume fractions 

greater than 0.4. The resu lts presented in this chapter are also discussed and compared 

to results found in literature . 

Chapter 5 summarises the mai n conc lusions which can be drawn from this study. 
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Chapter 2. 1 Polymer Outline 

2.1 

2.1.1 

Chapter 2 

Polymer and DLS Theory 

Polymer Outline 

Polymers-What are they? 

Polymers are very large molecu les that are made by chemical ly bonding together many 

smaller identical molecules called mono-mers which may be simple or complex in 

s tructure. T he number, N, of monomers in the polymer chain is called the degree of 

polymerisation . 

Polymers are characterised by high molecular weight Mw, but also have some unusual 

properties, which make them of interest. Polymers may appear in liquid, solid o r 

viscous form depending on temperature. 

The liquid polymer state is c haracteri sed by a viscosi ty which strongly increases with 

the mo lecular mass. In contrast to thi s, the response of the polymer liquid to a 

mechanical constraint, at the beginning is of the e lastic type, the viscous flow appearing 

only after a time delay which increases with the molecular mass. While polymer liquids 

wil l fl ow, they usually have high viscos ity in melts or solution, while the large inter and 

intra bond interactions a llow such a flowing medium to remain, as in the case of paint, 

stuck to a wall. The trans ition between the viscous state and the solid state is 

characteri sed by a temperat ure TR called the g lass transition temperature. This 

temperature corresponds to a d iscontinuity of physical parameters and in particular of 

the thermal expansion coeffic ient. The discontinuity observed when T decreases seems 

to result from the freezing (for T<Tf!.) of rotation and of large motions of chain e lements. 

Po lymers may be designed to have high strength, or withstand high strain, yet still have 

the abi lity to withstand huge deformation (ie. modern car bumpers). One of the most 

useful aspects is the ability of some polymers to stre tch s igni fican tly beyond their own 
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Chapter 2.1 Polymer Outline 

length (ie. bungee cord), yet still return to their original length. Articles traditionally 

made of metal for strength reasons are increasingly being made of polymeric materials. 

The many and varied properties of polymers and the ability to tailor make a polymer to 

fulfil the requirements of a specified material with a specified set of physical 

parameters, have meant that polymers have become increasingly important in today's 

world . Yet surprisingly there has not yet been developed a single unified, all embracing 

theoretical basis to account for all the physical properties of polymeric materials in 

terms of the chemical structure of the individual molecules [10] . However there are a 

number of theories which can be applied quantitatively to approximate some polymer 

specific phenomena: Entropy-elasticity, viscosity, glassy solidification, particular 

deformation and failure mechanisms, mixing behaviour, crystallisation and melting, and 

solution dynamics. 

With the increasing use of polymer blends to make "high-tech" polymeric materials (ie. 

therm-plastics) the need to explain the dynamics of polymeric interaction has increased 

so that one can quantitatively know the properties of a polymer blend without having to 

mix it. Previously this has had a rather empirical basis (more along the lines of trial and 

error). However over the last few decades huge strides have been made in describing 

solution and melt dynamics (resulting in "designer" polymers) . Even so polymer science 

is still very much in the theoretical and experimental conformation stage of its growth. 

2.1.2 Polymeric Structure 

As has been previously mentioned, polymers are long chain molecules made up of 

repeating units called monomers . The degree of polymerisation and the make up of the 

monomer have a major influence on the properties of the polymer. Large degrees of 

polymerisation can lead to flexible polymers, but monomers with large coulombic 

interaction between structural units of the monomer will become rigid. 

Once in solution or in melt, these properties change depending on the polymer's 

compatibility with the solvent. If a polymer is compatible with a solvent then the chains 

5 



Chapter 2.1 Polymer Outline 

of the polymer will tend to spread out to allow maximum contact with the solvent. 

However in a poor solvent the polymer chains contract to allow maximum self contact, 

resulting in a highly coiled polymer (in the extreme case, the polymer "drops out" of 

solution and a two phase system is formed). As the temperature rises the thermal energy 

k8 T of the chains overcomes the inhibitive effect of the poor solvent, and the polymer 

slowly untangles . While as the temperature decreases, the polymer will tangle more 

tightly until such time as the critical solution temperature Tc is reached-at which time 

two distinct phases are formed, either 

a) solvent/polymer precipitate, or 

b) so lvent/polymer with reduced mass fraction, and a polymer phase on its own . 

A useful static property is the root mean square radius of gyration, R8 , which 1s a 

measure of the average size of a polymer molecule (or the root mean square di stance 

that the elements of the chain are from the centre of gravity , not the linear end to end 

distance of the polymer molecule) . This will reveal the "quality" of solvent, and also 

what is happening in solution . 

6 
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Chapter 2.2 Properties of Polymers in Solution 

2.2.1 Compatibility of Polymers 

Mixtures of polymers generally do not form thermodynamically stable single-phase 

systems unless the free energy of mixing is negative 

tJ.G
111 

= tJ.H
111 

- TtJ.S
111 

< 0 (2.2. 1) 

where tJ.H,,, is the enthalpy of mi xing and tJ.S
111 

is the entropy of mixing, and T is the 

absolute temperature. These are generally positive for pairs of polymers, so only if 

tJ.H"' < TtJ.S"' (2.2.2) 

will the two polymers mix to form a single homogeneous phase. This defines the lower 

limit for the enthalpy of mixing above which the two polymers are not miscible. An 

additional, necessary and sufficient condi tion for compatibility is given by 

(2.2.3) 

where ¢, is the volume fraction of the ith component. The three possible forms for 

binary systems are shown in fi gure 2.2. I 

7 
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+ve 

A 

B 

-ve 0 
<jn 

Figure 2.2.1 Free Energy of Mixing for Binary mixtures versus their composition 

A) lncom atibilit , B)Total Miscibilit , C) Partial Miscibilit . 

The behaviour of binary systems can best be described by their phase diagrams as 

shown in figures 2.2.2 and 2.2 .3. In the single phase region only one distinct phase is 

found in which the solution is completely compatible . At the Binodal curve the solution 

breaks up into two separate stable phases, the border between stable and unstable 

regions is called the binodal. Further into the two phase region, there is reached a state 

where the interfacial energy vanishes (and/or changes sign). It is then favourable for the 

system to break up into many small domains , this threshold defines what is called the 

spinodal curve. Beyond thi s curve phase separation occurs (in the shaded regions). As 

the molar mass of the polymer is increased the Upper Critical Point (UCP) moves up 

and to the left. In the limit of infinite molecular mass, the UCP approaches the Taxis . 

The limiting value of Tis called the theta temperature, 0. 
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Chapter 2.2 Properties of Polymers in Solution 9 

Binodal Spinodal 

-7- ---
LCS 

Single Phase 

0 Volume Fraction 

Fi ore 2.2.2 Phase dia ram of a binar s stem showin er Critical Point (UCP) 

Single Phase 

0 Volume Fraction 

Figure 2.2.3 Phase Dia ram for a binar s stem showin the Lower Critical Point 



Chapter 2.2 Properties of Polymers in Solution 

Daoud and Jann ink [ I I] in their I 976 paper deduced the temperature-concentration 

diagram for a solution with no lower critical solution temperature (LCST) (or a LCST 

far from the Upper Critical Solution Temperature (UCST)), this diagram is shown in 

figure 2.2.4. 

q>* 

C'. ,,-... 
a, 

I 

f-o 
'--' 
II 
1:-' 

~ .... 
;:j ..., 
ro .... 
(!) 
0.. 
6 
(!) 

f-o 't* 
"Cl 
(!) 
(.) I' ;:j 

"Cl 
0 (!) 

~ 
I' 

Ill 

Concentration, q> 

Figure 2.2.4 Temperature-concentration diagram for a polymer solution far from the 

Lower Critical Point (LCP) according to Daoud and Jannick [II]. The regions are:-

1) Dilute good solvent, I') Dilute theta, II) Semi dilute good solvent, III) Semi dilute 

theta solvent, IV) Collapsed Chain. The shaded region corresponds to the two phase 

region of figure 2.2.3. For a polymer of infinite mass, the dilute theta region I' is 

vanishin I small and the UCST corres onds to the theta tern erature. 
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Chapter 2.2 Properties of Polymers in Solution 

2.2.2 Ideal Polymer Chain Model 

Summaries of Ideal Chain statistics can be found in most works on polymer solution 

theory [12] [13] [14] [15] the reader is referred to these for a more detailed analysis, 

however a brief summary of the important points of this theory are given here. 

In this model the monomers or base units of the polymer are covalently bonded together 

in a linear fashion . In general each monomer is given freedom of rotation about the axis 

of its proceeding monomer unit, and this freedom allows the chain to potentially take on 

a huge range of different conformations.- The only restrictions on the conformation 

come from the steric hindrances of the neighbouring monomers. Long range 

interactions are expressly ignored in thi s model. 

These flexible polymer molecules may be modelled by a hypothetical chain which is 

made up of rigid thin rods of equal length connected linearly by universal joints. This 

model is called the Random Flight Chain. The random flight chain no longer retains any 

information about the primary chemical structure and local interactions of the actual 

polymer molecule. It is therefore only useful for formulating the global or large scale 

behaviour. 

Because the chain may take any direction with equal probability, gaussian statistics are 

assumed. Doi and Edwards [ 12] give the probability that the chain has an end to end 

vector B. as 

<1> RN - 3 2 ex - 3R ( )~ ( 2) 
(_, ) - 2n:Nb 2 p 2Nb2 (2.2.4) 

where N is the number of links or monomers per polymer and b is the effective bond 

length (ie. the monomer length) . 

11 
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Doi and Edwards [12] also give the scattering function of such a chain as 

q2R 
S(q) = N(l - _ i: ) for lqlR

8
((1 

- 3 
2N 

s(~) = q2 Rg 2 for lqlRg))l 

which is called the Debye function and is often approximated 

where Rg is the radius of gyration and takes the form 

R =l!_Nl/2 
K-J6 

(2.2.5) 

(2.2.6) 

(2.2.7) 

(2.2.8) 

in this model and g_ is the scattering vector whose magnitude is given by 

q = 4;i sin(½) where n is the refractive index of the sample A the wavelength of the 

incident light and 0 the scattering angle. Each of these quantities will be defined in later 

sections of this chapter, and are included now only for completeness. 

de Gennes [ 13] gives a summary of ideal chains as being characterised by gaussian 

statistics, end to end vector (size) <.R> being proportional to N½ and the scattering law 

following a q-2 relationship. 

2.2.3 Excluded Volume and the Self A voiding Walk 

The excluded volume effect was first discussed by Kuhn [ 16] and was developed by 

Flory [ 17]. 

The basic concept is that in ideal polymer interactions, only interactions within a few 

neighbouring monomers along the chain cause any effect on the orientation or structural 

configuration of the monomer. However segments distant from the original monomer 

do interact if they come close to each other in space. Since each segment has finite 

volume, other segments cannot come into this region. The motion is called a "Self 

Avoiding Walk," since the polymer "avoids" contact with itself. This interaction 
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Chapter 2.2 Properties of Polymers in Solution 

"swells" the polymer; the coil size of the chain with such interactions is larger than that 

of an ideal chain, which has no such interaction. The size of this swelling depends upon 

the solvent quality, and the potential monomer-monomer interaction strength. This 

effect is called the "Excluded Volume Effect." 

It has been recognised by Flory and Kuhn that such long range interactions change the 

statistical properties of the chain, an example being the relationship between the end to 

end vector /3_ of the polymer to the degree of polymerisation, N. In ideal random flight 

statistics 

(2.2.9) 

however if we take into account the excluded volume effect we find 

(2.2.10) 

where v is called the "critical exponent," which Flory has calculated to have the value 

v ""¾ for a good solvent, which is close to the renormalisation theory result of 0.588. 

This critical exponent is not to be confused with the segment-segment excluded volume 

v, which is an indicator of solvent quality (it is proportional to the solvent quality). The 

segment-segment excluded volume parameter is related to the Flory interaction 

parameter, X, by the following relationship 

V 
1-2x=­b3 (2.2.11) 

where b3 is the volume of a polymer segment or solvent molecule (assumed to be equal 

in lattice models). The excluded volume can also be written [ 18] [ 19] in terms of the 

reduced temperature r = ( T - 0) IT as 

(2.2.12) 

where k1 is a constant expected to weakly depend on the solvent and monomer type. 

13 



Chapter 2.2 Properties of Polymers in Solution 

2.2.4 Theta Solutions 

The osmotic pressure TI, of a dilute solution (below <I>* in figure 2.2.4 (in the dilute 

regions I and I')) of a mono disperse polymer with molecular weight M, can be 

expressed as a power series of polymer mass concentration c, as 

TI C 2 J -=-+ .d C +A1C + ... 
RT M ''2 · 

(2.2.13) 

where R is the gas constant and T the absolute temperature. This series is usually 

referred to as the osmotic virial expansion~ with Ai (i=2,3, ... ) referred to as the ith virial 

coefficient of the solution. Experimentally A2 can be evaluated by determining the 

initial slope of (TIJRTc) plotted against c. However A3 and higher coefficients are not so 

easy to determine. 

For a series of homologous polymers A2 depends on M as well as T and the solvent 

species. Experimental studies have shown repeatedly that for a given polymer there is a 

combination of poor solvent and temperature, 0, for which A2 vanishes regardless of M. 

Because the concentration is low, the higher order coefficients need not be considered. 

This special poor solvent at 0 is called the theta solvent, and 0 the theta temperature. 

Under theta conditions coil expansion due to the intramolecular excluded volume effect 

and coil contraction due to attraction between non-neighbouring segments (so called 

long range interactions) in the same chain cancel out precisely. In this respect the theta 

temperature is an analogue of the Boyle point for non-ideal gases. The theta temperature 

of a polymer-solvent combination is a point of ideal behaviour, hence much 

experimental work is carried out under theta conditions. 

From the thermodynamics of polymer solutions it is known that A2 is proportional to 

<½ - X) where X is the Flory interaction parameter, and it is also related to the 

(excluded) volume of the solute molecules . Hence the so called theta conditions are 

A2=O and X=l/2 for T=0. 

14 



Chapter 2.2 Properties of Polymers in Solution 

Experimentally the theta temperature of a polymer-solvent combination can easily be 

found by osmomotry at different temperatures: T=0 when Ilic becomes independent of 

polymer concentration. 

2.2.5 Flory-Huggins Mean Field Theory 

Both Flory [ 14] and Huggins [20] independently worked to describe the mixing 

behaviour of polymers in low molar mass solvents. 

As a solvent mixes into a polymer there is an entropy increase to the total system, while 

the internal energy of the system remains essentially constant. Flory showed a simple 

approach to calculate the entropy of mixing. 

He assumed that the solvent molecules are ordered as a 3-D lattice, where each lattice 

point is occupied either by a solvent molecule or a single polymer segment. 

Let N be the total number of lattice sites, and n be the number of polymer molecules 

with x segments, and m=N-xn be the number of solvent molecules . 

The problem Flory faced of describing the mixing behaviour of polymers in low molar 

mass solvents, essentially becomes one of calculating the number of different possible 

confirmations of then polymer molecules and N-xn solvent molecules. 

Initially, to begin with, individual segments of polymer molecules are arranged such 

that consecutive polymer segments have to be sited at neighbouring lattice sites, then 

the remaining sites must be filled with solvent molecules. Hence for n; polymer 

molecules in the lattice the first segment of the (i+ 1) molecule can be put in any one of 

the remaining N-xn; vacant sites. The second segment of this molecule is restricted to 

those free lattice sites immediately adjacent to the site occupied by the first segment. 

The fraction of lattice sites not occupied by polymer segments is given by (n-xn;)IN. Let 

z be the number of sites adjacent to that occupied by the first segment, then the number 

of available lattice sites for the second segment is given by z(N - xn;)I N, similarly for 

the third segment (z - l)(N - xn;)I N lattice sites are available. 
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Flory then approximated that for the fourth and remaining polymer segments, an equal 

number of lattice sites were available 

N-xn 
y = (z -1) I 

N 
(2.2.14) 

hence the total number of configurations for an individual polymer is then 

(2.2.15) 

The total number of different configurations for an ensemble of n polymer molecules in 

a lattice is given by 

1 n 

W=-Ilv f I n. i = I 

(2.2.16) 

from equations (2.2.15) and (2.2.16) and the Boltzman equation S=kln W we find 

S=-k[mln m +nln n ]+k(x-l)n[ln(z-l)-1]-knln2 
m+xn m+xn 

(2.2.17) 

the entropy of mixing fl.Sm is given by the difference between Sand the configurational 

entropy for the undissolved polymer, which is found by setting m=O in equation 

(2.2.17). Hence 

fl.Sm =-k[mln-m--+nln-x_n_] 
m+xn m+xn 

(2.2.18) 

or since m+xn=N 

(2.2.19) 

where 'Pi is the volume fraction of the component of interest. If this expression is 

differentiated with respect to m the molar entropy of mixing is obtained 

(2.2.20) 
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To find the free energy of mixing the enthalpy of mixing also needs to be found. The 

exact calculation of the enthalpy is not possible by analytic methods since it is a multi 

particle problem with a large number of potential parameters. Hence only interactions 

between adjacent solvent molecules and polymer segments are taken into account as a 

first approximation. In terms of enthalpy of mixing, only the difference between the 

total energy of interaction in the solution and the energy of interaction of the pure 

components is relevant. 

If w 11 and w22 are the interactions between similar entities and w 12 as those of different 

components, the energy on contact between two components has the form 

(2.2.21) 

On the formation of p 12 contact pairs in solution, the enthalpy of mixing is 

(2.2.22) 

The probability that a lattice site adjacent to a given polymer segment is occupied by a 

solvent molecule is assumed to be proportional to the volume of the solvent present. 

The number of possible contacts per polymer molecule consisting of x segments is zx. 

Hence the enthalpy of mixing is 

(2.2.23) 

if we allow 

(2.2.24) 

then equation (2.2.23) becomes 

(2.2.25) 

X is a dimensionless parameter known to depend on temperature and pressure. Good 

solvents have low X values while poor solvents have high values of X· de Gennes [13] 
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has suggested that x=l/2 is the borderline between good and poor solvents. In most 

cases xis positive because the interactions are mainly Van der Waals type interactions 

(Xis proportional to the electronic polarisability). 

If we compare equations (2.2.21) and (2.2.24) we see 

(2.2.26) 

where x,2 is the monomer-solvent interaction parameter, x, 1 is the monomer-monomer 

interaction parameter and X22 is the solvent-solvent interaction parameter. 

Gundert et aJ have shown that the following characteristic behaviour can be shown for 

X· 

a) x very often increases strongly with polymer concentration particularly in the 

case of poor solvents. 

b) In some cases x seems to be independent of concentration. This is mainly found 

in good solvents. 

c) In a few cases, mostly in highly exothermic systems, X decreases with increasing 

concentration. Gundert et al [21] give the system toluene/polystyrene as an example of 

this. 

Pouchly and Patterson [22] have extended the interaction parameter to include the case 

of a mixed solvent and a polymer. They give the result for this system that the overall 

interaction parameter is given by 

(2.2.27) 

where u1 = ¾, + <t>i) , with <f> 1, and ¢2 being the volume fractions of the two solvents 

respectively. In the above equation x,3 refers to the interaction parameter of solvent one 

and the polymer, x23 is the interaction parameter of solvent two and the polymer and 
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x12 is the interaction parameter between the two solvents. Hence a mixed solvent may 

be a better solvent for a polymer if x12>0. This theory does not designate that the 

species l and 2 must be solvents, hence this result is valid if it is assumed species 1 and 

2 are two different polymers and species 3 is a common solvent. 

From equations (2.2.19) and (2.2.25) we find the free energy of mixing to be 

(2.2.28) 

or in molar terms 

(2.2.29) 

which is known as the Flory-Huggins equation 

If the number of chain segments x>> 1 the term 1/x can be neglected and equation 

(2.2.29) simplifies to 

(2.2.30) 

This theory can be developed to the mixing of two polymers. By analogy to equations 

(2.2.19) and (2.2.25) we find 

and 

(2.2.31) 

(2.2.32) 

where ¢; is the volume fraction of polymer i, and N=n1+n2 is the total number of 

polymer molecules present in the mixture. 

de Gennes [ 13] gives the following critique of the Flory-Huggins Mean Field theory. 

"The mean field calculation replaces the monomer-monomer interaction by a certain 

self-consistent potential which is uniform in space; such a potential cannot induce any 

swelling of the chains (as is known to happen in good solvents or polymer mixes). Thus 
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the mean field for polymer solutions is intrinsically associated with ideal chains, which 

is clearly not acceptable at low concentrations." 

Doi and Edwards [ 12] give the result for the mean end to end vector for the mean field 

case as 

(2.2.33) 

while they also indicate that the scattering function at high q will follow the form 

S(q) oc q-½ for qR >> 1 
- K 

(2.2.34) 

2.2.6 Polymer Motion 

2.2.6a The Rouse Model 

The Rouse model represents a polymer by a set of beads connected by springs. It is 

natural to model the dynamics of the polymer solution by the Brownian motion of such 

beads. Such a model was first proposed by Rouse [23], and has been the basis of the 

dynamics of dilute polymer solutions. The Rouse model describes the motion of 

unentangled polymers, or the motion of entangled polymers over a short time. 

RI 

Figure 2.2.5 A Re resentation of the Rouse Model beads and s rin s 

The idea behind the model is as follows , suppose we divide the backbone atoms of a 

polymer into N-1 groups (or monomers), each consisting of Ns consecutive backbone 

atoms. Each group is called a sub molecule. Let & (i=l,2, ... N) be the position vector of 
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the backbone atom at the boundary of the sub molecules. If Ns is taken to be large, the 

distribution of the end to end vector of each sub molecule at equilibrium is gaussian. 

(2.2.35) 

where b is the statistical segment length. This distribution is equivalent to the 

Boltzmann distribution exp(-U/k81) of the bead-spring model whose potential energy is 

given by 

(2.2.36) 

It is assumed that each bead experiences a drag as it moves through the surrounding 

polymers and that drag is described by Stokes Law. The Rouse model also neglects 

excluded volume interactions and hydrodynamic interactions. 

If we consider the macroscopic flow 

v(r,t) = x(t)r (2.2.37) 

where x(t) is the velocity gradient tensor, then the drag is proportional to the difference 

between the segment velocity ~; and the average velocity at the point of the segment 

xRi. Hence the equation of motion is 

m J2R; = _r(JR; -xR)- JU+ F 
dt2 ':, dt ' JR. J; 

r 

(2.2.38) 

where ( is the friction constant of the bead and /i represents the random force due to the 

thermal motion. The friction term of equation (2.2.38) may be ignored, and from 

equations (2.2.36) and (2.2.38) we find 

(2.2.39) 
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If we allow 
(b2 

'l' =--
.< 3k T 

B 

(2.2.40) 

then 
a~ 1 I 
-=-(R 1 +R 1 -2R)+- r +xR 

'l, t+ t- I f' Ji I 

Ol 'l's ':, 
(2.2.41) 

'l's is known as the characteristic relaxation time of a sub molecule. 

We must also consider the end beads for their equation of motion is slightly different: 

for i= 1 the equation becomes 

(2.2.42) 

this may be regarded as a special case of equation (2.2.41) if Ro is defined by making 

(2.2.43) 

similarly the equation for RN is obtained from equation (2.2.41) if RN+J is defined by 

(2.2.44) 

Equations (2.2.41 )-(2.2.44) are the basic equations for the Rouse model. 

In the continuous limit equation (2.2.4 I) can be rewritten 

I R(i,r) = _!_ a
2

_~ + _!_ J(i,r) + xR(i,t) 
dt 'l's cJi S (2.2.45) 

The time correlation function of .fi is given by Doi and Edwards [ 12] as 

(f(i ,t)f(j,t)) = 2Q<0 T8(i - j)8(t- t') (2.2.46) 

Equation (2.2.45) is supplemented by the boundary conditions from equations (2.2.43) 

and (2.2.44) 

aR = 0 at i = 0 and i = N 
cJi 

(2 .2.47) 
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The Rouse model gives a linear equation for R(i,t). A standard way of treating such a 

system is to use normal co-ordinates each capable of independent motion. The normal 

co-ordinates in this model are given by 

Xp = ~ f dicos( P:r(i,t) (for p = 0,1,2, ... ) 
0 

From equation (2.2.45) it follows that 

where sa=N(and Sp=2N(forp=l,2, .. and 

6rc 2k8T 2 kp = 2 p (for p = 0, 1,2, ... ) 
Nb 

andfp's are the random variables satisfying 

\fpa) = 0 (for p = 0,1,2, .. ) 

and 

(2.2.48) 

(2.2.49) 

(2.2.50) 

(2.2.51) 

(2.2.52) 

From equation (2.2.49) the characteristic relaxation time of Xp is (pfkp='rRlp2 where 

(2.2.53) 

which is the longest relaxation time of the Rouse model, and is called the Rouse 

relaxation time. Since N is proportional to the molecular weight M it is found 

(2.2.54) 

At equilibrium a polymer molecule moves around by thermal motion and its speed is 

characterised by the self diffusion constant defined by 

D. = lim_!_f(R (t)- R (0))
2

) 
1• - 6t \ 8 i: 

(2.2.55) 

where Rg(t) is the centre of mass of the molecule. For the Rouse chain, Rg(t) is given by 
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N 

R (t) = _!_f diR(i,t) = X0 g N 
0 

and from equation (2.2.49) it follows that 

I 

R/t)- R/0) = J dt'f0(t') 
0 

(2.2.56) 

(2.2.57) 

If this equation is substituted into equation (2.2.38) and equation (2.2.41) used, we find 

hence from equation (2.2.55) we find 

D = kBT 
s N( 

(2.2.58) 

(2.2.59) 

Equations (2.2.53) and (2.2.59) indicate Ds oc M-1 and r R oc M 2 This prediction is not 

consistent with experimental results , which in theta conditions are summarised by 

D, oc M-½ and r R oc M ½. This failure comes from the neglect of the hydrodynamic 

interaction [ 12] however the model is conceptually quite important, and has turned out 

to be a useful model in the dynamics of polymer melts. 

2.2.6b The Zimm Model 

The Zimm model differs from the Rouse model in that it includes the hydrodynamic 

interactions among the various beads in one chain. This interaction can be accounted for 

approximately, by using the equilibrium-averaged Oseen-Burgers tensor, as was 

originally done by Zimm [24] who was guided by the formalism developed by 

Kirkwood and collaborators [25] . 

To describe the dynamics of polymers in dilute solutions hydrodynamic interaction 

have to be taken into account, which is expressed by the mobility matrix 

(2.2.60) 
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where I is the unit tensor Ua13=8a13) and sis the friction constant of the particle. Doi and 

Edwards [ 12] show 

(2.2.61) 

where !.nm=&d1.m and i\m is the unit vector in the direction of Lnm• 

For the tensor equation (2.2.61) it can be shown [ 12] that 

(2.2.62) 

hence the Langevin equation describing Rouse motion becomes 

(2.2.63) 

Under theta conditions equations (2.2.36) and (2.2.62) give (in the continuous limit) 

(2.2.65) 

Because equation (2.2.65) is a non-linear function of Rn-Rm, Zimm simplified the 

analysis by introducing the pre-averaged approximation which replaces M..nm by its 

average 

(2.2.66) 

If we consider problems near equilibrium then the equilibrium distribution function 

\Jleq( {Rn}) may be used in (2.2.66) and since the distribution of rnm is independent of 

M --- -- r r +I ( ) 1 ( 1 ) (A A ) 
nm eq - S7r11., lrnm I eq nm nm eq 

(2.2.67) 

d . (A A ) I an using r rn = -nm meq 3 
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(M ) __ 1 j 1 ) 
nm eq - 67ITJ_, \!Rn - Rml eq 

(2.2.68) 

Under the theta condition, the distribution of Rn-Rm is gaussian with ln-mlb2 as its 

variance, hence 

- ( 3 )½ ( 3 
2 

) I (Mnm) = f dr4m- 2 exp I - r I 2 -- (2.2.69) 
• q O 2nln- mlb 2n - mb 67ITJ_, r 

(2.2.70) 

Thus in the pre-averaging approximation equation (2.2.65) becomes a linear equation 

for&. 

(2.2.71) 

To analyse equation (2.2.71) it is rewritten in terms of the Rouse normal coordinates Xp 

defined by equation (2.2.48) 

(2.2.72) 

where kq is defined by equation (2.2.50) and 

hrq = ~ f dnf drm;os(pnn)cos(qmn)h(n- m) 
N O O N N 

(2.2.73) 

which Doi and Edwards [12] give as 

h= -fN 1 8 
/lq ( l )½ 2N pq 3n· p r,.,b 

(2.2.74) 

hpq is nearly diagonal, if the off diagonal component of hpq is neglected, the resulting 

equation will have the same structure as that of the Rouse model 

(2.2.75) 
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where 

and 

Sr= (hrrr' = (12n 3 )½71.,(Nb1 p)½ (for p = 1,2, .. ) 

r = i (6n3 )½ r, b-/N 
':,o 8 ., 

(2.2.76) 

(2.2.77) 

(2.2.78) 

From these the diffusion coefficient and the relaxation times are obtained 

D, = kBT = 8~BT 

· So 3( 61rJ )½ r,,b-/N 
(2.2.79) 

s -½ rr = kr =r,p · 2 

p 

and (2.2.80) 

where 
11.,(-/Nbf 

r, = r R = .J3iikBT (2.2.81) 

From equations (2.2.79) and (2.2.81) we note the molecular weight dependence of Ds 

-½ ½ D oc M 1 r oc M . 2 
s ' R (2.2.82) 

which agrees with experimental results under theta conditions unlike the Rouse model. 

This may be partially explained by the fact that in the Zimm model the interaction 

among the segments is not localised. 

In a good solvent the excluded volume interaction needs to be taken into account. This 

is done if we add the potential 

(2.2.83) 

This results in the Langevin equation becoming non-linear, however this may be solved 

by using the linear Langevin equation of equation (2.2.75) and including the excluded 

volume effects in the parameters Sp and kp. 
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From equations (2.2.68) and (2.2.73) Sp is determined as 

Sp= (hppr = [~J dnf dmcos(prcn)cos(pmn)_l /
1 

~ 
1

) ] _, 

N O O N N 6m,_, \ R,, Rm eq 

(2.2.84) 

To evaluate Sp the distribution of Rn-Rm of the excluded volume chain must be 

approximated. For simplicity it is assumed [ 12] the distribution will have the same form 

as the distribution of the end to end vector of the excluded volume chain with n-m 

segments, this has the functional form 

(2.2.85) 

This distribution function gives 

(2.2.86) 

from which follows 

(2.2.87) 

and r - I N- IJ u- 1 
':, :::: -p 

p 11 . .b (2.2.88) 

Doi and Edwards [ 12] give 

N - 2u 
k :::: --k T. 2 u + I 

p b2 B p (2.2.89) 

which leads to the diffusion coefficient 

(2.2.90) 

and the relaxation times 
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(2.2.91) 

and (2.2.92) 

Hence we find that the molecular weight dependence of the diffusion coefficient and the 

relaxation time are 

D oc M-v and T oc M'v 
• R 

(2.2.94) 

2.2.6c Reptation 

The basic idea of the reptation model was first given by de Gennes [13] and expanded 

by Doi and Edwards [ 12]. If we consider the motion of a polymer in a strongly 

entangled system. If the test polymer attempts to move perpendicularly to its own 

length, it will encounter large resistance from the surrounding polymers. If however the 

polymer moves along its own length (backward or forward) it will encounter 

significantly less resistance. Dynamically the polymer can be considered to be confined 

in a tube which represents a mean field potential created by the other polymers. 

A simple version of the model assumes the tube to be fixed in the material. The motion 

of the polymer perpendicular to the tube is restricted by the tube wall, but its motion 
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along the tube is free. This situation is represented by the Rouse chain confined to a 

tube. 

At equilibrium, the tube axis is a randomly connected tube segment of length a. Since 

there are Z=Ua tube segments (L is the tube contour length), the mean end to end 

distance of the tube axis is Za2. This must be equal to the mean square end to end 

distance of the polymer Nb2. 

If the lateral and longitudinal fluctuations are neglected, it is found that it may be 

assumed that the movement is along the tube, with diffusion constant 

D = kBT 
C N( 

(2.2.95) 

As the polymer moves along the tube, one end moves out of the tube, then a new part of 

the tube is created in a random direction such that the length of the new tube segment is 

a. When the tube segment is created on one end, the tube segment on the other end 

becomes empty of the polymer. Such a segment will not impose any constraint on the 

polymer and can be considered destroyed. Thus the one dimensional diffusion of the 

polymer is accompanied by the creation and destruction of the tube. 

The characteristic time of reptation can be estimated by the time needed for the polymer 

to disengage from a certain tube, or the time needed for the polymer to move over the 

distance L along the tube, thus the reptation relaxation time (called the reptation time) is 

given by 

where r = (b
2 

is the characteristic relaxation time of a sub molecule. 
' 3k T h 

(2.2.96) 
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Rouse Chain 

a 

Tubewal/ 

Fi ure 2.2.7 Re tation-The Rouse Chain in a Tube 

The equation of motion for reptation is obtained as follows. If we let R(s,t) be the 

position of the polymer at the contour length s( o<s<L) and time t. Consider that the 

polymer moves a distance !is along itself in a time interval !it. tis may take positive or 

negative values randomly, hence it's mean variance is given by 

(2.2.97) 

Since the polymer moves along itself, the time evolution of B.(s,t) is given by 

B.(s,t +!it) = B_(s + !is,t) (2.2.98) 

Special consideration is needed for the chain end. If !is>O, the segment at s=L, moves 

out of the tube and can go in a random direction, i.e. 

B_(L,t +!it)= R(L,t) + ]d(t) (2.2.99) 

where v(t) is the random vector whose mean variances are given by 

(2.2.100) 
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Similarly if ~<0, r(O,t) changes as 

B(0,t +flt)= B(0,t)- ~(t) 

If we consider the mean square displacement of the centre of mass 

} L 

R/t) = L f dsB(s,t) 
0 

and from equation (2.2.98) we have 

1 
R/t + flt)- R/ t) = L (B(L,t)- B(0,t))~ 

(2.2.101) 

(2.2.102) 

(2.2.103) 

where we have neglected the terms of order v/L. If we take the average of the square of 

equation (2.2.103) and use the fact that !ls is independent of B.(s,t) then 

\ ( R8 (t + flt) - R/t) )2) = ~ ( (B(L,t)- B(O,t))2)(/ls 2
) (2.2.104) 

The first average is equal to Nb2 (where b is the length of the statistical chain segment) 

and the second average is given by equation (2.2.97), hence 

(2.2.105) 

From Rouse motion it is known that the self diffusion coefficient is defined as 

D, = lim__!_f(R (t) - R (0))
2

) 
1•- 6t \ K K 

(2.2.106) 

from this it is found 

(2.2.107) 

hence (2.2.108) 
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2.2.6d The Blob Model 

de Gennes [ 13] considered that in solutions where chains overlap, not individual 

polymer chains, but their sub chains may behave independently of one another. de 

Gennes postulated that sub chains whose end distance is of the order of the correlation 

length ~ would move independently of one another. He named the domain occupied by 

each of them the "blob." This idea assumes there is no thermodynamic interaction 

between chain segments separated by more than f 

Only the important results will be shown here 

D oc Mv(3v-l) 
s (2.2.109) 

in the semi-dilute regime, while for good solvents 

D oc Mo.1s 
s (2.2.110) 

and for theta solvents 

(2.2.111) 
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2.3 Basic Dynamic Light Scattering Theory 

The theory of Dynamic Light Scattering is discussed in detail by Berne and Pecora [26]. 

The following is a summary of the theory pertinent to the work presented here. 

Consider the scattering geometry of Figure 2.3.1. The light incident on the sample has 

an electric field vector of the form 

2.3.1 

where ?Jc; is a unit vector in the direction of the incident electric field. 

k. 
-1 

Figure 2.3.1 Typical scattering geometry in a Dynamic Light Scattering 

Experiment. The scattering vector g_ is obtained by the subtraction of ls:. from ki,. 
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The instantaneous electric field at a point can be represented as the sum of the electric 

fields due to the individual scattering events from small volume elements within the 

scattering volume V. 

If we consider a non-magnetic, non-conducting, non-absorbing medium, this medium 

may be characterised by a local permittivity, E(r.,t) which varies in space and time. The 

local value of£ can be written as the mean value plus a fluctuation; 

(2.3 .2) 

Berne and Pecora [26] have shown the scattered field detected at a distance R 

(IRl>>lrl>>A) from the sample is 

(2.3.3) 

where q_ = "Is:.; - !s:_ 1 . For the conditions of this work l!s:.;I = j!s:.1 j then the magnitude of the 

scattering vector is given by 

4nn . 01 q=-sm(12) 
A; 

where n is the refractive index of the sample and 0 the scattering angle. 

(2.3.4) 

Equation (2.3.3) can be expressed in terms of the spatial Fourier transform of the 

permittivity fluctuation 

8§.(q_,t) = J d 3rexp(iq_.r_)8§.(r_,t) (2.3.5) 
V 

as 

E., (E, t) = 
4
;_£ exp[i(k1R- m))] fr!1 [!s:_1 x (!s:.1 x ( 8§.(q_, t).~; ))]} 

0 

(2.3.6) 

which may be simplified by expanding the cross products as 
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(2.3 .7) 

hence 

(2.3.8) 

The dependence of the permittivity fluctuations on time can be studied by measuring 

the electric field auto correlation function , which written in normalised form is 

g<t> ( r) = < E.: (E, O)~, (r, r) > 
<jE., j > -

(2.3.9) 

1e. 

g< 1>(r) =< 8g/ (q,0)8§.if(q, r) > exp(-im;r) - -
(2.3.10) 

To make a connection between molecular properties and light scattering measurements 

it is convenient to introduce the assumption that the light is scattered from particles and 

the permittivity fluctuations are due to fluctuations in the number density of the 

particles only . 

An incident monochromatic beam of light impinging on a single molecule which has an 

anisotropic polarisability specified by a polarisability tensor a induces a dipole moment 

µ(t) = g_.E(t) (2.3.11) 

which varies with time. Here E_(t) is the electric field vector of the incident light wave. 

The fluctuation in the polarisability density is given by Berne and Pecora [26] as 

N 

8a;/r_,t) = Lg_/ (t)8(r_- r_/t)) (2.3.12) 
j = I 

wheregif = !1; •!!•!1:.J is the component of the molecular polarisability tensor along ru and 

!1.J, the incident and detected polarisations. 
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The spatial Fourier transform of the polarisability fluctuation is 

N 

oa;/q_,t) = Ig/ exp[iq_.r/t)] (2.3.13) 
j = I 

hence the electric field auto correlation function can be expressed 

(2.3.14) 

If all the particles have the same polarisability a/, then g< 1
'( r) can be written as 

S(q,r) 
g< 1'(r) = ~~exp(-iCiJ;r) 

S(q) 

where S(g, r) is the Dynamic Structure Factor; 

1 N N 

S(q_, r) = - LL(exp[iq_.r;(r)- rlO)J) 
N i = I j = I 

Note S(g) = S(g,0) is the static structure factor 

(2.3 .15) 

(2.3.16) 

If we consider a dilute solution of small non interacting random flight polymer 

molecules each with the same molar mass (each molecule considered to be a Rayleigh 

scatterer satisfying the condition qRc~I ), and intramolecular interference is negligible, 

then (2.3. I 5) and (2.3.16) can be simplified and the electric field auto correlation 

function has a single exponential decay , ie. 

(2.3 .17) 

where Do is the infinite dilution diffusion coefficient. 

For large non-interacting polymer molecules, the summation in equation (2.3.16) must 

be performed over all of the segments (in a single molecule, since the cross terms 

between segments of different molecules vanish for non-interacting systems) and 

P( g)=S( g) for a single molecule is called the particle form ( or scattering) factor. 
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In a more realistic case polymer molecules have a range of molar masses ( or are said to 

be poly disperse) . For the case of a dilute poly disperse solution (of polymer dissolved 

in solvent) equation (2.3 .17) can easily be generalised. The field auto correlation 

function becomes a weighted sum of exponentials. 

(2.3.18) 

where r=Daq2 and G(r)aT oc P(q,M)a 2n(M)dM is the fraction of the scattering 

intensity due to particles having decay rates in the range r to r +dr. 

The molecular polarisability can be written in terms of the polarisability per unit mass 

(which is constant) as 

aoca M 
m 

and hence 

G(r)aT oc P(q,M)M 2n(M)dM (2.3.19) 

Koppel [27] and Pusey [28] have found that lnjg<1>(r)j can be expressed as a power 

series ( commonly called the cumulant expansion) 

with 

and 

(r) = f rG(r)aT 

(2.3.20) 

(2.3.21) 

(2.3.22) 

hence we may extract an average diffusion coefficient <D> given by (D) = (1½2 , and 

hence <.D> takes the form 
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1e. 
f"" D(M)M2n(M)P(q,M)dM 

(D)=Jo .. -
fo M 2n(M)dM 

(2.3.23) 

King et al [29] have shown that when P(g_,M)=l for all species (satisfied by taking 

measurements at small q), then the z-average diffusion coefficient (D)z is obtained from 

the initial slope. 

In dilute solutions the correlations between segments from different molecules are 

negligible and equation (2.3.16) can be simplified. In semi dilute solutions correlations 

between segments from different molecules cannot be neglected, hence the summation 

in S(g_, 1:) must be performed over all segments. de Gennes [ 13] [30] has shown that if 

the field auto correlation function (equation (2.3.14)) is written in terms of the Fourier 

components of the number density of the segments then 

S(q_, r) = exp(- Dcq2r) (2.3.24) 

where De is the co-operative diffusion coefficient. 

Dynamic Light Scattering can also be used to provide useful information about the 

polydispersity of any given sample. Bloomfield [3 I] provides a useful review of this 

area of DLS theory and practice. 
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2.4 DLS Theory-Ternary Polymer Solutions 

2.4.1 Benmouna et al Mean Field RP A Theory 

The dynamic structure factor for scattering from a system consisting of a solvent and 

two different spherical solutes was considered by Philles [32]. He discovered that the 

dynamic structure factor S(g, r) was composed of two exponential decay rates, these 

decay rates were not simply related to the diffusion coefficient of either of the solutes. 

Pusey et al [33] calculated the mode amplitudes using the hard sphere model. This 

treatment is summarised below. 

When the time dependent part of equation (2.3.14) is rewritten m terms of the 

fluctuations in the refractive index 8n(q,t), the dynamic structure factor becomes, 

S(q_, r) oc ( &(-q_, O)&(q_, r)) (2.4.1) 

where the right hand side is the spatial Fourier transform of the space-time correlation 

function for refractive index fluctuations, (&(0,0)&(r: r)) . This space-time correlation 

function may be rewritten in terms of the number density fluctuation. 

The number density may be assumed to decay according to a similar form to that of 

Fick's Law (ie. similarly to mutual diffusion in a binary solution) which states that if a 

concentration , c, is not uniform, there is a flux of particles, J, which is proportional to 

the spatial gradient of the concentration, 

n- 1 

J/ = - LD;jgrad(c) (2.4.2) 
j = I 

where D is called the diffusion coefficient. Hence the number density decays as 

(2.4.3) 

(2.4.4) 
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The matrix of diffusion coefficients can be diagonalised which reveals two uncorrelated 

modes 

(2.4.5) 

(2.4.6) 

which decay as 

(2.4.7) 

(2.4.8) 

The values of a ± and D± are determined by 

(2.4.9) 

and (2.4.10) 

If constants are ignored (which would later be normalised out) , the refractive index 

fluctuations are related to the density fluctuations by the relationship 

(2.4.11) 

where f1 and h are scattering amplitudes 

If equations (2.4.5) and (2.4.6) are substituted into equation (2.4.11) and this result 

Fourier transformed (see equation (2.4.1)) the form of the Dynamic Structure Factor 

S(q,t) is found. The final form of S(q, r) is 

S(q, r) = A+ exp(-D+q2r) + A_ exp(-D_q2r) (2.4.12) 

where the diffusion coefficients D+ and D_ represent the rates of decay of two different 

types of density fluctuation . Thus the theory predicts that the field auto correlation 

function of the scattered light comprises two decay processes. Borsali et al [l] [34] [35] 
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have proven experimentally that at least two decay modes exist (Borsali et al could only 

resolve two modes), a fast decay due to a diffusion coefficient D+ and a slow decay due 

to the diffusion coefficient D _. 

The+ mode is interpreted as "compression-dilation"; where the relative concentrations 

are fixed ( 6P1I = 8Pil ). D+ is often called the co-operative diffusion co-efficient De. 
/P1 lP2 

The - mode until recently was interpreted as an exchange of species, at fixed total 

number density (ie. 8p1 + 8p2 = 0), and is often called the interdiffusion mode, and the 

diffusion coefficient that results, DI· 

Recently Akcasu et al [36) have shown that in general these diffusion coefficients 

cannot be identified with the cooperative diffusion and interdiffusion coefficients, 

respectively . 

Benmouna et al [2] and Foley and Cohen [3] in their theoretical papers on Dynamic 

Light Scattering from multi component solutions both found that for a ternary solution 

two modes of relaxation for S( g_, r) could be identified. Benmouna et al, identified one 

mode as cooperative and the other as inter diffusive (under specific system conditions). 

Their approach was to use the random phase approximation (RPA) to find an 

approximate expression for the effect of interactions on S(g, r) . This theory, being a 

mean field theory, is only valid above c*, the overlap concentration [1]. For static 

properties, the use of RPA results in the Flory-Huggins expression for S(0) [4] . The 

initial slope of lnS(g_, r) is found and it is assumed that both modes decay exponentially. 

Moreover it is also assumed that hydrodynamic interactions are totally screened [2]. 

Zimm type hydrodynamic interactions are screened in semi dilute and concentrated 

regimes, this implies one neglects intramolecular hydrodynamic interactions as well. 

One could remove this restriction by the use of the blob model, but for simplicity all 

monomers are assumed to have the same friction coefficient t;. 
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From this theory two special cases were considered. 

Case A:- two interacting polymers with equal molar mass and size, one having no 

optical contrast with the solvent, in a solvent of the same quality for both polymers 

Case B:- a solution of two polymers, differing only in their molar masses 

In Case A two decay rates are found 

(2.4.13) 

and 

(2.4.14) 

In the small q limit, the diffusion coefficients D1 and De are analogous to D_ and D+ in 

equation (2.4.12). In equation (2.4.14) x is the relative concentration of the visible 

polymer (ie. c 1/( c 1 +c2) where c is the polymer concentration), ¢ is the polymer volume 

fraction and X ( =x12) is the Flory interaction parameter for polymer-polymer 

interactions. Also vis the excluded volume parameter (assumed to be the same for both 

polymers). rs(a) is the "bare" relaxation frequency characterising the time decay of the 

self scattering function s0(g_,t). given in [2] This leads to an expression for r5(g) as 

given by [34] 

r - 2 kT - 2 ~ 
s (q_) - q t;NP(q) - q P(q) (2.4.15) 

where P( g_) is the form factor of a simple chain in the system and can generally be 

assumed to have the form of the Debye function , N is the number of monomers per 

polymer molecule, ( is the friction coefficient (which may depend on concentration) 

and Ds is the self diffusion coefficient. 

Unless P( g) is equal to one, a q-dependent effective diffusion coefficient is obtained, 

however in the limit of small q, the self diffusion coefficient is found. 
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The limiting forms of (2.4.13) and (2.4.14) are consistent with the known limits of 

ternary diffusion coefficients [37] 

(2.4.16) 

(mutual diffusion) (2.4.17) 

(2.4.18) 

where DJ( c2) represents the self diffusion coefficient of a trace of component 1 in the 

presence of a variable concentration c2 of component 2. Equation (2.4.18) is equivalent 

to equation (2.4.13) with x • O. This is the condition which must be satisfied in order to 

perform an "optical tracer" DLS experiment. 

Using the standard notation v</)N = 2AiMc, where A2 is the second generalised viral 

coefficient which may depend on c (A 2 expresses the dependence of the osmotic 

pressure on the total polymer concentration) and Mis the molar mass, Borsali et al [34] 

expressed equations (2.4.13) and (2.4.14) as 

(2.4.20) 

Equation (2.4.19) indicates that the degree to which D I approximates Ds depends not 

only on the value of x, but also upon the thermodynamic quantities A 2 and xiv. An 

interesting limit of equation (2.4.19) is found when xiv tends to zero. Then r 1 becomes 

equal to r s(g) regardless of the value of x . Such a situation is realised when the 

polymers are compatible and the solvent is good both of them. 

Borsali et al [34] showed that when the only component 1 is visible S(g_,t) is given by 

(2.4.21) 

where (¾<p)1 is the increment of refractive index of polymer 1 and <p is its total 

volume fraction 
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Assuming N is the same for both polymers, and that X is small compared to v, the 

following expressions are obtained for the amplitudes 

2 .11.rp( ) I - X/Xc(q) ac = x <p1v. q -----=----~=----
- I+ v<pNP(q)[l - X/ Xc(q)] 

(2.4.22) 

1 + V<pNP(q) 
a =x(l-x)<pNP(q)----~~--

1 - 1 + v<pNP(q)[l- X/Xc(q)] 
(2.4.23) 

where Xc(q) = [2<pNx(I - x)P(q)r 1 (2.4.24) 

and x is the relative composition of the visible polymer. 

They also were able to show the frequencies as 

(2.4.25) 

and r1 = rs[l- X/ Xc(q)] (2.4.26) 

where rs is described in equation (2.4. 15) 

In the limit of small x, the amplitude of the co-operative mode approaches zero, hence 

only the inter diffusive mode is measured. When x is finite both modes are expected to 

contribute to S( q, T), even though only one of the polymers is visible. 

Giebel et al [ 13] using a ternary system of poly (methyl methacrylate) and 

poly (dimethyl siloxane) dissolved in a tetrahydrofuran solvent, observed 

experimentally two distinct modes in the auto correlation function obtained from DLS 

measurements. These relaxation modes were found to be in good agreement with 

theoretical calculations based on the RP A theory developed by Benoit and Benmouna. 

They showed that this theory predicted phase separation to occur for some values of x 

and cT since at high concentration this theory predicted Di to become negative. 

Case B:- Borsali et al [34] also considered the case where a solvent with "zero average 

contrast" is used. This corresponds to the following conditions, x= 1/2 and 
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(2.4.27) 

Benmouna et al [2] give the result 

A = <pNP(q)(I - X/ Xc(q)) {x2 ( an J2 

+ (I - x)2 ( an J
2 

+ 2x(l - x)( an J ( an J } 
c 1 + v<pNP(q)(l - X/ Xc(q)) d<p 

I 
d<p I d<p I d<p 2 

(2.4.28) 

which is the extension of equations (2.4.21) and (2.4.22) with both components 1 and 2 

visible and component I having relative composition x. 

If (an/J<p)
2 

= 0 then the result of Case A is recovered (equation (2.4.22)). If however 

(an/J<p)1 = -(an/J<p)2 then Ac=O for x=l/2 ie. the cooperative mode disappears and the 

inter diffusive mode alone survives. Its amplitude is given by 

( 
an J2 

1 + v<pNP(q) 
A,= - <pNP(q)----~--

d<p 1 - 1 + v<pNP(q)[l - X/ Xc(q)] 
(2.4.29) 

This result is of particular interest as it allows the precise determination of the 

interpenetrative diffusion coefficient, and hence allows the consistency of the theory to 

be checked experimentally (experimental evidence to support this finding is presented 

by Borsali et al in [34]). 

2.4.2 Extensions to Benmouna Theory 

Daivis et al [6] Pinder et al [8] and Pinder [38] have extended the Benmouna theory to 

include ternary polymer systems with different polymer molecular weights, scattering 

functions and solvent quality (for each polymer). 

It is useful to revisit the Benmouna theory (and it's basic premises) in order to 

understand these extensions. 

Benmouna et al [2] expressed the total scattered intensity by various species in the 

system by taking into account their interactions in terms of the scattered intensity of the 
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individual molecules. If we let Su({J) denote the static intensity scattered by molecules 

of species i. Sii({J) is generally a sum of the intensity SiP({J) scattered by individual 

molecules and the contribution Qu({J) due to interactions between these molecules ie. 

S;;(q_) = S/(q_) + Q;;(q_) (2.4.30) 

Furthermore, interactions between different species i and j contribute to the total 

intensity through the quantity 

S/q_) = Q/q_) (i =I= j) (2.4.31) 

Similarly, the same formalism can be applied to inelastic scattering intensities or 

intermediate scattering functions. If we use the Kronecker delta function Oij, this may 

written as 

(2.4.32) 

SiP( {J) and SiP( {J., t) are referred to as the bare static structure factor and the bare 

intermediate scattering function, respectively. The total intermediate scattering function 

IS 

S(q_,t) = LLaiajS/q_,t) (2.4.33) 
i j 

ai and a, are increments of refractive indices for light relative to polymers i and j 

respectively. The heart of the theory is to use RPA to express the Qjj's in terms of the 

Si's 

Benmouna et al were led to introduce the use of matrix notation to account for the 

relative contribution of each of the partial dynamic scattering functions. They defined a 

dynamic scattering matrix S(g.,t) as 

(2.4.34) 

They assumed that this matrix evolved over time following the simple exponential form 
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S(q_,t) = S(q_).e-ni 

where '1(q) is defined as the first cumulant matrix 

Q(q) = -limIS(q,t).S-1(q) 
- HO df - -

(2.4.35) 

(2.4.36) 

which neglects the "memory matrix" in the framework of the generalised Langevin 

equation satisfied by S({J.,t), and hence any hydrodynamic interactions. 

Equation (2.4.35) is easily resolved and yields the following results 

S ( ) b - r,r b - rcr 21 q, t = 1e + ce 

where the amplitudes a1, ac, b1 and be are 

he = (re -Q11)S21(q) +Q21S11(q) 

rc-r1 

and r1 and r c are the eigenvalues of .Q ie. 

r = n - (n 2 
- L1(0.))½ I av av 

and 

(2.4.37) 

(2.4.38) 

(2.4.39) 

(2.4.40) 

(2.4.41) 

(2.4.42) 

(2.4.43) 

(2.4.44) 

where .Qav = (.n11 +.n2z)/2 and L1(.Q) = .Q11Q 22 -.Q12.n21 and Qij are the matrix 

elements of n and S22({1.,t) and S12({1.,t) are deduced from equations (2.4.37) and (2.4.38) 

by a proper interchange of indices. 

48 



Chapter 2.4 DLS Theory-Ternary Polymer Solutions 

Benmouna et al [2] give the result 

n = qk8 1M(q_).s-' (q_) (2.4.45) 

where M is the generalised mobility matrix defined by 

M(q) = q-2 Iimsx(q,s) (2.4.46) 
- s• oo -

If we use the Rouse model then M;; = </>; It; . Where ¢1 is the number of monomers per 

unit volume of type i and all the monomer units are assumed to have the same friction 

factor, t;. All the cross terms vanish ie. Mrr-M21=0, and hence 

(2.4.47) 

Akcasu et al [36] give the result 

l 1 
S(q) = So(q) + v(q_) (2.4.48) 

where v(g_) is the excluded volume matrix , hence dropping the (q) dependency term 

(2.4.49) 

and by the appropriate translation of indices 

(2.4.50) 

By noting S1i°=S21°=0 we find 

(2.4.51) 

and (2.4.52) 

If we let x be the mass fraction of polymer l and let polymer 2 be isorefractive with the 

solvent, then </> 1=x</> and </>2=(1-x)</). 
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Benmouna et al [39] have noted 

(2.4.53) 

and (2.4.54) 

where sip are the "bare" structure factors. Also we note 

(2.4.55) 

where VJ is the excluded volume param~ter for polymer 1, and X = x1=X2. (i.e. the 

polymers are "equally good") 

Hence n _ q2k8 T[_l_ ,1, ]- q2k8 T[A] 
:.~11 - r + x 'f'V11 - r 

'=> NJ', '=> 

(2.4.56) 

n _ q2k8T[_l_ (l - ),1, ]- q2k8 T[B] 
:.~22 - r + x 'f'V22 - r 

"=> N2Pi "=> 

(2.4.57) 

Q _ q2kBT[ ,I, ] _ q2kBT[C] 
12 - t; x'f'v, 2 - t; (2.4.58) 

similarly Q - q2kBT [(1- ),I, ]- q2kBT [D] 
21 - S X 'f'V21 - S (2.4.59) 

hence from equations (2.4.43) and (2.4.44) we obtain a general expression for the 

relaxation modes 

where r + is identified with r c and r_ is identified with r 1 and where 

[A] = (-
1
- + x(/>v, 1 J 

NJ'i 

[ B] = (-
1
- + (1- x)(/>v22 ) 

N2Pi 

[ C] = x(/>v, 2 

(2.4.60) 

(2.4.61) 

(2.4.62) 

(2.4.63) 
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2.4.2a 

[ D] = (1- x)</JV21 (2.4.64) 

Ternary systems containing polymers of equal molar mass and a 

solvent of equal quality 

Let us consider the case of equal molar mass polymers in a solvent of equal quality for 

both polymers (such a system might be polystyrene (PS) and poly vinyl methyl ether 

(PVME) in toluene, toluene being an equally good solvent for the polymers, or the 

system PS and PVME in tetrachloroethylene where the tetrachloroethylene is equally 

poor for the polymers). 

Here N1=N2=N, Pi(g)=P2({J)=P and Vn=v22=v and v12=v(1 +xlv)=v 12, and the resultant 

mode frequencies are 

r, = q't[ 2+t:/v ±{ ~:' -x(l-x)~'v'[1-(1 + ~nri 
(2.4.65) 

which is the general result for a ternary solution, where the solvent is of equal quality 

for both polymers in the system. 

We will look at two special cases 

CASE A:- the solvent is of equally good quality for both polymers I and 2. Here z!v • 

0 and hence the frequency modes reduce to 

(2.4.66) 

In most experimental work, the conditions are set so that the slow ( or -) mode is 

overwhelmingly dominant hence we are interested primarily in the results of this slow 

mode. The conditions are such that according to Akcasu et al [36] we may identify this 

slow mode with the interpenetration or interdiffusion mode r 1, hence 
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or 

q2k8T[ I ] r, = -S- NP - 2x(I - x)</>X 

2k T r, = LL[t-2x(l-x)</)NPx] 
t;NP 

Recalling the results 

and r = q2Ds 
I P(q) 

we find D, = Ds(l-2x(l -x)</)NPX) 

(2.4.67) 

(2.4.68) 

(2.4.69) 

(2.4.70) 

(2.4.71) 

Since X is negative for good solvents we note D 1>Ds. This fits with experimental 

observation [7] [9] . 

CASE B:- The case of an equally bad solvent for polymers I and 2 of the same molar 

mass and form factor. 

In this case xiv is not small (i.e xiv large), then generally 

r = q2kBT[_J_ + </>V ± </>V {1 + 4x(I - x) x2 }½] 
± s NP 2 2 v2 (2.4.72) 

i.e. r+ =--8 - I +</)vNP -±- 1-4x(l -x)-q2k T[ { I I ( x
2 )½}] 

- (NP 2 2 v 2 (2.4.73) 

we may look at two sub cases 

Case i) xx2/v 2 comparatively small, then 

(2.4.74) 
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Case ii) xx2!v2 is large then 

(2.4.75) 

2.4.2b Ternary systems containing polymers of unequal molar mass and a 

solvent of unequal quality. 

Daivis et al [6] and Pinder et al [8] have made two further extensions of the Benmouna 

theory. 

CASE A:- Systems in which the solvent is of unequal solvent quality for the two 

polymers of unequal molar mass. This first extension must be viewed with extreme 

caution as Flory Huggins theory cannot account for such challenges to polymer 

compatibility posed by such a solvent. 

Their basic premise is that the major effect of the use of such a solvent is an increase in 

the effective value of the polymer-polymer interaction parameter. They present one 

special case in which the solvent is poor for polymer 1 and good for polymer 2. Both x 

and xiv are considered small. They give the result 

(2.4.76) 

where N1, P1 are respectively the degree of polymerisation of the visible polymer and 

the scattering function for this polymer. N2 and P2 refer to these quantities for the 

isorefractive polymer. 

We note that systems consisting of PS and PVME in a solvent of carbon tetrachloride 

approximate the conditions specified. 

We also note that Saeki et al (40] have shown that X can assume large positive values 

for the "compatible" polymers PS in poly(a-methyl-styrene) when in a ternary solution 

with a solvent of unequal quality for both polymers. Thus the assumption that Xfv is 

small is no longer valid. 
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CASE B:- The second extension is to a system in which the solvent is equally good (or 

equally poor) and the polymers have unequal molar mass. 

Daivis et al [6] give the result 

r = q1k8T [F. -.j(F.2 _ F )] 
I 2t°M P, I I 2 

':r' 'I I 

(2.4.77) 

where (2.4.78) 

and 

F; =--1 -
1 +4[N/;q,v]2x(1-x)+4N/~</JV - 1

-
1 +(1-x) -4x(1-x)[N/~q,v]2 l+-4NP. [xNP. l [ x]2 

N2Pi N2?.i V 

(2.4.79) 

which if x and xfv are both small reduces to 

r/ = q1kBT[1 + NJ't¢vx(NJ1 - N2Pi)-2x(1- x)q,
2
vx(NJ'tl N2Pi l 

~~ q,~~~Pi+~~-~Pi 

(2.4.80) 

We note that such a system is approximated by the solution formed by PS and PVME in 

a tetrachloroethylene. 

2.4.3 Ternary solutions close to phase separation 

Investigations of the properties of ternary solutions in the past few decades have centred 

on investigating the self diffusion coefficient, Ds, and its scaling behaviour with 

concentration and molecular weight to confirm the reptation model of both de Gennes 

[ 13], and Doi and Edwards [ 12]. Experiments have generally been carried out in a 

temperature and concentration range in which the system remains far from phase 

separation (i.e. in a stable monophasic state far from the critical point). However it has 

become necessary to explore the behaviour of ternary solutions at all temperatures and 

concentrations in order to obtain understanding of what critical phenomena occur far 
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from, around and beyond phase separation. Also since some of our experimental 

observations were made at or close to phase separation, we include a brief overview of 

the recent theoretical advances. 

Some characteristic phenomena are known about solutions close to phase separation, 

which any theory would have to accommodate. It is known that ternary polymer 

solutions close to phase separation are characterised by the correlation length ~ 

diverging, this implies long range hydrodynamic effects are significant in this critical 

region. It is known ~ varies with reduced temperature as 

(2.4.81) 

where (2.4.82) 

here T and Tc are the temperature and the critical temperature of the solution. The 

critical exponent n (normally v but to save confusion with the excluded volume 

parameter we have used n here) has a mean field theory of 0.5, while 3-dimensional 

Ising and the Fisher renormalisation values are 0.63 and 0.71 respectively. 

Far from the critical point, the solutions behave in a manner well described by the 

Benmouna theory (i.e. with Rouse-type mechanics), hence any theory must contain an 

hydrodynamic term and a Rouse term, with suitable mechanics to explain the 

interchange between these two different interaction types. 

Benmouna et al (39] in 1993 presented an approach in an attempt to explain system 

behaviour around phase separation. Their basic approach was to use the frame work of 

the earlier Benmouna theory, but to recognise that the mobilities, µ, of the polymers 

would be modified to some extent due to "memory effects." 

They assumed that the decay frequencies could be taken as 

r = q2 k T-M_(=q )_±_M_'~( q~) 
± B S(q) ± S' (q) 

(2.4.83) 
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where M(g.) and M'(g_) represent the components of the mobility matrix including both 

the Rouse and hydrodynamic terms. Similarly S(g_) and S' (g_) represent the same 

components of the intermediate scattering function S(g.,t). 

Borsali [41] states that the mobility matrix is symmetric and M(al and M'(a) which 

represent its elements can both be written in terms of the Rouse and hydrodynamic 

terms as 

M(q) = M 0 (Rouse) + 
1

2 r-dk f(!::_Js(k) 
- (27!) T/o Jo q 

(2.4.84) 

where T/o is the viscosity of the solvent and 

f(w) = w2{w2 + l loglw + 11-1} 
2w w-1 

(2.4.85) 

where w=(klq) . Mo(Rouse) is the mobility in the Rouse limit, and its elements are 

M;~ = t; and Mi = 0 . This is not a new approach and has previously been suggested 

by Doi and Edwards [12], de Gennes [13] and Akcasu [42] . 

Benmouna et al (39] reported that for a symmetric solution (NJ=N2=N and P1=P2=P) in 

zero average contrast ( or optical theta) conditions they found 

and 

where 

{ } 

2 
( J-1- +(v+ X)<t>N rr=rc=lDo _l_+(v+x)<t>N + q k82T fo- dkf !::_ P(k) 2 

P(q_) 2 (27!) T/ q P(q) + ( v +; )<t>N 

(2.4.86) 

[ X ] 
2 

1- - P(q) 
r = 2D {-1 __ _.K__}+ q k8 T r dk t(~J P(k) Xe 

' q o P(q_) Xe (2rr)'T/ o q P(q) [ I - :c P(k)] 

(2.4.87) 

D = kBT 
o N( 
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In optical theta conditions the initial decay rate SJ(g,t) gives directly the inter diffusive 

relaxation frequency, hence we shall concentrate on this term. The first term of this 

equation gives the standard Rouse contributions (as predicted by the original Benmouna 

theory) while the second term represents the long range hydrodynamic back flow 

effects. 

To solve the equation for r1 we note 

1) P(g) may be given by the Debye function 

(2.4.88) 

where u = q2 R/ and R8 is the radius of gyration. P(g) may be simplified to 

P(q) = I 
- 1+ - q2R 2 

2 g 

(2.4.89) 

where the arbatory factor 1/2 is used to empirically fit high qR8 data for solutions far 

from phase separation. 

2) That 

(2.4.90) 

where F(x) is the Kawasaki function 

3 1 + x
2 

[ 2 ] F(x)=---J- x +x - 1 arctan x 
4 x · 

(2.4.91) 

which has the values i) 3/4 + X for X ~2 

ii) 3/4 as x approaches zero 

This leads to 

(2.4.92) 
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The first term represents Rouse contributions as predicted by the simple Benmouna 

theory, while the second term represents long range hydrodynamic back flow effects. It 

should be noted that as the critical temperature is reached, the Rouse term vanishes. The 

behaviour of the second term depends on the magnitude of qf For q~<<l this term is 

independent of q and displays a critical slowing down. 

Luo [43] in his 1996 PhD thesis presents two special cases of this theory. 

CASE A:- a solution satisfying the following conditions 

I) both polymers sufficiently small that P( q) tends to unity 

Ill) polymer I is isorefractive with the solvent 

IV) polymer 2 is present in a trace amount 

under these conditions 

(2.4.93) 

a) if q~~0.5 then F(q,~r==314, and hence 

(2.4.94) 

from this we may note 

i) D1 is q independent 

ii) as the solution approaches phase separation X tends to Xe, and ~ diverges and hence 

DI is expected to display a critical slowing down 

iii) hydrodynamic effects are of the same nature as "Rouse effects" 
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b) if q{;>2 then F(q,~) zq~, hence 

D = D {1 - _x_} + qkBT 
I o Xe 6m, 

(2.4.95) 

from this we may note 

i) D1 is now q dependent due to the hydrodynamic component 

ii) the Rouse contribution displays a "critical slowing down" and in the limit q tends to 

zero lim D1 = D0 {1 -L} 
q • O Xe 

CASE B:- a solution satisfying the following conditions 

1 q1R 2 

I) the minority polymer has a molar mass so large that -- z I+ __ g_ 

P(q) 3 

Ill) the majority polymer is isorefractive with the solvent 

IV) The polymer relative abundances are 3: 1 by mass 

In this case no equivalent expression to equation (2.4.87) has yet been obtained. 

Both the fast and slow modes will be expected to contribute to the total relaxation 

behaviour of the solution. Benmouna et al [39] note that as the temperature is increased, 

one reaches the critical temperature for polymer-polymer phase separation first, before 

the critical temperature for polymer-solvent separation is reached (i .e. the solution 

separates into two polymer phases, before it separates by precipitation). This implies the 

critical dynamics in phase separation are in composition fluctuations rather than in 

concentration fluctuations, hence the important decay rate will be the slow decay rate. 

In general one can expect D1 to be composed of two terms (similar to that in equation 

(2.4.87)), one a Rouse term, given by the simple Benmouna theory, and a 

hydrodynamic term similar in form to that given in equation (2.4.87) 
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1 q2R 2 

If we use the assumption -- "" I + --8
- and that R g2 can be expressed as 

P(q) 3 

2f ( I - :c) then the form of Di will be 

where 
3 

F(q,~) = -+ q~. 
4 

(2.4.96) 

Since ~ is expected to be large (the mino_rity polymer has large molar mass) we can 

expect D1 to take the form 

It is interesting to note 

i) as x• xc, the hydrodynamic term will become more significant 

ii) the Rouse term gives D1 a q2 dependence 

(2.4.97) 

iii) as phase separation is approached a q dependence will emerge as the hydrodynamic 

term becomes more dominant 

iv) as the small q asymptote of r /q2 is D0 { I - ~ } • it should demonstrate a critical 

slowing down as phase separation is approached 

v) at high temperature where X<xc and the hydrodynamic term is negligible, then r /q2 

versus q2 should be a straight line with slope R/Dof3 and intercept Do since 

{ 
q2R

2

} D, "" D0 l + ---:;-

vi) at low temperature, close to phase separation r /q2 vs q2 is expected to be non-linear 

due to the q dependence of the hydrodynamic term 
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3.1 

3.1.1 

Chapter 3 

Experimental Set-up 

Dynamic Light Scattering 

Historical Overview 

The use of light scattering to study the properties of materials has a long history, dating 

back to Tyndall in 1869 [44]. These studies were severely limited by the resolution of 

the classical light source and of the detection systems employed. With the advent of the 

laser (and the extra resolution that mono-chromatic light sources allow), and the 

photomultiplier in the field of light scattering, the study of particles diffusing through a 

media could finally reach its potential. The first experiments of this type, however, just 

predate the dawn of the laser era [45]. 

The laser era allowed new experiments to be designed. In 1964 Pecora [ 46] showed that 

the frequency distribution of light scattered from macromolecular solutions would yield 

values of the macromolecular diffusion coefficient. These frequency changes were so 

small that "conventional" monochromators could not be used to resolve the frequency 

distribution of the scattered light. This problem was solved by Cummins et al [47] who 

used an "optical-mixing" technique (which is the optical analog of the beating 

technique developed in radio-frequency spectroscopy) to spectrally resolve the light 

scattered from dilute suspensions of polystyrene spheres. Light scattering has since 

become a major research field, and a routine method in the characterisation of 

compounds in solution. 

3.1.2 The Dynamic Light Scattering System 

The light scattering equipment used in this study has previously been described by 

Daivis [5] , Daivis and Pinder [6] [7] and O'Driscoll and Pinder [48]. This apparatus is 
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shown in Fig 3.1.1, and the components that make up the system will be described in 

the following sections 
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The laser and spectrometer are mounted on a massive table free from vibrational 

motion. The table consists of a steel frame filled with concrete, and surfaced with steel 

plate (this allows the fixation of optical components by either magnetic mounts or 

screwing the component directly to the table surface). This frame then rests on thick 

foam rubber and is supported by steel legs. 

The light scattering apparatus was contained within a temperature (25 °C) and humidity 

controlled environment. 

3.1.3 Laser Operation 

A Spectra Physics 165-08 Argon Ion laser was used as the scattering light source in this 

study. This laser was chosen for its tunability (frequency selections available), however 

for this study it was kept at 488 .0 nm (blue), being the strongest of the Ar+ lasing 

transitions available. The laser was used well above threshold, and a neutral density 

filter was nearly always used to attenuate the light source. This is essential to prevent 

multiple scattering of the incident light within the scattering volume and also localised 

heating of the sample. The incident beam was weakly focused by a 10 cm focal length 

lens to limit the scattering volume, this also increases the beam intensity within the 

scattering volume. 

A closed circuit cooling system is used to cool the laser when in operation . This 

consisted of a water pump and a plate heat exchanger. The pump circulates distilled 

water, which is in thermal contact with both the laser and the plate heat exchanger. The 

heat exchanger cools the distilled water by thermal contact with tap water via metal 

plates separating the two water flows . The pump and heat exchanger are vibrational 

isolated from the laser and optics table. 

63 



Chapter 3.1 Dynamic Light Scattering 

3.1.4 Spectrometer and Photomultiplier 

Measurements were made with a Malvern Instruments RR 102 spectrometer. This 

consisted of a refractive index matching bath with temperature control unit, a 

spectrometer goniometer unit and photomultiplier assembly. 

3.1.4a Refractive Index Matching Bath 

A refractive index matching bath was used to reduce unwanted reflections and flare 

from the glass cell used to contain the sa_!llple. Water, which had been triply filtered 

using a Millipore cartridge system, was used as the refractive index matching medium. 

While water's refractive index is too low for complete matching, it provides good 

control while having practical physical characteristics (high boiling point, low viscosity, 

and could readily be filtered to remove particulate contamination). It is also harmless, 

taken in small quantities . The matching fluid was recirculated and filtered using a 

Malvern Instruments RR 98 recirculation pump when the light scattering equipment 

was not in active use. The recirculation pump allowed filtration of the medium via a 

Millipore filter (the filter papers used were surfactant free 0.22µm Millipore 

GVWP 047 00, Lot No. C7K20179). 

The refractive index matching bath has been modified to accept a microscope stage with 

x and y translation verniers , allowing precise movement in the horizontal plane. This 

enables accurate positioning of the sample holders (normally NMR tubes) within the 

incident light beam. The NMR tubes are held in a nylon collar which was then clamped 

to the x-y translation stage. The position of the NMR tube was carefully adjusted using 

the following procedure: Each time a tube was inserted in the nylon collar the position 

perpendicular to the direction of the incident beam (in the horizontal plane) was 

adjusted so that back reflections from the tube wall returned along the direction of the 

incident beam. The position parallel to the incident beam was adjusted by setting the 

photomultiplier to 90° and noting the tube positions, on the vernier scales, when the 

count rate decreased to zero. This was achieved using a digital-analogue rate meter, 
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designed and built by Trotter [ 49], connected to the detection optics. The count rate 

decreased to zero twice, once for each wall of the NMR tube. The tube was then 

returned to the exact centre of these two measurements. 

A Malvern instruments RR 56 temperature controller was used to control the 

temperature of the water bath and hence the temperature of the sample. This was 

connected to a copper block within the water bath assembly. 

3.1.4b Spectrometer Goniometer and Photomultiplier 

The spectrometer goniometer and photomultiplier assembly contained; collection 

optics, photomultiplier tube and a photoelectron pulse amplifier and discriminator. An 

ITT FW 130 photomultiplier was used. This particular photomultiplier was chosen for 

minimal after pulsing and low dark current, after tests by ITT on a selection of FW 130 

photomultiplier tubes. It was operated at the recommended voltage of -1740 V, and was 

mounted in the standard Malvern Instruments photomultiplier housing within the 

spectrometer. The housing also contains all the collection optics and the pulse amplifier 

and discriminator. The collection optics were designed to provide coherent detection of 

the scattered light, while the amplifier and discriminator produce standardised pulses 

corresponding to photoelectron detection. Jolly and Eisenberg provide a discussion of 

the collection optics used in the Malvern Instruments spectrometer [50]. 

3.1.4c Optical Alignment of the Spectrometer 

It is important to ensure the correct optical alignment of the spectrometer before 

measurements are made, the following procedure was employed: The input lens was 

removed, as was the vat containing the refractive index matching fluid . This vat was 

then cleaned. The incident light beam was then aligned to the optical axis of the 

spectrometer, after which the vat was replaced, and its position and the incident beam 

direction adjusted until the back reflections from the entrance and exit windows of the 

vat were symmetric and centred. The vat was then filled with refractive index matching 

fluid. This was followed by the replacement of the input lens, which was aligned so the 
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back reflections from both the front and back surfaces were centralised. The incident 

beam was then focused in the centre of the vat. A strongly scattering sample was placed 

in the spectrometer and the angle of the detection optics set to 90°. The vertical 

alignment of the detection optics was adjusted for maximum count rate. This was aided 

by the use of the Trotter digital-analogue rate meter (see section 3. l .4a), which utilised 

signal direct from the detection optics . The laser power was then reduced to minimum 

and the beam attenuated. The photomultiplier assembly was slowly moved to 0°, and 

the beam attenuated further if required. Here the angle was adjusted for maximum count 

rate, and the horizontal and vertical alignment of the detection optics also set for 

maximum count rate. At this point the angle vernier was set to zero. 

The optical alignment was checked before serious measurements were taken, in a series 

of experiments using (0.091 ±0.006) µm polystyrene latex spheres (supplied by Dow 

Chemicals, Run No. LS-1132-B) in distilled water. According to basic light scattering 

theory 

r =lDs 
s P(q) 

(3 .1.1) 

where rs is the first cumulant on the expansion of the correlation function, Ds is the 

diffusion coefficient, P(q) is the structure factor (and is normally taken as having a 

value of unity), q is the scattering vector (or q-vector) where q = ( 4; )nsin(~), here A 

is the wavelength of incident light, n is the refractive index of the solution and 0 is the 

scattering angle. If P(q) is not equal to unity then the rs is q-dependent. The solutions 

prepared have previously been characterised [51] [52] [53] and no q-dependence has 

been found. Hence a plot of Ds vs q should give a straight line parallel to the x-axis if 

the detection optics are in correct alignment. Also a plot of the rs vs q2 should be a 

straight line through the origin with slope equal to the diffusion coefficient. Figs 3.1.2 

and 3.1.3 show the plots obtained after optical alignment. 
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Figure 3.1.2 The diffusion coefficient of 0.091 µm polystyrene latex solution at various 

angles of scatter 
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Both figures 3.1.2 and 3.1.3 show a that the self diffusion coefficient does not very 

systematically with q, and hence that the optical alignment of the detection optics is 

more than adequate. Indeed the data analysis package gave a hydrodynamic radius of 
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(4.6±0.3 ) x 10-8 m, which compares favourably with the stated diameter of 

(9.} ±0.6) X lQ-8 m. 

3.1.5 The Autocorrelator 

The clipped photon-counting technique was introduced by Foord et al [54] in 1970. The 

operating principles are discussed by Oliver [55] and a detailed description of a 

correlator of this type is given by Mole and Giessler [56] . 

The standardised pulses emitted from the detection optics are processed by a digital 

correlator built by O'Driscoll [48] [51 ]. This correlator has been previously described 

[48] [51], and the principle characteristics will now be briefly discussed. The instrument 

has been designed to have specifications similar to the commercially available (in the 

late 1970's) Malvern Instruments 4300 correlator. The correlator has 48 correlation 

channels each with 108 count capacity, with sample times ranging from 0.05 µm to 9.95 

x I 05 µm. Four monitor channels each of 101 O count capacity, are provided for 

normalisation of the correlation function. The correlator operates with zero dead time. 

The design of the digital correlator is simplified by "allowing" the input pulses to occur 

at certain times only. This is achieved using a derandomiser. The derandomiser defines 

time intervals equal to the shortest sample time (50 ns), and shifts the input pulses in the 

time domain so that they are synchronised to the master 20 MHz clock. This time shift 

does not affect the correlator operation it is only necessary to know the number of 

pulses occurring in a given sample period and not the actual time they occurred. 

These incoming data are then reduced to binary form before the correlation function is 

computed. The reduction to "one bit" form is achieved by "clipping" or "scaling" the 

data. Clipping is achieved by setting the output at one if the input level exceeds a 

certain count number, k, in a given sample time, T. If the level is less than k then the 

output is set to zero. Scaling is achieved by outputting one count for every s counts that 

enter the scaler. Clipping is available in the range 0-99 and scaling in the range 1-99. In 

practice scaling always followed clipping at zero. 
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The auto correlation function G<2>(n is found by storing and delaying the data from the 

sampling counter and then multiplying these by the undelayed data. The digital 

correlator calculates the correlation function of the photo detection pulses by 

accumulating the products 

N 

NG(2) (iT - rT) = L n(iT)nk (iT - rT) (3.1.2) 
i= I 

where Tis the sample time, r is the delay channel number, N is the number of samples 

and n and nk are the unclipped and clipped numbers of the photo detections counted in a 

given sampling period. For a stationary, ergodic process, the time average is equal to 

the ensemble average, so 

NG<2\iT- rT) = N(n(iT)n/iT- rT)) (3.1.3) 

is independent of the time origin iT. The lag time (iT-rD is usually labeled rand the 

correlation function is even so that G<2)(-r) = G(2)( r). 

The normalised intensity auto correlation function g<2J(r) is equal to the normalised 

photo count correlation function [57] and the estimator for g<2J(r) obtained in an 

experiment is given by 

hence ~c 2>( ) N NG(2)(r) g T = X---'----'-
B 

(3.1.4) 

where Bis the product of the measured values of N<n> and N<nk>- It is appropriate to 

think of the measured g< 2\r) as one member of an ensemble which has the population 

mean g<2J(r). 

All of the quantities in equation (3.1.4) are available from the stores and monitor 

channels of a digital correlator. This normalisation method is sometimes called self­

normalisation. 
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If the scattered field has gaussian statistics, the electric field auto correlation function is 

related to the intensity auto correlation function by the Siegert relation [57] 

(3.1.5) 

where the constant C is an experimental factor which accounts for the effects of 

clipping (or scaling), the finite area of the detector and the finite length of the sample 

time. In the analysis, C is treated as a free parameter. 

The O'Driscoll correlator has incorporated into the hardware a device designed to 

prevent the detection of dust, and hence the distortion of the correlation function . This 

device uses an intensity monitor to detect unusually high input pulse rates, which 

suggest the presence of dust. This intensity monitor then stops the correlator. A delay 

circuit delays the input pulses sufficiently for the spurious signals to be detected by the 

intensity monitor and the correlator to be stopped, before these spurious signals can be 

processed. This "blinker" sense circuit compares the number of channel A pulses in a 

sample period with some preset number, the blinker level. If this level is exceeded a 

logic 'I' is entered into a four stage shift register and if not a logic '0' is loaded. This 

shift register is also clocked by the sample time clock. Three consecutive 'l ' s in the 

shift register generate a correlator 'stop' command. Four consecutive 'O's generate a 

'start' command. The number of times the correlator stops/starts is recorded in a 

monitor channel. It is important to give the dust time to move through the sample area, 

so a one second delay time is allowed for the particle to move, then an additional 128 

sample times are delayed to allow the main correlator shift register delay line to fill with 

data and so acquire the history of the current data before correlation is recommenced. 

The introduction of software control of the correlator has made the use of the blinker 

unnecessary, however the basic principles of the blinker are used in the correlator 

control software to reduce dust distortion of the correlation function. 

After correlation, the data is stored in the accumulator, from which it can be displayed, 

one channel at a time or transferred via the data bus to a computer. 
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3.1.6 Computer and Software 

The data from the autocorrelator are transferred to a computer via a RS 232 serial port 

using an interface constructed by O' Driscoll [ 51], the transfer rate is 9600 baud. 

The data are collected and analysed by a Macintosh II vx computer. The data are 

collected using a program called "dlsEXPRESS2L" (written in Fortran 77 and compiled 

using Absoft's MacFortran compiler, version 2.3) . The program uses standard toolbox 

routines to control the serial port. The program also initiates the start, and the 

termination of "live" accumulations on the autocorrelator. "dlsEXPRESS2L" corrects 

the angle of scattered light (compensating for the refractive index of the matching 

medium), the sample solvent viscosity , the sample cell shape, the temperature, and 

wavelength of the incoming laser light; and records the autocorrelator sample time, 

whether the signal is scaled or clipped (and by how much), and the number of runs 

averaged with the data. The program plots and updates the auto correlation function 

after each data collection run, and stores the processed data in a temporary file called 

"$$$express." 

The software also incorporates a run rejection scheme, which is similar to the "blinker" 

facility in the hardware of the autocorrelator (see section 3.1.5). This is designed to 

reject runs in which the count rate shows evidence of unusually high scattering 

intensity. The scheme first allows ten preliminary runs. These are measured for the 

mean number of counts per run. Each run provides an estimate of the mean number of 

counts per sample time, ii . The values of ii obtained in the ten preliminary runs are 

stored in an array and their average calculated. Each time a run is completed, the new 

value of ii is compared to the mean value. If this is within five standard deviations of 

the mean value, the new run is included in a running average of g<2l(r) and the new 

value replaces the oldest value of ii in the array. This process is continued until a 

predetermined number of runs has been accepted. The scheme has the advantage that 

the mean value of n is self-correcting, and will adapt to small drifts in average 

intensity. 
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The experimental data stored in the temporary file $$$express, were then analysed by a 

second program called "dlsfit006L" (also written in Fortran 77 and compiled by 

Absoft's MacFortran, version 2.3). This program allows the option of fitting the data 

with cumulant fits, or single or double exponential fits (with or without a floating base 

line). 

The intensity auto correlation function is normally written [58] 

g<2>(r) = 1 + ( qg<1>(r)I + ~1 f + ~ 2 (3.1.6) 

where g( 1 J( r) is a model provided by the theory and ~ 1 and ~2 are constants which are 

included to allow for artefacts which cannot be eliminated experimentally. ~I can be 

thought of in terms of the constant scattering function obtained from "stationary dust" in 

the scattering volume, while ~2 could represent drifts in the source intensity or the 

"detection optics" gain, which would lead to the misnormalisation of g(2J('r) [59], or a 

number fluctuation term resulting from large particles (dust) passing through the 

scattering volume [58]. Provincher et al [59] noted that ~ 1 appears to be more important 

than ~2 in data analysis. In their work they used a dust discrimination scheme, so it is 

expedient to ignore ~2 under such conditions. Since a "dust discrimination" scheme 

(which effectively removes any "sudden" increases in the detected intensity from the 

data set) is employed in the software controlling data collection, it is reasonable to 

ignore ~2 in the analysis. Indeed in practice the most straight forward method of data 

analysis is to fit 

(3. 1.7) 

or In S; directly . This has the advantage that when a complicated model for gUJ(r) is 

being fitted, it may be fitted directly rather than its square which would be fitted if 

g(2J(r) were fitted. 
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All the cumulant fits used the method of least squares to fit the data as described in [5]. 

For single exponential fits, the data were fitted to the equation 

Cexp(-rr) + ~, (3.1.8) 

with ~ 1 being optional, while for double exponential fits 

(3.1.9) 

is fitted, with ~ 1 optional. The details of which are given in [5] and expanded on by 

Bevington [60] . 

Two methods are provided in "dlsfit006L" to assess the quality of fit. In the first the 

value of the reduced x2 is computed using 

2 

X 
2_.K._ 

F -
F 

(3.1.10) 

where F is the number of degrees of freedom in the fit, i.e. the number of data points 

minus the number of parameters in the fit. A value of Xr close to one indicates that the 

fit is good while a value greater than one indicates a poor fit [60] . 

The second method of assessing the fit involves plotting the weighted residuals. In this 

method the difference between the predicted (theoretical) value and the obtained data 

are plotted for each data point of the auto correlation function. This difference is then 

plotted against the channel (time) at which the original data point occurred. If the fit is 

poor, a plot of residuals will show a trend, while a good fit will show a random 

distribution of points above and below the abscissa. 

"dlsfit006L" can neglect the first few points of a data set in the analysis if required. This 

may be necessary because of photomultiplier after pulsing, especially when using very 

low count rates or short sample times. "dlsfit006L" will also allow several runs on the 

same sample to be averaged (which allows runs from several days work to be 

averaged). Since individual runs may have different values of C (see equation 3.1.6), 
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individual runs are first fitted with a cumulant fit to determine C and then each run is 

renormalised to a intercept of I (for Si) before averages are calculated. 

From the linear-quartic cumulant fits, the diffusion coefficient, the polydispersity of the 

sample, and the hydrodynamic radius can be calculated and printed out (via a laser 

printer), and the auto correlation function plotted via a Hewett-Packard 7470A plotter. 

3.1.7 Running Samples 

In running samples the following steps we~e taken: The detection optics were switched 

on and left for a period greater than 24 hours, so that the dark current of the 

photomultiplier would reduce to a constant level. Initially the set-up was thoroughly 

checked for optical alignment by checking the hydrodynamic radius of a 0.091µm 

polystyrene latex in water (see section 3.1 .4c). This step was not repeated subsequently, 

as the Malvern cell was left undisturbed. 

The current sample was taken from the sample preparation room (25 °C) and allowed to 

come into equilibrium in the Malvern cell (25 °C). The laser was switched on, and 

operated above threshold, and the computer set to run. Using the Trotter rate meter 

connected to the detection optics, the sample was aligned in the cell, so that the cell was 

centrally located. The detection optics were then attached to the autocorrelator (the 

output of which was displayed directly on an oscilloscope). The sample time of the 

autocorrelator was then adjusted until the correlation function had decayed to a value of 

approximately e-3 at the largest value of r . The parameters required by the computer 

software were then set and the computer allowed to run the autocorrelator "live" for a 

few sample periods, after which the sample time was reassessed (and adjusted where 

necessary) . The computer program was then set and left to run the experiment for 

several hours or days depending on the strength of the scattered signal. 

At the completion of a run (or set of runs) the data were then retrieved from a temporary 

data file ($$$express), and analysed using the program "dlsfit006L." 

74 



Chapter 3.1 Dynamic Light Scattering 

From the analysis various parameters were extracted, printed and plotted and further 

analysed (i.e. with further runs of this series of solutions). The data files were renamed 

and kept for later perusal as required. 
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3.2 Sample Preparation 

3.2.1 Glassware Cleansing Procedures 

Particulate contamination in light scattering cells can lead to severe distortion of data 

[61] [62], so every effort must be expended to produce dust free samples. This is most 

easily achieved by ensuring that all apparatus used in sample preparation is 

scrupulously clean. 

Sample containers, glassware and all other apparatus associated with the preparation of 

samples were subjected to the following procedures to ensure freedom from particulate 

contamination: The apparatus was first cleaned in detergent and tap water. It was then 

left to soak in chromic acid overnight, before being thoroughly rinsed in tap water. The 

apparatus was next soaked overnight in Decon 90 detergent solution. After rinsing in 

tap water, it was then rinsed in 0.22 µm filtered, distilled and deionised water. It was 

then rinsed in analytical grade acetone, and left to dry in a dust free environment. The 

apparatus was then flushed using condensing acetone vapour, and allowed to dry in a 

vacuum desiccator overnight to remove the last traces of liquid. The apparatus was then 

stoppered, or removed to a dust free environment for storage until later use. 

Any apparatus that could not withstand chromic acid was instead soaked in detergent 

solution for a longer period to loosen contaminants. 
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Acetone flushing was carried out using the apparatus shown in Fig. 3.2.1 

Gl~ss Tube &/or f1 Apparatus being "flushed" 
synnge needle ~ (:J .,_ with acetone vapour 

Bowl to collect ~ 
residue ~ 

Rubber tubing to 
remove condensed 
vapour ............. 

Heating Mantle~ 

Condenser 

I 
Cooling Water 

Figure 3.2.1 A aratus for cleanin lassware 

This is based on a design discussed by Tabor [61], it consists of a heating mantle on 

which a triple necked flask rests. Analytical grade acetone was heated and kept at 

boiling point in this triple necked flask . The acetone vapour pressure within the flask 

was relieved through a narrow glass tube in one of the necks of the flask, creating a jet 

of moderate pressure acetone vapour which could then be directed onto the apparatus 

being cleaned. A small catch bowl was attached below the narrow glass tube, to catch 

the condensed acetone vapour from the flushed apparatus . A piece of rubber tubing 

carried this condensed acetone way from the heating mantle and flushing apparatus. A 

condenser was fitted to a second neck of the flask so that the acetone vapour could be 

recycled when not required. The third neck of the flask was used for replenishment of 

acetone as required. 
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3.2.2 Polymers used in this study 

3.2.2a Polymer Characteristics 

This study examines solutions containing the two random coil polymers, polystyrene 

(PS) and poly (vinyl methyl ether) (PVME). The structure diagrams of PS and PVME 

are given in figures 3.2.2, and 3.2.3 respectively, and the characteristics of the polymers 

used in this study are given in table 3.2. 1. 

Polymer Source Mw MwfMn Catalogue Lot No. 

No. 

Polystyrene Pressure 110,000 ~ 1.06 4b 

Chemicals 

PVME as GAF 102,000 4 Gantrez M-555 

supplied 

PVME as GAF 110,000 1.3 Gantrez M-555 

used 

Table 3.2.1 Polymers used in this study 

Polystyrene was supplied by Polysciences with a molar mass of I 10, 000 gmol- 1 and 

was in the form of minus 6-Mesh granules. The polystyrene was used as obtained. 
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-CH-CH2-

n 

Polystyrene was added to the appropriate solvent, in sufficient quantity to prepare a 

standard solution, which was then filtered (see below) and sealed until required. 

-
H H 

I I 
c-c 
I I 
H OCH3 

-n 

Figure 3.2.3 The structure of poly (vinyl methyl ether) 

PVME was obtained as a 50:50 PVME/toluene solution, Daivis [5] has determined the 

molar mass of the polymer in this state to be 102, 000 gmol-1 with a polydispersity of 4. 

Such a large polydispersity is unacceptable for this study, so polymer fractionation was 

used to reduce the polydispersity following the method described by Daivis [5]. This 

procedure reduced the polydispersity to a value of 1.3, and increased the molecular 

mass of the polymer to 110, 000 ( 10, 000) gmol- 1• While the polydispersity is still high 

it is acceptable since this polymer acts only as a "mesh" through which the "visible" PS 

is monitored as it diffuses. 

79 



Chapter 3.2 Sample Preparation 

3.2.2b Fractionation of PVME 

Flory [ 14] has discussed general fractionation techniques. The main objective of 

fractionation is to reduce the polydispersity of the a polymer by as much as possible 

with the minimum of effort. The fractionation method used is described by Mason and 

Arquette [63]. The principle involves the addition of sufficient non-solvent to a solution 

of the polymer dissolved in a good solvent to precipitate the higher molecular mass 

molecules. In this case the PVME was dissolved in the good solvent toluene and the 

non-solvent Petroleum Spirit ( 40-60 °CJ was added to cause precipitation. If the 

solution is allowed to attain equilibrium it separates into two phases, the higher molar 

mass PVME precipitates and settles to the bottom of the flask. This separation (or 

fractionation) can be completed by the removal of either the supernatant or the 

precipitate. This process was completed twice, the first time the large molar mass 

precipitate was discarded, the second time the low molar mass supernatant was 

discarded. Only the so-called "middle fraction" of the PVME was retained for use in the 

dynamic light scattering experiments. 

The procedure used in fractional precipitation was as follows: First approximately 20 g 

of the M-555 PVME/toluene solution as obtained from GAF was put into a flask. This 

was then dissolved in 60-70 g of analytical grade toluene. This solution was left 

overnight to attain equilibrium and then transferred to a 2 litre triple necked flask. The 

flask was then placed in a temperature controlled water bath. Temperature control was 

achieved by a precise temperature controller (Thermomix 1460, B. Braun, Melsungen 

AG, West Germany). The flask's contents were stirred constantly, using an overhead 

stirrer, and allowed to stabilise at 25 °C overnight. Approximately 750 ml of analytical 

grade Petroleum Spirit ( 40-60 °C) was then added and the solution allowed to stabilise. 

At this point the solution should have been cloudy. More Petroleum Spirit (40-60 °C) 

was added, carefully, if the solution wasn't cloudy (the amount of precipitate formed 

depends on the quantity of the non-solvent added) until lasting cloudiness was achieved. 

The temperature was increased to 28 °C and allowed to stabilise (the solution should 
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have cleared at this point, if it hadn't then a little toluene was added, and the above 

temperature related steps repeated until at 25 °C the solution was cloudy, and at 28 °C 

the solution was clear). The stirrer was removed, the flask stoppered, the temperature 

decreased to 25 °C, and solution left overnight to equilibrate. The solution now existed 

in two phases. However, the dividing line between these two phases was sometimes 

difficult to see. Careful and gentle swirling would disturb the two phases around this 

dividing line and allow this line to be clearly contrasted. Due care was needed in this 

process so the two phases were not redispersed. The supernatant was removed and the 

precipitate layer was redissolved in toluene and discarded (it is preferable to remove the 

supernatant to a one litre round bottomed flask in the water bath, otherwise the addition 

of toluene is necessary to redissolve the precipitate formed as this solution cools). The 

supernatant was then returned to the 2 litre flask. Approximately 230 ml Petroleum 

Spirit (40-60 °C) (this quantity depends on the amount of precipitate desired) was added 

and the solution stirred and then left overnight. The precipitate (middle fraction) in this 

case was retrieved from the two phased solution that resulted. 

3.2.2c PVME Handling 

The solvents used in fractionation were most effectively removed by the following 

method. The middle fraction was diluted and filtered (see below) into a series of I 00 ml 

flasks which had been previously weighed, these where then "dried" using a rotary 

evaporator for a few hours at 90 °C, a fast rotation rate was required to spread the 

polymer in a thin layer around the flask for the most effective "drying". The flasks were 

then connected to a vacuum pump (0.2 mm Hg) and left overnight, after which the 

flasks were transferred to the weighing room and allowed to come into thermal 

equilibrium before the mass of dry PVME was determined. The PVME was then 

redissolved in toluene. 

Redispersion in other solvents was readily achieved by drying the PVME solution 

several times, as detailed above, each time resolvating in the solvent of choice. 
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Particular care is needed in handling PVME because it is very susceptible to oxidative 

and photochemical degradation resulting in a dark brown appearance. Precautions 

included wrapping the flasks containing PVME in silver foil (to keep out light) and 

storing under a dry nitrogen atmosphere in a cool place. These precautions were 

followed at all stages of processing and subsequent solution preparation and 

preservation . PVME is also susceptible to absorbing moisture, to avoid this PVME was 

stored in an organic solvent. Toluene seems to be a particularly good solvent, keeping 

the polymer from appreciable oxidation and contamination. 

3.2.3 Solvents used in this study 

Solutions were made with analytical grade solvents as listed in table 3.2.2, these 

solvents were used as obtained with the addition of 0.2 µm filtration. 

Solvent Source Product Lot V an;ac 
Number Number (m3kg·l) (cm32-I) 

Toluene Ajax 551 111587 l .1597 0.111 

Chemicals 

Carbon Ajax 143 909330 0.63111 0.161 

Tetra- Chemicals 

chloride 

Tetrachloro- BDH (Aust) 10407 6T 2015480 L 0.6192 

ethylene 

Petroleum Ajax 10178 4998760 

Spirit Chemicals 

(40-60 °C) 

Table 3.2.2 Solvents used in sample preparation 
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3.2.4 Sample filtration 

The clarification of solutions is hindered by the overlapping dispersities of particle size, 

density, and refractive index of the polymers and the extraneous material [61]. 

Fortunately the major contribution to extraneous scattering is from gross particles, and 

these are easiest to remove. Two methods are usually employed in removing particulate 

contamination; centrifugation and filtration. Filtration was chosen in this study because 

of its relative ease of operation and quickness of use, which is important when using 

volatile solvents which may evaporate (and hence change the solution concentration). 

Samples were filtered using a teflon and steel Millipore filter holder containing a 

Millipore filter (Cat. No. FGLP 013 00, Lot No. HI BM92399 A), chosen for its solvent 

resistance. Glass syringes and stainless steel hypodermic needles were used to filter 

samples. 

Filter Holder 

I\ 
c{] qJo 

Syringe Syringe Plunger 

~ 
~ I " I ' I " " I ' ' " ,I 

~ 

0 
; 

Gauze i 
0.22 µm Filter Paper 

Teflon "O"-rings ___________ __, 
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The following procedure was used to filter samples: After cleaning and drying the filter 

holder, syringe and needle (as described in section 3.2.1) the current and the filtered 

(new) solution flasks were weighed, and the current polymer mass fractions were 

calculated from equation (3.2.2) (see section 3.2.7) (this step was unnecessary for pure 

solvent filtration) . The sample to be filtered was transferred to the syringe, to which the 

filter holder was then attached. The first few drops of filtered sample were discarded, to 

avoid any risk of contamination from dust. The remaining sample was then filtered 

directly into the new solution flask, which was then sealed and the flask weighed. The 

mass of polymer transferred was then calculated using equation (3.2.2) and recorded. 

3.2.S Solution Preparation 

Solutions were prepared using the following procedure. PS and PVME standard 

solutions were made in the appropriate solvent. These were then filtered and the mass of 

polymer remaining determined using equation (3.2.2) . These standard solutions were 

combined into a third flask , in amounts appropriate to deliver the polymers in the 

correct quantities . The amount of solvent within this solution was then adjusted either 

by removing excess solvent using a rotary evaporator, or by adding filtered solvent as 

required. 

In this work total polymer concentration was varied but the polymer composition was 

held constant. These solutions were prepared as follows: The samples were first 

concentrated until the solution was tactile or just after the solution had phase separated 

depending on the solvent. The solution was then diluted with filtered solvent (and left to 

equilibrate), samples being taken at each successive dilution. Values of xps investigated 

include 0.05, 0.125, 0.29 and 0.442, where 

(3.2.1) 

here xps is the PS composition parameter (or mass fraction) and m is the mass of the 

component of interest. 
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3.2.6 Sample delivery and storage 

Samples were delivered directly into a 5 mm NMR tube (Wilmad Glass, USA), and 

sealed under a nitrogen atmosphere. Dilute samples were syringed directly into the 

"Cylinder" ---------~ 

"Spoon or Scoop" 
into which the 
sample is loaded 

~ 

Teflon head---------•~ 
Piston 

Fig 3.2.5 A aratus for transferrin hi h concentration solutions 

NMR tube. High polymer concentration samples were so viscous that a special 

apparatus was designed to transfer the solution to the NMR tube. This is shown in 

figure 3.2.4. It consisted of a 4 mm diameter stainless steel tube forming a "cylinder," 

and a steel piston complete with teflon head. This apparatus was "loaded" with a micro­

spatula and then inserted into the NMR tube, and the piston pushed to release the 

"load." This was repeated until the desired quantity of polymer solution was deposited 

in the NMR tube. 

The NMR sample tubes were then wrapped in silver foil and left in order to come into 

thermal and chemical equilibrium before experimental work commenced. 

3.2.7 Weighing 

All masses were recorded on a five digit Mettler AT26 l balance in a humidity and 

temperature controlled (25 °C) room. For new solution preparation the weighing 

procedure was as follows: The flask holder was weighed, and then the flask and holder 
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were weighed. The flask was then replaced by the standard solution, which was 

weighed and the polymer mass fraction determined from equation (3.2.2) (see below). 

This was then removed from the balance, and the appropriate amount of this standard 

solution was added. The original flask was reweighed and the mass of standard solution 

added calculated, as was the mass of polymer added from equation (3 .2.2). The above 

steps were then repeated for the other standard solution, and finally the current mass 

fractions for each component were calculated. 

For solution adjustment the weighing procedure was as follows : The weight of the flask 

holder was obtained and then the holder and solution flask together. The current mass 

fractions of the polymers were then calculated, and the amount of solvent or standard 

solution needed to adjust the original solution was calculated. This quantity of solvent 

or standard solution was then added and the flask reweighed. The masses of the 

polymers present were then calculated using equation (3.2.2). 

Mass fractions were calculated for a particular component within the solution, using 

equation (3 .2.2) 

m. 
W;=L~ (3.2.2) 

i . j .k 

where w; is the weight fraction of the component of interest, m is the mass of the 

component (i is the component of interest and j and k are the other components of the 

solution, of which k will be missing in a binary solution). 

To calculate the concentrations of each polymer present within the solution of interest at 

anytime, first the solution was weighed, then using the previous mass data for each 

polymer, the weight fraction for each polymer was obtained. The weight fraction was 

then converted to a mass/volume concentration and volume fraction using equations 

(3 .2.3)-(3 .2.5) respectively 
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3 
V-~ -Ip - ..1'.J W;V; 

t=I 

C;=wp 

(3.2.3) 

(3.2.4) 

(3.2.5) 

Here, pis the solution density, Wi is the weight fraction of component i , v; is the partial 

specific volume of component i, Ci is the mass/volume concentration of component i 

and </>; is the volume fraction of component i . The partial specific volume fraction of 

polystyrene in toluene was given by Daivis [5] to be 0.916 m3kg- 1, where this solution 

was taken at infinite dilution and interpolated using the temperature dependence given 

by Scholte [64]. The partial specific volume of PVME was taken as 0.983 x lQ-3 m3kg-I 

[65]. The values of v for toluene, carbon tetrachloride and tetrachloroethylene were 

taken as the reciprocal of their densities at 25 °C. These are l.1597 m3kg-I, 

0.63111 m3kg- 1, 0.6 I 92 m3kg- 1 respectively [66]. The value for tetrachloroethylene was 

interpolated from data obtained from data given in Timmermans [66]. 

87 



Chapter 4.1 Solutions Investigated and Sundry Information 

4.1 

4.1.1 

Chapter 4 

Results and Discussion 

Solutions Investigated 
Information 

Solutions Studied 

and Sundry 

This work was undertaken to investigate four aspects of the work previously presented 

by Daivis et al [5] [6] [7] [8] [9]. The first is the effect on the relationship between D1 

and Ds of different mass fractions in the polymer system 110 000 Dalton PS/ 110 000 

Dalton PVME/ solvent (where three different solvents were utilised:- toluene, carbon 

tetrachloride and tetrachloroethylene). The sample series *Bl, MODB l A, A, B, C, and 

D were used in this study, the details of which are listed below. Secondly the effect of 

the polymer-polymer interaction parameter, X, on the relationship between D1 and Ds is 

investigated. The sample series *BI, A, B, C and D were used in this study. Toluene 

data from Daivis [5] were also utilised to increase the range of polymer-polymer 

interaction parameters accessible in this study. Thirdly the effect of polymer molar mass 

on the relationship between D1 and Ds is investigated. The sample series *BI , A, B, C, 

D and Daivis's toluene data were utilised for this study. Fourthly the considerable 

discrepancy between Di and D s which is manifest in 110 000 Dalton PS/ 110 000 

Dalton PVME/ toluene solutions at polymer volume fractions greater than 0.4 is 

investigated. The polymer series E and F were used for this study. 

Dai vis's [5] diffusion data from the system 110 000 Dalton PS/ 110 000 Dalton 

PVME/toluene obtained by Pulse Field Gradient Spin Echo Nuclear Magnetic 

Resonance (PGSE NMR) is utilised as a "control" in all the above investigations. Firstly 

it is well recognised [5] [9] that the diffusion coefficient obtained by PGSE NMR is the 

self diffusion coefficient. This self diffusion coefficient may then be contrasted by the 

diffusion coefficient, Di, obtained by DLS for the systems under investigation. 
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Secondly these data are utilised as the solutions prepared by Daivis are identical to the 

solutions prepared in this work in both molar mass and preparation. These data 

therefore offer an excellent "control" to the data obtained in this work, with any 

discrepancy from the PGSE NMR data indicating a deviation from Ds, the self diffusion 

coefficient. 

During the course of this study PS and PVME mixtures were solvated in three different 

solvents:- toluene, carbon tetrachloride and tetrachloroethylene at different polymer 

mass fractions and concentrations. 

Details of the series of samples investigated are given below 

Series Name Solvent X (gig) Comments 

*Bl C2Cl4 0.05 

ModBIA C2Cl4 0.44 

A C2Cl4 0.125 

B C2Cl4 0.29 

C CCl4 0.05 Phase separates above 12% polymer 

D CCl4 0.29 Phase separates above 12% polvmer 

E Toluene 0.29 Very high concentration 

F Toluene 0.05 Very high concentration 

Table 4.1.1 Sample series investigated 

Toluene is known to be a nearly equally good solvent for PS and PVME [6] (this is 

almost a unique case as most polymer blends are incompatible) , while 
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tetrachloroethylene is an equally poor solvent for both PS and PVME. The solvent 

carbon tetrachloride is of unequally quality for these polymers. 

Table 4.1.2 gives the polymer mass and weight fractions of these solutions as prepared 

Solution Name Solvent & Mass WpS WPVME 

Fraction 

*BlA 0.00535 0.09704 

*B1B C2Cl4 0.00203 0.03685 

*BIC x=0.05 0.00501 0.04882 

*BID 0.01052 0.19090 

*BlE 0.00866 0.15711 

MODBIAl 0.0588 0.10540 

MODBIA2 C2Cl4 0.03646 0.06535 

MODB1A3 x=0.44 0.01781 0.03197 

MODBIA4 0.00918 0.01646 

Al 0.08598 0.60185 

A2 0.0699 0.48994 

A3 C2Cl4 0.05867 0.41067 

A4 x=0.125 0.04506 0.31541 

AS 0.02946 0.20625 
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A6 0.01455 0. 10182 

A7 0.00905 0.06332 

Bl 0.16471 0.39887 

B2 C2Cl4 0.12220 0.29595 

B3 x=0.29 0.9682 0.23450 

B4 0.05981 0.14485 

Cl 0.02492 0.47241 

C2 0.01177 0.22319 

C3 0.00816 0.15460 

C4 0.02452 0.46475 

cs 0.01889 0.35816 

C6 0.00634 0.12010 

C7 CCl4 0.00536 0.10163 

C8 x=0.05 0.00409 0.07751 

C9 0.00310 0.05869 

CIO 0.00206 0.03910 

Cl 1 0.00102 0.01931 

C12 0.00731 0.13848 
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C13 0.00651 0.12342 

CI4 0.00530 0.10053 

CI5 0.00579 0.10970 

DI 0.01 301 0.03185 

D2 0.09915 0.24273 

D3 0.3578 0.08760 

D4 0.03013 0.07376 

D5 CCl4 0.02355 0.05767 

D6 x=0.29 0.01769 0.04332 

D7 0.011 81 0.02890 

D8 0.00633 0.01551 

D9 0.03613 0.08846 

DlO 0.03193 0.07816 

DI 1 0.117 IO 0.03396 

El 0.20712 0.50717 

E2 0.19089 0.46732 

E3 Toluene 0.17389 0.42570 

E4 x=0.29 0.16491 0.40372 
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ES 0.15084 0.36927 

E6 0.13176 0.32257 

E7 0.09934 0.24320 

Fl 0.03609 0.68543 

F2 Toluene 0.03295 0.62581 

F3 x=0.05 0.02911 0.55291 

F4 0.02776 0.52725 

Table 4.1.2 Solution series mass and weight fractions 

4.1.2 Sundry information about results 

All solutions were run under identical conditions, having first been given a period to 

come to thermal equilibrium, varying from one day to one week depending on the 

viscosity of the solution in question. Solutions were kept at 25°C, and if necessary data 

were adjusted to 30°C using the method previously discussed by Daivis [5]. 

Some of the samples were unstable and others close to phase separation, notably the 

carbon tetrachloride solutions suffered phase separation at concentrations greater than 

12% polymer weight fraction . 

According to the theories of Benmouna and Borsali et al presented in chapter 2 at least 

three parameters can effect the diffusion coefficient D1 (which is the observed diffusion 

found using DLS), mass fraction , x, interaction parameter, X, and molar mass of the 

polymers, M. Section 4.2.1 investigates the variation of D1 with mass fraction, section 

4.2.2 investigates the variation of D1 with interaction parameter by presenting data from 

solutions with similar mass fraction solutions but with different solvents. Lastly section 
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4.2.3 investigates the variation of D1 with molar mass (by utilising data from Daivis [5] 

and Martin [67]) 

This work seeks to extend on the work already completed by Daivis, hence this work 

utilises the same methods of polymer fractionation and solution preparation. This 

sometimes meant abbreviated solution runs, so as not to repeat work already completed, 

but with sufficient overlap to ensure continuity of results. We have included some of 

Dai vis's results [5] from his work on the system 110 000 Dalton PS/ 110 000 Dalton 

PVME in toluene and his work with 929 000 Dalton PS/ 110 000 Dalton PVME in the 

solvents toluene and carbon tetrachloride as reference data 
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4.2 Results and Discussion 

4.2.1 Investigation of the variation of D1 with Mass Fraction 

The Borsali Benmouna theory applied to ternary polymer solutions formed with an 

equally good solvent, such as toluene with the PS and PVME, suggests that the 

diffusion coefficient should vary as 

D, oc D5 [1 -2x(I - x)¢XNP(q)] (4.2.1) 

(see equation 2.4.13). Hence if the polymer molar mass and the solution concentration 

are constant then it is expected that 

(4.2.2) 

where a is a constant. Similar expressions can be obtained for an equally poor solvent 

(equations (4.2.3) and (4.2.4) and for a solvent of unequal quality (equation (4.2.5)). 

The form of these equations suggest that D J!Ds should decrease with increasing 

concentration. Furthermore this decrease should be dependant on the Flory interaction 

parameter X except in the last case (which must be viewed with extreme circumspection 

(see section 2.4)). In all cases a dependency on the mass fraction is shown. This section 

investigates this variation with x, while section 4.2.2 investigates the variation with x. 

Using the data collected we can compare the different mass fractions (in this work 

normally 0.05, 0.12 and 0.29) for each of the different solvent systems, keeping the 

molar mass constant at 110 000 Dal tons for both PS and PVME. Graphing these results 

we can then directly correlate if the mass fraction affects the diffusion coefficient D1. 

obtained by DLS. We can then compare these results with the self diffusion coefficient 

Ds of 110 000 Dalton PS/ 110 000 Dalton PVME/ toluene system found by PGSE NMR 

by Daivis. 
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Figure 4.2.1 The concentration dependence of the diffusion coefficient of PS-PVME­

toluene solutions of various mass fractions obtained from DLS experiments by Daivis. 

Both the PVME and the PS had molar masses of 110 000 gmoJ- 1• PS self diffusion 

coefficients of the same solutions probed by PGSE NMR are also shown. Relative sizes 

of the symbols indicate the errors associated with each datum point. Diffusion 

coefficients are presented in units of m2s- 1 while the concentration is expressed in 

kgm-3. 

The results are shown in figures 4.2.2 and 4.2.3 they closely mimic the form of the 

results of Dai vis's shown in figure 4.2.1. 

In figure 4.2.1 the apparent DLS diffusion coefficients closely follow the PGSE NMR 

polystyrene self diffusion coefficient up to a concentration of approximately 0.3 kgm·3. 

Daivis speculated that the divergence at greater concentration was due to weak 

aggregation affects (since DLS is more sensitive to aggregation than PGSE NMR). He 
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suggested that the sample preparation procedure may have been responsible for the 

formation of these aggregates. "It is possible that strongly entangled clumps of polymer 

were formed during the evaporation of the solvent. These would have disentangled 

much more slowly than the surrounding solution in the concentrated samples." 

The Benmouna theory predicts the dependence of D1 on x and X for solutions formed 

with an equally bad solvent (ie. tetrachloroethylene). The diffusion coefficient should 

vary according to equations (2.4.74) and (2.4.71) with the form 

D, oc Ds[l - /Jxx1</J] 

or D, oc D5[1-y(x(l - x))½ X</J] xx1 I v1 large 

(4.2.3) 

(4.2.4) 

where /3 and yare constants. Both predict a linear dependence on x if the polymer molar 

mass and solution concentration are held constant. These results are shown in figure 

4.2.2. 

Since the values of x investigated in this work are small (or in the case of 

tetrachloroethylene x=0.44 the largest value of¢ is small) it is expected the predicted 

discrepancy of Di with x as the concentration increases should be small (with data from 

the same solvent) . They should follow the "master" curve of the PGSE NMR data, with 

gradual divergence (lowering) as the concentration increases. This is indeed the case, 

with the tetrachloroethylene data (figure 4 .2.2) these recapitulated the toluene data 

(figure 4.2.1) almost exactly, with no noticeable variation on x. The carbon tetrachloride 

data however show considerable difference from the "master" curve of the PGSE NMR 

diffusion coefficient, however they too fail to show any significant dependence on x. 

The diffusion coefficients obtained for the tetrachloroethylene solution with x equal to 

0.29 are anomalous - uniformly too large compared with their toluene counterparts . 

However at low concentration this data set does converge to a "common" infinite 

dilution diffusion coefficient Do. It is apparent that a systematic error has affected this 
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data set, probably the concentrations have been overstated. These results have been 

included in this section for completeness only. 
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Figure 4.2.2 The concentration dependence of the diffusion coefficient of PS-PVME­

tetrachloroethylene solutions of various mass fractions obtained from DLS experiments. 

Both the PVME and PS have molar masses of 110 000 gmoJ- 1• PS self diffusion 

coefficients of the system shown in figure 4.2.1, probed by PGSE NMR are also shown. 

Relative sizes of the symbols indicate the errors associated with each datum point. 

Diffusion coefficients are presented in units of m2s-1 while the concentration is 

ex ressed ink m-3_ 
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The Benmouna theory also predicts that for an unequal quality solvent (ie. carbon 

tetrachloride) D,varies according to equation (2.4.76) with the form 

(4.2.5) 

where 8 is a constant and the polymer molar mass and the solution concentration are not 

varied. The results associated with this theoretical prediction are shown in figure 4.2.3 
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Figure 4.2.3 The concentration dependence of the diffusion in PS-PVME-carbon 

tetrachloride solutions of various mass fractions obtained from DLS experiments. Both 

PVME and PS had molar masses of 110 000 gmol-1. PS self diffusion coefficients of the 

system shown in figure 4.2.1 , probed by PGSE NMR are also shown. Relative sizes of 

the symbols indicate the errors associated with each datum point. Diffusion coefficients 

are resented in units of m2s-1 while the concentration is ex ressed ink m-3. 
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The Benmouna theory also predicts that the low concentration apparent diffusion 

coefficient should approach the limit of the self diffusion coefficient of the trace 

polymer in the solvent of interest. However as figures 4.2.1-4.2.3 show the apparent 

diffusion coefficients tend toward the polystyrene self diffusion coefficient in a toluene 

solvent. This indicates that the solvent is not the "limiting" factor in the diffusion 

process (any solvent would do), but that the real inhibitor of diffusion in the solution is 

the difference between the component polymer's affinities (x's) for one another and the 

solvent. This phenomena has been observed previously by Daivis [5] who noted, "it is a 

remarkable feature of these results that the PS self diffusion coefficient, ... is the same 

in PVME and toluene as it is in benzene and (in) carbon tetrachloride." More of this 

phenomena will be discussed in section 4.2.2 

Physically, it is interesting to note that the carbon tetrachloride solutions phase 

separated at approximately 12% polymer weight fraction, while those of the toluene and 

the tetrachloroethylene solutions remained in a single phase until much higher polymer 

concentrations (approximately 65-70%) at which time they appeared to form glassy 

solids. This may offer a physical explanation of the deviation of the DLS observed 

diffusion coefficient from that of the PGSE NMR diffusion coefficient. The beginning 

of the formation of glassy solids or of the formation of two phases would effectively 

slow the diffusion of the probe polymer through the solution. The formation of 

networks effectively entangling and slowing down the probe polymer within the 

solution. More of this phenomena will be discussed in section 4.2.4 

4.2.2 Investigation of the variation of D1 with the Flory Polymer-Polymer 

Interaction Parameter, X 

This work utilised the same (or similar) mass fractions across the three different 

polymer/solvent systems, so the data can be used to determine the effect of different x's 
and ~x's (where ~X = lxn - X23 I and X13 is the interaction parameter for PS in the 

solvent and x23 is the interaction parameter of PVME in the same solvent) on the DLS 

diffusion coefficient. 
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Patterson and Su [68] give values for the interaction parameters of both PS and PVME 

in various solvents at 40°C obtained by gas-liquid chromatography. They give the 

following results 

Solvent XPS XPVME L1X 

Toluene 0.19 0.14 0.05 

CCl4 0.29 0.06 0.23 

C2Cl4 0.36 0.34 0.02 

Table 4.2.1 Interaction parameters for PS and PVME in various solvents 

Patterson [69] also predicts that the compatibility of polymers not only reflects the 

interaction between the polymers themselves (ie. x12) but also any difference between 

the interaction between the polymers with the solvent. Since toluene has a similar 

interaction parameter values for both PS and PVME (and these values are low) it is an 

equally good solvent. Carbon tetrachloride is of unequal quality for the polymers and 

tetrachloroethylene is equally poor for the polymers. 

Figures 4.2.4-4.2.6 show solutions formed with equal quality solvents have D1 nearly 

equal to Ds. But solutions formed with unequal quality solvents have D1considerably 

less than Ds and of course such solutions suffer phase separation at lower concentration. 

Figures 4.2. l and 4.2.2 from section 4.2. l indicate that it is not the value of X that drives 

the mechanism of Di divergence from Ds as both graphs show equivalent divergence 

from the polystyrene self diffusion coefficient data. From the relative magnitudes of the 

interaction parameter for each of these solutions we would expect the 

tetrachloroethylene solution to show a greater decrease in the diffusion coefficient when 

compared to its toluene equivalent. Clearly this is not the case. 
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It is tempting to forward the hypothesis that the difference between the interaction 

parameters for each of the polymers and the solvent has more influence on the diffusion 

coefficient and the stability of the solution than the actual value of the Flory polymer­

polymer interaction parameters, since figure (4.2.3) shows that the carbon tetrachloride 

solvent system has a dramatically decreased the diffusion coefficient with increasing 

concentration. Since the magnitude of the Flory parameter is of the same size as that for 

the tetrachloroethylene interaction parameter we would expect similar curves for each 

of these two systems, however figures 4.2 . 1-4 .2.3 show that toluene and 

tetrachloroethylene give similar results, while the carbon tetrachloride data deviates. 

One must urge caution in this hypothesis however as the validity of the theory for a 

solvent-polymer system with unequal Flory interaction parameters is "suspect." This 

theory also predicts the diffusion coefficient has no X dependence (see section 2.4). 

As previously noted, Zeeman and Patterson [69] have shown that the compatibility of 

polymers not only reflects the interaction between the polymers themselves (ie. X12) but 

also any difference between the interaction between the polymers with the solvent (~X), 

ie. the solvent does not present a barrier to diffusion, but the polymer-solvent 

interaction (or attraction) does . As figures 4.2.1-4.2 .3 show the apparent diffusion 

coefficients tend toward the polystyrene self diffusion coefficient in a toluene solvent. 

This indicates that the solvent is not the "limiting" factor in the diffusion process (any 

solvent would do), but that the real inhibitor of diffusion in the solution is the difference 

between the component polymers attractions (x's) for one another and the solvent. This 

phenomena has been observed previously by Dai vis [5] as noted in section 4.2. l of this 

work. The results presented in figures 4.2.4-4.2.6 accentuate the above findings, each 

solution at the same mass fraction appears to converge at infinite dilution to a common 

D0 . While the difference in the affinity each polymer has for the solvent affects the fall 

in the apparent diffusion coefficient and the eventual point of "solidification" (glass 

transition or phase separation) of the solutions. 
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Figure 4.2.4 The concentration dependence of the diffusion coefficient found by DLS 

in the PS-PVME system with the solvents toluene, tetrachloroethylene and carbon 

tetrachloride at a polymer mass fraction of 0.05. PVME and PS both had a molar mass 

of 110 000 gmol· 1• Relative sizes of the symbols indicate the errors associated with each 

datum point. Diffusion coefficients are presented in units of m2s· 1 while the 

concentration is resented ink m·3. 

The figures 4.2.4-4 .2.6 also accentuate the slightly greater decrease of 

tetrachloroethylene with greater concentration than the its toluene counterpart. This may 

be in part due to the larger individual polymer solvent interaction found in the 

tetrachloroethylene solutions. This greater individual polymer solvent interaction 

parameter would tend to cause the solvent to repel the individual polymer which would 

then form "clusters" of "like affinity" with the other polymers, similar to soap micelles, 

as the concentration increases, to reduce the strength of the repulsive interaction with 
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the solvent. This would result in a localised (to the "micelle") slowing of the polymer 

diffusion coefficient as the polymer "cluster" then diffuses through the solution. Since 

DLS is sensitive to aggregative effects, it should differentiate between a "micelle" 

solution and similar "non-micelle" solution and return a reduced diffusion coefficient at 

higher concentration. 
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Figure 4.2.5 The concentration dependence of the diffusion coefficient obtained by 

DLS for the PS-PVME system with the solvents tolu.ene and tetrachloroethylene at a 

polymer mass fraction of 0.12. PVME and PS both had a molar mass of 110 000 gmoJ-1• 

Relative sizes of the symbols indicate the errors associated with each datum point. 

Diffusion coefficient is presented in units of m2s- 1 while the concentration is expressed 

ink m-3. 
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Figure 4.2.6 The concentration dependence of the diffusion coefficient found by DLS 

for the PS-PVME system with the solvents toluene and carbon tetrachloride at a 

polymer mass fraction of 0.29. PVME and PS both had a molar mass of I 10 000 gmoJ- 1• 

Relative sizes of the symbols indicate the errors associated with each datum point. 

Diffusion coefficient is presented in units of m2s·1 while the concentration is expressed 

ink m·3. 

4.2.3 Investigation of the variation of D1 with Molar Mass 

Daivis [5] produced data on the two systems toluene/PS/PVME and carbon 

tetrachloride/PS/PVME where PS has a molar mass of 929 000 Dalton and PVME had a 

molar mass of I 02 000 Dalton (pre-fractionation-see chapter 3 of this work). These data 

and the data of Martin [67] when compared to the data of this work, allows the 

investigation of increasing the molar mass on the apparent diffusion coefficient. 
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M is expected to vary according to the relationship 

(4.2.6) 

where D is the diffusion coefficient and M is the molar mass. 

According to equation (4.2.6) the relative size of the diffusion coefficient obtained with 

the 110 000 Dalton PS solutions should be approximately nine times as large as those 

Daivis obtained with the 929 000 Dalton PS solutions. The apparent diffusion 

coefficients of the four systems are compared with the polystyrene self diffusion 

coefficient found by PGSE NMR (using data from Davis's 110 000 Dalton PS/ 110 000 

Dalton PVME/toluene system). 

As expected from theory (equation (4.2.6)), the 929 000 Dalton PS/ 110 000 Dalton 

PVME solutions are approximately one ninth of the size of the corresponding 110 000 

Dalton PS/ 110 000 Dalton PVME solutions 

The results given m figure 4.2.8 show the carbon tetrachloride data set has an 

interesting tendency to drop away with increasing concentration from the corresponding 

110 000 Dalton PS/ 110 000 Dalton PVME/ toluene data set, this not being matched by 

the 929 000 Dalton PS/ 110 000 Dalton PVME/ carbon tetrachloride data set. 

We may consider two possible sources of this deviation. The smaller (and more mobile) 

polymeric strands of the 110 000 Dalton PS are in transition to a new (slower) type of 

motion (ie. Rouse type to reptation type). Also it may be postulated that the 

concentration of the 929 000 Dalton PS solution set was not sufficiently large for the 

mechanism which restricts the motion of the I 10 000 Dalton PS through the solution to 

become apparent in the 929 000 Dalton PS solution series (as the maximum 

concentration of these samples is less than that of the 110 000 Dalton PS solution at 

which the 110 000 Dalton PS solution starts to significantly deviate from the PGSE 

NMR results (Ds)). It is expected that any "common" mechanism slowing of diffusion 

in both solutions should occur first in the higher molar mass solution as the longer chain 
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length of the higher molar mass probe would lead to an enhancement of the "slowing" 

effect. 
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Figure 4.2. 7 The concentration dependence of the diffusion coefficient obtained by 

DLS for the PS-PVME system with the solvent toluene at various polymer mass 

fractions and molar masses. PVME had a molar mass of 110 000 gmoI- 1 while PS is 

varied between 110 000 and 929 000 (results from Daivis and Martin). Several solution 

runs of 110 000 gmol-1 PS/PVME in toluene (with different x values) from this work 

were combined to give sufficient data (as D1 has been shown to have little variance with 

x) to aid evaluation of the discrepancy between Di (929 ooo) and Di (110 000)· Relative 

sizes of the symbols indicate the errors associated with each datum point. Diffusion 

coefficients are presented in units of m2s- 1 while the concentration is expressed in 

k m-3. 
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Figure 4.2.8 The concentration dependence of the diffusion coefficient obtained by 

DLS for the PS-PVME system with the solvent carbon tetrachloride at various polymer 

mass fractions and molar masses PVME had a molar mass of 110 000 gmol·l while PS 

is varied between 110 000 and 929 000 (929 000 gmol· 1 PS results from Daivis [5]) . PS 

self diffusion coefficients of the system shown in figure 4.2.1, probed by PGSE NMR 

are also shown. Several solution runs of 110 000 gmol· 1 PS/PVME in carbon 

tetrachloride (with different x values) from this work were combined to give sufficient 

data (as D, has been shown to have little variance with x) to aid evaluation of the 

discrepancy between D, (929 ooo) and D, (I IO 000)· Relative sizes of the symbols indicate 

the errors associated with each datum point. Diffusion coefficients are presented in units 

of m2s· 1 while the concentration is ex ressed ink m·3. 

The 110 000 PS/ 110 000 PVME/carbon tetrachloride solutions tendency to phase 

separate near the endpoint of these solution runs and the result discussed in the next 
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section (section 4.2.4) tend to support the insufficient concentration conclusion, 

however further probing with higher concentration 929 000 Dalton PS/ 110 000 Dalton 

PVME/ carbon tetrachloride solutions would be necessary to confirm this. 

In figure 4.2.9 we show Martin's [67] data for the toluene system of 990 000 Dalton PS/ 

110 000 Dalton PVME. This is contrasted by the equivalent carbon tetrachloride data 

and data for 110 000 Dalton PS /110 000 Dalton PVME system in both toluene and 

carbon tetrachloride. This highlights the I/9th relationship of the molar mass/diffusion 

coefficient, but also invites questions as to the behaviour of the 929 000 Dalton probe 

PS in the carbon tetrachloride solvent. We can clearly see that the 110 000 Dalton PS 

system in carbon tetrachloride appears to have a similar Do as the 110 000 Dalton PS 

system in toluene, yet the carbon tetrachloride data for this system fall rapidly from the 

toluene solution data with increasing polymer concentration. 

The "929 000 Dalton PS" systems follow the basic shape of the PGSE NMR data, 

indicating similar constraint release mechanisms are at work in the solutions. However 

the 929 000 Dalton PS system in carbon tetrachloride shows a considerable decrease in 

the diffusion coefficient across similar concentrations as the Martin system. This 

systematic difference in diffusion coefficients across the concentration range available 

does not fit the pattern seen in the 110 000 Dalton PS data. 

Daivis [5] gives possible reasons for this decrease in the apparent diffusion coefficient 

as being aggregation effects discussed in the proceeding section and also the slight 

difference in molar masses of the PS studied. According to equation ( 4.2.6) the 

difference in the molar masses of the Martin and Dai vis systems would tend to increase 

diffusion coefficients of the carbon tetrachloride data, this however is not seen. Daivis's 

suggestion of aggregation would tend to "evenly" decrease the apparent diffusion 

coefficient across the range of concentration, with each aggregate acting as a polymer of 

larger molar mass (and hence slower diffusion) . 
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Figure 4.2.9 The concentration dependence of the diffusion coefficient found by DLS 

in the PS-PVME system for carbon tetrachloride and toluene at various polymer mass 

fractions and molar masses. PVME had a molar mass of 110 000 gmoI- 1 while PS is 

varied between 110 000 and 929 000 (929 000 gmoJ- 1 PS results from Daivis [5]). PS 

self diffusion coefficients of the system shown in figure 4.2. l, probed by PGSE NMR 

are also shown. Several solution runs of l IO 000 gmoI-1 PS/PVME in carbon 

tetrachloride (with different x values) from this work were combined to give sufficient 

data (as Di has been shown to have little variance with x) to aid evaluation of the 

discrepancy between Di (929 ooo) and D, (110 000) · Relative sizes of the symbols indicate 

the errors associated with each datum point. Diffusion coefficients are presented in units 

of m2s- 1 while the concentration is ex ressed ink m-3. 



=C=h=ap~t=e~r~4~.2:...:e.,R=e=su=l=ts~a=n=d~D=is=c=us=s=io=n"------------------- Ill 

Each of the carbon tetrachloride polymer solutions ( 110 000 Dalton PS/ 110 000 Dalton 

PVME) appear to have critical solution points at approximately 12% polymer weight 

fraction. Each solution appears to phase separate into separate regions or phases. 

Interestingly the Benmouna extension near phase separation (section 2.4.3 case A) 

predicts a critical slowing down of the diffusion coefficient near phase separation. 

Equation (2.4.94) indicates that 

D, = D [1 - _I_]+ l kBT 
o Xe 4 6m,~ 

(4.2.7) 

As the solution reaches the critical solution concentration the contribution from the first 

term slows down, this leads to a critical slowing down of the diffusion coefficient near 

phase separation to a value D, = l k8T . Figures 4.2.7-4.2.9 clearly show that this 
4 6m,~ 

does not happen. 

Another prediction of the Benmouna theory is that D1 should be q dependent. This 

aspect of the theory was unable to be verified as these solutions were only run at 90° so 

as to give the largest signal , since the photon count and resulting diffusion coefficients 

obtained were very small. 

4.2.4 Investigation into the discrepancy between D1 and D s at high 

polymer concentrations 

Lastly we have sought to extend the high concentration data Daivis obtained for the 

110 000 Dalton PS/ I JO 000 Dalton PVME/ toluene system. Daivis noted that above a 

volume fraction of approximately 0.4 the DLS diffusion coefficient (D1) appears to fall 

more rapidly than the diffusion coefficient found by PGSE NMR (Ds). This last effect 

has not been resolved sufficiently to enable explanation of this observed phenomena. 

Using the special apparatus described in section 3.2.6, high concentration solutions of 

samples E and F were loaded into NMR tubes. These samples were so viscous that on 

several runs the DLS apparent diffusion coefficient was too small to be measured. 
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Daivis [5] has already noted that the system toluene/PS/PVME has little or no variation 

with increasing x, hence the two solution sample runs (x=0.05 and 0.29) were combined 

to provide sufficient data for analysis. These were then added to Daivis's existing DLS 

low to middle concentration data for the same system, to give a high concentration 

extension of the known behaviour of this system. 

Daivis attributed the discrepancy between D1 and Ds to aggregation effects, as DLS is 

more sensitive to aggregation than PGSE NMR because the average diffusion 

coefficient obtained from DLS is the z-average where as that for PGSE NMR is the 

weight average. 

Figure 4.2. IO confirms Dai vis's original data and indicate a rapid drop off in diffusion 

through the solution. 

The "slowing down" of the diffusion coefficient could be the transition to another type 

of motion (ie. Rouse to reptation). Lodge and Wheeler [70] have noted a cross over 

from Stokes-Einstein to reptation polymer diffusion for the system PVME/ 

o-flourotoluene/3-Arm-Star PS at high concentration. They came to the conclusion that 

"reptation must be considered as a significant contribution to diffusion of linear 

polymers in thoroughly entangled solutions." 

The reptation model suggests that the concentration scaling exponent should be -1.75 

for a polymer in a good solvent and -3 for a polymer in a theta solvent. Daivis [5] was 

also able to show that the blob model also predicts a change in the scaling behaviour of 

the observed diffusion coefficient from DLS from -1.75 to -3 as the concentration 

increases. 

Regression of log D vs. log c for the DLS diffusion data of Dai vis, without the last five 

data points reveals a slope of - 11 ±4, while regression of the data collected in this work 

reveals a slope of -14.9±0.7, which fits with the previously observed slope increase with 

increasing concentration of Wesson [71 ]. This indicates that reptation is not the 
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significant method of diffusion in either low (below a volume fraction of 0.4) or high 

concentration. 
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Figure 4.2.10 High concentration extension of Daivis's I IO 000 gmoI- 1 PS/ I IO 000 

gmoI- 1 PVME in toluene system. PS self diffusion coefficients of Daivis's solution 

probed by PGSE NMR are also shown. Relative sizes of the symbols indicate the errors 

associated with each datum point. Diffusion coefficient is presented in units of m2s- 1 

while the concentration is ex ressed ink m·3. 

Clearly the polymer was severely restricted, possibly due to localised networks forming 

close to the onset of the glass transition. These latter solutions were nearly solidlike 

hence the onset of glass transition and its associated local viscosity effects is the most 

likely explanation available for the observed rapid decrease in diffusion . 
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Several other results from literature are interesting to note. Experimental data in the 

semi dilute region have yielded some apparently conflicting results. Leger et al [72) 

measured D for the system polystyrene in benzene by forced Rayleigh scattering and 

found Doc M-2c- 1.75 as predicted by scaling theory. Callaghan and Pinder [73) however 

report that for the system polystyrene in carbon tetrachloride using PGSE NMR to 

obtain D, found that while log D vs. log c curves exhibit a slope of approximately -1.75 

at concentrations above c/c*z5, D scales as M-1.4. In 1984, Wesson et al reported 

diffusion data with a consistent M- 2 dependence for the system polystyrene in 

tetrahydrofuran, also using forced Rayleigh scattering [71]. However the concentration 

dependence did not fit a unique power law, and the slope of log D vs. log c became 

increasingly negative at high concentrations, reaching values of -13. 

The experimentally observed deviation from predicted scaling behaviour indicates that 

several different mechanisms may be at work in the diffusion of the polystyrene probe 

polymer through the solution matrix and these should be considered. 

Constraint release is a mode of relaxation that describes the lateral freedom of a test 

chain due to the reptation of neighbouring chains. There is good evidence in melt data 

for both linear and branched polymers that constraint release can be quite significant 

[74][75]. Alternatively, the coupled motion of polymer chains has recently been 

modelled in terms of the "noodle effect," in which parts of the constraining chains are 

dragged along with a primary chain; this leads to a diffusion coefficient that varies as 

Doc M-25c- 1.5 [76). As in the dilute limit, polymers may also exhibit Stokes-Einstein 

type diffusion, governed by the macroscopic solution viscosity and the hydrodynamic 

radius of the test chain. An additional diffusion process to be considered is the random 

Brownian motion of a particle though a field of obstacles which generate hydrodynamic 

screening. 

Some or all these mechanisms may play some part in the diffusion of the probe polymer 

through the matrix of the solution as the concentration increases. These may account for 

some of the observed variation in solution behaviour, as one mechanism becomes 
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dominant in a particular concentration range (due to increasing constraints as the 

solution becomes more concentrated), the solution dynamics will change to take 

account of this (and hence plots of log D vs. log c will change slope according to the 

dominant mechanism operating in the solution through that concentration range). Hence 

we should expect to see several different slopes throughout the concentration range of a 

plot of log D vs log c. 

Further investigation is required on several different systems with several different 

probe molar masses to confirm which (or if any of these) mechanisms contribute to the 

observed behaviour, as seen in figure 4.2. IO, the most likely being Rouse-like followed 

by the strong entanglement owing to glass transition. 
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Chapter 5 

Conclusion 

5.1 Conclusion 

Chapter 2 mainly summarised existing results which could be found in literature. In 

particular this chapter presented an overview of polymer solution molecular movement 

theory, and gave the important properties of polymers needed for this work. Also 

included was a brief overview of DLS theory and recent developments in this field . This 

was extended to give a recent theory of ternary polymer solutions developed by 

Benmouna and Borsali et al [I] [2] [3] [4] [34] [35] [36]. Recent work by Pinder and 

Daivis [5] [6] [7] [8] [9] has extended further Benmouna's theory for specific 

specialised cases, their work is also summarised in this chapter, along with Benmouna's 

own extension to ternary solutions close to phase separation and some of Pinder's recent 

unpublished extensions [38] . 

Chapter 3 described the experimental set-up and techniques involved in this work. This 

involved the set-up and testing of DLS equipment, the cleaning of glassware (where a 

new method of cleaning loosely based on that of Daivis [5] is described), and solution 

preparation. A new method of preparation of polymer solutions, to prevent dust 

contamination is described (also loosely based on that of Daivis). A new apparatus to 

transfer high concentration polymer solutions to 5 mm NMR tubes is shown. 

Chapter 4 discloses the results of four investigations into the PS/PVME/solvent system. 

This system has previously been examined by Daivis [5] who made some introductory 

investigations. This chapter extends these investigations by examining; 

a) the relationship of D1 to the mass fraction of polymer in the solution, 

b) the relationship of D1 to the Flory polymer-polymer interaction parameter, 

c) the relationship of D1 to the molar mass, 
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d) a high concentration investigation of the discrepancy between Di and Ds found by 

Daivis. 

The investigation into the diffusion coefficient and its variation with mass fraction were 

presented in section 4 .2. l. The measurements made in this work confirmed Daivis [5] 

proposition that there is no appreciable variation of Di with increasing mass fraction. 

Further it was shown that all solutions investigated in this section appear to converge to 

a common infinite dilution diffusion coefficient. This has previously been noted by 

Daivis [5] for solutions containing PS in various solvents (carbon tetrachloride and 

benzene). The data for PS/PVME/carbon tetrachloride diverged significantly from that 

of the corresponding toluene and carbon tetrachloride solutions. This was interpreted as 

a change in the type of polymer diffusion mechanics consistent with the approach of 

phase separation. 

Section 4.2.2 investigated the variation of the DLS diffusion coefficient with the Flory 

polymer-polymer interaction parameter, X- The data presented in this section and those 

presented in the proceeding section indicated that solutions formed with equal quality 

solvents have Di nearly equal to Ds. But solutions formed with unequal quality solvents 

have Di considerably less than Ds and that such solutions suffer phase separation at 

lower concentrations. These data also indicate ~X, the difference between polymer­

solvent interaction parameters for each polymer in a ternary polymer solution have a 

large effect on the solution dynamics . Specifically large ~X solutions (where carbon 

tetrachloride was the solvent for the polymers PS and PVME) resulted in "early" phase 

separation and reduced Di when compared to their small ~X counterparts (toluene and 

tetrachloroethylene solvents). 

In the third section of chapter 4 the variation of Di with molar mass was investigated. 

Using data from this work and comparing it to data from Daivis [5] and Martin [67] the 

diffusion coefficients obtained from 110 000 Dalton PS solutions were contrasted with 

those from "929 000" Dalton PS solutions (both using 110 000 Dalton PVME). The 

solvents used in these investigations were toluene and carbon tetrachloride allowing two 
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sets of molar mass contingent diffusion coefficient data to be produced. Both sets of 

data revealed the 110 000 Dalton PS solution diffusion coefficients to be approximately 

nine times larger than their corresponding "929 000" Dalton PS counterparts, in 

agreement with theory. The I IO 000 Dalton PS solution in carbon tetrachloride shows a 

concentration dependent decrease in D1 that is not observed in the corresponding 

929 000 Dalton PS solution . This is attributed to the 110 000 Dalton PS solutions 

closeness to phase separation and in part to the data from the 929 000 Dalton PS 

solution only reaching to the semi dilute region. Also the 929 000 Dalton PS solution in 

carbon tetrachloride solvent does not follow the data obtained for the 110 000 Dalton 

PS solution in carbon tetrachloride solvent, in that the infinite dilution diffusion 

coefficient, Do, for the 929 000 Dalton PS in carbon tetrachloride does not tend to Do 

for the same molar mass toluene solvent counterpart. This is in part attributed to 

aggregation effects in the data of Daivis [5]. The extension of Bemouna near phase 

separation predicts a critical slowing down of the diffusion coefficient obtained by DLS 

near pase separation. This is not observed experimentally. 

Section 4.2.4 investigates the high concentration deviation of D1 from Ds. Daivis's [5] 

earlier work on the system 110 000 PS/ 110 000 PVME/ toluene was extended in 

solutions of concentrations up to 70% polymer weight fraction. This extension confirms 

Dai vis's results, showing that D I deviates from Ds above a volume fraction of 

approximately 0.4, this deviation rapidly increases with increasing concentration. The 

concentration dependence of DI does not fit a unique power law . Regression of the 

diffusion data shows the concentration power law dependence varies from -11±4 to 

-14.9±0.7 as the concentration increases from a volume fraction of 0.4 into the 

concentrated domain. These results are in agreement with those of Wesson et al [71] 

who found the concentration dependence did not fit a unique power law, and that the 

slope of log D vs. log c became increasingly negative, reaching values of -13. The 

change in power law indicates changes in the dominant diffusion mechanism. The 

concentration dependence power law indicates that reptation is not the significant 

method of diffusion at these solution concentrations, but that the solution is severely 
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constrained. These constraints are postulated to be localised polymer networks formed 

on the onset of glass transition. 
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5.2 Suggestions for Further Work 

The similarity of diffusion coefficients found for solutions with similar quality solvents, 

and that D1 is considerably less than Ds for solutions with unequally poor quality 

solvents invites investigation of solutions with unequally good quality solvents. Such 

measurements would provide valuable information about the importance of i1X to 

solution dynamics. 

The failure of the 929 000 Dalton PS/ I l O 000 Dalton PVME/ carbon tetrachloride 

solution to converge to the toluene equivalent's infinite dilution diffusion coefficient as 

shown in section 4.2.3 makes it highly desirable to "re-run" the original data of Daivis 

[5] and Martin [67] with the same polymers used in both ternary polymer solutions. 

Confirmation of the high molecular weigh solution diffusion coefficients is desirable, to 

enable understanding of the solution dynamics throughout the concentration range, and 

to find out if the decrease in DI observed in the 110 000 Dalton PS/ 110 000 Dalton 

PVME/ carbon tetrachloride solutions is a "universal" feature of these solutions or if the 

decrease has a more simple explanation, that of internal diffusion mechanism changes 

brought about by the onset of phase separation. 

During the course of this work the Autocorrelator described and used in this work was 

superseded by a Multiple Tau Log Autocorrelator built by Luo [43]. This 

Autocorrelator allows a greater diffusion time span to be investigated than the current 

50 channel Autocorrelator built by O'Driscoll [51]. This would allow the investigation 

of the so called "fast mode" of diffusion (described in chapter 2) along side the "slow 

mode" currently investigated. Current Autocorrelator technique deliberately tries to 

remove this "fast mode" through careful solution preparation and selection, the Multiple 

Tau Log Autocorrelator can potentially allow the resolution of both the "fast" and 

"slow" mode diffusion allowing investigation of De, hitherto uninvestigated, and it's 

relationship with mass fraction, polymer-polymer interaction parameter, molar mass 

and the self diffusion coefficient. 
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Appendices: Publications 
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Appendix 1 

Dynamic Light Scattering from Ternary 
Polymer Solutions 

New Zealand Institute of Physics Conference Poster 
(1992) 



Appendix 2 Macromolecular Reports, A31 (SUPPL. 6&7), 1119-1126 

Appendix 2 

Studies of Ternary Polymer Solutions by 
Dynamic Light Scattering and Pulsed 
Field Gradient Nuclear Magnetic 
Resonance 

-
Macromolecular Reports, A31(Suppls. 6&7), 1119-1126 
(1994) 
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