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ABSTRALCT

The work desrribed in this thesis is concerned with the
experimental study of the dynamics of peolymer chairs in concen-
trated solution. The objectives wers three fold: to study the
effects of molecular structure, molecular weight (and its distri -
bution). cemcentration, temperature and solvent on the chain
dynamics: touse the dataobtained to quantitatively test presently
avallable theoretical models: and to guantify the effect of

chain flexibility on the dynamic polymer behaviour.

The experimental technlques employed were the dynamic Kerr
effect, which gives relaxation times,T, characteristic of rotat-
ional motion and the photon correlation spectroscopy(PCS) which
gives information on the tranmslational motion of polymer chains
and their constituent segments. The polymers studied, chosen to
cover as wide a range of molecular flexibility as possible were
poly-y-benzyl-l.-glutamate, poly{n-butyl isocyanate), poly-
sulphone, polypropylene glycol/oxide and ethyl cellulose.

Two types of relaxation process were identified in the Kerr
experiments. The first, assoclated with whole molecule rotation
displayed qualitatively the same behaviour for all the systems.
The results were well described by the expression of the form
T «® cgcmgm where the exponents Lo and Cm changed dramatically
at some characteristic concentration. Cr. The second type,
corresponding to segmental motions showed much weaker molecular
weight and concentration dependences. In the PCS experiments,
marked changes in the shape of the correlation functions were
observed at the same critical concentration. Results have been
also obtained for the dependence of the Kerr constant, effect-
ive dipole moments, and polarisahility anisotropies on

concentration.

A number aof guantitative criteria for assessing the flex-
ibility of polymer chains are proposed and applied to the results
nf this work. The experimental exponents e and L, are compared
with various theoretical models for concentrated polymer chain
dynamics, including a modificatinn of the de Gennes-Doi-Edwards
reptation model for semi-flexible chain developed in this work.
The experimental exponents are in general lower than those
predicted by the Doi-Edwards rigid rod model. Althocugh the

tesults can in scme rcases be explained semi-quantitatively hy
other models, a number of significant discrepancies remain.
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INTRODUCTION

Polymeric materials play a key role in present day
technology. The application of high tonnage polymers such as
polystyrene, polyethylene and polyvinyl chloride (PVC) is
well established and emphasis is increasingly placed on
producing speciality polymers, tallor-made to meet desired
- specifications. The successful develogpment of such "molecular.
engineering" calls for a detailed understanding of the relat-
ionship between the bulk properties of materials and the
structure, size and interactions of the molecules of which

they are constituted.

The major characteristics of polymers which distinguish
them from other materials are (i) a wide range of characteris-
tics from high modulus brittle solids through weaker rubbery
solids to elastic melts; (ii) properties which are time depen-
dent - which characteristics they exhibit depends on the time
scale of observation and / or the mechanical and thermal
history of the material. This range of behaviour and its time
dependence stems from the wide range of time scales of the
molecular motions which the polymer chains can undergo. An
understanding of the dynamic properties of polymer chains is
therefore fumdamental to an understanding of the structure -

bulk property relationships of polymeric materials.

The dynamics of polymer chains is determined in turn by
the forces acting within the system, both intramolecular and
intermeolecular. {0ne approach to understanding the properties
of polymers is to examine how changes in these forces affect
the chain dynamics, and hence the bulk properties., In the long
term, such an approach via molecular dynamics simulations
may indeed prove fruitful. Calculations of this type for
model systems are beginning to be made [lll]. However, our
knowledge of such forces for real systems is severely limited
at present and a more practical approach is to use experimen-

tal technigues to prtobe the chain dynamics directly. These



results can be used in two directions: to increase our under-
standing of how bulk properties are likely to change with
varying conditions, or to give insight into the nature of the

forces involved in polymer systems.

The obvious starting paint to study iswlated molecular
dynamics is in the gaseous phase, but this is impracticable
for macromolecules. For polymers we use very dilute solutions
to characterise single chain dymamics. Here intramolecular
effects dominate, although chain - solvent interactions also
have an important role to play. Two technigues which have been
widely used to probe such isolated chain dynamics are,
(a) The dynamic Kerr effect. Here the principle is to partially
orientate the polymer molecules in solution by application
of an electric field, and to monitor the orientation and
the subsequent disorientation (or relaxatiom) of the mole-
cules on the removal of the electric field by monitoring
the.changes in the birefringence of the sample. In particular
the techmnique has.been successfully employed in the study
of size, shape and electrical properties of bioﬁolymers,
rigid rod polymers and viruses and smme flexible synthetic
macromclecules [lL
(b) Photon correlation spectroscopy. Here the time and
angular dependence of the intensity fluctuations of light
scattered from a polymer solution is used to obtain inform-
ation about the motion of the scattering centres. These tuwo
techniques have been widely applied in dilute solutions to
characterise molecular geometry and motions. In arddition,
the Kerr effect has been used to give information om the
electrical characteristics of chains; such as dipole moment

and polarisability anisotropy.

As polymer concentration increases, interactions
between chains become significant and their motion becomes
drastically modified. S5ince most processing and application
of polymers occurs in concentrated systems, an understanding
of the changes in molecular dynamical behaviour as chain
concentration is increased from dilute to highly entangled
systems 1s fundamental to a molecular understanding of the
bulk properties of polymers under conditions in which they

are normally used. Very little experimental work has been



carried out on the dynamics of concentrated polymer
solutions, or on molecules of 2 wide range of flexibilit
ies. One objective of this work has been to use the Kerr
effect and PCS to characterise polymer chain dynamics over
a sufficiently wide range of concentrations to be able to
separate the effects of intramolecular forces {i.e. chain
conformation or 'flexibility') and intermolecular forces
(i.e. interactions or 'entanglements' as they are commonly
described). The effects of changing chain structure, mole~
cular weight and molecular weight distribution,concentrat-
ion, temperature and environment have been systematically

examined.

Most theoretical predictions of polymer dynamics and
rheological behaviour based on molecular ideas has been
restricted to isolated chains in a solvent. The ideas of-
Rouse[S] and Zimm [ll] for flexible molecules and Perrin [B5]
and Broersma ﬂa] for rigid bodies are the basis of work in
this area. However, in the last few vears. there has been a
great deal of interest in developing models for concentrated
systems. In particular Doi and Edwards have developed theories
for the chain dynamics and rheological behaviour of both
rigid systems [4]and flexible chains [96] baskd on
reptation ideas first introduced by de CGennes [l?]. These
predict dramatic changes in the rates of molecular motion
with concentration and molecular weight as the concentration
of the polymer is increased from the infinite dilution
limit. Part of the impetus for the present experiments came
from the theoretical advances made in this area in the late
1970's. To guantitatively test these theories for real
systems and examine the extent to which they can be applied
to systems of varying flexibility has been another of the

objectives of this work.

Chapter 2 of this thesis, introduces the range of
motions that polymer chains can undergo anrnd describes the
available theories of polymer chain dyramics. The theory
underlying the experimental techniques used 1is also outlined
here. The equipmemt used, the experimental procedure and the
methods of data analysis employed are described in Chapter 3.

Chapter 4 gives details of polymers used and the methods of



The experimental results are presented

sample preparatinn,
This is in tuwo

and discussed system by system in Chapter 5.
studies and TI) Static (electrical) pro-

parts: I) Dynamic
the results for the differ-

perties. Finally in Chapter 6

ent systems are compared with each other
theories for rtigid and flexible molecules together with

and with current

semi-flexible chains developed in this work.
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DYNAMILCS OF POLYMERS

2.1l Significance of dynamic studies

A particular polymer sample can exhibit a wide range of
mechanical and flow properties depending on the conditions (eg
temperature, time scale, environment) in which it is being used.
Such behaviour has considerable implications for polymers at .all
stages of their existence - in the manufacture of raw polymer,
in its processing to finished articles and its eventual use, The
properties observed under particular circumstances are determined
to a large extent by the extent of molecular motion within the

polymeric material i.e. by the chain dynamics [ 2).

Thermoplastic ‘polymers, like metals, are solid at low
temperatures and flow as viscous liquids at high temperatures.
Although the precise nature of polymeric solids and liquids is
very differnt from that of the metals in these two states, it is
between these two extremes that the most characteristic differ-
ences between polymers and metals and other inorganic compounds -+

is found {(Fig 2.1). In changing from a solid glassy material ta

blass

Glass transition

Modulus

Mel t-flow transition

Viscoelastic liquid

Temp
Fig21 Temperature dependence of energy storage modulus.for

an amorphous polymer.



the viscous ligwid state, polymers go through five distinquish-
‘able states - glass-like, the glass transition, rubber-like, the
melt transition (rubbery liguid) and the visceelastic liquid.
Each change is characterised by an increasing degree of molecular
motion in the material. In the glass state neither segmental
rotation nor chain translational motion occur to any appreciable
extent, but in the rubbery state considerable segmental rotation
can occur alongside limited translational motion, so allowing
molecular and hence bulk deformation without significant
irreversible flow. In the viscous flow region both motions are

significant.

The bulk mechanical properties and the flow bebhaviour of a
polymeric system depend on those factors which influence
molecular motion: molecular structure, molecular weight (and its

distribution ), the polymer environment (eg. solvent, concentration),

Forces = Dynamics «—=Bulk properties g

AN

Polymer

Structure
Molecular wt.
Temperature

Environment
Fig 22 Factors deferming polymenc behaviour

and temperature. The observed transitions in many physical
properties are due to the changes in the segmental and/ or

translational motions of the molecules. The motions involvue
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rotation about hkonds in the backbone of the polymer chain and
are affected by beoth intramolecular (or 'steric') and inter-

molecular ( 'chain entanglements') forces.

The various routes of studying polymer behavicur are
shown schematically in Fig 2.2. Parameters such as pclymer
molecular weight, structure, environment and temperature
mmfluence the various forces within the polymer system and"
through the chain dynamics determine the bulk properties. Our
current quantitative understanding of the inter and intramol-
ecular forces in such complex systems is severely limited and
a more fruitful approach is to study the chain dynamics directly
by experiments. This polymer-dynamics route {thick line in Fig -
2.2) is the one on which attention is focussed in this work.
It involves determining and attempting to understand hou the
polymer chain dynamics are modified by the different parameters
listed above. Thus, by understanding the polymer dynamics, and.
the mechanisms responsible for them, we should be better equip-
ed to modify and improve polymer characteristics tc meet
desired end properties. By examining changes in microscopic
properties, polymer dynamics studies should therefore ultimateyi
enhance our understanding of the resulting mechanical and

rheological behaviour,

2,1.1 Types of molecules

If we represent the end-to-encd distance of a macromole-
cule by r, the contour lengith by L, the chain diameter d, the
monomer unit length %, and the persistence length, which is a
measure of the extent to which the macromolecule sustains its
initial displacement by g, polymer chains can be broadly
classified into three major groups:

(i) Stiff riqid macromolecules, in which £/d >> 1 and the end-

to-end distance r equals the contour tength L. The persistence
length g is so large that g=eo implying that chain flexibility
is negligible. The macromolecules can often be represented as
long rigid rods (Fig 2.3 {(a)) or sometimes by other rigid
geometries such as ellipsoids of revolution or spherocylinders -
The only possible rotational motion for this type of macromole-
cule involves the ertire molecule, as rotation about backbone
baonds is severely restricted. A time dependent definition of

chain stiffness implies that the time required for swuech changes

2z
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1n conformation by segmental rotation are far greater than
the time required for the rotation of the whole molecule.

(ii) Highly flexible random coiled macromolecules, in which

the average persistence length projection g, i1s similar to &
(.. f=g<<L). The macromolecule can coil and assume a wide
range of overall conformations (see Fig 2.3 (b)). Each segment
of the chain can undergo orientation and displacement largely
independently of the motions of other segments in the same
chain, apart from those to which it is directly attached., A
whole range of motions is possible, from local segmental

rotation to whole molecule rotation and/or translation (see

- B
| (b)

section 2.2)

(q)

/D

{c)

Fig 2-3 Schematic diagram of molecular types.

{a) Completely stiff {rod-like) macromolecule {b)Random cailed macro-
molecule ¢)Weakly-flexible persistent macromolecule (d}Semi-flexible

freely jointed macromolecule.

(iii) Semi-flexible macromolecules, Between the two extremes

of the rigid .- and random coil models there exists a broad
spectrum of macromolecules which are referred to as semi-
flexible. For this group t/d -1 and 2<0 <y - Here the degree
of chain flexibilty as defined by g is important. With g close
to L, the chain can be described as 'weakly bending' (Fig 2.3

{c)). For louw values of g {gq closer to Q) a model involving
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freely jointed segments of length g {see Fig 2.3(d)) becomes
more appropriate. Agaln segmental and whole molecular

rotation are possible with the time scsles of these motiaons,
T and T, respectively, getting rloser together as the chain
becomes stiffer. TS/Tr hence ranges from wvalues far less

than one for g = L through unity to values far greater than
one where g appreaches L. Relatiwve changes in these charact-
eristic times and hence the 'chain flexibility' can e brought
about by any of the parameters shown in Fig 2.2 and so the
choice of am appropriate model for a polymer chain is not

determined solely by the inherent chemical structure.

2.2 Modes of motion of macromclecules in solution

There are three main types of molecular motion of .
importance in polymers:
(a) Translational motion, involving movement of the centre of
mass. The time scale of this motion is typically ~107 8 (for
an isolated chain to translate a distance equivalent to the
radius of gyration, RG).
(b) Rotational motion involving the entire molecule. Here all
segments of the molecule move in unison and such motion
involves a well defined intersegmental geometry. For rod like
macromolecules the rotation can either be about the minor axis

(Fig 2.4 (a)) or major axis (Fig 2.4 (b)) with fixed geometry.

{d}) {el

Fig 2.4 Modes of nelaxation fon macnomolecules:

{a) Rotation of nods allcut minoa axisl end-oven-end)
(&) Rotation of nods aloul majon axis fec) Iat que
nelaxation of flexilie macaomoleculensi(d) Rotaiion
alout Lacklone chain (e} Side chain rotation.
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The time for whole molecule rotation depends on the
macromolecular size and shape, ranging from %10_65 for
isolated short chains to %lﬂ_as fer longer chains in typical
low viscousity sclvents. For flexible chains, the translational
and end-over-end rotational mctions of the entire molecule are
associated with the zeroth and first normal modes [ 1] respect-
ively (Fig 2.4(c) , see section 2.3.1).

(c) Segmental motion, which may involve parts of the main chain
backbone or the substituent side groups. The backbone chain
segmental motion involves changes in the local conformations

of the chain and takes place anly in flexible macromloecules.
These motions which involve rotation about the backbone bends
(Fig 2.4(d)) can occur with increasing independence of the
motion of other segments as the chain becomes more flexible-
The times for segmental rearrangement are shorter than those
for rotation of the entire chain (~ 10_85). Side chain
rotational motion (Fig 2.4{(e)) is faster still and can take
place independently of the backbone motion (typically lO-lD -
lD"Bs), although in some molecules thereis evidence of

co-operative motion of side chains and local main chaln

segments {(77) .

2.3 Theories_ of macromolecular dynamics.

The dynamics of chaln molecules are expected to change
dramatically as the extent of molecular interactions increasese
It is convenient to distinguish three concentration regimes in
which the degree of chain interaction is gualitatively
different see Fig 2.5. At infinite dilution (Fig 2.% (a)),
the molecules are on average sufficiently far apart that chain
interactions are negligible. As concentration increases, long
range interactions will come into effect and small changes in
dynamics will be observed. When the concentration is
sufficiently high for the effective hydrodynamic volumes swept
out by each molecule te overlap, then a significant increase
in interactions occurs and marked changes in the dynamics are
expected (semi-dilute reqion -Fig 2.5 b}. On increasing
concentrations still further, the chains increasingly restrict
each other's motion. When the mear distance Between the chains
becomes comparable with the smallest dimension of the polymer
molecules or with the length over which significant

flexibility exists, then another qualitative change in the



nature of the dynamics is expected. In such a comcentration
or entangled regime (Fig 2.5 ¢ ) , the system is approaching
a uniform segment density where the identity of specific
segments with individual chains becomes increasingly less

important.

2 S

~ /

(a) dilute {b) semi-dilute (c) concentrated

Fig 25 Concentration regimes for coils and rods-

Many theoretical models have been proposed, aimed at
explaining the dynamics of dissolved macromolecules in solution:
The theories for the dynamics of isolated chains in dilute
solutian are extensive and have been used to explain
experimental observations and interpret them in terms of
macromolecular dimensions. The dynamics in the semi-dilute
and concentrated regimes are complex and relatively few
theoretical ( 4,5,6.) and experimental { 7,8,9 ) investigations
have been carried out. Each of the theories will be outlined
briefly, classifying them on the basis of concentration regime

and chain flexibility,.



2.%.1 Dilute solutian

The mean distance betueen polymer molecules in dilute
solution is sufficiently large for polymer-polymer inter-
actions to be negligible so that only solvent-polymer
molecular interactions are of importance. Theoretical models
of polymer dynamics in this regime have been devised for the

random coil model, the rigid rod model and the semi-flexible

coll model.

Random coil model

The most successful dynamical models for flexible chains
are those associated with Rouse ( 3), Bueche { 10) , and Zimm
{11). The Rouse-Bueche-Zimm model or 'bead-spring' model as
it is often re%erred to, 1s a deviece to avoid the complications
of describing lecal chain motions and still obtain information
on the large scale configurational relaxations which control
the viscoelatic behaviour. The model replaces the real
molecule of n main atoms by a mechanical chain of N+l beads

joined by M linear springs ( see Fig 2.6 a, b) The frictional

I g ! "N
f-
a, 1

A " N
'GN

(a) (b)

(c) (d) (e)

= 1

Fig 226  Spring-bead model and lower modes of mation.

interactions with the medium, distributed uniformly along the

molecular length, are modelled by a frictional coefficient
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concentrated on the beads, I;- Fach segment contains
sufficient monomer units to behave as a Gaussian subchain of
mean end-to-end distance I~ Iy Deviations from this
mean value are opposed by entroplic forces which are the
physical origin of the springs in the model. The ability of
the molecule to undergo c¢onfigurational changes lies in the
polymer flexibility, which allows each part of it to move with
the velocity of the surrounding medium. The Brownian motion
is responsible for restoring the segments to an equilibrium
distribution. The model describes the motion of indiwvidual
beads in terms of a series of normal modes each of which
involves a cooperative motion of the whole chain, character-
ised by a characteristic periocd or relaxation time. For the
case in which perturbation of the solvent velocities by the
chain is ignored ( 'free draining coil' or Rouse model), the
relaxation times of these modes have been related to the
molecular weight, the intrinsic viscosity ,[n]’ solvent
viscosity, ns, temperature T and the gas constant, R,

according to the expression, { 3, 11, 85)

1.21
_ m[ﬂ]ns

P -

R T p2

where p is the mode number. The first normal mode (p=l)} is
associated with whole molecular rotation, and higher modes
with in-phase wriggling-type motions of shorter wavelength,
involving increasingly smaller parts of the chain moving in

phase with each other (see Fig 2.6 (c),(d),(e)).

The non-free draining approximation of Zimm considers
the interaction between the beads and the solvent and the
censeguent perturbations in local solvent velocity. It merely
leads to a modification of the constant in the equation 2.1,

the first normal mode relaxation time being [3,11.85],

- 0.85M[n]ng
R T

T1

However the molecular weight dependence of the
relaxation times according to the two models is different,
since for a Rouse chain [n]fx M whereas for the Zimm case

[ = mZ.



Rigid rod mndel

Theoretical descriptions of the rotational and the
translational dynamics of dilute systems of rods in solution
have been formulated by several authors. The basic models are
those of Kirkwood and Auer {12)Jand of Riseman and Kirkwood
f1z1. a rigid rod particle in a velocity gradient experiences
forces trying to align it with its axis in the direction of
the flow. This will be opposed by Browmian forces trying to

disorientate the molecules, but unlike in the Rouse model, no.

)
molecular deformation will occur. The net result is that the
molecule undergoes a forced translatory motion of its centre
of mass and rotational motiom arising from the rotational
component of velocity. The rtelevant diffusion coefficients
have been related to the molecular length, L, and diameter,d
according to the expressions (12, 13 ,65)

i) for translational diffusion parallel to rod axis,

D - KT 1n L/d 2.3

2ﬂnSL
ii)for translational diffusionperpendicular %o rod axis

kT in L/d 2.4
ﬂnnSL

iii) for rotational diffusien of the rod,

D _ iiﬁl—j— 1n L/d 2.5
T
nnSL

where ng is the solvent viscosity and k Boltzmann's constant.

Broersma [ 14]) conducted a detailed study of the
rotational dynamics of perfect rods . He obtained a similar
expression for Dr as above, with an additional correction

term y which caters for end effects:

3k T
D_ = — { 1n 2L/d-7v } 2.6
m™n_ L
1=
_ -1 2
Y = 1.97 - 7 {(1n2L/d)""~-0.28}

2.6(a)



Semi-flexible model

The random rcoil and the rod mndels do not represent a
large number of polymers which exhibit neither of these
extreme types of behaviour. The available models that have
been develnped for molecules of intermediate flexibility are
those of Hearst [15] for the 'worm-like' chain and the

'weakly bending' rod.

The 'worm~like' model starts from a polymer chain of
the random coil (Rouse) type and introduces factors that
inhibit coiling of the chain, thus introducing some
persistence of segments in the direction of successive chain
units. For such a molecule, the isolated rotational .

coefficient Dr is given by

. kToe? 5
r ———— {0.126V/M/gp +0.1581n <9

2
n, am b

—.387 ¢+ UrlB(b/a)} '

where L is the chalin contour length, M the molecular mass,
p=M/l. the mass per unit length, g the persistence length, a
the Stokes diameter (= ¢ /Bﬂns where 7 is a segmental
frictional coefficient) and b the spacing betuween frictional

elements (segment length).

The 'weakly bending' rod model seeks to determine the
deviation from the rotational diffusion properties of a
perfectly rigid rod. The rigid rod macromolecule-, 1is
represented by an array of 2n+l frictional groups, spread at
equal distances b, on a linear axis of length, L. The 'weakly
bending' rod model introduces the additional parameter g, the
persistence length, and relates the rotational diffusion

coefficient with the molecular parameters by:

kTp? M 5 M M
D, = {Sln - 4,92 + a(—g—) + (4.5 1n
TWENS 2pb 4pqg 2pb
b 1))
- 20.2 + 4 ()] 2. 8

The symbols are the same as for the 'worm-like' chain model.

The rotational diffusion coefficients for the two models have

-1

different molecular weight dependences; (Dr « M -5 for the

'worm~like' model and m“3 for the 'weakly bending' model).



2.3.2 Concentrated solution

Increasing the concentration brings macromolecules
closer together on average and the molecular dynamics become
considerably modified. The motions of individual chains
become hindered by intermolecular effects. The dynamical
behaviour in this regime is as fascinating as it is complex
and shows a unigue combination of viscous and elastic .
characteristics. However, relatively few theoretical models
have been developed to describe such behaviour., Existing
theories include those of de Gennes [ 17, 44 ], Doi and Edwards
{4,96], Eduards and Evans [ 18], Schaefer et al [97], Freed
and Edwards { 5] and Yamakawa [ 20 ) -

Flexible ¢oil

de Gennes [l?] developed the concept of chain reptation
for flexible chains in the semi-dilute regime. According to
this idea a polymer chain in such an environment is constrain-
ed by its neighbours to move within a hypothetical tube (Fig
2.7 c ,e). The translational motion of the whole chain along
the axis of this tube is achieved by local reptative ( or
repeated wriggling) motion of small segments (see Fig 2.7 d)e
The theory describes the wriggling maotion along the chain by
diffusion of defects which for,flexible chain is relatively
rapid. The longest characteristic relaxation time associated

with this wriggling defect diffusion is of the form,

2
] _ (na_) _
def T2A N

where n is the degree of pol ymerisation aof the real chain, M
the molecular weight, A the defect diffusion coefficient and
a, the correlation or screening length{(essentially the mean

distance between chain contacts (see Fig 2.7 (a)).

On the time scale t > Tgef the wriggling motion merely
represents a high frequency fluctuation, within the tube
surrounding a specimen chain, about the overall curvilinear
diffusion out of this tube (see Fig 2.7 e }). The chain only
changes 1its overall conformation by disengaging from the
original tube followed by creation af another (see Fig 2.7 e)«
The characteristic relaxation time Trefor such tube renewal

{or 'disengagement time' } is given by
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{a) (b)

—b—
Sl
A\
r-"g---_—f’

(c} (d) . {e)

Fig 227 Dicgrumiatic representations of thdin reptation

3
T (na) _ond 2.10
Tre = —5
T p b A
Unlike Tdef’ Trels dependent on p, the density of defects,

and b, the stored length. The model considers that the self
diffusion of an entangled polymer coil in semi-dilute solution
may be treated in terms of the motions of individual chains
through a transient network formed by the overlapping coils.
Each chain reptates in a tube of diameter a.- The time taken
for the chain to diffuse end-to-end along its curvilinear

path, T gives a measure of the time taken for entanglement

rTenewal,

Doi and Edwards FB] extended de Gennes theories and
showed that for such a model the centre of mass diffusion

coefficient is given by
2
a

D o« E p «
G nb2 (o]

m—29—2a - R

where DC is the curvilinear diffusion coefficient (<xm_lc-8).

c is the mass concentration, and accrc_a. The characteristic
diffusion time, Ty is hence proportional to M? in common with
de Gennes defect time Thef" They also predicted that the time of
tube renewal, characterised by the longest relaxation Tré

should depend on molecular weight and chain mass concentration

cC as
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3 2a+8
L M e 2.12
For highly flexible chains, o was estimated to be 0.5 - 0.75

antl B was estimated to be small and approximated to zero.

Semi-flexible chains

Schaefer et al{‘97} have made a detailed study of tpe
static and dynamic properties aof semi-flexible polymers in
solvents of different quality. They showed that, for these
chains, as concentration increases a number of different
regions are encountered . The behaviour is illustrated on a
temperature-concentration {(T-C} diagram in Fig 2.8 . They
distinguished five regions separated by a series of
crass-over cancentrations. These cross-over concentrations
are determined by the limits aof the carrelation range of each
regime. The regions are ;

(i) The dilute region (c <c¥) where the density of chains is

low and interactions are negligible. c“is the chain overlap
concentration defined in section 2.3

(ii) Semi-flexible region - good solvent (cf>c>g ). The

chains are here entangled and characterised by a correlat-
ion length a.s which is essentially the mean distance between
interchain contacts. At c = c* this length, a.s is.egual to

the radius of gyration of independent chains, and decreases
with increasing concentration. At c = ¢ , it becomes equal

to the length of the chain segment ( or thermal 'blob!')

within which excluded volume effects can be neglected.

(iii) Semi-flexible -~ marginal solvent (c < e¢<c'), This region
extends from the concentration c, above which the chain dime-
nsions become ideal, to a concentration c+, at which the

chain free energy becomes dominated by the third, rather than
(iv) Semi-dilute - theta (®) solvent (ct< ¢ < c**) where ¢

is the concentration at which a_ becames comparable with the

the second virial cofficient.
3 % 7

chain persistence length,q.
3t 3
(v) Concentrated region, c >c where the chain dynamics are

predicted to become independent of density.

They did not explicitly calculate rotational relaxation
times or chain diffusion coefficients in these regions.
However they did give the dependence of the correlation length
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a. on the reduced temperature,¢-,(= (T-0)/7 where T and g are

the solution temperature and the theta temperature respectiuelyj

and the chain concentration, c, as in terms of the expression
a & c o} 2.13

Table 2.1 below shows the values of the exponents « and R

for the five different regions.

0-8

o2 1

0 02 (18 04 08 19
Volume fraction

Fig2-8 Temperature-concentration diagram for semi-

flexible polymer solution ( schematic)

Table 2.1 Predicted dependence of correlation
length a_ on reduced temperature ¢ and chain

concentration, c for semi-flexible chains {97}

aC o D_uw -8

Region « R

(i) Dilute theta

{(b) Dilute good

(ii) Semi-dilute good 0.75 0.25

(iii) Semi-dilute mar

ginal 0.5 0.5

{iv) Semi-dilute theta 1.0

{(v) Concentrated U-0




Rigid rods

I'm addition to the reptatinn model far flexible chains,
Dai and Edwards have also studied the dynamics of rigid rod

macromolecules in the concentrated regime defined by

3 3 ,
Ao g < o< = _ﬂ__z 2. 14

NHL3 NHdL
where M, L, d and NA are the molecular weight,"rod length,
diameter and Avogadro's number respectively. C marks the
onset of red entanglement and C** marks the upper limit beyond
which there is local molecular ordering of the rod~like
molecules - the critical concentration of the isotropic-.

nematic transition (see Fig 2.9).

In this regime the distribution function F(r,u,t) which
specifies the configuration of the rod in terms of the
position vector of the centre of mass, T, and the unit vector
parallel to the rod axis, u, is normalised as

I 6or 5 d%u Flr,u,t) = 1 2.15

Ic

and satisfies the kinetic equation describing the Brownian

motion
8F (r,u t)
—5T—— i[F] ¥ f[F] 2.16
C u
; Y
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pa e
{a} (b

\\[_l(/f

yd f
N >|<jﬁ%ﬂ

\

Fig 229 Schematic representations of the crikical concentrations

for (&) the dilute-semi-dilute and [b) semi-dilute concentrated

transitions.
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where the terms fr [F] and‘iu [F] represent the translational

and the Totational motion respectively.

In dilute spolution these terms are:

% -

3 3
A{r [F] = Dtli(g.gi o Dy, T (g-g )2 OF 2.17

1 3 3 , 2
iLJ[F] =D VA2F = D_|— sing — +— — ]F
sin & 38 20 sin?B 3¢?
2.18
where (8,9 ) are polar co-ordinates specifying the unit '
vector u , DtII and Dtl are translational diffusion

coefficients parallel and perpendicular to the rod axis
respectively and Dr the rotational diffusion coefficient. These

coefficients are given by eguations 2.3 to 2.5,

The Brownian motion in the concentirated regime is
complex due to entanglement interactions between the rods.
Doi and Edwards modelled this situation by making the follow-
ing assumptions:

(i) Modelling was restricted to long time scale motions
only

(ii) The rod diameter was assumed to be so small, so
that diffusion along the axis was essentially unhindered i.e.
Otiie = Peuo F Bt

(iii} Motion perpendicular to the rod was restricted

to the mean distance between rTods, a_.

The retaticnal motion is severely restricted by rods
surrcunding a specimen tod, seo that if a rod preventing the
rotation of the specimen rod diffuses a distance of order, L,
the constraint on the motion of the test rod is rezleased
allowing it to rotate by an amount of order a./ L. The time

for swuch linear axial diffusion is

1t

L2/D

o £

2.19

The Brownlan motion then becomes a random walk on a unit

sphere with jump frequency TO_1 and mean square displace-
ment ( aC/L )2. The rotational diffusion constant in this
region Drc is therefore

Drc (ac/L} / To



They show that for random rods where c 15 the number density
of rods,
_ 1 2.y "1
a_ = ( 3@ o, L ) 2. 21
and so substituting equations 2.9 and 2.21 into equation

2.20 yietids

rC
Noting from eguation 2.3 and 2.5 that

D 3

t = 5 D L2 2.23
T

gives

Drc B B Dr .

- " Dr( an3) 2 2. 24
m2c 2L S

Since D_ = L™®* and e, © ch™?t (< cL !) where ¢ is the
mass concentration

D a c 277 = g ?m7 2. 25

TC

This theory then predicts a marked concentration and molecular
weight dependence of the rotational diffusion coefficient,
Drc' Photon correlation spectroscopy and the dynamic Kerr
effect are appropriate experimental technigues with which to

study such rod motions,

2.4 Experimental technigues

Polymer molecular mation can be studied using a wvariety
of relaxation and scattering technigues. In a relaxation
method we perturb the system from equilibrium and then
follow its return to equilibrium. Such a perturbation is
employed in mechanical, dielectric, Kerr effect, acoustical
and pulsed NMR relaxation measurements. In a scattering
technique we use radiation to probe the fluctuations
occurring in a system at equilibrium. The time scale of such
fluctuations is a measure of the rate of polymer motion in
the system. Light and neutron scattering techniques have heen
employed in such fluctuation studies. Relaxation and scatter-
ing technigues give complementary informatien about the

system and together enable the rotational and translational



motion of the chains to be characterised, tagether with
characteristics such as dipole moments and polarisability

anisotropy.

2.4.1 Dielectric and Kerr electro-optic experiments

In dielectric and Kert effect studies, the polymer sol-
ution is subjected to an external electric torque which causes
some alignment of the molecules. The opposite charges in the

molecular dipole attempt to migrate in the field, hence

orienting the molecule in the field direction. Macromolecules
without permanent dipoles can orient in the field due to
induced dipole effects since in general the chain
polarisability is anisotropic. Kerr effect experiments
measure the birefringence resulting from such alignment.
Dielectric experiments measure the total electrical
polarisation of such a system as reflected by the capacitance
of the cell contaiming the sample. Measurement of the extent

of either of these effects at equilibrium can give informat-
ion abouit the electrical characteristics of the molecule

such as dipole moments,u, and electric polarisability a.

Studies of the time dependence of the effect can be
made in two ways. By using an altermating field, the
molecules are compelled to rotate with the frequency of the
applied field until a. frequency is reached at which the
particular dipole of interest can no longer follow the field.
The dipole can then no longer contribute to the polarisation
of the system and the measured dielectric constant, e,
decreases over a freguency range characteristic of the
motion of the particular dipole concerned. This results in
the characteristic dielectric relaxation curve illustrated
in Fig 2.10, where an inflection occurs at the characteristic

frequency w , of the molecular dipole.

In a simple case where there is only a single
mede of rotation characterised by a2 single relaxation
time ,T, the change in dielectric constant with freguency

may be described by the Debye relation



~

Fig 2.10 The frequency dependence of the real part of
the dielectnic constant € (ecapacitance - s0fid line)
and the {maginany part €’ (nesistance - broken line)

of a polymen s0luiion sulljecied Lo an alitennating field.

{1 + 4717w 1

9 - Ffw 2,2.2 y-1 2.26
o

where E; is the dielectric permittivity at a frequency w and
€ and €/ the limiting values at low and high frequencies
respectively. The characteristic relaxation time T can be
calculated from the critical freguency W using
T = { 27w }_l ez
c
A similar effect can be observed in the birefringence

An. For a system obeying the Kerr law

AN = K E 2-2%

where K is the Kerr constant and E is the applied field

gradient, then for a single Debye relaxation,gcrﬂhe case of

permoen ewnt dﬁ-?ﬁLE. Yrnown =i,

K = Ko{ 1 4 4ﬂ2m2T2}_l 2.29

(1



where KLU is the Kerr constant at frequencyw and Ko the

value at zero frequency.

Alternatively, experiments can be performed in the
time domain by making a step change in the electric field
and following the build up or decay of either the polarisat-
ion or birefringence of the system to the steady state value -
Such a method is used in the current work and is described
in more detail in section 2.5. For a single Debye process,

the time domain response is of the form

P(t) or An(t) = A exp -t/t 2.30

Experimentally the two methods have been widely
employed in the study of dilute polymer systems. Dielectric
experiments have been conducted on rigid rod like
macromolecules such as poly-¥-benzyl-L-glutamate (PBLG) ( 21,
22,23} and poly{n-butyl isocyanate), PBIC (24,25,26,27 },and
flexible coil polymers such as polypropylene glycol/oxide
(pPG/PP0) ( 28,29 and polyethylene oxide (PEOD) (30,31)
Parallel Kerr effect studies on these macromolecules PBLG
(32,33,34,35) , pPBIC ( 36,37,38), PPG/PPO0 (.29 ) polystyrene
(ps) {391 have also been undertaken. These studies have
been relatively successful in giving information about the
single chain dynamics of these polymers, their molecular size,

shape and their electric properties.

2.4.2 Nuclear Magnetic Resonance {(NMR)

Both proton (M. ) NMR and carbon-13 (13¢) MR have been
successfully employed for the quantitative examination of

the structure and the dynamics of macromolecules. The

technique utilizes the property of spin possessed by atomic
nuclei with odd atemic mass and number. Application of a
strong magnetic field to nuclei of spin quantum number %
splits the energy levels into tUO.representing stated with
spin parallel and antiparallel to the field. Transitions
between the states lead to gbsorption or emission of
radiation of energy, £, which is related to the magnetic
field strenqgth H0 and the magnetic moment of the nucleus, Moo

according to the equation



Having perturbed the system, one process that
re-establishes the equilibrium i1s known as spin lattice ,
relaxation. This return to equilibrium of the population of
the nuclear magnetization is exponential, ( exp-t/Tl), and
is governed by the characteristic time known as. the spin
lattice relaxation time, Tl. There is similarly a tranéuerse

relaxation time, T which characterises the decay of the

’
magnetic field to iero via spin-spin relaxation. Contributions
to T, arise from rapid fluctuations of the magnetic field at
the nucleus due to relative motiaons of the molecules, in

which it is embedded. T2 is a measure of nuclear coupling
interactions, involving spin flips by electron coupling with
other nucleili, which themselves are undergoing telaxation.

The spin lattice and the spin-spin relaxation times provide
dynamic information about the polymer chains, although much
less directly than the other techniques (e.g. from their
temperature dependence}. The major advantage over other
methods is that information is obtained about the motion of
particular atoms in a polymer chain which can be distinguish-
ed by their individual chemical environment. The wide range
of NMR studies of polymer dynamics has been revViewed by
Schaefer (113} a. recent study of relevance to the present
work is that an the stiff rod molecule PBLG [11a,115,115 1

and by Heatley and coworkers [ll?].

2.4.3 Dynamic light scattering

A polarised laser beam incident on a fluid exerts a
force on the charges in the dielectric medium. As the
Brownian forces perpetually bombard the fluid molecules,
causing them to execute both translational and rotational
motions, they cause fluctuations in the instantaneous
dielectric constant of the medium. The optical inhomogeneit -
ies caused by such fluctuations cause scattering .of the
incident beam by the medium. Light scattering techniques
have traditionally been used to measure the molecular weight
and size of polymer chains by monitoring the anqular depend-
ence of the intensity of light scattered from dilute solution
of the polymer. Recently, there has been increased use aof

dynamic light scattering techniques whereby the angular and tme



dependence of the frequency of the scattered light is
monitored to give information about the motions of polymer
molecules in soluticen. Interaction of the light with the '
moving molecules causes a Doppler broadening of the scattered
beam and a freguency domain analysis of the broadening has
been used to study translational diffusion of macromolecules
in solution{7,100). Just as with relaxation methods,
experiments can also be made in the time domain where the
technigue is usually termed photon correlation spectroscopy
(PC5)}. Here the time dependence of the light intensity is
measured as a function of angle to give information about
translational, rotational and intramolecular modes of motion
This technigue, which is the one employed in this work, 1is
described in detail in section 2.6. It has been applied to
many polymers of varying flexibility in dilute solution

and a few isolated studies have been made of more concentrat-
ed systems [97,99,100]

If radiation of wavelength, X, 1is scattered in a
medium of refractive index, n , at an angle 8, then we can

define a scattering vector K whose magnitude is given by

Ikl = Kk = ™™ sin b 2.32

P
The length scale vver which the radiation probes molecular
motion is of order K-l. For light of wavelength 400 - 700 nm
at angles 10 - lSDD, this range corresponds to 30 - 600 nm
Hence dynamic light scattering probes motions over distances
corresponding to the large segments of a polymer chain

upwards and therefere gives information about large scale

intramolecular motions ( the first few Rouse-type modes far
flexible molecules ) and translational and rotational
diffusion in dilute polymer solutions. Using neutrons of
wavelength ~0.1 nm , at 6= 10° k™!'=0.1 nm. Neutron
scattering can therefore be used to give information about
much shorter segments of polymer chains and substituted side
groups. Many studies of polymers in conditions ranging from
dilute solution to the melt state have been made using this

technique (84,105,107,108)



2.5 The Kerr electro-optic technigue.

2.5.1 The Kerr effect.

The Kerr electro-optic effect (electric birefringence)
arises when molecules are aligned in an electric field and
hence induce anisotropy in the refractive index (double -
refraction or birefringence) in the sample. The observation
of the time dependence of the birefringence response to the
application or removal of the electric field is termed the

'dynamic Kerr effect!.

The Kerr effect is exhibited by polar molecules of
many kinds. In this work we are interested only in polymer
systems. Polymer molecules dissolved in a solvent (at
concentrations below any liquid crystalline transition) are
randomly oriented and the solution is isotropic, with equal
refractive indices in the x-y-z directions i.e. n = ny =n,
(see Fig 2.11 a ). However under an applied electric field
gradient E, the molecules will become coriented to some
extent in the direction of the field, causing changes in’the
refractive indices parallel and perpendicular to the field
direction. With n ¢ n = = n, (Fig 2.11 b ) the solution
becomes anisotropic and the phenomenon of double refraction
results. The orientation of the macromolecules arises because
of the interaction energy between the applied field and the
permanent molecular dipole moment,p and/ or the induced

dipole,uindnuhich results from the difference (ml~ az) in

2t

A,

{a) {b)

Fig 2:11 Birefringence ({a} at zero field and {b) under
field gradient, E .



the volume electric polarisabilities along the field
direction (al) and perpendicular to it (az). The

birefringence An is simply defined as

An = ny - n, = n_- ny 2.33
where ny = n_ is the refractive index in the direction pavedel,
and Ny = ny = %,is the refractive index perpendicular, to
the field.

2.5.2 Measurement of electric birefringence.

A schematic diagram of the experimental technigue used
te study the Kerr effect is given in Filg 2.12. Consider a
monochromatic plane polarised beam of light incident on an
isotropic solution situated between crossed polarisers.
Since the refractive index of the sample is the same in all
directions then the light beam traverses the medium with its
polarisation characteristics unchanged and no light reaches
the detector. IT an electric field is applied to the sample
at an angle ¢, to the axis of vibration of the polariser, P

see Fig 2.13), the incident light heam of frequency,u,

é; = A cos 2mut 2.34

can be resclved into two components, focosw along the field

direction and iosinw perpendicular to this direction.

X Sample

Light source Polariser N Analyer Detector

Electric field

Fig 2.12 Kean effect - Schematic diagram of expenimentas.
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If the sample becomes anisotropic,

7

n and the compon-

X

n

ents along these directions will travel at different

velocities. If c represents the velocity of the light wave

in air, the velocities along vy

solution will be c:/ny and r:/nX
solution has an optical path £ ,

waves to emerge will be nyE/c

and x directions in the
respectively, and 1f the
the time necessary for the

and nxﬂ/c respectively. The

optical vectors of the waves will therefore have magnitudes;

n
A cosycos 2nu(t~-§ )

g X
by

n L
A sindcos 2ﬂU(t-1¥}

where ) 1s the wavelength {(n pacuo-

Acos Y cos 2ﬂ(Ut—n5F)

= 2.
< 35
n 2
= Asin Y cos 2n{vt- {\— ) 2.36

The waves will emerge

out of phase by an amount called the optical retardation,

[or phase shift) 6 .

218
2 (q
A

X

ZNRAH
A

2.37

ny)

The magnitude of the phase shift depends on the degree

of orientation induced and on

molecules in solution

the number of orienting macro-

This phase shift converts the

incident plane polarised light to an elliptical polarised

beam. The intensity of
be proportional to the

For the simple optical

to the

intensity I is related

equation

D2

the light reaching the detector will
magnitude of the induced retardation.

arrangement of Fig 2.12 this light

retardation according to the

Fig 2.13 The incident Leam dinection and positioning

of the

analysen and the polanisen.



I = 30l sin®$ 2.38
where ID is the intensity of the incident beam and ¢ is a
correction factor for absorption and reflection by the
optical components. The detected intensity is then related
to the birefringence An through eguations 2.37 and 2.38.
This expression is derived, along with others relating to

alternative optical arrangements, in Chapter 3.

At sufficiently low field strengths, the aobserved
birefringence is proportional to the square of the applied

field gradient E - the Kerr law {1,571} .

An = B AE? 2,38

where B is the Kerr constant.

AN

F2—— o

Fig 2.14 The field dependence of electric Linefningence.

Combining equations 2,37 and 2.39 yields

§ =27 BL E? 2.40

The Kerr constant B, depends on the mumber of molecules
present as well as such molecular electrical parameters as
dipole moments the anisotropies of electric and optical
polarisabilities and hyperpolarisabilities [1]. It is there-

fore a potential source of information about these molecular
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properties. In non-dilute systemsit also depends on the
orientation correlations and therefore for polymers
information on chain conformation and chain interactions

can be obtained {5&] .

Deviations from the Kerr law occur at high fields (Fig
2.14) because, as macramolecules approach complete orientat-~
ion ('saturation'), further increases in the field strength
gradient no longer lead to an increase in the birefringence.
However changes in the birefringence due to deformation of

the molecules can continue to occur.

2.5.3 ITheory of the Kerr effect for rigid rod-like polymers:

The fundamental equation for the static birefringence
of a solution of rod-like molecules was formulated by Stuart
and Peterlin ( 59). They considered rigid symmetric particles
wvhich can be oriented by virture of either a permanent dipole
moment and /or an induced dipole moment along the long axis

Fig 2.15

W, %, %

M, 5% ,%

Fig 2.15 Diagrammulic acpresentation of a rigid rod
paaticle in an eleciaic Liefd: n=nefnactive index,

gzoptical polanisalility and a=the electaic poflanisalility.

In solution , particles will be distributed at
various orientation angles 9§ to the electric field according
to an angular distribution function f(g), which describes the
probability of finding the molecular axis at an angle betuween
6 and B8 + d& in a space element dB. The number of particles
having the orientation at a given field is proportional

to f(g) and to the surface of the solid angle, which is



equal to Z2nsindd6 . The solution birefringence is obtained
by integrating the contribution of all categories of

particles over all possible values of 0 (80). This leads to

m

2 -
an o= ZTEYD (g,-9,) J Flo)( 28280 = b haginede 2.41
n 0 2
er AN '
cC.n n
v
where Cv is the volume fraction of macromolecules { = ¥c

where ¥ is the partial specific volume and ¢ the concentrat-
ion of macromolecules in kg m_3),n the static refractiue index
of the solution and 9, - 95 the aptical anisgtropy factor
®(B, y) is the orientation factor given by [60,61)

m 2
o(B,y) = J f(@iEEEEEQJ;%zwsinede 2.43

o

Here B and vy represent the permanent and induced dipole terms

respectively

2
B ME P = ‘EE' = (M e 2.44

kT (KT P
2
v = (al- az)E Q- 2y _ @ - a,
2kT £2 kT 2.45

The complete ®{B,Y) function is rather complicated to
compute in general but simplifications can be made for
different 1limiting cases of interest.
a) Low field strengths (B,y <1l) .

Expansion of ¢ (B,y) at low field strength leads to
(60,62)

2 .1 I NPT P 2 a2
® (Bsy) ={ev + 788 + 3TaY*+ 3Ts8’Y- B2 ---- 2.46

substitution into eqn 2.41 making use of eqns 44 and 45 gives

an = SIEY (g)-g,) (QE + PE +-5;%2+ ZE?EZ_ 22552 ) 2.47
This equation is valid for rigid molecules having an axis of
symZmetry for their electric, optical and hydrodynamic
properties, It also assumes that the sclution is so dilute
that interaction effects can be neglected. At very low field
strengths for which Bry ¢<¢ 1.0 , the higher order terms in P
and { of egn 2.47 can be neglected leading to
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_ 2ml _ 2
An = TSFJ_\) (gl 92) E (P + Q) 2.48

Lt 20C
e 0% )= oy (oymgy) (P @) =K Cyn

where Ksp is the specific Kerr constant:

271 (g;-9,) (P + Q)

sp
15 n?
Therefore the specific Kerr constant i1s related to macromol-
ecular parameters through the dipole moment y, and the
electrical and optical polarisability anisotropies o - A, and
9y -9p- These properties are of interest in the elucidation

of the macromolecular structure.

2.5.4 Flexible chain polymers

A number of models, due to Stuart and Peterlin {59} ,
Dows (63) and Nagai et al (64} , have been used to describe
the Kerr effect in the flexible polymer. The Stuart and
Peterlin model examined the random chain and describes them
as a.sequence of freely jointed segments having segmental
dipolarity and polarisability amisotropy. These are confibrm-
ational averages of bond polarisability anisotropies and
dipole moments over the number of bonds contained in the

segment. The specific Kerr constant is of the form,

2 2 2 _
K _ 2HNA(H + 2)%(e+ 2) 4y -0, u (al o 2)
SpP +
nm 45kT 45 K*T?
2.51
where N'q is Avogadro's number, m the monomer molecular weight,

¢ the solution relative permittivity, pthe segmental dipole

moment, k Boltzmann's constant and T the absolute temperature.

Dows (63) treated flexible polymer .chainsas a sequence
of dipolar and anisotropical polarisable chemical bonds and
evaluated the appropriate averages from the conformation
and orientation of the chain in the applied field. His theory
was based on a dilute gas model and arrived at the same
formula as Stuart and Peterlin {egn 2.51). He concluded that
the Kerr constant for non-correlated flexible polymer
molecuwles, depends on the segment properties and as eqgn. 2.51

shows, should be independent of concentration and molecular
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weight .. Nagai et al (64,64a) however based their
analysis on the additivity of bond dipole moments and of bond
polarisabilities in a rotational isomerit state model and
arrived at a rather complex expression for the molar Kerr

constant

27N
45kT

K =
m

AL(3< Ty T <p2y>) (KT) 7The 3T <pvde <(Te ) (e v> )}
2.52

where y,Y andyare the dipole moment vector and the optical

and static polarisability tensor of the polymer molecule

respectively; utris the transpose of, and Tr the trace of,

the matrix.

2.5.5 Dynamic electric birefringence.

In order to study the dynawmics of the electric birefr-
ingence, the polymer solution can be perturbed using either
sinusoidal or rectangular pulsed fields. In the time domair
when the electric field is applied,,the response of the polymer
molecules is not instantaneous but lags behind the field, due
to the finite time required for molecular orientation or dis-
orientation. Studies of the birefringence igsponse therefore
give information on the macromolecules and the angular
distrioution function f(8,t, changes with time. In the absence
of the field, the angle 06, takes all possible values with
equal probability. However under the application of a field,
angles near 6 = 0 become increasingly favoured and an equil-
ibrium state is eventually reached, reflecting the balance
between the electrical orienting torque and the random
Brownian forces due to the solvent. On removal of the field,
the macromolecules return to the random state in a way
described by the distribution function f(6,t). The time
evolution of the fumction in the presence of an electric
field gradient £ is given by the following expression,due to
Perrin (65).

1l af _ E ising (af - Eﬁ) 2.53
D. 9t Slﬂe 7ol kT

where Z is the torque op the molecule

7 = Eusing-(ua —a2)EzsinBcose. 2.54

1
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Dr is the rotational diffusion coefficient and 8, u ,ul—az,

E, k and T are as previously defined.

B
N
i B}
v ¢
Y
L. X
fime
v
time

Fig 216  Macromolecular response to the rectanguiar applied
fisld: A the rise, B the steady state ond C the decay; S and S

the areas above and below the rise and decay transients.

The macromolecular response to the rectangular applied
field can be characterised by three distinct regions

(Fig 2.16).

2.5.5(a) The rise curve A

Benoit ( 689} solved egqn 2.53 for axially symmetric
rigid macromolecules and obtained an eguation for the rise
of the birefringence under the action of a rectangular pulse
for the limiting case of low field strengths. His equation

for the birefringence at any time t after the field is

2 2 _ 2 -
n(t) = gﬂEVE—(gl-gz){-H——-+ EEL_EZ) - %-H—-exp 2Drt +
15 n k27?2 kT k2T?
2 -
(1M - QL;EZ) EXp B0ty .. ) 2.55
k27?2 k T

The normalised birefringence rise transient is therefore

An(t) P _ P/ _
- = 1 = g(ﬁlgiij exp 2Drt +._:&Liiexp 6D:r:t
An /Q z(p/u+1)

2.56
where P and Q are as defimed in egns 2.44 and 2.45 and the

steady state value is given by
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2 .
An_ = 27”3\)(91—92) Ez[ S| DLZ] 2.57
' F

15n AT T

which is identical with egn. 2.50. The time depnadence of the
rise transient is therefore determined by both the rotational
diffusion coefficient and the nature of the orientation

mechanism i.e. P/0.

2.5.5(b) The steady state curve B - pulse reversal.

The theoretical eguations for the static birefringence-
of sections 2.5.3 and 2.5.4 apply to the steady state hire-
fringence. However information on the dynamics of. polymer
chains and the orientation mechanism can be deduced by
observing changes in the birefringence as the polarity
of the field is changed in this steady state region. The
reversed rectangular pulse method offers a convenient and
more accurate way of investigating the mechanism of oriemtation
in particular the relative contributions of the permanent
and induced dipole moments. When a rectangular field is
applied to a solution, the macromolecules are aligned in the
field, until a steady stdte is reached. If the field is
suddenly reversed, the macromolecules aligned by virture of
their permanent dipole will attempt to follow this sudden
field reversal. It takes the macromolecules some definite
time to do so, thus resulting in changes in the observed
birefringence. The observed birefringence change depends on
the macromolecular size and the solvent viscosity, and the
rotational coefficient associated with this movement can be
estimated. For induced dipole moments the field reversal is
followed by a very rapid change in the polarity of the
induced dipole which causes an insignificant change in the
orientation of the molecules and hence the birefringence
nbserved. However, when both mechanisms are present,the rel-
ative contribution of each mechanism is reflected by the
depth of the birefringence minimum at the field reversal

(see Fig 2.17).

For rigid rod systems, Matsumoto et al [U2]and Tinoco
et al [ﬁ?] have related the changes in the birefringence and

the time At ( see Fig 2.17) for such a change to the
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macromolecular parameters, the rotational diffusion
coefficient Dr’ the permanent dipole term P and the induced

dipole term [}. They show that

p— ’&'_.__
At = 5 D Z2.58
r T
and
P _ Y S S S _ AN_.
a = T 01557 + A° A= T min 2.59
Ano

The technigue has the advantage that both P/G and D_ can be

determined fairly guickly and simultaneously,

{b)

{c)

Fig 2-17 Birefringence at field reversal (a} permanent and induced

dipole orientation (b} the reversed field {c)the induced orientation

2.5.5(c) The decay, C

When the field applied to the molecular solution is
cut off, the orienting torque is released and Brownian forces
return the molecules to the random state. The birefringence
therefore falls asympotically tao zero at a rate which
reflects the free rotational motion of the polymer molecules.
Benoit ( 66) and 0'Konski and Zimm (55} ,have shown that the
field -free decay birefringence of a monodisperse, dilute

solution of rigid axially symmetric macromolecules is given



by

An(t) = AnD exp_BDrt = Anoexp -t/T Z2.60

here An(t) is the birefringence at any time, Ano is the
birefringence at the point when the field is first removed
and [ the relaxation time, related to the rotational

giffusion coefficient Dr’ by

D_ - (61)7" 2.61
The rotational diffusion cpefficient Dr’ can be related to

the macromolecular length and shape by egns 2.5 and 2.6.

Deviations from exponetial decay do occur if
(a) the solution is not dilute sg that chain interactions
influence the decay rate;
(b} the macromolecules are not rigid, and hence relaxations
corresponding to independent rotation of parts of the chain
may contribute in addition to whole molecule rotation;
c) the sample is polydisperse so that even for rigid systems

a range of molecular rotation rates is expected.

These cases are encountered in this work which has
involved a study of concentrated solutions of polymers of

varying flexibility and polydispersity.

For a polydisperse, dilute rod-1like system the field

free decay birefringence can be written as (4, 69)
N
an(t) = 2 -6D_ .t

L Anoiexp Ti 2.62
where Angs represents the contribution to the steady state
birefringence from the ith species and T (Dri) is its
characteristic relaxation time (rotational diffusion coeff-
icient). Here the range of Dri values give an indication of
the degree of polydispersity and the extreme sizes of the
macromolecules present in solution. For flexible polymers
the above expressions are far from satisZfactory, as non-
gxponential decay cannoil be attributed entirely to the
existence of different chain lengths. The polydisperse
expression (eqn 2.62) can be applied to flexible particles,
but the physical significance of the extracted parameters is

uncertain.

The search for the analytic representation of experim-
entally observed non-exponential relaxation decays has lead

to empirical decay functions such as that of Williams and



watts [ 70]

t
o(t) = exp "¢ /T)B, D< B <) 2.63

where B, 1s the deviation parameter and is a measure of the
deviation from single exponetial behaviour and ¢ is an

effective relaxation time.

In the concentrated regime, a theoretical analysis.of
the decay transient is again available for rigid rod sysfems.
Doi and Edwards (DE) have predicted that the birefringence
decay in semi-dilute solutions should consist of two distinct
regions - a fast inital decay followed by a slow long time '
relaxation. For the long time decay, close to the equilibrium
state, they predict that

An(t) :-bnoexp'"sarct 2.64
where DrC is the concentrated solution rotational diffusion
coefficient (Drc=l/8Tr). They relate the relaxation time Tre?
to the maolecular length,L, number and mass concentration,cn

and ¢ as follows:

_ 1 _ 2, 2y1 -1 2, 2 2y 7
Tre = BO = {Dr(c L2)} « /L% « ciM
2.25

rc

where M is the molecular weight and Dr the dilute solution
rotational diffusien coefficient. Such high molecular weight
and concentration exponents have aroused considerable inter- -
est and the extent of the applicability of this theory is

one aobjective of this study.

The faster initial birefringence decay was predicted
in the DE theory to be of the form
3
-5 /faDrCt + g(0)

an{t) = An_exp 2.65

where o is a numerical factor {(=0.33) and
g(0) - KL, KT = L +€% 2.66

2 g "2
n ok (ai— qﬁE

The experimental realization of imnitial non-exponential

behaviour requires a low value of g{(0) i.e. a high field, E.
For a polymer with a typical permanent dipole of %1030, the
field required to observe this is lekU m_l which is readily
accessible experimentally, although the strength of dipole-
dipole interactions in a real system {neglected in the DE
theory) may influence the farm of the relaxation considerably.

On the other hand , induced dipole orientation alone would
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require IOSkU m-l to observe this phenomenon and this is

not easily accessible experimentally.

2.5.5(d) Influence of permanent and induced dipole moments

on shape of transients.

As seen from section 2.5.5(b) the reversing pulse tech-
nique is a quick and accurate method of determining the relative
contributions of permanent and induced dipole effects to the
orientation process. However analysis of the rise birefring-
ence curve offers another method as it depends on the field

strength and the parameter P and Q by eqn. 2.5B

p P
jﬁiﬁﬁ = 1 —-—é—igexp -eb .t L—lg_lzgexp -GDrt 2.56
An 2(P ;q+1) 2(P p+1)
(a) If % =0 (i.e. no permanent dipole), this eguation reduces
to
“An(t) 1 - exp -6D_t 2.67
AN

In this case the rise curve is symmetrical to the decay curve
given by eqgn 2.60
(b) If % is large the birefringence rise takes significantly

longer time to reach the steady state and the overall birefri-

ngence transient is unsymmetrical.

Interestingly, comparing the area [ 68] above the rise
curve, Sl , and the area 52 below the decay curve of the bire-
fringence transients (see Fig 2.16) helps in estimating P and
Q. Area S5, below the decay transients is obtained by integrat-

ing egn. 2.60.

5 _ A_‘:‘M dt = expnBDrt dt = L (=<T>) 2.68
2 o o BDr

Similarly the area above the rise S, can be obtained by
integrating egn. 2.56 to give

1 sor(p/u+1) 2.69

Therefore the ratio of the two areas $./S . .
172 1is given by

= (4 "/0 0+ 1)

( p/a + 1) 2.70

S1/5




- 5% -

This reaches a maximum value of 4 as p/  » o(that is for

pure permanent dipole moment orientation). and a minimum of

1 when P=0 (pure induced dipnle orientation). For the usual
situation of both permanent and induced dipale contributions,

the ratio lties between these two extremes,

2.5.68 The relationship between Kerr effect and dielectric

relaxations.

As discussed in section 2.4.1 both effects monitor the
response of dipolar species to an electric field. Dielectric
relaxation relates to the function , ¥, ,(t} =<cos® (t)> =

Pl(cose(t)) while Kerr effect relaxation relates to the
function lbz(t) = { i< SCDgB - 13 =«¢< Pz(cose(t))>, where @
is the orientation angle of the dipole axis relative to the
field and Pn is the Legendre polynomial of arder n. For rotat-

ional diffusion by small angle steps [( 90}

-n(n+l)Drt

_ _ - t
<Dn(c056(t))> = exp = exp /Tn 5 71

l/Tn = n(n+l)Dr 2-72.

where Dr is the rotational diffusion coefficient and T the
relaxation time. Therefore the dielectric and the Kerr effect
relaxation times for small angular rotational diffusion will
yield T, (=Tl) = l/2Dr and TK(TZ) = l/BDr respectively. The

ratio of the relaxation times, TD/TK is therefore 3.

However Beevers and coworkers {90, 90(a)} have consid-
ered a 'fluctuation (jump) relaxation' model, in which the
particle randomizes instantly and completely when it suffers
a fluctuation in its environment. The diffusicn here is by
large angle jumps. The model predicts that the birefringence
rise function ,er(t), is same as the birefringence decay
function de(t) and that furthermore both functions are of
the same form as the time function of the dielectric relax-
ation wl(t). Hence the dielectric relaxation time, 7y, is
egual to the Kerr effect relaxation time TK,d which is also

equal to the Kerr effect rise time Ty o Table 2.1 belouw

¥
summarises the various reorientation models.
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Table 2.7 Properties of reorientation models.

Small angle rotat- Jump mechanism
ional diffusion 'fluctuation jump
mechanism!'
Relati i P
ation between.rlse Tr > Td q > 0

and decay relaxation =

T_ = Td P “r Td
. T — =

times Tr and Td Q 0

Relation between Kerr

and dielectric relaxat-{ t = 3TK g T = T

. D ' D K

ion times TD and Tk

2.5 Theory of Photon correlation spectroscopy.

An incident beam of polarised light exerts a force on
the charges within any dielectric medium. These accelerating
charges then radiate light in all directions. Scattering
occurs because of the optical inhomogeneities in the medium.
In a liquid these arise because of the tranmslational and
rotational motions of the molecules which cause fluctuations

in the instantaneous dielectric constant.

The electric field associated with a plane monochromatic

wave is of form

E(z,t) = Eexp i(k.r -wt) 2.73
where E0 is the amplitude, w,the angular frequency, |k| the
wave vector = 2wn/ ), n the medium refractive index and } the
wavelength &n vacuo,

With reference to Fig 2.18, the scattered light is det-
ected at a point P, a distance R from the scatterer, at an
angle 6 to the incident beam, The incident field will induce
an instantaneous dipole moment,

p(r,t)av = g(£,t).go(£.t)du 2.74

where g(E,t) is the polarisability tensor and diY an elemental
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volume, small compared with A?at a point r in the illuminated
region. The induced dipole will oscillate at the optical

frequency and therefore radiate light in various directions.

In the far field 1limit, R<Z Lﬂ|>>2>>k , the instantaneous
scattered field is given by
2 -
E(R,t) = E g exp 1(55.3 - wo)[dU.fl(E,t) exp (u_<i.£)
c2R
2.75

where Es is the scattering vector of magnitude ]55|i” the
direction R. The wavevector K = 5i~ kg is equal to the

momentum transfer which, since |kiF:Ws| 2“”/A , is related

to the scattering angle by the relation referred to in sect-

ion 2.4.3

dnn
A
in general E(E’t) is a fluctuating guantity which in the case

sin 5t 2.32

Koo= oK s
of a pure liquid will be proportional to the thermally induced
density fluctuations. In the case of macromolecules in
solution ( with polarisabilty tensor different from the
solvent } ofr,t) will be related to the local concentratian
fluctuations. By writing @ in terms of its average and

fluctuating parts,
a{z,t) = <o> + So(r,t) 2.78
we obtain
dU.qﬂg,t) exp iK.r = <>y &(K) + dUdapg,t) exp(iﬁ.;)

2.77
where &K) is the Dirac delta function. This expresses the
well known result that no light is scattered away from the
incident direction by a uwholly uniform scatterer and that it
is fluctuations in the polarisabilty which cause the scatter-
ing. In the presence of fluctuations, no total cancellation
will occur between the field scattered by two veolume alement

The scattering equation becomes,

E .

E(R,t) = :Jlﬂl_exp[i(ﬁ.ﬂ - u%t) deaﬂg,t)exp lﬁ'EdU 2.78
c ’R

or fer B8+7 O

E(Ryt) = fowolexp i(k.R-w t) SalK,t)
c R

where 6o{r,t) and &olK,t) are a Fourier transform pairt.



Fig 2.18 Scatiiening of an incident Cight Leam Ly a

dielectinic medium,

The perpgﬁtualmotion of the molecules within the medium
causes the total scattered electric field at the detector to
fluctuate in time. These fluctuations, therefore, may yield
important structural and dynamic information about the

positions and orisntation of the molecules.

When solute particles are dissolved in solvents, the
solutian beccmes more inhaomogeneous, thereby increasing the
scattered intensity. The increase in intensity may be used
to evaluate the number of sclute particles per volume,
and in appropriate cases conclusions about the size and shape
of these particles can bhe drawn from observation of the

angular distribution of the scattered light { 101)

2.6.]1 Fluctuations and correlation functions

Time dependent correlation functions provide a concilse
method of expressing the degree to which two dynamic
properties are correlated over a period of time. The

correlation function C{(%) defined as

C(T) = < Ai(t) nj (t+1)> 2.80



measures the persistence of fluctuations in the property A,
and shows how the value at a time t+trelates to that at a
previous time t. The subscripts 1 and j can refer either to

a different particle or to a different property. In the case
of an autocorrelation function, i=j and we are concerned with
the time dependence of a single property associated with a
given scattering centre i , as against the cross correlation

which also accounts for terms i#]j.

Photon correlation spectroscopy measures the field

autocorrelation flunction defined as
G(l)(t,t+T) = <E(t) E%(t+T)> 2.81
The corresponding intensity correlation function is defined as
6(2) (¢, tem) = <I(t) I (t+T)> 2.82
and is related to the field autocorrelation function by

T(R,t) = EE* = |[E]? 2.83

The normalised forms of these functions can be written as

g(l)(t,t+T) _ < E(t)E*(t+T)> 2.84
<I>

g(2)(t,t”) _ <I(t)I(t,t+T)> 2.85
<I>2

These normalised field and intensity autocorrelation functions
are related via the Siegert equation for a field that obeys

Gaussian statistics:

9(2)(t,t+T) = 1 + ,g(l)(t,t+T)|2 2.86

By measuring the intensity asifunction of time , we can con-
struct the intensity correlation function and so determine
the field correlation, gVl g(l) is sometimes called the
dynamic structure factor and is itself a Fourier transform
of the frequency spectrum S{w) which is given by the Wiener-
Khinchin theorem.

S(w) = Lt 5 [<E(R).E%(tw 1)> exp (W)

- 2.87
For a dilute non-interacting polymer solution the time

averaged scattered intensity may be written,

<Is> o MR (K) 2.88



where M is the molecular weight of the polymer chain and P{K)
is the simgle particle scattering factor. For more concentrated
solutions the angular variation of the scattered intensity

also contains information concerning the interactions between

solute particles.
<Io> o« M P(K) S(X) 2.89
where S5{(K) is termed the structure factor.

Experimentally the scattered field E(K,t), correspond-
ing to a momentum transfer [K|, falls on the photocathode of
a photomultiplier detector (PM). The output signal is
proportional to the instantaneous optical intensity [I(K,t) |
= IE(K,t)[) . The autocorrelation of the output of the PM is
built up by a correlator [102] . In practice the scattered
intensity is obtained by measuring the number of photons

n(t,T) scattered at an angle® in a timé interval T,centred .,

cn time t. The correlator therefore constructs the photon
count correlation function, n(t)n(t+T) which is directly
related to the field autocorrelation funetion by

SN CO N A CORLIC S DL R PSS

<n> 2
2.88

where v 1s a constant which reflects the degree of spatial

coherence of the incident lighﬁ.

2.6.2 Scattering from polymer solutions.

As shown at the beginning of 2.8, the scattered inten-
sity arises from fluctuations in the local dielectric.conrstant. ir
polymer solutions, assuming the solvent dielectric constant
to be small compared with that of macromolecules, then the
macromolecules dominate the behavicur of the dielectric
fluctuations. The nature of the scattering depends on the
size of the scattering centres,L, compared with the magnitude

of the inverse scattering vector, K_l (see section 2.4.3).

Dilute polymer solutions at low momentum transfer, KLL< 1.

In dilute solution the polymer chains are well separated
and consequently act as independent entities. Sufficiently

small polymers having characteristic length , L , act as



point scatterers. For such scatterers the factor exp (iE'E)

in the scattering amplitude term (egn 2.75) is the same for
all © within one scatterer. Thus the electric field scattered
by different dipele radiators within one scatterer are in
phase at the detector. Being point scatterers, only motions

of the centre of mass comtribute to the time dependence of

the scattered light. For non-interacting, identical scatterers
under simple Brownian diffusion the field function is given

by

1 -Tt

a1k, t) = exp 1 .30
where ' is Dth and Dt the translational diffusion coefficient
in the 1limit c=0. Dt can be related to molecular size by the

Stokes-Einstein relation
kT
= 2.91
Dt BﬂnSRH
where HH is the hydrodynamic radius. These measurements can
thus be used to give an indication of polymer size and have
been employed to study the molecular weight dependence of

both D, and Ry, (=R.) [102].

Dilute polymer solutions at high momentum transfer, KL >> 1

If the polymer molecules are sufficiently large or K
is sufficiently large, such that L >> K-l, the field scattered
by dipoles within one scatterer will not be in phase at the
detector. There will therefore be some degree of destructive
interference and the scattered light will reflect the inter-
nal as well as centre of mass motion of the molecules {47)
Much work has been done theoretically and experimentally on
the internal motions of flexible coil polymers (6,46,47,48)
This work concerns the wavevector dependence of the charact-
eristic rtelaxatian times,rc,of the different Rouse-Zimm type
modes. The field scattered by large flexible macromolecules
fluctuates due to internal motions and thus will contribute

to the time dependence of the scattered light. For this case

the field autocorrelation function has the form [104)

.t

ok, = A (K)exp™ 1% 4 Al(K)exp_(rl+F2)t

+ .
2.92
where A_, A,, are K-dependent amplitudes, Fl:DtK2 and [,=2%¢
i.e. the lnverse of the relaxation time associated with the

1



dominant internal mode. AO,Al etc are dependent on scattering
angle in such a way that at low angles (low K) RD dominates
and egn. 2.92 reduces to egn. 2.890: &as K increases, contribut-
ions from the internal modes increase and the Tunction becomes
non-exponential. The angular dependence of g(l)(K,t) over the
angular range for which A_ and A, dominate the scattering has
been wused to obtain information about the relaxation time T
At higher angles, othezr terms enter eqgn. 2.82 corresponding

to the higher intermal modes. If the polymer molecules are
rigid, the resultant scattered field for K>>1 will fluctuate
in time as the particle undergoes rotational Brownian motion.
The field correlation for this situa&igzlis the same as in

eqn. 2.92 [103, 104} but with T, = 6D_ is the rotational

diffusion coefficient.

2.6.3 Light scattering from non-dilute polymer-systems

At finite concentration, the polymer molecules will
interact and the rates of motion of individual chains are
consequently modified. However in cases where the mean chain
separation a_ is smaller than k™1, the scattering will be
influenced by motions which are no longer characteristic of
isolated chains, but represent co-operative diffusion of the

whole system. Several authors have addressed this problem.

Y Brochard and de Gennes ([50] have predicted the PCS
behaviour of flexible polymer molecules dissolved in theta
solvents. In this semi-dilute region their model predicts
that the field correlation function (the dynamical structure

factor) has two distimct components, each of the form

Q(l)(K,t) . St = explit 2.93
5(K,0)

The #orrelation function consists of a fast initial decay

with'a characteristic frequency given by

r, = l/Tr+ pDCK2 5 g4
follOowed by a subsequent slow decay with the frequency
DCKZ
Py = 2.95

2
1 + pTrDCK

where Tr is the characteristic time for the relaxation of
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entanglements and ¢ is the ratio of the high freguency
elastic modulus, qul te the l1sothermal osmotic rigidity Eo'
and Dc is the co-operative diffusion of the entangled polymer

chains.

Hence for KL << 1 the slow decay 72 = DCK2 while the
fast initial decay Tl = l/Tr. However the authors argue that
because of the low amplitude of the fast mode, it would be
difficult to observe T experimentally. At high momentum
transfer, KL>> 1, they predict that the slow mode relaxation
frequency F2 +l/pTr while for the fast mode Fl-+DCK2. Again ‘
for the same reason the high amplitude of the slow mode makes

the fast mode unobservable.

Reihanian and Jamieson {51) modified the theta soclvent
approach of Brochard and de Gennes, to include good solvents.

Their model which considered the Rouse-Beuche-Zimm model chain

of n-segments, also showed bimodal behaviour, with a fast

initial decay

_ 4 2

Iy = /1, + (D_ + DK 2,96

and a slow decay
2
T - Dy K
2 2.97
1+ (DC+ Dt)K T,
where D, ( = Dc/p ) is the chain centre of mass diffusion

t
coefficient. Here, for small values of p=l, the relative

amplitudes of the slow and fast modes are comparable and as

a result both modes of decay should be observable.

Rigid rods

The light scattering equations applicable to interacting
thin rigid rods have been modelled by Doi and Edwards{(DE) {4 )
In the semi-dilute regime the rods are severely constrained
by neighbouring rods (see Fig 2.9 b ). Orthogonal motion of
the rods is therefore inhibited, leaving motion to occur
mainly along the thin chain axis with a diffusion coefficient
Dt' Their analysis also leads to non-exponential characteristics
of the dymamical structure factor. They predict that the

initial slope should be

35(K,t) _ 1 _o1 2
l = 3T = 30K 2.98
at £=0

which is one half the dilute solution slope,
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3S(K,t)

ot

it

t=0,c=0 =

At long times the dynamical structure factor 5(K,t)

depends on concentration and approximates to an expoanential

decay
_ -T,t
5(K,T) = 5(K,0) exp 2 2.100
with characteristic frequency,
|
— 2 3
r, = (K DICDt) 2.101
Drcis the concentrated solution rotational diffusion
coefficient related tn the infinite dilution value (see
section 2.3.2) by
3 -2
Drc = Dr{ an } |
since Dris given by egn 2.5, o has the following concentration
and molecular weight dependence
1"2 =3 IKl [+ 4 IKI 2.102
c L® c m°
n
At high concentration , the S(K,t) concentration dependence

is predicted to disappear. This is attributed to a transit-
ion from mixed rotational and translational diffusion to pure
long axial translation, which Dol aud Edwards argue will

remain essentially independent of concentratiaon.

Edwards and Evans [19] have extended the argument to
higher concentration, c, near the upper limit of the DE
regime , C**¥, Their model predicts that the effective
translational diffusion coefficient decreases with increasing
concentrationw until a freezing of molecular motion occurs,
at a certain concentration in a glass-like transition. Their
treatment shows a concentration dependence of the form

3
Dose = Db, {1 - (e, ol 5% 2.103

where c is the number concentration of the rods and vy is
a numerical constant close to unity . Therefore in contrast
to the Dei and Edwards theory which predicts that Dtshould
decrease with concentration initially and then become indep-
endent of concentration in the semi-dilute region ( where
diffusion i1s still relatively unrestricted ), Eduward and
Evans predicted that at higher concentrations the translational
diffusion coefficient should again be concentration dependent,
15

decreasing as DeFF¢ C
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APPARATUS AND DATA ANALYSIS

This Chapter is dividedg 1nto two sections, section A
deals with a detailed description of the Kerr electro-optic
effect apparatus, experimental procedure and finally thé
methods of analysis employed. Section B deals with the same

aspects of the Photon correlation spectroscopy.

Section A : The Dynamic Kerr Effect.

3.1 The Kerr effect technique apparatus.

A schematic diagram of the Kerr electro-optic apparatus
is shown in Fig. 3.1. A plane polarised monochromatic laser
light lsource(LL)} is incident on a rotatable Glan-Thompsaon
quartz prism(P) which ensures complete polarisation of the

incident light. The light then passes into the Kerr cell (KC)

w ] S
1 Eht b T — PG BM

|
I
i
N
> a =

E.h.t High tension power supply KC Kerr cell

T Thyratron a Quarter wave plate
PG Pulse generator A Analyser
LL Laser light source PM Photomultiplier

51,52 Slits to cut down stray light

p Polartiser 0S 0JOscilloscope

Fig 31 Block diagram of the Kerr electro-optic apparatus.



Pulse generator

Photo No.

I

The Kean electro-optic equipment.
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which contains the polymer solution. The electrodes which are
arranged so that the electric field direction is at 45%to the
direction of polarisation of the light are connected to a high
voltage pulse generation system which consists of : a Branden-
burg Model 72B8R high tension supply ,(E.h.t) capable of deli-
vering up to 20kV, & twin hydrogen thyratron discharge unit,T
and a Farnel type low voltage twin pulse generator,(PG). The
cell is maintained at constant temperatuce by circulation of
thermostatting fluid through its outer jacket from either a
water thermostat or for low temperature worky,a Lauda Ultra-
Kryomat type K120W refrigerator unit. On emerging from the
Kerr cell the light beam can pass through a quarter wave plate
(Q), which restores the elliptically polarised beam into a
planar polarisation. [t then passes through another rotatable
Glan-Thompson prism, the analyser, A whose crossed position
with the polariser ensures complete extinction of the beam
when no electric field is applied to ﬁhe cell. Any light
emerging from the analyser is detected by a photomultiplier
(PM) powered by a Brandenburg model 476R power supply.The out-
put from the detector is fed via a load resistor to a Tekironi X

type 5536 Dual beam oscilloscope, where the signal i's displayed
before being photographed using a polarecid CR-Y9 langd

oscilloscope camera. The field applied to the cell is manitor-
ed using two Tektinix PB015 high tension probes and is displ-

ayed on the oscilloscope for simultaneous recording alongside

the birefringence.

3.2 The Kerr cell

The Kerr cell, designed and constructed during this study
and whose schematic diagram is shown in Fig 3,2, consists aof
two concentric stainless steel cylinders A andg of length B5mm
and internal diameter 4omm and 25mm respectively. The inner
cylinder houses the stainless steel electrodes, C, of dimens-
icns 50 x 10 x 2mm which are embedded in a glass-~filled Teflon
(PTFE) block D giving a 2mm gap between the electrodes. The
PTFE was chosen because of its good insulating properties and
general inertness to chemical attack.The PTFE and the electr-
odes are held in position by stainless steel rods,EBE which also
serve as electrical connections, throwgh which the voltage is

applied acronss the cell. The rcell windeows,l are made of qlass
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with a }0mm hole at the centre. Microscaope slide glasses ares
glued to clnse these windows in order to minimise strain bire-
fringence. The glass windows are held in place by means of
threaded stainless steel end rings.H which press onto a thin:
PTFE  washer. I, thus pressing the windows onto a groove J.
The groove is fitted with a PTFE o-ring K,to ensure a tight

leak proof joint.

The outer jacket is provided with an inlet Ll’ and an

nutlet L2
to maintain the cell temperature as required. The third hole

for the circulation of the thermostatting fluid used -

N,serve as an opening for inserting a thermocouple to monitor
the temperature of the thermostatting fluid. The three other
holes, Ml, MZ, NS gn the top of the cell give access to the
inner cylinder compartment. Through these holes, the polymer
solution is introduced and withdrawn using microsyringes. These
access tubes ensure that air bubbles do not become entrapped
between the electrodes, and provide a means of monitoring the

solution temperature using a thermacouple.

for low temperatutemeasurements (below 0% the addition-
al component S5, is attached to the end of the Kerr cell to
prevent water condensation and ice formation on the cell windows.
It consists of a glass windouw screwed onto a groove in a
PTFE tube, with a gap (20mm) left between the glass windows G
and P. This gap is intermittently swept with dry air to keep
the windows free of condensation. The entire attachment is

fixed in position hy means of jubillee clips.

The cell has a volumetric capacity of 11 ml and has been

designed:
(i) to be easily dismantled for washing, cleaning and drying:

(ii) with a provision for adjusting the electrode gap.

3.3 The Pulse generator and the Thyratron system,

Two types of waveforms were used in this work: a) a

single rectangular pulse and b} a reversing rectangular pulse.

3.3.1 Tdhe singular rectangular pulse unit.

The low wvoltage twin pulse generator, the Farnel type :
aenerating system, is a versatile pulsed waveform source.

The system comprises of modules arranged to perform specific



functions and these are;

(i) the stabilised power supply unit;

(ii) the trigger unit. which controls the mode of operation

of the pulse generating system either through an internal pulse
repetitive frequency (PRF) generator directly or externally
via a push button contact or contact sockets which provide the
facility to use camera shutter contact closure;

(iii) the PRF generator, which determines the pulse repetition
fregquency (1 Hz to 10M Hz) available from the instrument;

(iv) two pulse width units which control the duration

(0.1us to 1.0 s) of the output pulses available from the pulse
generator.

(v) two output units, which contraol the pulse amplitudes

(30 mV to 20 V) and polarities;

{vi) two pulse delay units which determine the time delay
between the input trigger and the pulse output. For twin pulse
cperation, the delay time for the first pulse is set at zero
and that for the second pulse governs the time separation
between the occurrence of the pulses. This is adjustable from

O.1lpys to 1.0 s;

The pulses from the pulse generator are used to disch-
arge hydrogen filled thyratrons thereby acting as a simple
switching circuit for the electrode e.h.t supply. Fig 3.3 (a)
shows the circuit diagram of the thyratron assembly which was
designed and constructed in the Chemical Engineering Department
Electronic Workshop. It consists of two parallel resistors
Rl and RZ’ each 10 MQ, connected to the Brandenburg model 728R
high tension power supply. These loads ensure that small
currents are delivered to the circuit for safe operation. The
capacitors Cl and E2 cnonnected in parallel with the thyratron
Yl and Y2 are charged when the e.h.t. is switched on and
maintain a constant voltage at the cell electrodes. The
thyratron Y, and Y, act as switches for discharging the

electrnde as desired.
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Operation and generation of a rectangular pulse.

When the =.h.t is switched on the voitage is applied
throcugh the parallel resistors to the cell electrode. The tuwo
capacitors become simultaneously charged, so that both bthe
capacitors and the electrcdes are at the same voltage V. At
time . tO say, a 20 volt pulse of 3.0 pus duration from the
pulse generator ,T , triggers thyratron Yl’ causing current
to flow to earth through Y, as shown in Fig 3.3(a) consequen-
tly discharging capacitor Cl and connecting electrode Kl to
earth. With electrode Kl at zero potential and K2 and CZ at
the e.h.t potential, V¥, a potential difference V volts becomes
developed across the cell. At a later time t, (=t0 + At),
thyrairon Y2 is triggered by a similar small voltage, T2 from
the pulse generator, causing the rapid discharge of the
electrodes K2 and capacitor CZ to zero potential. Both elect-
rodes are now at zero potential and there is no potential
difference across the cell electrodes. Within the time interval
At a rectangular pulse of the form shown in Fig 3.3 {b) has
therefore been generated. The capaciteors will recharge again

ready for the pulse seguence to be repeated.

During the course of this work three sets of capacitors
of value 50 pF, 300 pF, and 0.1 uF were employed. These were
altered according to the conductivities of the various polymer
solutions studied. A conducting medium between the cell elect-
rodes can cause the discharge of the capacitor C2 across the
cell during the time interval At. The time dependence of the
volage of the condenser of capacitance [, discharging through

a resistance R, is given by
vit) = V., exp -t/TC 3.1

where the time constant TC = RC and UD is the 1initial capacitor
voltage. If such a flow of current takes place through the
sample the voltage across the cell decreases continuously
throughout the perind At , and the pulse form is no longer -
rectangular. By increasing the capacitance C, the time const-
ant can be made sufficiently long that the electrode voltage
remains essentially constant for the period of the pulse At.
However. such a change also means that the rate of capacitor

charging is also decreased and so the rate of the pulse repet-

L



ition that can be achieved is reduced. This was not a limitaion_.

except for very short pulse times (At < 5 us) when single shot

operation did not give a sufficiently intense ERO display.

3.3.2 The reversing pulse unit

The unit, designed and constructed in the Departmental

Electronic Workshop , utilies transistorised technology. It

was designed to 3
i) overcome the problems associated with the conductive

media, an improvement on the single pulse unit discussed above:
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K |
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Fig 3.4 Block diagram of the neveasing

pulse unii and the wavefoams,




ii) produce both rectangular and reversing pulse waveformse
The reversing pulse generator (block diagram in Fig 3.4 (a) )
consists of a pulse generator PG, an integrated circuit with
facility for setting the pulse duration ,PD, and the pulse re-

petition rate .PR. The generated pulse is driven through the
drive stage 0, which amplifies the pulse generator output to
the reguired power to drive the output stage 0OP. This Dufput
stage consists of two sets of transistors,l and 2, connected
to the electrodes A and B of the Kerr cell,K. The output tran-
sistor 1 facilitates the fast build up of the voltage on the
electrodes, while the transistor 2 is respcnsible for fast
discharge of the field to earth. The operation is similar to

the thyratron arrangement.

Generating the reversing pulse

The pulse generator 1s a standard unit with in built
pulse duration and repetitiaon rate facilities. The reversing
waveform is generated as follows: at time tO the pulse
generated alomg PA, keeps the electrode K'q at the potential
of D, while KB is at zero potential. This leads to a potential
¥V being developed across the Kerr cell K. At a later time t
Lz tD+At) corresponding to position C in Fig 3.4(b) the elec-.
trode KB is activated by the pulse generated along PB. Simult-
aneously transistor 2 in DPA discharges the voltage on electrode

KA‘ withr&
¥ a voltage 1s again developed across the cell, but opposite

now at zero potential and KB at the pulse potential

in polarity to that previously applied. The net effect is
the generation of a reversing pulse wavefarm of the type
shown in Fig 3.4 (c).
The reversing pulse vunit was designed to operate between
0 to 1.0 kY, however, technical problems restricted operation

to voltages less than 0.6 kV.

3.4 The detection circuit

This consists of the photomultplier PM, oscilloscope
CRO, the variable load resistors and the camera. When a blue
light source {A=441.8 nm)} was employed, the detector was an
EMI 8813 KB biailkali cathode photomultiplier which has its
maximum sensitivity in the blue regian of the visible spectrum.

For the later experiments using a red laser {A=632.8 nm), an



EMI 9658 R , 5-20 trialkali cathodes, PM was used. The PN
power supply was a stabilised Brandenburg unit model 476R,
capable of delivering 0.4 to 2.0 kY. The ouvtput of the PM was
taken through a load box, in which a variety of resistances in
the range 500 to 20 k@i could be selected, to a Tektronix 556
Dual beam oscilloscope. The oscilloscope displayed both the
voltage pulse and the birefringence signal on the screen.
Facilities existed for expansion of the time scale to amplify
the detall of selected portions of the detected signal., A _
polaroid CR-8 land camera using polaroid 107C film was used to

record the displayed oscillogram.

3.5 The optical system

The optical system is shown schematically in the louwer
section of Fig 3.1. The laser light source (LL) was initially
an RCA-LD 2186 He-fd laser, emitting monochromatic plane
polarised light of wavelength 441.6 nm and power 15 mW.
However, during the course of this work this was replaced,
first by a Liconix model 4110, He-Cd laser operating at the
same wavelength, and power 11.5 mW .y and later by a Rofin NE&
GLG 5350 5mW He-Ne laser operating at 632.8 nm. The slits 51
and 52 were used to reduce the effects of stray light. The
rotatable Glan-Thompson prism P, 1s positioned with its plane
of vibration parallel to the plane of polarisation of the
beam in order to increase the degree of polarisation obtained-
The guarter waveplate Q, { when inserted) converts the ellipt-
ical polarised beam emerging from the cell into a plane polar-
ised beam hefore it passes through another rotatable
Glan-Thompson prism, A, the analyser. The polariser and the
analyser and the guarter wave plate are mounted on rcoctatable
graduated holders which could be adjusted to within 0.05°.
These components have their axes of vibration set 45° (p)/
lBSD(A,Q) with crossed position, the analyser
and the polariser reduce the light intensity impinging on the

photomuitiplier to a minimum.

3.5.1 Optical theory

The optical components described above, can be arranged

in two modes for birefringence measurements



Mode A - Optical arrangement without A/4-plate

In this mode, the analyser and the polariser are crossed
and are at 45 to the field direction. Rotating the analyser

through an angle o away from the crossed position allows light

of intensity Ia,to reach the photomultiplier. This intensity
is related to the angle a and the optical retardation , & due

to the birefingence according to equation{ 11} .

16 = %KID{ 1 - cos 2acos 6} 3.2

where ID is the incident light intensity on the cell and K
is an efficlency factor accounting for any loss of intensity

due to reflection and absorption by the wuptical components,

Without an electric field ( & = 0), the intensity reaching
the PM becomes,
I = 3KI {1 - cos 2a} = KI sina 3.3
o =} o

The effect of any residual strain birefringence 50 in the cell
windows is to modify this transmitted intensity to:
I = sKI_ {1 - cosZacoséJ = KI_{ sinzacosd + sin246
"o 0 0 2 J

a+d
0

3.4
When an electric field pulse is applied, the solution birefrin-
gence increases the intensity reaching the detector to
- | = ]
Iy, v6 = I 02 cos 2a cos (&+ 6,0k 3.5
where & is the retardation due to the solution. The change of

light intensity on application of the pulse is here given by .

AT I -1 = %KID{CDS 20cos & ~cos 2&cos(6+6(3ﬂ

8 a+60+6
3.6
When the analyser and the polariser are crossed (w=0) this

equation reduces to

_ il -
AT, = 3KI { cos & cos (6+60H
3.7
. 200 . 2
= KI_{ sin“(3{(8+8 )} - sin“i8} 3.8
] @] [o}
For very small angles for which g =sin § egqn 3.8 simplifies
_ 1c2 1
A1, = KIO{ 07+ 26§)} 3.9



and for a case for which 60 << §e
L 2 = 2
AT = KIS = Ko, {(n2an}/a ) 3.10
Such an optical system therefore gives a signal proportional

to the sguare of the induced retardation or birefringence

i.e. guadratic detection.

Noting that 6 = 2nBLE2 eqn.240, when the Kercr law holds,
substitution into eqgn. 3.9 yields

AI@/EKIE - n28282E% +  wLBS, 3.11

an equation originally developed by Orttung and Meyers {71}

Mode B - Optical arrangement with A/4-plate.

With a A/4-plate, positioned with its slow axis at 135°

to the electric field direction ( parallel to the analyser)
the light intensity transmitted by the analyser when it is
rotated by an angle o from the crossed position in the absence
of the field is given by

I = %KID{l - cos(2&+60ﬁ 3.12

a+d
0

When the electric pulse is applied to the sample introducing
a retardation &8, the transmitted intensity becomes [1},
iy -
Ia+60+6 QKID{ 1 cos {2a+ % +8)} 3.13
Thus the intensity change due to the field pulse, /_\I6 is given
by

— i
Al T a6 46 Loss = 2KI {eos (2048) -
0] o]
cas (2a+60+6)} 3.14
= KID{ sin  {(a+ %60+%6) - sin 2(a+ 560)} 3.15
For small angles we have
AIS/KID = (a+ 5do+55)2- (u+%60)2 3.16
56(a+§) - 587 3.17
Alé/K'IO x 50 & 3.18

This optical arrangement therefore leads to linear detection

characteristics.
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Substitution af eqgqn 2.40 into egn. 3.17 yields

AI/KIOE2 = m2L%B%E%  + 1niB (a+ao) 3,19

The linear detection mode is often preferred because:
(i) it results in greater amplification of the birefringence
signal
(ii) it could be used to determine the sign of the birefringe-
nce .

It is noted that eqgns. 3.3 and 3.4 are useful for
evaluating 60, KID and testing the linearity of the photo-
multiplier. Egquations 3.11 and 3.18 could be used to evaluate

not only the Kerr constant B, but also the strain birefingence do’

3.6 Experimental procedure

3.6.1 Preparation of cell assembly

8efore measurements on a new polymer system, the cell
was completely dismantled and the components washed, rinsed
with acetone and allowed to dry. The cell was then re-assemb-
led and rinsed with the solvent to be studied. After drying
the cell was finally filled with the polymer solution, ensur-
ing that no air bubbles were trapped between the electrodes.
When changing concentrations the cell was thoroughly rinsed

with solvent,with the windows removed, between runs,

3J.6.2 Alignment of optical system.

In the guadratic detection mode, the polariser and the
analyser were crossed, to ensure complete extinction of the
laser beam. The analyser was then rotated away from the cross
position and the intensity impinging on the photomultiplier .
recorded. The reading was used to determine KIO using eqgn. 3.3
and to check that the photomultiplier was operating within its
linear response range, After the solution was introduced into
the cell, the thermostatting fluid was circulated around the
cell jacket. When temperature equilibrium was reached, the cell
was mounted at GSD to the polarisation direction and the I(a)
relationship again recorded in order to characterise KIO and
Gousing egqn. 3.,

If the linear detection mode, was to he used the A/4-
plate was then introduced between the cell and the analyser
with its marked fast axis set at 457 to the field direction.

Fine adjustment of the A/4-plate position was achieved by
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rotating it to restore extinction. As before the alignment of
the apparatus was checked by recording the transmitted intensity

as the analyser was rotated away from the crossed position,

using egn. 3.172

3.6.3 Measurement of electric birefringence

When examining a solution for the first time, the follow-
ing procedure was used. A rectangular low voltage pulse of
wigth =200 us was applied to the cell, and the amplititude
gradually increased monitoring the induced birefringence and
field signals on the CRO screen. When an adeguate signal was
displayed, the pulse widthwas either increased or decreased to

ensure that the pulse was sufficiently long to achieve steady
state orientation.

Various methods could be used tc amplify the birefrin-

gence signals. The major ones were:

(a) Pulse amplitude. Increasing of the e.h.t supply increases

the degree of orientation of the polymer in sclution and
consequently increases the birefringence signal. However, an
excessively high field can cause distortion of the birefring-
ence signal, and care has to be exercised that the transient
characteristic times are not affected by field changes. The
maximum pulse amplification that can be used is also limited

by the maximum current which can be drawn from the photocurrent
diode chain - 0.2 mA for EMI 9813 KB and 1.0 mA for the EMI
9858 R. {(photomultiplier).

(b) Photomultiplier load. The higher the load R, the greater

the voltage generated across it ano hence the higher the
amplitude of the recorded signal. However, this has the effect
of also increasing the time ccnstant of the detection circuit
(RC) and care must be taken that this does not approach any

of the characteristic times of the polymer system under
investigatian,

(c) Analyser position. This is only applicable in the linear

detection mode using the A/4-plate. Increasing the analyser
angle @ away from the crossed position amplifies the signal,

as shown by egn. 3.18 and its more accurate form 3,15,

Once the signal had been optimised, the CRO display
was photographed either for a single shot experiment or for
improved intensity and semi-continuous observation, in a
repetitive pulse experiment at a freguency of typically

10 to 50 Hz.



3.7 Data analysis

3.7.1 The linearity of detection circuit and strain

birefringence

In analysing the observed birefringence signals, it was
necessary to establish {a) that the photomultiplier detector
was operating within the linear response and (b} the extent

of the strain birefringence 6 introduced by the Kerr cell.

»
To check the former, the optiSal system was set up without
the Kerr cell or A/4-plate and detected signal (V volts)
measured as a function of the angle,q between the analyser
direction and the laser polarisation plane . The intensity
of light reaching the detector under these circumstances is

given by the Malus law;
I = KI_ sin®a 3.3

Fig 3.5 shows a typical plot of V versus sinld, where it can
be seen thét above a measured voltage of 2 volts, correspond-
ing to an anode current of 0.7mA, the photomultiplier respon-
se was non-linear i.e. the voltage is no longer proportional
to light intensity.{ V ¢ I). In all experiments care was

taken to ensure that the current drawn never exceeded this
initial value of g.7mA. Consequently in all subsequent
discussion , the detector signal voltage, V and the light int-

ensity, I, will be used synonymously. Such a plot was also
used to determine KIO.

The cell containing the solution was then mounted in the
optical path and the intensity variation with angle 4 was
again recorded (see Fig 3.5). In this case, where an additional
optical retardation 50 due to strain birefringence may be
present, the detected intensity is given by

2
— 3 a T2l
I = KI_sin cosb, + KI_sin 38, 3.4

Hence,

intercept,C 5( sec & - 1 ) 3.20
slope, 0
which for this example gave 5O= 0.4. This was in fact the

maximum value of 66 observed; values were typically 0.2°
and made a significant contribution to the birefringence only
for the molecules with low Kerr constants (PPG,PPO,PMPS). In
these cases 50 was subtracted from the measured optical

retardations before evalvation of Kerr constants etc.
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Fig 35 The voltage ,V, variation with sinZa, the analyser angle
for a solution of 12:7 kg m~3 ethyl cellulose [0}, and no cell on the
optical path (o},

3.7.2 The optical retardation, 8 and the birefringence An

For the case without a quarter wave plate, the retard-

ation 8§ is related to the intensity according to egn. 3.8

_ N izl
AL = KI, {(sin 2(60+6) sin?i 0) 3.8

KI_, and 60 were evaluated as in section 3.7.1 enabling §, to

be calculated. The birefringence, 4n can then be calculated
using eqgn. 2.37
an = _AS 2.37

3.7.3 The Kerr constant, B

The Kerr constant calculation, will be illustrated with
data obtained for polypropylene glycol PPG 0402 at 223 K.
The steady state birefringence at various field strengths was
recorded for the macromolecular liquid. The Kerr cell strain
birefringence 60 was calculated as in 3.7.1, and subtracted

from the overall retardation & , to obtain the polymer
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retardation 6:6,— 6D.This is plotted as a function of E

Fig 3.6

calculated using egn. 2.40. In

Alternatively, for cases
<10° the Kerr constant can

Al
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S
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Q

As expected the Kerr constants

good agreement.

in

From the slope of this plot the Kerr constant was

- 1019y~ 2n

this case B 3.13 x

where the obtained birefringence

be calculated using egn. 3.11

7292822 + ngaao S3.11
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Fig3-6 The field dependence of the birefringence,d (o) and %Ii_'Ez (o)
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for polypropylene glycol PPG 0402 at 223k .



3.7.4 Relaxation time determination.

(a) The decay transient

The polymer solutions studied in this work in general
gave decay birefringence transients that were non-exponential

These curves were characterised in a number of ways:

(i) the initial relaxation time, Tin®

\a
THe initial slope rexation time, Tin’ is defined as the

gradient of a ln(é(t)/ﬁm x) versus t plot as t+0

-t/1
in

a

Anl = Anoexp 3.21

t -0

(ii) the e_l relaxation time, Ty

The time at which the decay birefringence reaches e 3

of the value at field removal, &n is termed the Te relaxation

o

time (see Figs 3.7 and 3.8)
An(Te) - o1
An

(iii) the average decay felaxation time, <T>

The average relaxation time <T1> can be evaluated as the
area S, under the normalised decay birefringence curve as
discussed in section 2.5.5 and illustrated in Fig 3.8

(iv) the peeling methaod.

The decay birefringence could also be characterised in

terms of a superposition of several exponetial functions

N

an(t)

Anr_ = } Ajexp
i=1

-t/ 2.62

Such an interpretation is not particularly useful when large
number of terms must be taken to fit the curve. However when
N<2 { or at most 3) and the time scales of the contributing
terms are significantly different { i.e. T, < Tp etc) then it
is possible to extract the parameters, Ai and T} from the .
experimental data with little ambiguity. Furthermore in such
a situation it is more likely that the individual relaxation

times will have a real physical interpretation.

When the contributing terms were well separated in time
the long relaxation time was obtained, hy fitting a straight

line &t long times to the linear portion of a 1 & yersus time
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plot. The slope of this time yielded the long relaxation time
Ty» and amplitude of this term, A . Subtracting the contribut-"
ion of this term at anytime from the full decay curve gave

the contribution due to other terms operating at shorter times.
The linear long time portion of this residual curve then gave
the next relaxation time Tpl' By . repeated subtraction in

this manner ( the so called 'peeling method'), the curve can

be characterised in terms of a series of peeled relaxation
times of decreasing magnitude (TR’Tpl’TpZ ete). This procedure
was performed by computer using a linear least squares proce-
dure , and the criterion that the correlation coefficient

for each linear portion should be greater thanm 0.87. A typical
example of such an analysis is shown in Fig 3.8 for PBLG II

at C=20 kg m~3for which just two relaxation times (TQ and Tpl)
were obtained. In this work, usually one or two relaxation
times were sufficient to characterise the curves, in no case

did the number of terms needed exceed three.

Tv) Williams - Watts relationship

Another method of characterising the non-exponential
form of the birefringence is to use the empirical relaxation
function of Williams - Watts (70)
- B
o(t) - An(t) _ exp (/T 0<p <1 2.63
An
o
The relaxation spread factor,g is a measure of the deviation

from single exponential behaviour.

For square law detection the above relationship ecan be

written:

‘o -(2t/7)B

¢d(t) = AI(t) = e 3.22

AIDiDj
Thus the slope of s plot of ln(-ln¢d) versus ln t vyields the
spread factor g, while the intercept yields the relaxation
time 1 . In practice, it was found that a better way to
obtain t was from the time at which
1n{-1n ¢d(t) ) = 0O

where 7 = 2t0

The average relaxation time <t> of section (iii) can also

be evaluated since

<> = f ¢(t) dt 3.24

which for equation 2.86 yields
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<T> = (t/8)Y T (L/B) 3.25

A typical Williams-Watts analysis is illustrated in Fig 3.10..

for the case of a liguicd propylene glycol at 228 K.

p=057 p=072
1-0h

In{-~ing)

—_

D /-1 -10 -8
In t
..1.0..
..2.0-

Fig3*10  Ln{-lng} versus Int of the primary rise,(o}, and decay.(q), -

processes of polypropylene glycol (PPG 0402) at 228 K

(b) The rise transient

The rise birefringence curve has been characterised in

terms of the following;

(i) the 1 - et relaxation time, X,

By analogy with T this is defined by

wr(t) = 1 - an{t) = e -1 at t =T 3.26

where An_ is the steady state value of the birefringence

(see Figs 3.7 and 3.8 ). In terms of the measured intensities



o_(t) = AI(t) 3.27
AIm
and for sguare law detectinn
_ _ 3
mr(t) = 1 ¢ (t) 3.27(a)
where as for linear detectian
wr(t) = 1 - o (t) 3.27(b)

(ii) the average rise relaxation time, <T>r

The average rise relaxation time <T> L is evaluated from

the area over the normalised rise transient as illustrated in

Fig 3.8 i.e.

<T> = Iwr(t) dt 3.28
(iii) william - Watts relationship.
For the rise birefringence the Williams - Watt represen-
tation becomes 8
w(t) . exp - (F/T)7r 3129

) 1
For square law detection a plot of 1ln(-1n (l—¢r2(t)) against
In t yields the slope ,B . % was obtained again as the time at

which ln(-ln(l-¢r§(t)) = 0. The average relaxation time,<Tl>r

for this case becomes

<> (/8,00 (1/8,) 3.30

{c) Transients containing birefringence components of opposite
sign

For some systems, complex birefringence transients

cantaining contributions of opposite sign were obtained, Fig
3.11 insert, illustrates a typical case obtained using a A/4-
plate for a polypropylene glycol {PPG 2002) sample at 238 K.
The rise transient obtained using a */4-plate consists of
rapid negative birefringence transient superimposed on a much
slower positive transient. In cases such as this the slow
secondary, process was analysed by plotting 1n(I(t)-I ) versus
time (t>ts)’ in all cases linear plots were obtalned SUrresp-

ing to a single relaxation time (see Fig 3.11)

o = 1(t) - I, = constant x exp_t/Ts 3.31
t>tS
The fast, process them corresponds to the function
dp = I(t) + ¢ 3.31(a)

which was in general non-exponential and usually characterised

in terms of the Williams - Watts function.
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Fig 311 Typical plot of In ¢ (8= It~ Ip) versus time for the rise

secondary ,0 and decay secondary, 0 processes of polypropylene
glycol PPG 2002 at, 238K

3.7.5 The dipole moment.

Fgn 2.47 relating the field dependence aof the
ence tno molecular properties such as polarisability
moment may be rearranged to give

An 2nc,. (g,-g,) a{l + P/0 + E20Y1 + 2P/0
T2 = iy L 72 { =7

2
Thus a plot of An/E versus E? should be linear with

C = "ty (gy-u,0a(1 + p/0)

15n

birefring-

and dipole

- 2(9/0)2]

3.33

intercept

3.33(a)



and slope

= ZILy (q,-9,)0%(1 + 2p/Q - 2(P/0)?)  3.34
15n
so that
Im = Q ;1 + 2r -2r?
T 7 (/) 3,35

1l + ¢
Here r=P/0 which can be determined independently using the

reversing pulse technique. Hence the polarisability anisbtrnpy
and dipole moment can both be obtained as shouwn in the follouw-

ing example.

Fig 3.12 shows a typical plot obtained from 0.8 kg m™3

poly-y-benzyl-L-glutamate (PBLG) I in chloroform-formamide

From the slope of m=1.51 x lU_zaU_am 4 and intercept,C=2.1

x 10°11y"2n? obtained from this graph together with the value
of r=0.47 obtained from reversing pulse unit the polarisability
(¢ -a ) and the dipole moment (UGB) are found to be

1 2
5.0 x 10 "2 n? and 3.38 x 10747 m respectively.

For the permanent dipole moment and induced polarisability
are simultaneously evaluated without prior knowledge of the

partial volume Cv or the optical anisotropy factor (gl-gz).

If values of r are not available, it is necessary to
make simplifying assumptions in eqn.3.33 regarding the relative

magnitudes of P and Q. If P >> 0 the eqgn 3.33 reduces to

An _ ZHCU 2 )
i5n (91-05) P{L - S5yPE"} 3,36

E2

and in this case

rmll = 2 H
. C 2T TR 337
giving the dipole moment Mg If @ >> P, then
. 0 “1 T %
m = 21 —_c 3,38
I'Ef / 21 kT

and the polarisability anisotropy, Ao, is obtained . Applying
these procedures separately to the data already analysed
in Fig 3.12 gave y, = 3.5 x 107%7 ¢ om, (0;-%) = B.1 x 10"

2 . s . .
F m~ in surprising good agreement with the full analysis. This

33

is discussed further in section 5.7
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3.7.6 Apparent activation energy

It was found that both the relaxation times and the
birefringence signal decreased with increasing temperature.By
assuming that the relaxation time may be related to an
activation enerqgy. Ea for the orientation process, by the
expression

T = T_exp ~E5/RT 3.39

then the activation energy may be obtained from a plot of In T

versus 1/T (see Fig 3.13). In this instance the apparent
activation energy is found t@ be 62 kJ mol-l and is considered

to give, a measure of the energy required for this particular

(sggmgntal) motion to occur in the viscous polymer solutiaon,

All the relaxation times measured in this work were found to
be well represented by an Arrhenius expression aof the form aof
egn. 3.39.

100y
| (¢}
|
3 o]
T 10 g
T -
- @]
F
|-.//
1.0 ' ' L L —_
i 16 !

1/Tx 103/ K_1
fg 313  The temperature dependence of the relaxation times,
typified by the primary process of polypropylene glycol {PPG 0402)
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J.8 Error analysis.

The analysis of errors asscciated with the measurements
will be illustrated with a typical measurement using a 0.53 kg
n”? solution of PBIC (M =6.4 x 10°) at 294 K using a field
gradient 500 kV m L. There are two main sources of error in
a relaxation time evaluation. The first is associated with
the reading of individual points from the oscillogram and the

second associated with the method of analysis of the data.

Error in oscillogram reading.

The amplitude of the birefringence was measured with
a millimeter grating which was placed on top of the oscillogram-
This amplitude could be read to within O0.2mm. With the various
technigues employed to amplify the signal, this led to an
average error of about 1% in the determination of the static
birefringence. However in the case of dynamic measurements,
the range of errors could vary from 1 to 50% as t increased
from zero to high values i.e., steady state was approached.
(the rise steady state birefringence or the decay equilibrium
birefringence). This error at high times was minimised by
curtailing measurements when the signal had fallen to about

59 of its initial amplitude.

Error in curve analysis.

In most cases 1n G/Smax versus time plots for the various
systems were non-linear (see Fig 3.14 for the example chosen)
and were well represented by a double exponential function:,

An(t)  _ b (8) = ﬂpexp_t/Tp . Agexp-t/Tﬂ 3.40

Ano

The relaxation time T, was evaluated using a least squares
analysis on the long time data. The least squares computer
programme starts by fitting a straight line to the last two
points, and then progressively adding other points, calculat-
ing at each stage (a) the correlation coefficient (b) the
intercept C, (c) the slope m ,and hence the relaxation time
+ T » and (d) the standard deviation of the slope. UWhen the
correlation coefficient becomes less than 0.97 the fitting

is swuspended and the above parameters listed.

The peeled relaxation time, Tp is obtained by subtract-

ing the birefringence contributicn of the long time relaxation
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process from the total birefringence and applying least square

regression analysis, as above, to the new data. (see Fig 3.14).0

The initial relaxation time, tin’ is obtained by
performing a least sqguares analysis, this time beginming with
the first two data points and including further points until

the correlation coefficient falls below 0.897, as above.

__.....__{Jps-——-c-
100 200 300
0 L] I L
fol
2]
L 95
(=]
( T = 420 + 36 p=
—1,0_ E: . p
lné \ T, = 42 * 4 ys
6 \ in -
ma x
=20 A
-39} T =25 % 3ps

- 40

. . -3
Fig 3.14 In ﬁ/dmax vensus Lime foa 0.53 kg m

PBIC 429 ., E = 500 &V »° ! | temperatuane 294 K.



- 103 -

Table 3.1 shows the results from a typical single run
experiment as compared with seven repeat experiments using
the same sample under the same comditions. The uncertainty
in the relaxation time T as measured by the standard deviation
in a single experiment lies between B8 and 12%. This is larger
than the mean square deviation of the mean values Dbtainéd
from the repeat experiments indicating a high degree of

reproducibility in the results.

Table 3.1 Relaxation times of a 0.53 kg m-3 solution
of PBIC #29 at 294 K

Single experiment| Mean and standard
deviation of seven

experiments.

Tp/us 25 = 3 29 + 2

* 47 + 4.6
Tin/ us 42 4
T, /us 420 + 36 439 + 40

3.8 Equipment performance.

After assembling the Kerr effect equipment, a series of
test experiments was carried out to determine the character-
istics of some of the components, especially the optical
components and the detection circuit , and to ensure that the

equipment was functioning correctly.

J.9.1 The detection circuit.

The performance of the detection circuit was tested by
conducting Kerr effect measurements on nitrobenzene, an

accepted standard for such work because of its high birefringence
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stahility and fast relaxatiaon time.

By measuring the detected intensity at varying field
strength, the optical retardation 6, was calculated as out-

lined in section 3.7.2. From a plotof §d versus £7 the Xerr

12U~?

“m at 18tD.5 ©

constant B was determined to be 6.4 x 10 C

and 441.6 nm wavelength. This value compares reasonably with
-12 -2 ‘

the literature value (73 ) of 4.5 x 10 Y m determined
at 21.3 °C and 578 nm wavelength.
The relaxation time of nitrobenzene is of order 10_125

(118) This is many orders of magnitude faster than the nominal
response time af the photomultiplier and therefore measurements
of the apparent relaxation time of nitrobenzene were used to
determine the time constant of the detection circuit, Tape

Tpc May be varied by changing eilther the load resistance R or
the capacitance C, of the detection circuit. However the
oscilloscope has a fixed capacitance quoted by the manufacturer
as 20 pF. Thus apparent relaxation times were determined as

a function of load resistance, as shown in Fig 3.15. The slope
of this plot gives the capacitance of the oscilloscope ,leads,
etc ds 2.02 x 107*Y Farad. Thus a load of 502 (the louest .
value used in this work) limits measurements to solutions

having relaxation times greater than 107%ps.

3.9.2 The optical components.

Having obtained a satisfactory result for the Kerr
constant of nitrobenzene and noted the limitations of the
detection circuit, the optical arrangement was tested using
a solution of (10 kg m'3) PBLG III in dimethylformamide (DMF).
+ The solution was subjected to a rectangular pulse of strength
2.5 kV m-l and duration 6.0 pus and the resulting birefringence
analysed in both the linear and guadratic detection modes. In
the case of linear detection, teste were carried out for both
clockwise and anticlockwise rotation of the analyser with
respect to the crossed position., The relaxation times obtained

are shown in table 3.2.

These results show that:
(a) The decay birefringence, obtained from anticlockuwise
rotation of the analyser was characterised by a single
relaxation time which was independent of the magnitude of

angle of rotation a.
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6
T
{s)
m = 202 x 10710 fFarad.

0 } } } }
0 5 10 15 20

Load, R/ kf

Fig 3,15 The expeaimental time constiant, Tae?

variation with Coad, R, using nitrolenzene.
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Table 3.2 Relaxation time variation with optical
arrangement and analyser angle rotation.

analyser.

With A/4-plate; clockwise rotation of

Analyser angle from
the crossed position,ao 0.6 1.6 2.8 5.6
Measured relaxation
times T/us
From initial:slepe 3.6 3.6 3.6 3.3
From final slope

5.2 5.1 5.2 5.1

With A/4-plate; anticlockuise

rotation of the analyser

Analyser angle from
the crossed pDSition,ao 2.4 3.4 4.5 6.4
Measured T/us

From initial slope 4,1 4.1 4,0 4.0

From final slope
Without the A/4-plate

Measured T/us 1st Tun 2nd run
From initial slope 4.1 4.1
from final slope g.7 6.5

(b) For clockuwise rotation of the analyser at least two
relaxation times were evident. Again these times were
independent of the extent of rotation.

(c) In the quadratic detection mode, two relaxation times
were observed with the initial time in good agreement with

that obtained from anticlockuwise rotation of the analyser

in the linear mode. The strain birefringence in the cell was

very small (0.03)

Exhaustive examination of the polariser and the analyser

alignment and that of the cell relative to the plane of
polarisation of the laser beam established that the source

of these discrepancies was the quaorter wave plate.

The quarter wave (A/4-) plate was therefore tested to

determine the retardation introduced at a wavelength of 441

.6 nm
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In the absence of the cell, and with the analyser in crossed
position with the polariser, the intensity transmitted by the
analyser is related to the retardation introduced by the A/4-
plate, &, and the angle 6 between the analyser axis and the

quarter wave plate axis according to the expression;

1(0) = 2i£:) = {1 - cos 26c0sé) 3.41

With the A/4-plate positioned so that its slow axis is at
45° to the plane of polarisation, § introduced should be w/2.
Hence the beam emerging from the plate should be circularly

polarised, giving an intensity at the detector In(B) which 1is

independent of the analyser rotation, see Fig 3.16 (a).
I{e) I{e)
: max _.
10 1-03— T
min~ ~
0-5F 0-5r-
(a) | (b)

Fig 16 The éintensity, I1(0) - angulanr vanietion foan paopen

(a) and impropen (&) Lehaviouan of the quarten wave plate.
(c) Linefringence transients foa same angle o,f£ox the
clockwise (+) and anticlockwisel(-) notation of analysen

using impropen Mié-plate. (d) Linelrctngence trnanalents fon

ACGME

o, wsing propen Al4 platei the transients ane {dentical-
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However if the guarter wave plate Ls defective and instead

0f a phase shift of exactly #/2. gives a shift { w/2+A) then

I (6) = 1 - coe 28cos(n/2+A) = 1 4 cos 20sinA
R
The implication of equation 3.42 is that as U is varied a
pericdic maxima and minima will be observed in the intensity
transmitted by the analyser (see Fig 3.16(b)). The maximum
and minimum intensities, Imax and Imin’ are related by
Tnax = Tmin

i = sin A 3.43

+ I .
max min

For the experiments listed in Table 3.2 the plate was foaund

to have a phase shift of A=14", This is the saurce of the
discrepancy between the birefringence transients and the
relaxation times observed for clockwise and anticlockwise
rotation of the analyser (see Fig 3.16(c)). Acdjustment of the
plate mounting ceould not improve the phass . shift to better

than 850, indicating that the crystal was not exactly a

A 4~retarder at the blue laser wavelength of 441.6 nm. All
subsequent measurements using the He - Cd laser were performed-
using quadratic detection. For the He - Ne laser, a A/4-plate
tuned to 632.8 nm was obtained which introduced a phase
difference of exactly 7w/2« Fig 3.18{(4) shows typical birefrin-
gence transients using this system where clockwise and anti-
clockwise rotations by the same angle o produced mirror image

transients and identical relaxation times.

3.9.3 Overall eqguipment performance

In order to check the overall reliability of the equip-
ment, a series of experiments were conducted on dilute
solutions of a well characterised flexible rod-like
macromolecule poly(n—butyl isocyanate),PBIC. The particular
sample chosen was PBIC #:21 having Mw = 1.33 x lD5 and
polvdispersity, Z=1.1 kindly supplied by Dr. A.J. Bur of U.S.A4.
Bureau of Standards. This sample has been extensively studied
in the past in Kerr effect and dielectric experiments by
Jennings et al (36) Bur and Roberts (24} énd Beevers et al
{27) and so should prove a gonod test of the performance of
the present equipmenrnt. An almnst identical sample,

M = 1.125 x 105 has been studied by Tsvetkov et al (26).
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A solution of concentration 1.0 kg m™? in carbon tetra-
chloride was prepared for this comparative study. A typical
plot of 1n 6/6max versus time (see Fig 3.17) is seen to be
strongly curved, indicating a broad distribution of relaxation
times. The relaxation curve was analysed in terms of Tin’TQ’
T, and <T>K,d and the results are shown in Table 3.3. The
relaxation times obtained agree reasonably well with those of
Jennings et al {36) and also with the dielectric relaxation
studies of Bur and Roberts [24} and Tsvetkov et al [26],

assuming the mechanism of PBIC orientation, te be small angle.

1-06-
Lo
e
-0
O.
i o _
09 s
N
s | | T =33 ps
/%qu | Q
01 [
- I
- |
|
(
0-01 f | | |
0 50 100 150
time /ps

Fig 317 Plot of the retardation,d against time for a 10 kg
m> PBIC 421 at pulse duration +0ms, E =150 kV mt and
temp- 293K..



Table 3.3 Relaxation times from Rise and decay transients of 1.0 kg m
Decay transients 1/us

Rise transient t/us
Temperature/ K prref 2? . <t>KLr T ref27? TKreF36 T, ref24t ref2s T, Tin Ty <T>K’d
293 340 35 114 124 35x3(a)| 42(b)] 37(b)| 31 20 53 43
303 320 78 87 iDS 23 15 40 34
313 280 65 69 84 13 11 31 26
323 220 58 70 B8 14 10 26 2B
3023.3 us corrected to EEl4 viscosity at 293 K

(b) dielectric relaxation time converted to T

(a) Kerr relaxation time in benzene

assuming Ty = %TD

K

0Tt
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rotational diffusion for uwhich ID:3TK This gives confidence

in the performance of the present apparatus. However, all these
results, including the present ones differ significantly from
the recent Kerr effect measurements of Beevers et al. In all
cases, their rise and decay times were a factor of about four
higher than the present values. The cause of this disagréementv
is unclear, however their investigation was performed at much
higher field strengths in the region of 1300 kV m_l as compared
with 250 kV m-l in this work. Repeating the present measurements
at such higher fields produced a distorted transient
birefringence signal, with two extrema before the steady state
was reached. Hewever with this distortion-the- decay relaxation
time (Te) at 293 K was found to be only 44us .The cause of this
disagreement between Beevers et al and ourselves still remains

unresolved.

In contrast with the large disagreement between the
absolute values of relaxation times obtained by Beevers et al
and those of this work, the temperature dependence is found
to be similar. The rise and decay relaxation times decrease
with increasing temperature in the manner well represented by
an Arrhenius expression (eqn. 3.39);the apparent activation
energies obtained (see Table3.4) are in reasonable agreement
with those found by Beevers et al. There is also reasonable
agreement on the ratios of the rise to the decay relaxation
times for the two sets of measurements. For the present
results it is worth pointing out that the ratio of the mean

relaxation times <T> /<T>K g was reasonably constant at
’

KyT
2.6x0.1 over the temperature range studied, implying that the
contribution of the induced dipole term is significant; and
that the orientation mechanism is not of the 'fluctuation jump

typel(see section 2.5.5).
1

Table 3.4 Apparent activation energy E_/ k3 mol”

This work Beevers et al

Rise 9.4 12.4

Decay 16.3 14.8
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Section B: Photon Correlation Spectroscopy

3.10 The light scattering apparatus.

A detailed description of the apparatue used in this
section of the work, has been given by Letherby[ag] and is
shown diagrammatically in Fig 3.18. It consists of a Rofin
He - Ne laser {(light source){(2), of 5 ml power output and wave
length 632.8B mm. This is powered by stablised power supply
unit(l). THe laser beam is collimated and focussed to the
centre of the specimen contained in a 10x10x40 mm optical cell
(3), immersed in a trough (4) filled with the refractive index
matching fluid m-xylene. Filtered m-xylene having the same
refractive index as the cell windows is used in order to

minimise flare and internal reflections. The cell, and the

9
w12
10
11

1. Laser nower supply 9. H,T. supnly for
2. Laser photomultiplier
3. Samnle cell 10, Malwvern K 7023
4. Index matching bath digital correlator
5. Heater controller 11, Microcomputer
A, Tbermometer ) 12. Oscilloscope
7. Light trapo 13, Ratemcter
R. Photomultiplier

Fig 3,18 Photon conrelalion spectroscopy apparaius.
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fluid are maintained at the same temperature by a set of
electrical heaters controlled by thermistors (5). A mercury in
glass thermometer inserted in the trough (6) is used to monitor
the temperature to within #0.2 °C. The scattered laser light
was monitored using a photomultiplier, PM (8) fixed on a
movable mount, capable of being rotated through scattering
angles from 5° to 135°. The entire spectrometer assembly was

mounted on a concrete slab to minimise the influence of
vibrations.

The autocorrelation functions are obtained using a
Malvern K7023, 986 channel correlator (10). With this arrange-
ment the dynamic autocorrelation function can be displayed on the
the oscilloscope (12}, while the output of the PM is monitored_
via the ratemeter (13) , which indicates the noise in the
signal and hence gives an indication of the cleanness of the
sample. The output from the correlator is fed directly to a
micro-computer {(11) which enables the correlation function to

be stored and anslysed.

3.11 Experimental procedure.

3.11.1 The cell: The cell was normally soaked ocvernight in a
concentrated nitric/chromic acidmixture, then washed with

water, rinsed with acetone and dried.

3.11.2 Sample: A weighed quantity of the polymer sample was

dissolved in a known volume of filtered soclvent. The solution
was then filtered using a 0.45 um Millipore filter. Subsegquent

comcentrations were made by dilution of this master solution
using known volumes of filtered solvent. The sclutions were
allowed to stand overnight before decanting about 2 cm3 of
solution into the cell, which was then immersed in the therm-
statted © mf-xylene bath. Sufficient time was allowed fo
attain temperatule equilibrium before measurements were started.
The sample was left overnight in the bath to permit complete
dust settlement; before a repeat run was made on the following

day.

3.11.3 Operation of the correlator.

The correlator uses 92 of its 896 channels to store the
autocorretation function 9(2)

is accumulatéd .guer N (typically 10 10%) interval of time
each of duration t, (termed the ‘'channel time'). The number

in a digital form. The function
5
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of photons arriving at the detector during a particular time
interval at a time t, n{t), is recorded in an accumulator

This count is simultaneously separately multiplied with the
contents of 82 'shift registers' which contain the photon
counts, n(t+ xtc)n(t), are the incremental contributions to

the photon count correlation function over the time inte;ual
t=tC to t=92tc. By accumulating these values in the 892 counters
or 'channels', over the large number (N) of sample times, a
digital representation of the intensity autocorrelation

function is obtained.

In order that the multiplication and transfer operation
described above can be achieved in the hardwired correlator
in times much less than tc, 'clipping' of the observed sicnal
is introduced. The observed photon count, n, is compared with
a set clipping level nc(a number in the range 0 - 9) ; if
n<nC then the number of elipped counts, N is set equal to
zero, if n>nC then nk=l. By having only two digits O or 1 the
necessary speed of manipulation can be achleved. The function
that is actually measured is therefore the single clipped photon
count correlation function <n(t) M (t + xtC)> , which for )
large N is a good approximation to 8(2)(1). Normalisation to
give 9(2)(T) can be done either by using a machine normalisation
- a mean intensity obtained using the remaining four channels
of the correlator - or as preferred in this work, by using the
value of <n{(t) n(t + xtc)> for sufficiently large values of

xtc that n(tc) and n(t + xtc) are essentially uncorrelated.

It was necessary to select three parameters for each -
correlation meaéureﬁent: o
(a) the channel time,tc, was chosen so that complete decay of
the correlation function eccured in the total run time (=92tc)'
The aim was to ensure that at least the last ten chanmnels had
approximately the same value. The visual display of the
correlation function on the oscilloscope aided this decision.
The accurate determination of the normalisation value from the
long time channels was crucially dependent on a correct choice
of tc'

(b} the clipping level, n.» was adjusted using the probability
analysis mode.This mode plots on the oscilloscope a trace of

the distribution of the number of photons received per sample
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time. It has been shown that the most efficient choice of
clipping level is to set n_ equal to the mean of the number

of counts per channel time.

(c) the photomultiplier aperture, if the mean number of
photons per channel time was either less thamn 1 or greater

thanm 9, then the photomultiplier aperature was adjusted to

bring the intensity of scattered light incident aon the PM within

the appropriate range.

With the settings completed, the accumulation of the
autocorrelation function was commenced and continued until )
statistics of the displayed function were judged to be adequate
for the accurate definition of the correlation function. The
stored function was then fed to the microcomputer for analysis
and displayed graphically on the printer. The accumulation
could be continued to obtain a more accurate function or
cleared and the run repeated. Typical run times in this work

ranged from 5 to 30 minutes.

3.12 P.C.S Data analysis.

The function recorded by the correlator is the single
clipped photon count autocorrelation function <n(D)nk(t)> .
For sufficiently long accumulation times this is a close
approximation to the intensity autocorrelation function
6(2)(K,t). This must be normalised with respect to the mean
scattering intensity <I> , which in this work has been
obtained from the time limit of 5(2)(K,t).

S (yy - GG E)>  <n(@n (8> 642 (K, b)
<I>2 <n><n|—<>

502) (K, tsw)

3.44
The normalised field autocorrelation function g(l)(K,t) (or
dynamic structure factor $(K,t} is obtained from the experim-

(2)

ental function g using the Siegart relation of equation?Z,86.

2 z
My - [ 6 () 1] 3. 45
G(z)(K,t+m)

Fig 3.19.1illustrates a typical photon count autocorrel-
ation function for a solution of ethyll cellulose (EC) in
toluene of concentration 47.2 kg m"3 using an iris aperZture
of 3 and a channel time t, of 1.8ms. This function was

accumulated in 14 minutes.,
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As shown 1in section Z2.6.2, for dilute non-interacting
spherigal particles, undergoing Brownian motion the field
autocorrelation function decays exponentially with a single
relaxation time, related to the translational diffusion

coefficient D, and the scattering vector, K (see eqgn 2.90:

t

g(l)(t) = A exp D Kot “3.46

Hence equation 3. 45 becomes
_ 2,72

g(z)(t) -1 - {8 exp DK t] s.asga)
and a plot of 1ln[g 2ty - 1] versus time is linear with a
slope I, where )

r - 1~ - ZDtK2 2.47

and is the characteristic relaxation {(or correlation) time.

In CDn:trast to this simple behaviour photon count
autocorrelation function for concentrated ethyl cellulose
solutions studied in this work were in general non-exponentiale
However, the ln[g(z)(t) - 1] versus time plots usually shouwed
two distinct linear reglions,uwell separated in time, and have

been characterised by a two exponential expression of form:

[5(2)(t) - %] = Ajexp 1t 3.48
' £+0

lé(z)(t) - 1} A exp -Iht 3.49
{200

The logarithmic correlation functions 1i.,e. plot of
ln[g(z)(t) - ﬂ versus time yielded two slopes, that at long
times being designated [, while that at short times being
designated [1.
evaluating the slopes. Fig 3.19 (b) shows the logarithmic

A least squares fitting procedure was used in -

correlation function corresponding to the data of Fig 3.18 (a).

The behaviour of g(z)(K,t) at shorter times was examined
in more detail by repeating experiments using smaller values
of channel time E - For these cases, the total run time (=92tc)
was insufficient to observe the long time asymptotic limit of
G(z) for normalisation purposes. The procedure adopted was
to ensure that for any channel time tc’ at least the last 20
channels overlapped in absolute time with the long time linear
portion nf, slope F2, the logarithmic correlation function

from a previous run obtained using a larger wvalue of tc'
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The normalisation factor 6(2)(m) was then obtained by fitting

these last 20 points to the functional form;

5 - D) 14 oexp T2Y 380
Thus, in expanding the time scale of the example shown in Fig
3.19(b) a suitable choice of t_, would be 900 us..
Further reductions in tD would recessitate fitting the long
time slope to Fl. By progressively reducing tc’ in this way,
ensuring that the functions from successive experiments over-
lap sufficiently, the whole correlationfunction was investgated
down to wvery small times. For some of the samples studied, the
region of the slope Fl was itself revealed to consist of at
least two linear regions which nevertheless persisted over
several decades of the time scalé._ﬂ detalled description

of this behaviour is given in Chapter 5.
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MATERIALS

4,1 Polymer studied

4.1.1 Poly-y-benzyl-L-glutamate,PBLG

This palymer has the structure

~NHCH-CO———+
(CHy);

C0CHr <2

L n

Strong hydrogen bonding between the C=0 and N=H groups
causes the chain to adopt a helical structure in polar solvents
such as dimethylformamide (DMF), dichloroethane, and chloroform-
formamide (C-F). Three samples of this synthetic peclypeptide
were obtained from Phase Separation Limited. The samples were
designated PBLG I, PBLG II, PBLG III in order of their decreas-
ing molecular weight. The solvents used were DMF and chloro-
form-Formamide mixture, mixed in the volume ratio 99.5% 7
chloroform to 0.5% formamide, in both of which PBLG has been
shown to be essentially unaggregated { 72} In the mixed
solvent formamide acts as a deaggregant; this C-F mixture was
usually used in preference to dimethylformamide because it was
less caonductive and hss been shown to preserve the rod-like

configuration of PBLG [72}. The molecular weights of the

samples were determined by measuring their intrinsic viscosities
at 25°C in DMF using a modified Ubbelohde dilution viscometer.
The weight average molecular weights were determined using

the Mark-Houwink equation, (see Fig 4.1).

-
= 4.1
[n] K,
where @ = 1.7 and K = 2.9 x 10710 &7 kg‘l. The results are
shouwn in Table 4.1

4.1.2 Poly(n-butyl isocyanate), PBIC

=0

The structure of this poclymer is

0
=z

C.Ho
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/PBLG 1

LO¢

10 x sp | (qE0.324

C 3.0l
(m3kg~l)
PBLG I
201
faY
[(M=0.141
10}
= PBLG Il
(M= g.055
0 ' 1b 1%
0 % kgm? ————="

Fig 4.1 The intrinsic viscositly deteamination fon PALG.

Table 4.1 Molecular weights of PBLG (Mm)

Sample [n] x 10 o kg“l Molecular weight
PBLG I11 0.55 74000
PBLG 11 1.41 129000

PELG I 3. 24 210000
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Again, specific interactions between the carbonyl group and

the nitrogen atom cause the chains to adopt a helical structure’
in certain solvents swuch as carbon tetrachloride (ECla). The
PBIC sample used were kindly supplied by Or. A.J.Bur, National
Bureau of Standards, U.5.A. They comprise aof two fractionated
samples, designated PBIC #21 (mm=1.33 X 105 and polydispersity
ZD=Mu/mn=l.l) and PBIC CN-1 (M =1.3 x 10% and Zp=l.D), and
unfractionated sample, PBIC # 29 (Nw:E.a X 105 and Zp=4.8).

The solvent used was analytical grade carbon tetrachloride
supplied by BOH Chemicals Ltd.

4.1.3 Polypropylene glycols,PPG

The structure is gHa
H-0-C~CHy OH
H n

The four samples used were low molecular weight liquids (kindly
donated by Lankro Chemicals Ltd) and coded according to their
molecular weights. They were Propylan D400 of nominal molecular
weight 400 referred to in this work as PPG 0402; Propylan D1002
of nominal molecular weight 1000 designated PPG 1002; Propylan
D2002 of molecular weight 2000, designated PPG 2002; and finall&
Propylan DP2257 of maolecular weight 2200, desighated PPG 2257.
The solvent used was 'Analar' grade toluene from BDH Chemicals

Ltd.

4.1.4 Polypropylene oxide, PPO

. CHy
The structure is I
0-C~CHy0
H n

The two samples used in this work were kindly supplied by Or.
C. Booth of Department of Chemistry, University of Manchester
and were identified according to their batch numbers. The batch
sample S53.3, of viscosity average molecular weight mu=1.aa X
lUB, was designated PPO 3.3 while the batch S54.4, of wviscosity
average molecular weight NU:2.93 X lDB, was designated PPO 4.4,

The solvent used was 'Analar' grade toluene (BDH) .
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4.1.5 Polysulphane

- -
0 0
(i) Poly(2-methyl pentene~l sulphone),PMPS N
N
The structure is [Hf/ \\ -//V
CH3‘E
i C3Hy In

The sample used was kindly supplied by Dr. A. Fawcett, Depart-
ment of Chemistry, Queen's University Belfast. It has a )
molecular weight Mw=3.2 X lU5 and is referred to as PMPS in

this work. The solvent used was '"Analar' grade benzene.

(ii) Polyethersulphone,PES 0
]

The structure is <::>'%'<::>>*O
0

n

Three samples of-this polymer were kindly supplied by Dr. J.
Rose of Imperial Chemical Industries Ltd (Petrochemlcals and
Plastics Division). They were designated PES I, PES II, and
PES III'éccording to their molecular me1ghts as determined by
gel permeation chromatography GPC. PES I has Mw=7.4 X lDa and
Zp:2.l; PESSII has Mw=l.23 X lD5 and Zp=2.4 and PES III has
mw=1.1 x 10

reagent grade N-pyrrolidone.

with Zp=2.l. The solvent used for this polymer jis

[ CHOCH,CH;

4.1.4 Ethyl ecellulose,EC
EH —0_
The structure is =0 CHOCF&CH3 /ﬁk+—_~-
CH —(H
; OCHCHs|,

The ethyl cellulose sample used was obtained from BDH Chemicals
Ltd and has ethoxy content of 48, 3% and a mean degree of hydroxyl
substitution 2.48 per monomer unit. The molecular welght (m )
determined viscometrically in benzene was found to be 2, s?xlﬂ

Solutions for the dynamic studies were made in 'Analar' gyrade

toluene.

4,2 Sample preparation

4,1.1 Solvent filtratiaon.

Two sets of 0.45 um Millipore filters - Metricel GN and

Metricel alpha 6 - were used in solvent filtration, depending
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on their compatibility. The alpha 6 filters were used for
formamide, chloroform, dimethylformamide, and N-pyrrolidone,
while toluene, benzene, nitrobenzene and carbon tetrachloride
were filtered using the GN membranes. The solvents uwere
filtered before the dissolution of the polymer and no subseqg-
vent filtration of the solution was carried out. This was
because attempts to filter polymer solutions can lead to:
preferential adsorption on the membrane material - and/or

blocking of the filter pores, with subseguent loss of polymer.

4.2.2 Concentration

Master solutions were made up by dissolving a weighed
guantity of the polymer in the solvent contained in a
volumetric flask, which had previously been cleaned and rinsed
with the solvent. The sclution was virgorously shaken for a
few minutes, then left overnight. under gentle stirring until
complete dissolution was achieved. Lower concentrations were
prepared by progressive dilution of this master solution.

Three factors limited the maximum concentration which
could be studied i.e. the concentration of the master solution:
(i) the availability of the polymer sample - this was the
limiting factor in the cases of PBIC, PMPS and PPO;

(ii) the viscosity of the polymer solution, preventing satis-

factory transfer of the sample to the cell and the production

of bubble free samples - thus was the limitation in the cases
of PBLG and PES:
(iii) solubility limitations, producing turbid solutions - this

was the limiting factor in the case of ethyl cellulose in

toluene.
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RESULTS AND DISCISSION

The experimental results are presented in two sections.
The first section contains information concerning the dynamic
relaxation phenomena of various polymers, with emphasis placed
on the effects of concentration, molecular weight, temperature
and field strength. The second section cantains the measured
(static) equilibrium properties of the macromolecules which
chéracterise their interaction with an electric field. Within
each of these sections the results are presented for each of
the polymers studied. A comparison is made with available
theoretical models for each system in turn. Comparison of the
various systems with each other and a rationalization of the

differences in their behaviour is given in Chapter six.

Section One

Molecular Dynamics

5.1 Poly-y-benzyl-L-glutamate, (PBLG).

5.1.1 Dilute solution behaviour

Most previous studies on PBLG have been concerned with
dilute solutions. Measurements of intrinsic viscosities and
light scattering on this system have shouwn it to be a rod
shaped polypeptide with a@-helical coil structure in some non-
polar solvents [72]. Their studies showed them to be rod-like
up to 300000 molecular weight and to exhibit small amount of
flexibility at Mw=B.D X lDS. The w-helical structure in some
solvents was confirmed by Luzzati et al[105] by X-ray diffracts
ion technique; although the discrepancy between their infeﬂ?d
value of the monomer length and that from static measurements
led to conclusions that PBLG,[92] though rod-like, exhibits some
flexibility. The first dynamic Kerr effect study on PBLG was
undertaken by Tinoco [86], who showed that the technique was an
effective tool for probing the dynamics of PBLG moelecules and

ascertaining their size and shape.
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Dielectr ic studies by Marchal and Marchal [22] ,carried
out on PBLG of molecular weight ranging from 3200 -tc 217000 )
showed it to be rtigid throughout this range. This was supported
by the studies of Wada [23], who covered molecular weights
from 70000 to 180000. However the studies by Block et al {21]
on the range 25000 to 275000 showed that considerahble
flexibility was exhibited by high molecular weight samples.

The molecular weight dependence of the relaxation times; T

(e Mom ) gave exponents, Cm which changed from the expected
value of three for rods at low values of M to two as M was
increased. Other workers such as Tsujli and Watanabe [32],

Powers [98] Powers et al [35] and Watanabe [89] carried nut
extensive electro-optic measurements on PBLG, concentrating

on the effect of solvents, aggregation and flexibility on -
measured characteristics such as size,Kerr constants and dipole:

moments.

As the above studies showed PBLG to be a rod-like
macromolecule with a2 small degree of flexibilty, it wes chosen
as a starting material in our studies, being a molecule uwhose
dilute solution dynamics has been well characterised and rep-
resenting the rigid extreme of the polymers to be studied. The~
molecular weights of the samples used in this work were
PBLG III, mm=?aooo, PBLG II, mw=129000, and PBLG I, Nw= 210000.
All the PBLG samples in the dilute regime showed significant
deviation from single exponential Kerr relaxation.

Consequently the decay birefringence curve was characterised
by the relaxation fimes Tin? Tp, Ty and T, as described in

section 3.7.4

PALG has been shown to have monomer length and solvated
diameter of 0.15 nm and 1.5 nm respectively [72] . In analysing
pur dilute solution data, we have used Broersma's equation
(eqn 2.6} for the rotational diffusion coefficient, D_, because
it accounts explicitly for the end effects of a rigid rod. The
relaxation times ('t:(sD)'l) of PBLG III, PBLG II and PBLG I
based on this equation are l1.2us, 5.2ps and 37ys respectively:
The present experimental values of Tin(pg)ﬁI.SKCZmBJMS, 5.2
(1L4.8)ys, and.1l7 (58)-us are .in reasonable agreement considering
the uncertainties in the molecular weight distribution of the
samples used. This indicates that the PBLG samples studied can
be adeguately represented by a rigid rod-type model in dilute
solution, in keeping with the finding of Marchal and Marchal @2]9
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Block et al [21] and Wada [23] . The present results are
compared with previous Kerr effect and dielectric (TK=TD/3)
results at 288 K in fig 5.0. There is reasonable agreement

between the different sets of data.

5.1.2 Concentrated solutions

Faor concentrated, non-rigid or polydisperse systems
decay birefringence transients are in general non-exponetial,
hence they have been characterised in terms of the relaxation

times, Tyq» Too Ty and’ T, as described-in section 3.7.4.

100¢
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= P ZQ} This work
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! a B[é]c-a]ck et al T1,/3
0.1 1 L [ i | 1Jl 1 0 1 1 .1 Ill Alwaclia |TD/|3| 'u:%l3]
107 0+ 10° 106
M —r

Fig 5.0 The moleculan weight dependence of the infinte

dilution nelaxation times of PBLG nesulls here, comparned

with previous resulds of othen workenrns.
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A typical analysis in terms of these quantities for the case
of 21.2 kg n” > solution of PBLG I in C-F is shown in Fig 5.1.
The sharp break in the slope and the good representation of
the curve by the sum of two exponentials (characterised by

= andTQ) is typical of all the PBLG transients in this work.

The spread factor,& (eqgn 2,83) calculated for PBLG I over
the concentration range 0.12 to 21.2 kg m_3 decreases with
increasing concentration from 0.84 to 0.66, indicating that
at least some of the deviation from non-exponential behaviour
is due to concentration effects. Where measurements were made
under comparable conditions in the twoe solutions DMF and C-F
(see, for example, Table 5.1(a)) there was good agreement
between the relaxation times after correction had been made
for viscosity differences. This suggests the absence of specific
solvent or aggregation effects in agreement with ealier work
which has shown PBLG to be aggregate free in these solvents [72].

The effect of field strength and pulse duration

The effects of field strength and pulse duration on the
observed relaxation times were studied in order to identify
suitable conditions for studying the effects of concentration
on the pelymer dynamics. Table 5.1(b) shouws results obtained
on a l0kg m™% solution of PBLG III in DMF at various field
drengths and three pulse widths. The results reveal that the
relaxation times are independent of field strength at the low
field strengths employed. At high field gradients ( E>350 kY m™1)

however, the birefringence transients became distorted (see

Table 5.1(a) Solvent dependence of relaxation
time Tin for a 10 kg m_3 solution of PBLG TIJ]

Solvent i i :
ents Relaxation time T/us TinnDMF/fnC—F
omMF 4,0 = 0.1
‘ t
C-F 3.5 & 0.5 4.4 + 0.5

+ 0.5% Formamide in Chloroform.
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time/ms
1-0 20 30
. T = 392+23ps
-1-0}
B
L
A
-2.0kL
A 796*13 ps
- 30k
o]
]:p =141210ps
-l[+.0_.

Fig 51 Ln 6’Srnax versus Hme/pg for PBLG T sample in
chloroform-formamide, of concentration, 212 kgm-3,

pulse amplitude of 250 kV m1 and duration 25 ms.

The insertsarethe oscillogramsof 10 kg m=2 PBLG III in DMF
at field strengths 300 and 400 k \/m showing distorted signal.



- 129 -

Table 5.1(b) Effect of field strength and puise

width on relaxation time, Tin!“S and Tgfus

i -1
Field, B/ kV m 25 50 100 150
Pulse width {(ws)
5 Tin 3.1 3.0 3.1 3.2
T, 11.0 9.7 10.2 9.9
50 Tin 3.0 2.9 3.3 2.9
1, 9,6 12.0 10.1 10.5
0 Tin 3.0 3.3 2.9 3.1
T, 9.7 10.1 11.2 10.0

insert Fig 5.1). The birefringence Teached.a maximum and grad-
ually decreased towards a steady value, and when the field was
cut off it rapidly returned to the maximum steady state value
before decayihg to zero, Howeuertéualuatéd relaxation time, T.

rn
associated with the decay process was 3.1 us for beth the

distorted and the undisﬁorted signals, a result in good agree-
ment with those in Table 5.1 (b) obtained at lower fields.

Normal transients were observed at relatively low field
gradients. The shape of the distorted birefringence transients
suggests that at high fields an additional negative birefringence
component appears having a characteristic time significantly
longer than the initial orientation time. This is presumably
a field induced effect, possibly chain distortion or aggregation,
which relaxes almost instantly as soon as the high field is
removed. In all cases where this effect occurred the sSlope of
the decay transients was identical to that obtained for undist-
orted transients. Consequently for the purposes of this work
it did not prove necessary to investigate this phenomenon
_fgrther. However, a more detalled study of the transients of
this type should vield significant‘information on the field

induced effects in helical macromolecules.

At the three pulse widths presented, the observed relax-
ation times were independent of the pulse duration. This implies

that for this particular example steady state orientation of
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the macromolecules had occurred within Gps, and that prolonged
application of the field did not affect the subsequent relax-
aticon process. All experiments were carried owt using a pulse
duration in excess of that required for equilibrium corientation

of the macromolecules.

5.1.3 Dependence of relaxation fimes con concentration.

All measurements on concentrated sclutions were conducted
in the chloroform-formamide {(C-F) solvent, The values of fhe
relaxation times and the relative amplitudes for the concentr-=
ations studied are given in Tables 5.2 and 5.4. Fig 5.2 is a
plot of ln1 versus ln C for the highest molecular weight sample,
PBLG I. This shows that all the relaxation times have similar
concentration dependence. The log-log plots each have two
distinct linear regions with a sharp change in the slope at
about the same concentration, which we refer to as the critical

concentration, Cr' This implies a relationship of the form,

T o cée 5.1

Tahie 5.2 Relaxation times of PBLG I at 294 K

Concentrat ~ Relaxation times T1/us
. -3 T
tion/kg m Ty T, T, Ty Ay B
0,125 18.4 %31 15 6.3 t1 34 * 1§ 0.55] 0,70
L g2
U. 34 20.1 =1 20 7.6 21 57 = 31 0.8 .65
J.80 33 1 34 14.3 %1 be = 21 0.55}1 0.84
1.70 37 2 37 12,1 £2 ol * 31 0.52] 0.76
C_=3.0
I
4,23 48 4 50 30 r ] 147 = 91 0.411 0,686
10.6 163 + 101 165 95 t4 1515 * 31 0.45] 0.68
C nlda.3d
15 324 30 340 78 151 606 * 29 0.5 0.64
21.2 1456 431 450 l4b 20} 815 * 6} 0.5 0.72
t an(t) = Alexp_t/Tp + Azexp_t/TR; Ay + A = 1.0
— z2
Anm
C_= experimental critical concentration, C¥ and C** are

concentrations at onset of overlapping and onset of
isotropic nematic transitions respectively(see section 2.3.2)
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Fig 52 Concentration dependence of the relaxation times of

PBLG 1 in chloroform-formamide,(C-F ), TnlA), T, (@),
T (o), and Tp (O).

Irrespective of the relaxation time chosen to characterise the
decay transient, a sharp change was observed in the concentrat-
ion dependence from a value of ;9=D.35 below C_ (23 kg m_3) to
a value of =1.2 above Cr' The values of the exponent Cc and
the critical concentration, Cr, for the various relaxation

times of all three samples are given in Table 5.3.
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A comparison of the concentration dependence of the
relaxation times Ts and Ty for all - PBLG samples studied is
given in Figs 5.3 and 5.4 respectively. The concentration
dependences of the relaxation times of all the three .
samples are similar. All show sharp changes over a narrow range
of concentration, the plots merely being shifted along the <t
and C axes. Within the limits of experimental .error the Eoncen-
tration exponents are independent of molecular weight, but the
critical concentration decreases with increasing molecular

weight.

1000} ——— : :

100 .
Tin
ps

10¢

o ] R

01 1-0 10 100

C / kg m3

Figs3  Concentration dependence of the initial relaxation times, Tin,
of PBLG I (O), PBLG II {A),PBLG IIT (0) in chloroform-formamide .
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10 10 10 100
C /kg m3
Fg 5-& Concentration dependence of the long relaxation
times, G ,of PBLG 1 (D), PBLG II (A) ,and PBLG III (0)in C-F.
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Table 5.3 The exponents and the critical concentration

observed in the PBLG measurements.

Sample flelaxationf.xperimental Exponent,gC
type C L < C C >
T r T
PBLG T Tin & Te 0.25 + 0.05 {1.26 = D.;DD
Tp v 3,0 g.30 £ 0.10 11.19 * 0,10
Ty, 0.24 = 0,10 j1.22 * 0.10.
PBLG II T 0.2 * 0.03 [1.20 % 0.14
Ty v 5.5 0.29 =z 0.04 {1.28 + 0.12
T D.21 + 0.03 |{1.25 * 0.16 |
PBLG LIII Ty v 11.0 .26 = 0.04 |1.,31 * (.15
L 4

5.1.4 Molecular weight effects

The molecular weight dependence of the relaxation times
is illustrated here by choosing twe concentrations one well
belouw Cr and the other well above Cr. The concentrations were
chosen such that the reduced concentration C/Cr was constant
0.12 for C<Cr and 1.7 for C>Cr-Fig 5.5 is a plot of ln'[ln
against 1n M for these two cases, The low concenfration results
are in reasonable agreement with the values obtained from the
dielectric relaxation data of Block et al [21] carried out in
the concentrations range 5 to 10 kg m-3 in trans-1,2 dichloro-
ethylene saturated with DMF, The linearity of the plots for

both reduced concentration again implies a relation of the form
T o m°m 52

There is a small increase in the exponent g, with increasing
concentration from a value of 2.2 * 0.2 belouw Cr to 3.5=0.8
for C>C_.

T
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Fig5-5 The molecular weight dependence of the relaxation times

of the PBLG samples.
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Tabie 5.4 Relaxation times of PBLG II and PBLG III

PBRLG TIT PBLG TTI
ConcentrA Decay Concentr- Decay
ation ation
C,kg m 2| 1 T C,kg m 2| < T ‘
K G in/ us L/ us [7278 in/ us 2/ us
0,12 4.8 16 0.15 1.8 2.3
0.40 5.3 18 0.3 1.5 3.2
Cor = 0.6 0.6 2.0 4.0
0.62 6.0 30 1.2 2.4 4,2
1.2 6.2 23 1.5 2.2 4.1
2.0 7.2 36 Cop= 1.8
4,0 B.0O 44 2.4 2.6 4.5
E.O 9.2 65 3.2 2.0 5,2
C =B 5.0 3.3 4,1
T
10.0 12,5 111 G.4 3.2 6.5
17.0 18,1 260 10.5 3.9 8.8
20.0 28.72 263 Cr =
T
Cor 20,3 6.5 13,2
25.0 31.5 336 25.4 B.2 17.0
30 48 387 31.0 16.0 24.0
40.0 20.0 38.0
33
Crr :al
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& 1.5 Discuission

As concentration increased, a sharp change in L. was
observed at some critical concentration Cr. This is in gualit-
ative agreement with the predictions of Doi and Edwards (DE) [4]
(see section 2.3.2) that at some concentration near molecular
overlap, a significant change from dilute solution type
behaviour to moderately dilute should occur. The extent to which
the experimental results agree quantitatively with the DE

theory can be examined as follows,

The volume swept out in space by a chain by virture of

its rotatiornal motion is given by

v I . 5.3
m 3 "m

where r. is an appropriate chain dimension defining its spatial
extent. For a rigid rnd of length L, rm=L/2 while for a random
coil chain it is appropriate to take T equal to the radius

of gyration RG. The mean number of chains, N, occupying this

volume Um is

n = 5.4

1000 C N,V
A m
U ——_——————
M

where C is the concentration in kg m—?2, N, is the Avogadro's

number, and M the molecular weight{(in grams). As long as O,
in such a volume, Um is less than one the system i1s considered
to be dilut®e but chain interactions begin to increase markedly

for nU>l. The eritical concentration for this onset of inter-
chain ®Bntanglements! occurs when n,=1 and is given as

c/

3 = M 5.5

lDGUNAUm

For rigid rod type molecules, another critical concent-

kg m~

ration C¥%#* at which the isotropic-nematic transitiom should
occur can be estimated by defining a characteristic vaolume Um'
= ﬂr;d where rm=L/2 and O is the rod diameter. C¥¥ is the
concentration at which n, reaches 1 for this volume i.e.

-3 -

10000

3
C} ;

M
; 5.6
kg m Um

Table 5.5 gives the values of C¥ for PBLG I, Il and III
calculated assuming the molecules to be (a? rigid rods (C*rr)
and (b) random coils, C* . {assuming Rg= n“L/v6 where &= monomer
length and n is the degree of polymerisation) and of C¥¥



- 138 -~

Table 5.5 The critical cgoncentration parameters
fnr PBLG. All concentrations, C.in kg n” 2,
" . _ .- . C
Sample Experimental Calculated Ratio _ T
Cr Cir
Cir T Crc
PBLG IIX 11.0 1.8 40.6 20500 6.1
PBLG II 5.5 0.6 23.3 15600 10.6
P3LG I ‘ 3.0 0.22 14.3 | 12200 13.8

assuming rigid rod behaviour . The rigid rod values are also
marked on Figs 5.2, 3and 4 . The DE theory is designed to
cover the concentration range G¥ € C < Ci*. The relaxation data
obtained experimentally cover the whole DE concentration range
up to C¥* and provide a good test of the applicability of the
theory to synthetic polypeptides.

In terms of those two models, the PBLG samples are much
closer to rigid rods than random coil macromolecules. The exp-
erimentally observed critical concentrations, Cr certainly .-
confirm this although they are significantly greater than the
calculated C¥ = values (Cr/Cﬁr > 6, see Table 5.5).

The concentration exponent, = 1.2 is rather louw

z
compared with the DE predicted ualug>gF Lese 2, At low
concentrations, C<Cr, the molecular weight eﬁponent g of
2.2%0.2 is less than the value of 3 expected for perfectly
rigid rod macromolecules (eqn 2.B6). This is consistent with

the dielectric observation of Block et al [2ﬂ and can be attri-
buted to some degree of chain flexibility. At high concentratian
C>Cr, the T value of 3.5#0.8 is significantly lower than the
the DE prediction aof ;m=7. In uiew of the deviation of L. from
the rigid rod value at low concentrations, it is not unexpected
that Cm,(C>C )< Cm,DE although the extent of the discrepancy

with the DE value is surprising.

The present results contrast with Maguire's recent public-
ation on Kerr relaxation studies of rigid rod viruses which

showed e « 2 and T ~5.7. This suggests that DE behaviour is
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only approached by extremely rigid systems and that any
flexibility in rod-like leads to a marked reduction in both

4o and A These findings are consistent with other work on
PBLG and similar g~helical molecules., Fig 5.6 shows plots of
the relaxation times obtained in this work for PBLG I (Mw:2lODDD)
ploted alongside those of Tsuji and Watanabe [32] and of Tinoco
(86] on PBLG of M _=310000 and 350000 respectively both in
dichloroethane. The concentration (10 to 890 kg m_3) covered by
Tsuji et al is far in excess of both C* (0.10 kg m—3) and C##
(7.5 kg m“3) for their molecular weight. Even in this regime
the concentration exponent,g., = 1.5 is still below the DE
prediction of 2 . These data are consistent with the present
results in the region of overlap. Tinoco's results at lower
concentrations appear consistent with Tsuji's work. These two
sets of data taken together show behaviour analogous to that «

observed in this work, with g, .. ~0.2 and g, ~ 1.5.
in r

It is interesting to note that an electro-optic study
of the chain dynamics of another «-helical molecule, paramyosin
by Delaney and Krause, [75] (see Fig 5.6) shows similar '
behaviour to that observed here for PBLG. These workersobtained.
Kerr relaxation times for this molecule (M = 210000 and C..=
0.32 kg m_3) in lmM citrate buffer at 293 K, over a range of
concentrations. Their data has been reanalysed and shows abrupt
change in the concentration exponent from ;C=D.l to g, =0.56
at a concentration of C = 0.8 kg m">. As for PBLG, C_is
significantly greater than C*. However, the concentration

exponent ¢. for C>Cr is only about half that observed for PBLG.

For PBLG, therefore, although the dependence of relaxation
times, T, on concentration and molecular weight in concentrated
solution is in qualitative agreement with the DE model, the
values of the exponents are significantly lower than those
predicted by the theory. One. reason for .-this discrepancy is
probably that the PBLG, g~helix is not perfectly rigid and
that the rods become increasingly flexible as molecular weight
increases. In addition, there are likely to be significant
long tange interactions between these polar molecules which
were neglected in the DE treatment, where the rods were only
considered to interact on contact. The critical concentrabions
at which there was a marked change in the cobservable effect

of chain interactions on the rotational relaxation times were
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in all cases greater than those expected on the basis of rigid
rod overlap. This is again an indication that chain flexibility’
causes gualitative changes in the rotational dynamics to occur

at higher concentrations than would be expected for rigid sytems.

The ratio Cr/C* may be taken as an indicatien of chain

flexibility for these rod-like molecule.

The observed values of the ratio CT/C* > 6 suggest an

alternative explanation for the change in coﬁzentration depen-
dence of 1. In a system of rotating rods, although interactions
will begin to increase once the mean separation between ‘
rentres a_, is less than the rod length L (i.e. at C¥), the
restrictions on relative rotational moticon might be expected

to increase significantly once a, becomes less than L/2. To

see this, consider two molecules as in Fig 5.7. For the case

L>a_> L/2, <rotation of the molecule A will cause molecule B
to rotate in a sense which does not increase its interaction
with A. However, once a_< L/2, rotation of A causes B to
rotate in such a way that A-B interactions are maintained or
even increased. Although such an argument is obviously crude,
it does suggest that a qualitative change in the effect of
concentration on rotational motion might be expected when a_

= L/2 i.e. by evaluating V, in ean 5.3 using r_ = L/4 rather
than L/2. This would increase C* by a factor 8 and bring the
observed Cr values more into line with expectation. The extent
to which this effect may contribute obviously needs more quant-

itative investigation.

o= —ac
[ t Loy
Al ' ] ! AC ! : ]
! } f i
: L ! 1B | ! ‘ 1B
1 i
s | |-—
ek LA~
() L>0c>Ly2 (b) ac<Llr2
Fig 5.7 Proballe notational model of a nigid rod

wnden vanying degree of mean separaition, @, én an

"entangled' polymen s9lution,
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5.2 Poly (n~-butyl isocyanate),PBIC,

PBILC has been shown tg possess a helical coil chain
conformation and to behave as an essentially rigid rod for
low molecular weights [24,25, 36]. The precise limiting
molecular weight for such behaviocur is a matter of some
cantention, but appears to lie in the range lDa - lD5 [36].
Significant chain flexibility is encountered for molecular

weights in excess of 5 x lU5 [20,38].

The present experiments were designed to study the effects
of concentration con the rotational dynamics of weakly flexible
chains of this type. The three samples of PBIC studied had
molecular weights of (a) PBIC #21 m,=1.33 x 10° and Zp:l.l
(b) PBIC #29 mw=5.a X 105 and sza.S and (c) PBIC CNn-1, sz
1.3 x lDBand Zp=l.U. All the experiments were conducted in

carbon tetrachloride solutions.

A representative normalised birefringence (An(t)/Anmax)
transient typical of those obtained for all the PBIC solutions
studied is shown in Fig 5.8. The decay transients are faster

than the rise transients. As was observed in the dilute solution

1-0

Anth
An,

0-5

_ 1 . I —f ¢t l
0 200 400 ¥ %1000
HmE/US 0 200

Fig 5 8 Representative normalised birefringence transient of 1B kg m-3solution of
PBIC #21 under a field of 400kV/qand pulse width,1-Oms af 294 K.
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(see section 3.7) the rtatio of the characteristic relaxation
times of the rise,TT, and the decavy; Te transient for this

case is 3.0 * (G.4, This indicates a rntationzl diffusion
mechanism for the dynamics. and that crientation is domirated
by the permanent chain dipole. The ratio Tr/'rE was found to

be 3.0 + 0.5 for all the PBIC solutions studied in this work,
suggesting that this same mechanism persisted up to the highest

concentration examined.

The plots of 1n G(t)/émax versus time were found to be
curved as in Fig 5.9 . Again the transient was characterised’
in terms of the four relaxation times Tin,TR, Tp, and Te
In general the decay birefringence curves could be well repr-
esented by a8 two term exponential fit, characterised by the

relaxation timesTR and Tp

5.2.1 Concentration dependence of the relaxation times

The relaxation times obtained for the lowest molecular
weight sample PBIC #21 at various concentrations are given in
Table 5.6 and gplotted in the form 1ln T versus 1ln C in
Fig 5.10. All four relaxation times show significant concent- .
ration dependence with no change in the concentration exponent
over the concentration range studied, which extends into the
region for which significant rod overlap should be occurring.
The most marked dependence on concentration is exhibited by
the long relaxation times, Tgand by Ie for which the exponents
ﬁc are found to be 0.47%0.07 and 0.65%0.11 respectively. The
fastest relaxation time Tp also shows significant concentrat-
ration dependence with an exponent CC of 0.37%0.14, whilst the
time characterising the initial slope, Tim is somewhat less

concentration dependent, with ¢C=U.22i0.2.

The relaxation measurements conducted on the intermed-
iate molecular weight (unfractionated) sample PBIC #29 are
given in Table 5.7 and plotted in Fig 5.11. At low concentra-
tions all four relaxation times are only weakly dependent on
concentration (CC 0.1 - 0.2). However aboue.Er,U.Q kg m= >
there is an abrupt change in the concentration dependence of
Tps Tgo and Tin and cc vises to 0.5, For the fastest relax-
ation time Tp’ however, ,no such sharp change is observed and

the exponent,'% remains ~0.,1 up to the highest concentrations
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Table 5.6 Congentratiovn dependence of rotational

relaxation times for the PBIC #21 sample in CCL, at 294 K

4
_oncentration Relaxation times 'r/“S

C/kg m Tin I T, . Ty

c'= 0.1

0.5 20.0 = 2.6 27.8 + 3.416.1 * 0.6 72.3 ¢ 14

0.73 24.3 * 2.4 | 33.0 ¢ 13.00 7.7 % 1.9 90.0 » 24

0.88 19.8 + 3.7 33.0 «+ 6.0 7.8 3-1.2 B2.2 + 32

1.0 21.1 ¢+ 7.7 | 30.0 + 8.0/8.2 1.5 97.5 * 20

1.34 39.4 £ 7.2 146.0 ¢ 13.0]11.3 = 3.8 118.0 ¥ 13

1.73 23.3 ¢ 5.3 }60.0 + 4.2/17.8* 1.3 129.0 ¢ 24
—-ETQB 30.8 * 3.3 | 78.0 & 12.0014.4 * 5,3 168.0 < 47¢

¢’ - 9.8

Standard deviation based om over five measurements.

Table 5.7 Concentration dependence of rtotational
relaxation times for the PBIC #2939 sample in EIEIll,4 at 294 K

Concentration
3 Relaxation times T us
C kg m~
Tin T, Tp Ty
¥ = 0.0043
0.024 28. & 3 64.0 + 2 17 205 + 37
0.053 49.0 + 4 88.0 + 13 308 1 45
0.107 42.0 + 4 130- + 14 20 360 + 66
0.53 46.0 + 5 1786-  + 17 18.5 486 ¢+ 21
0.75 53.0 + 5 143 ¢ &4 17 378 + 56
C 1.0
r
1.07 62.0 + 6 207 % 40 z1 4201 12
2.67 64.0 + 22 310 +* 46 27 662 * 134
3.67 115.0 + 21 311 * 62 26 g15t 25
5.34 143.0 + 3 390 * 42 23 L350 * 56
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e

studied. The vaiues af Cr and (C for the various rTelaxation

times are summatrised in Table 5.8.

Results for the highest mnlecular weight sample PBIC -
CN-1 studied are tabulated in Table 5.9 and are plotted in
Fig 5.12. Again Tor Tg and L show an abrupt change in con-
centration dependence from .= N.21 wbelow C_ ( =0.22 kg m_3)
- C

to z_= 0.5 above C.o with T exhibiting no change in QC(:O.S)
at Cr'

A direct comparison of the concentration behaviour of
Ty for the three samples is shown in Fig 5.13. The data for
both the PBIC CN-1 and PBIC #29 samples lie on two distinct
straight lines of different slopes, whereas no break in slope
is observed for PRIC #21. The intersection of the two linear
regions occurs at a critical concentration, Cr, which shifts

to higher values with decreasing molecular weight.

5.2.2 Molecular weight effects.

The molecular weight dependence of the relaxation times above
and below the critical concentration Cr’ is illustrated by

choosing two reduced concentrations : E/Cr = 0.14 and C/Er = .
1.8((Fig 5.14 ). Since there was na critical concentration
observed in the case of the lowest molecular welght sample,
PBIC #21, (see Fig 5.1 0) the comparison has also been made
at two values of C/C* (=13 and 30), using C%* values from eqn.
5.3 assuming PBIC to be rigid rod. However this method of
comparison based on equal values of C/C% (y say) covered

only the low concentration regimes of the three samples 1.e.

in all cases C = yC* < Cr.

It is difficuwlt to draw firm conclusions regarding the
molecular weight dependence of the relaxation times from the
In T - 1In MM plots of Fig 5.14 since only three samples were
studied and the intermediate sample PBIC # 29 had a consider-
ably broader MWD (ZD:Q.B) than the other two samples. However
in general Lo fDrTE is somewhat lower than Te and for the two
highest molecular weight samples there appears to be no
significant change in gm as C is increased through the critical
concentration Cr' Fven allowing for the large uncertainties
in r; due to the restricted range of M over which the studies

were made 1t is clear that the molecular weight dependence in

the concentrated tegion is significantly lower than that
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Table 5.9 The exponents and the critical concentration

abserved in the PSIL

measurcmegnts.,

Relax-| Exp. Calculated
: Exponent -3
ation Cr/kn C/ kg m
type m"3 % 33
C < C >cC C »
T r
T . 0.22 = 0.20
in
T, G.85 * 0.11
pPRIC 21 - -
T, 0.47 + 0.07 0.10 | 9.8
o 0.37 ¢ 0.14
T, 0.13 + 0.01{ 0.45 * 0.05
in
T, 0.15 % 0.06) 0.46 * 0.05
PBIC 29
T, 0.9 | 5,10 + 0.06! 0.63 + 0.07 |2-004] 2.05
0.20 + 0.11
T
T, 0.20 + 0.11{ 0.68 * 0.06
in
T 0.17 + 0.10( 0.52 + 0.12
JBLG CN-1 £ N.22 0.001{ 1.0
T, 0.23 + 0.12]| 0.51 * 0.08
T ~~ D —-

standard deviation based

on computer fit.
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5.9

150

Concentration

dependence of the rotational

relaxation times for PBIC CN-1 sample in CCl4 at 294 K

Concentra-
Relaxation times T/us

tion C/

<9 m_3 in Te Tp b
c” |
G.015 130 + 18 430 70 600
0.021 163 + 6 343 + 166 41 436 L 50
0.025 250 + 10 550 + 75 48 5§42 % 30
0.038 168 & 17 288 , 35 35 685 * 123
G0.05 268 + 3D 618 + 60 91 710 £ 110
0.10 345 + 5 573 + BO 117 811 + 75
0.25 367+ 47 793 £ 44 130 338 , 61
0.28 410 + 21 741 + 31 123 1538 * 59
0.50 668 + 29 992 + B3 170 1705 +t 77
1.00 1122 + BB 1100 £ 270 125 3116 + 151
2.01 1434 + 288 2530 * B840 168 3362 + 180

the quoted errors are the standard deviation based on

at least three measurements on each concentratiaon.
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predicted by Doi and Edwards and is not very much higher than

in dilute solution.

5.2.3 Temperature dependence of relaxation times

Another parameter of interest in this work is temperat-
ure. The variation of relaxation times with temperature can

be represented by an Arrhenius expression of form,

- Ea/T

T = A exp 5.7

where Ea is the apparent activation energy, evaluated from a
plot of 1n To Versus 1/T . Fig 5.15 shows the temperature
dependence of the relaxation times, To of nominally 1.0 kg m™ 3
solutions of the three samples, together with that for the
rise relaxation times To» for PBIC #21. The resulting apparent’
activation energies are tabulated in Teble 5.10. That for the
decay process is found to increase with increasing molecular
weight, and to be significantly greater than that for the

decay transient. This is to be expected since the rate of

Table 5-10 Apparent activation energy of PBIC

Transient Concentration| Apparent energy
Sample SIS ¢/ ko -3 Ea/ kT mole~?L
PBIC 21 decay 1.3 13.8 * 0.5
PBIC 21 rise 1,3 18.0 £ 1.0
PBIC 28 decay 1.1 20,1 = 0.7
PBIC CN-1 decay 1.1 28.0 * 0.8

alignment of the molecules is determined by the response to
the electrical field in opposition to random thermal motions,
whereas the decay process is determined by the temperature
dependent Brownian forces. The linearity of the variocus plots

shows that Arrhenius behaviour is maintained for both
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increased molecular weights and concentrations. The results
for PBIC #21 (Tables 3.4 and 5.10) suggest that the apparent

activation energy increases with polymer concentratian.

5.2.4 Field dependence of the relaxation times

Since it was observed that increased concentrations
required lower field strengths to align the molecules,it was
decided to check the effect of field strength on the observed
relaxation times. The effect of field strengths covering the
entire range used for PBIC was investigated using a 1.3 kg ‘
n~3 solution of PBIC #21;

It is evident that within their mutual uncertainties the

the results are shown in Table 5.11.

relaxation times are independent of applied field strength.

The ratio of the average relaxation times <T>r/<T>d, lies in

the range 2.5 to 2.8 over the whole range of fields used.

Table 5.11 Field dependence of relaxation time for

1.3 kg m_3 PBIC #21 in carbon tetrachloride at 284 K.
Fi ' . | <T>r
ield, Decay, T/us Rise, t/us m——
- <T>
£/kym™ 3 ¥ T ™y

Te Ty T2 Tr T2 T>r

. 150 41.5 75 37 g7 136 100 2.8
250 53.8 gd 50 100 148 124 2.5
400 43.5 83 38 g3 128 97 2.6
650 41.5 81 28 g7 131. 75 2.7

+ The average error in the T values is #10% except for the

values <'1'>d and <T>r where errors in estimation of the-a

areas under/over the transient may amount to *16%.
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5.2.5 Discussion.,

IThe molecular weight dependence of T, and Ta extrapolated

to infinite dilution is shown in Fig 5.16 lalong with previous
Kerr effect and dielectric measurements (TK;TD/3) on PBIC.
Although there is a broad spread of results at any given

value of Nw, presumably due to variations in MWD between the
sample , there is general agreement between the data in a
change over from M3 to m“s dependence as M 1s increased. This
indicates a change from rigid-rod towards flexible rod~type
(even coil-like) behaviour as the chain length increases. The
present data are in reasonable agreement with the previous
measurements and indicate that the three samples studied
straddle this change over region from stiff to flexible
behaviour. The larger difference between T ande for PBIC

# 29 (mw= 6.4 x 105) may well reflect the large polydispersity

of this sample.

The dilute solution relaxation times for the three
samples have been analysed using Broersma's equation. Studies
of PBIC in dilute solution have suggested a monomer length, 20
and diameter , do of 0.12 nm and 1.2 nm respectively [38].
Using these parameters in the Broersma's equation {egn. 2.6)
the three poly(n—butyl-isocyanate) samples PBIC #2l, PBIC #29,
PBIL CN-1 studied here should yield relaxation times of 42 us,
3.4 ms and 26 ms respectively, if they are behaving as isolated :
rigid rods. The experimental values (TE,TR) for these samples
are (28,63), (64,205) and {(410,600) us respectively. This
suggests that the two higher molecular weight samples at least
are far from rigid rod molecules. The experimental relaxation
times for these two samples interpreted using the Broersma's
equation give equivalent momomer lengths of 0.044 nm and 0.032
nm respectively. This reduction in the effective monomer length
with increasing molecular weight suggests a considerable
increase in the chain flexibility as M increases. This is in
accord with the findings of Bur and Roberts [24], and of
Jennings and Brown [36], that PBIC deviates increasingly from

rigid rod behaviour above a molecular weight of man

Turning to the behaviour in the concentrated solutions,

the relaxation times exhitited the same sharp changes at some
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critical concentration as were observed in the case of PBLG. .
This behaviour is in qualitative agreement with the predictions

of Doi and Edwards (DE). However the concentration exponent

&C}C<Er v 0.2 and (EC)C>C ~w0.6 are about half the values
obtained for PBLG, and are’in even worse quantitative agreem-

ent with the DE prediction of 2

Table 5.12 shows a summary of the concentration Cr)
C*, and Cr/C* for the cases of all the PBIC for comparison
purposes. As observed for PBLG, the PBIC Cr values decrease.
with increasing molecular weight. However Cr/C*, which may be
taken as a measure of rod flexibility, indicates that
flexibility increases with molecular weight. Also
(C/C¥)pg g << (C/C¥)pgre indicating that PBIC is significan-
tly more flexibility than PBLG. ¥

Within the PBIC samples, the lowest molecular weight
PBIC 421, is expected to be the Wmost rigid'..Unfortunately uwe
were unable to reach its critical concentration experimentally

due to shortage of material. The concentration exponent

(CC)C<Cr for the sample, is greater than the (cc)C<Er values °

of the other PBIC samples. and is compafable with (cc)C<C

for PBLG. For the two molecular weights, the exponent forfthe
peeled relaxation time shows no break ét the critical concen-
tration.. The reason for this Tp behaviour could be:

(a) Tp corresponds to relaxation of the dipole component
perpendicular to the chain backbone which relaxes by local

motion;

Table 5,12 The critical concentration parameters

for PBIC. All concentrations, C, in kg m-3.
. . C
Sample Experimental Caleulated Ratio _r
3
I:rr
» C# C33%
T rr rT c¥ .
PBIC = 21 > 3.5 0.1 9.8 >335
PBIC = 289 0.9 0.004 2.1 209
PBIC CN-1 0.22 0.001 1.0 220
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(b) or Tp corresponds to relaxation by end-over-end rotation -
of small species for which Cr is much greater than that for

the larger species, characterised by Ty

Using equations analogous to 5.3 and 5.4, we can relater
the observed values of the critical concentration Er to a
characteristic length Rq, corresponding to the value of £the
mean interchain distance belgw which an abrupt change in the.

chain dynamics occurs, i.e.

C = —"l . here v _= é‘“{”'q/z)3 5.8

T 1000-N,V
Ac

This gives Rq = 0.14 um for PBIC #28 and Rq = 0.27 ym for
PBIC CN-1. The ratio of these values to the 'rigid rod' length
L for the two samples is 0.17 in both cases..0ne possible
interpretation of Qq is that it is the persistence length.
Although those values are slightly greater than those obtained
by various workers in the dilute solution studies (0.04 to
D.13 um) [3B61.

There was no break in slope of the tversus C plot observed
at C**rigid.rod=(cﬁﬂrr) nor was there evidence of anisotropy

(liquid crystal behaviour) abave C¥#¥#, This again indicates

_ that estimation of critical concentrations Haéed on rigid rod

behaviour for PBIC leads to an undereétimatiqn.whén~compared .
with experiment.

It is interesting to note that the behaviour of
paramyosin observed by Krause et al (see section 5.1.5) in

which (CC)C<Cr= 0.1, (EC)C>Cr
that observed here for PBIC,
The molecular weight dependence of the relaxation times

= 0,56 %  is very similar %o

for both C<Cr and C?Cr is again far lower than the DE
prediction of b = 7. The values aof & for PBIC are also
significantly lower than for PBLG, a further indication of the

increased flexibility of these helical molecules.
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5.3 Poly (2-methyl pentene-1 sulphone), PMPS

Studies of the dynamics of the 'rod-like' macromolecules
PBLG and PBIC have shown that chain flexibility exhibits a
considerable effect on molecular dynamics in the concentrated
soiution. Poly(2-methyl pentene-l sulphone) has been shouwn to
behave as a non-helical stiff coil in dilute solution [77,78].
The alternative type of stiff chain was therefore chosen to
investigate further the effects of flexibility on chain
dynamics. The individual segment dipoles lie predominantly
parallel to the chain backbone and combine to give an overall
component whieh will cause orientation of the whole chain in
the direction of the applied field, and which upon removal of
the field can relax by whole molecule rotation. The smaller
perpendicular dipole compoment may relax independently via
more local segmental motion. All measurements reported here

were for a sample of Mw= 3.2 x 105 in solution in bemzene.

5.3.1 Concentfation dependence of the relaxatieon times

Because of the strong curvature of the 1ln § versus time
plots, the decay transients were characterised by at least
two relaxation times Tp and Ty Fig 5.17 shows the concent-
ration dépendence of these relaxation times together with

T and Tgs -Becéhsé;qf-thé large 'difference:in, the values of

T;nand Té, Te-andTh are essentially identical. These plots
reveal that the 'peeled! relaxation time,. T has a value of
about 10 ps and is essentially independent of concentration
over the range studied. The values of Ty and T, are weakly .
concentration dependent at low concentrations (z;c)T = 0,12,
(z;c)T =~ 0,05 but change abruptly over a narrow range of
conceftrations near the critical comcentration Cr = B kg m-3
to become strongly concentration dependent with an exponent,
(Cc)T = (¢ )T , of 0.60%x0.07. The initial relaxation time
(whic& merelyereflects the combined effect of Ty and Tp at

short times) has a lower concentration exponent of 0.41+0.07.

5.3.2 Effect of temperature on relaxation times.

FiQS.lBshowsa plot of 1n Tg versus 1/T for two concent-
rations, chosen such that one (3.2 kg m_3) is below C _and
the other (20 kg m73) significantly aboue,cf and close io the
concentration C** at which PMPS should exhibit liquid crystal
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Table 5.13 (a) Concentration variation of relaxation

times of PMPS (M = 3.2 x 10°) in benzene at 293 K

Concentration Decay relaxation times, T/us
D

C / kg ™ Ty T T, T

P in e

1.0 76+ 4 8.0 J2 + 4 87.

2.1 BO* 5 9.0 35+ 5 79

3.2 89+ 3 7.2 39+ 3 87

5.5 897+ B 6.4 50+ 2 B4

8.0 107+10 9.0 80 + 7 119

12.7 208+ B8 B.5 74+ 5 197

20.0 221 *11 .0 79+10 200

40.0 280 24 10.0 131+ 5 300

Table 5.13 (b) Temperature dependence of the L

relaxation times for 20 kg n~ > and 3.2 ka m 3
solutions of PMPS in benzene.
Relaxation times, T/us
Temperature / K 20 kg o3 3.2 kaq K

300 225 , 25 98
294 320 * 20 100
291 360 + 10 111
286 960 + 50 127
281.5 1113 +130 132
273 2350 + 250 150
270 4120 + 293 173
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behaviour were it to act as an elongated rod. The apparent
activation energies for the two concentrations are 12.5%0.5

kI mol™! and 61.5%2.5 kI mol™! respectively.

60

.10

9.0} /
F4
-
—
100 - - : - - ' : .
30 32 3 36 38

3
X107/ ¢!
VT /K

Fig 5.18 én T vensdus I/7 (K-I) of 20 kg m—a.(ﬂl and
3{2 kg m "(0) for PAPS (ﬁu = 3,2 x 105) in fenzene,
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5.3.3 Discussion

It is not surprising that for this stiff coil type poly-
mer the concentration exponents of 7T, ’Te and T, are signif-
icantly less than that predicted by the Dol and Edwards theory
for rigid rods. However, it is probably surprising that the
behaviour of PMPS is very similiar in this :respect to that
found forthe helical rod-type macromolecule PBIC. This seems
to suggest that once molecules have sufficient flexibllity to
depart from perfectly rigid rod-type behaviour the changes in
concentration exponent with chain flexibility are relatively
small. However the ‘'peeled! relaxation times, Tp’ for PMPS do
differ from those for PBIC in that they are essentially
independent of concentration. This contrasts with Tp for the
helical macreomolecules which did depend on concentration,
albeit weakly for the higher molecular weight PBIC samples. -
The values of Tpfor PMPS may pe attributed to relaxation of
the the perpendicular component of the chain dipole due to
local segmental rotation, arising, because of the flexible
colil nature of PMPS molecules and the unsymmetrical olefin
unit. In the concentrated soclution studied here, such segmentaf
motions would be expected to be still dominated by the local
intermolecular interactions and be relatively insensitive to

the effects of chain interactions and hence concentratian.

On the basis of the model of section 5.1.5 the volume
Um swept out by the PMPS chain assuming it te be a rigid rod

with monomer length £0=‘0.49 nm using equation 5.3 is 6.3 x
10—19m3

kg m—a. On the other hand if PMP3 is assumed to be random coil,

and this gives an overlap concentration C% = 8,4 x lU-a

using the radius of gyration, R (:(n/E)ﬁio) in 2gns 5.3 and
5.4 yields an overlap comcentration of 156 kg m-s. However,
using the Simha and Cornet interaction parameter expression
[82,83]

t*[n] = 1 5.9

and the experimentally obtained intrinsic viscosity (0.5865 m3

-~

kg-l) gives an overlap concentration C* of 1.8 kg m . Experim-
entally the observed critical concentration Cr was 6 kg m_3.
The rigid rod assumption underestimates Cr’ the ideal random
coill assumption overetimates it. The Simha value, based on an

experimental measure of the dilute solution coil size through
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[n], comes closest to predicting the observed value of Cr’
although again gives an underestimate. The characteristic
length, ﬂq, obtained from C_ (using equation 5.8)

is 50.2 nm compared with a monomer length of 0.49 nm and the
contour length L of 1.06 pm. This indicates that the abrupt
change in dynamical behaviour occurs when the mean distance
between chain interactions is =100 monomer units. There afé
L/2q= 20 such segments per chainj; again the interpretation of

Rq as a measure of the persistence length of PMPS is at least

plausible.

Assuming this molecule to be a fully extended rigid

chain and applying Broersma's equation {(uwith %= do) gives a
relaxation time of 4.1 ms. This result is greatly in excess

of the observed result (76 us) for the most dilute solution

of this work. Applying the bead and spring models (see section
2.3.1) to this polymer gives a calculated Rouse relaxation time
of 50 ps and a Zimm relaxation time of 35 us.These results
suggest therefore that PMPS behaves as a partially draining

coil-like molecule in dilute solution.

The contribution to the apparent activation energy due
to solvent viscosity changes alone {78] is 11 kJ mol™! for the
system studied here. This is close to the 12.5 KkJ mol™! obtained
for the 3.2 kg m_3 solution of PMPS in benzene, suggesting
that the effect of temperature on the relaxation of this
concentration is mainly due to solvent viscosity effects. It
also provides indirect evidence that chain interaction effects
here remain small. At high concentrations C>Cr the solvent
viscosity effect becomes far less significant and the large
activation energy observed at 20 kg mhzreflects the high degree
of molecular interaction present, resulting in marked

reductions in the rotational mobility of the macromolecules.

5.3.4 Polyether sulphone, PES

Although it was chosen as a 'stiff coil' the poly(olefine
sulphone) PMPS used in the above section in the event showed
a great degree of flexibility. A more rigid poly(ether sulphone)
PES, having a dipole moment component along the chain backbone
and having a benzene ring in the chain backbone to reduce

segmental rotation was selected in an attempt to investigate
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J a stiffer system. Three samples of PES as described in Chaptér
4 were studied in N-methyl pyrrolidone solution. The relaxation

results obtained with these samples are presented in Table

5.14 The Kerr constant for this system was found to be very

low, so that loads of 5 kf? or 10 k& had to be applied across

the photomultiplier in order to obtain signals of sufficient

amplitude. These loads raised the time caonstant of the detection

circuit to values (determined using the solvent) of 1.2us and

l.7us respectively.

The transients obtained were highly non—equhential and.
decayed very rapidly. Even the relaxation time,Tﬁ was barely
significantly greater than the time constant of the detection
circuit. These values of FR were all in the .range 2-3 us, being
essentially independent of concentration and molecular weight.
Evidently the parallel dipole component was insufficient to
produce appreciable molecular alignment and the signals

observed were probably due to some (surprisingly rapid) local

© e e e A e s e

motion, Consequently these systems were not pursued further.
Table 5.14 (a) Kerr effect relaxation times of t .
Poly ethersulphone (PES) -
Concentr- Concentr-
ation Decay ————jation Decay
C kg m > "0 /us Ty fins | K9 m™3 Ty /us T/ us
PES I load 10 kf2 PES II load 5 k{2
6.4 3.4+ 0.6(1.42* 0.4 0.91 1.8%2 0,03
15.9 3.4t 0.5|0.6* 0.4 2.3 2.3%x 0.07
39.7 2.7+ 0.4|0.852 0. 5.7 2.02¢0.8 |0.55% 0.1
148.0 2.96% 0.1 11.4 1.9£ 0.3 |0.35% 0.1
PPES II load 5 k@ 35.6 2.12x0.4 |0.38% 0.1
22 1.8 71.2 2,1*0.2 {0.42% 0.15
43 1.7

_Table 5.14 (b)

Time constant variation with load.

Load / k@

10

15 20

Time constant /us

e et T oo e ST e e
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5.4 Polymers of propylene oxide and propylene glycol.

The studies on relatively stiff rod-like and coil-like
polymers have revealed a marked dependence of the rotational
chain dynamics on concentration. The effects are somewhat less
than those expected theoretically for completely rigid =
molecules and one probable cause of this discrepancy is
significant chain flexibility. Moreover, it appears that the
effects of concentration become less marked the more flexible
the molecules become . In order to examine further the effects
of increased molecular flexibility, it was decided to study
concentration effects in poly(propylene oxide/glycol) which
has relatively low enerqgy barriers to internal rotation and
has been shown in dilute solution to behave as a very flexible
coil [28]. Two types of system were studied - low molecular
weight poly(propylene glycols)and high molecular weight
poly(propylene oxides).

5.4.1 Propylene glycols

Fig 5.19 (a) is a representative birefringence transient
obtained for the low molecular weight liquid glyecols PPG 1002
(M ~ 1000), PPG 2002 (M ~ 2000) and PPG 2257 (M ~ 2200). The
characteristic birefringence response ebtained on application
of the pulsed field using the quafter wave plate i shows that
the birefringence is initially negative, decreasing
rapidly to a minimum, then rising gradually to a steady state
value at long pulse widths. When the field is cut off, the
transient rises rapidly to positive values before décaying to
zero. Thisunusual birefringence behaviour has also been obser-
ved by Beevers et al[ZQ] on ligquid glycols. The phenomenon can
be explained in terms of a superposition effects due to two
processes, one rapid with negative birefringence and the other
'slow with positive birefringence.

Fig 5.18 (b) shows a schematic representation of the data
im which the birefringence is resolved into two such components
- a negatively birefringent -primary preoccess characterised by
rapid rise/decay and a positively birefringent secondary process
which exhibits far slower rise/decay characteristics. The

dipole moment of poly(propylene glycols) can be resolved into

t Siméilan taansients, of reduced amplitude, wene observed
without using the guarnten wave plale. These transienis wene

necorded at low Lempencatunes using doublle cell windows which
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wene scnewed Lighi to allow ain cinculation and prevent waten
condensation on the windows. I1 (s prnobable that the Lighten-
ing of the screw f£iiling produced significant stacin in the
cell windows, having Lthe effect of Introducing a constant phase
netandation §_ , and may thus act in a similan fashon to a
Mié-plale., Such problems have Been neponied previously (n fow
tempenature measurnements [80]

(b)
5s

Fig 5.19 (al) Representative plot of Al vensus Lime
and the oscillogrnam (photo) transients of ligquid glycols,

(L) Schematic nepnesentation of resolved components of

fast negalive and slow positive processes.{c) Diluted PPG
transients.

two components, one directed along the chain contour and the
bther: perpendicular to it . Application of an electric field

to the polymer causes some degree of orientation amd alignment
of the macromolecules ipnthe field. The dipole component
parallel to the chain contour will lead to.orientation of the
whole chain and its subseguent relaxation may only occur by
whole molecule rotation. Thus the slow secondary process is
associated with rotation of the whole molecule. On the other

hand the perpendicular dipole component can align and relax
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by means of local segmental rotation and it is this faster

motion which is assoclated with the primary process.

The observed signals were either of the form illustrated
in Fig 5.19 (a) or its mirror image, depending on the direct-
ion aof rotation of the analyser. The relaxation times determ-
ined from the transients were independent of the extent .and

direction of the analyser rotation (see Table 5.15)

Table 5.15 Relaxation times obtained rotating the

analyser in clockwise(+) and anticlockuwise(-) directions

using a 3000 kv m-l pulse of 3 ms duration.

TempertAnalyser rotation + ;Analyser rotation -Xx
Sample ature/ Decay Rise Deﬁay Rise
‘ 20 _T_Jjo I |50 _T 50 _ T[40 T |0 T __
s Us uS US| .. US _Hs
PPG 2002 228 614 22 1582 630 18 1650
PPG 2257 223 620 25 2830 797 23 23910

A rather different transient behaviour was observed for

the lowest molecular weight sample PPG 0402 (M= 400) Fig 5.20
(a). The birefringence response shows that when the pulsed

field was applied,the bhirefringence was initially negative,
decreased rapidly to a minimum, then rose steeply to

positive values before gradually rising to a steady state value.
Wihen the field was removed, the transient exhibited a further
low amplitude rise before falling rapidly to below 60% of its
steady state value and gradually decaying to zero. These obser-
vations can also be explained in terms of a superposition of the
effects of three processes, a rapid negative birefringence
process, followed by a rapid positive birefringence and finally
by a slow positive birefringence. Fig 5.20 (b) shoué the
schematic representation of the data in which the birefringénce
is resolved into three parts; a negatively birefringent

primary process,A, a higher positively birefringent primary
process,C, and another positively birefringent secondary process

B, exhibiting the slowest rise/decay characteristics.
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The slight positive jump at field removal seems to.
reflect the fast recovery af the initial negative primary

process. Both the amplitude and the time scale of this process

are small, comseguently the birefringence transients were
Pl'l.-.ma'r:’

analysed only in terms of the positiuehrise and decay processes

and the positive secondary rise and decay processes.

f_ﬂ
!
20r
Al
+Or
0 ) ey ;
100 200 0 100 200
(a)
Yhs
Al
A ,[ ¥
(b) 4 /US

{b)
Fig 5..20la) Typical birefringence transients of PPG 0402 .

{b) Schematic representation of resolved components {A,B.C).
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5.4.2 Glycol relaxation times

At room temperatures these low molecular weight polymers
are liquids but have very low Kerr constants. In order to
obtain sufficient birefringence for accurate measurement even
for the undiluted polymers, experiments were conducted at

temperatures in the ramge 238 K to 213 K.

The rise and decay transients of the secondary process
were exponential and the single characteristic relaxation time,
obtained as illustrated in section 3.7.4 are given ik Table
5. 16 ., The primary process showed deviations fraom a single
exponential, therefore the transient was analysed in terms of
the Williams and Watts function {(see section 3.7.4). The
relaxation times corresponding to this fit, together with the

spread factor B, are given in the same Table 5.16 .

As expected, the seconrdary relaxation times increase
with both sample molecular weight and the decreasing temperat-

ure. The ratio of the secondary rise time T to the decay

K, T

time T varies over a wide range lies in general in the range

2.0 tOK;?U. There is some evidence that this ratio increases

as the temperature is lowered, especially for the highest
molecular welght sample where the ratio increases from 1.7 to
7.2. The dielectric relaxation times obtained by Beevers et

al [27]for a sample of M = 2025 is campared with our sample

PPG 2002 (M ~2000) in Fig 5.22 (c). These dielectric relaxation
times compare well with the Kerr effect secondary rise times
obtained in this work or, equivalently , with about three

times the secondary decay values. The dielectric and the Kerr
results are therefore consistent with each other within the

framework of a rotational diffusion mechanism.

(a2} Molecular weight dependence of the relaxation times.

Figures 5.21 (a), (b) show plots of the relaxation
times versus molecular weight at two selected temperatures
228 K and 218 K. The relationship of relaxation times to

molecular weight is of the form,
T = kmbm 5.10

with values of Con essentially the same for the rise and decay

times of each process. The secondary process 1s found to have
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Table 5.16 The variation of Polvpropylene glvycol relax-

ation timrs vith mnlecular weigh* and temperature. t

Sample Temp {Rise relaxation times|Decay relaxation times
K t/us t/us
] o} 0 @]
2 1 Br 2 1 Bd
PPCG 0402 228 112 12.4 0.72 55 2.5 0.57
223 230 16.7 0.68 84 4.6 0.56
218 607 38.0 0.6 237 13.0 0.62
213 1627 91.0 0.62 478 28 0.56
208 4100 112.0 0.56 |1130 49 0.56
PRG 1002 238 57 18
233 202 58
228 525 ‘19.0 0.68 194 7.1 0.6
223 1360 51.0 0.70 255 15.0 Q.74

218 7900 150.0 0.56 | 2501 Jz2.0 0.52

PPG 2002 243 62 | 24
238 145 67
233 743 18.0 | 0.56 | 195 6.1 0.62
228 | 1592 63.1 | D.62 | 632 | 17.0 0.58
223 | 6336 234.0] 0.64 | 2004 | 32.0 0.54
PPG 2257 243 117 3.1| 0.82 70
238 253 25.0| 0.76 | 105 2.5 0. 60
233 800 s7.0| 0.58 | 217 | 14.0 0.54
228 | 2B43 80.0| 0.64 | 620 | 25.0 0.62
223 | 11180 182.0| 0.52 ) 1557 | 82.0 0.52
218 | 31021 560.0| 0.62 | 5800 | 240.0 0.56

+ Results are the mean values from at least two, experiments

with an estimationed error of about 10%
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Fig 5.21 Moleculan weight dependence of the Polypropylene
glycol nelaxation Limes at tempenctunes (a) 228 K and
(e) 218 K.
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an exponent , Lo = 1.95%0.2 while the prihmary preocess expohenp
is 1.25%0.2. The linear dependence of the primary relaxation
time on molecular weight suggests that for these short chains
(incorporating 7 - 40 monomer units) this process is not
entirely due to independent rotation of small localised

segments of the chain,

(b) The temperature dependence of the relaxation times

Figures 5.22 (a) - (d) are log linear plots of relaxat-
jon time versus 1/T for PPG D402, PPG 1002, PPG 2002 and PPG .
2257 respectively, The rise and decay relaxation times associated
with both the primary and secondary processes are well represen-
ted by an Arrhenius expression. The apparent activation energy
obtained for the various relaxation procgesses are shown in
Table 5.17.

Table 5.17 Apparent activation energies associated with

Glycol relaxation processes, Ed/kJ mol”t +
Sample i 29 Rise 2° Decay 1° Rise [1° Decay
-— j
PPG 0402 400 73 63.4 55.4 55.7
PPG 1002 1000 102 100.3 82.0 89
PRPG 2002 2000 108 106.4 102.0 g7
PPG 2257 2200 129 124.6 115.7 116.7

+ Field gradient > 3000 kY m

The apparent activation energy associated with the
relaxation processes in these bulk polymers are large, 1in
contrast to those observed for the relatively dilute PBIC
systems. The energy reguirement increases with increasing
molecular weight. As expected the secondary process, CcOrresp-
onding to whole molecular orientation has a higher activation
energy than the primary fast process associated with more
local chain motions. The energies associated with the rise

and decay processes are comparable in both cases.
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Fig 5.22 The tempencture dependence of the nefaxation

times of (al) PPG 0402 and (&) PPG 1007
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Fig 22 (c) The Lemperaturne dependence of the aelaxaition
times of PPG 2002 and (d} PPG 2257.
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(c) Concentration dependence of the:relaxation times

The liguid glycols, being miscible with toluene, offered
an opportunity of studying the relaxation behaviour over a
wide range of concentrations from very dilute through to pure
polymer {ligquid or 'melt'). However limitations due to louw
birefringence restricted studies to the two highest molecular
weight samples PPG 2002 and PPG 2257 at concentrations'éboue
20 v/v %.

A typical birefringence transient for the diluted
systems is shown in Fig 5.19¢. The main difference from the
bulk systems was that the negative primary process was cons-
iderably guicker, resulting in a time dependence dominated
by the secondary process. In all cases, these decays uere
well represented by a single exponential function. The results.
for the secondary relaxation times obtained at various temp-

eratures are shown in Table 5. 18

Significant birefringence was observed in solution at
higher temperatures than for the bulk liquids, but as temper-
ature decreased the amplitude of the birefringence for the
bulk liquid increased relative to that obtained for the
solutiaon and eventually being much greater. Also at higher
temperatures, e.g. 238 K for PPG 2257 and 243 and 238 K for
PPG 2002, both the rise (Tr) and decay (Td) relaxation times
in the bulk were less than the corresponding times in solution.
The data show that the concentration dependence of Ty and Ty

was different and that this dependence varied with temperature.

At lower temperature (T <233 K) the bulk values of both

(T ) burk /{7y and (1) pu1n/ (7g)

sol eventually become

sol
much greater than one. As temperature was lowered, the- solution
values of 1 and 7, at first increase and then, at about 238 K,
level out to values which are essentially constant within the
experimental errors. At all temperatures the ratio Tr/Td for
the bulk polymer was greater than two while that for

solutions varied between 1 and 1.3.

The temperature dependence of the liquid glycol
viscosity is expected to be greater than that of the solution,
and as the relaxation times should be roughly proportional
to the viscosity we expect the relaxation time to increase

‘with increasing viscosity and hence decreasing temperature.
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Contrary to this expectation, the solution relaxation times.
levelled out and, moreover, the absolute values of the relax- .-
ation times of the solutions were greater than the bulk
relaxation times at high temperatures. This suggests there-
fore that the relaxation processes in the solution are

different from those occurring in the bulk liquid.

The ratios Tf/Td for solution and bulk are also differ-

ent, in the two cases. Although evidence is meagre, the values

Table 5.%18 Secondary relaxation times variation, with

Polypropylene glycol concentration in toluene.

Sample [Concent | Temp.| Relaxatiaon times,T/us Tr
Sample ration K Td
C/{(v/v)¥ Rise T_ Decay Tt
PPG 2257 20 238 343433 314 + 3B 1.1

233 383 +%3 342 x 34 1.1

223 353+47 378 + 42 1.0

50 253 213+ 5 221 + B 1.0
243 347+15 335 +17 1.0

238 825+ 27 0329+ 17 4 1.3

233 437 £32 338 4+ 45 1.3

160 238 253+ 14 105 £ § 2.4
233 797+45 210+ 17 3.8

228 2843 +88 618 43 4.6

223 11180140 1557+ 70 4.0

PPG 2002 50 253 318 248 1.3
243 366 266 1.4

233 380 317 1.2

100 243 62 22 2.8
238 118 59 2.0

233 635 265 2.4

228 1600 638 2.5

223 . 6336 2004 3.1
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of this ratio for solutions are more in line with that expedt— _
ed for a2 'fluctuation jump! mechanism than for rotational '
diffusion, However, the fact that the relaxation curves for
the solutions were always close to a single exponential
function is not in 1line with such mechanism, for which highly
non-exponential relaxation curves have been observed in
previous Kerr effect studies [90,91], on supercooled liqﬁids
and solutions. These differences between the /¢, ratios
for the bulk glycols and the solutions may be due to some
extent to changes in local field effects in the different
systems causing changes in the relative contributicns of

permanent and the induced dipole effects.

The concentration dependence of T, and Ty observed here
over a wide range of concentrations is very different from
that observed on the other systems, where studies were rest-
ricted to semi-dilute solutions. The dynamical behaviour of
these diluted bulk systems obviously requires a more detailed
investigation than has been possible in this work. It was not
possible to study the glycol systems at lower concentrations.
In order to study the semi-dilute region for this polymer it
was necessary to use the much higher molecular weight poly(

propylene oxides).

5.4.3 Polypropylene oxide

In order to examine the concentration dependence of the
dynamics of flexible chains in more detail, the studies were
therefore extended to a range of polypropylene oxides (PPO)
of higher molecular weight (>108), which have not previously
been studied using the Kerr effect. Except for the -0H end
group in the glycols, the oxide is structurally the same and
has dipole compaonents parallel and perpendicular to the chain
backhone, The parallel component is again responsible for a
slow relaxation via whole molecule rotation while the
perpendicular component is responsible for fast relaxation

via backbone segmental rotatiaon [29].

Fig 5. 23 shows a typical birefringence transient
obtained using a quarter wave plate. The rise transient is
characterised by two regimes, a veryfast initial portion

followed by a gradual approach to the steady state. Upon



- 181 -

1,0 ~ 55 T
0,5
0 ’ 2 : ;
0 1.0 0 1,0
time /I ms
1,01
0,5¢
A A & N
A rs & & -——-—d
@ Rise
& Decay
95 100 700 300
(a) — time/ps ———=

Fig 5-23  Representive birefringence transient for Polypropylene
Oxide, M™Mv =144 x 106 in toluene .
(a) Expanded scale



- 182 -

field removal the decay transient follows same pattern, an
initial rapidly decaying section followed by a much slower

decay. This is clearly shown in the expanded scale of Fig
5.23 (a). In contrast to the low molecular weight glycols,
both components give positive birefringence. The transients
are in fact more similar to those for the lowest molecular
weight glycol, PPG D402, thamn to those of the other glycols.

5.4.4 Relaxation times for poly(propylene oxide)

The PPO transients were highly non-exponential. They
have been characterised by three relaxation times,TR ’Tpl and
Tp2 obtained by 'peeling' method. The rise and deEiy transients
have also been characterised in terms of their e values, T,
and T respectively. All these times, together with their
relative amplitudes and the ratio Ts to T,s are shown in Table
5.19 , for the two samples studied, (M = 1.44 x 10°[53.3] and
2.83 x 10° [54.4])in toluene at 295 K. For both samples, the

fastest relaxation time T contributes 50% of the decay

transient whereas Ty and ﬁsl contribute essentially equal
amounts. These relative contributions do not vary significantly
with concentration. The ratio Tr/Te remains constant at a value
= 2, lower than that for the bulk glycols but significantly

greater than for the glycol solutions.

The concentrétion dependence of the relaxation times is
illustrated in Figs 5.24 (a), (b} for the two samples studieds
In both cases, the relaxation times Ty Tpy? and T have
essentially the same concentration dependence with an exponent
of 1.0:0.1 . In contrast the fastest relaxation time sz is
independent of concentration over the range studied. At the
lowest concentrations studied the two fastest relaxations
merge into one and the decay is then characterised by just

one fast and one slow process.

No critical concentration, Cr was observed experimentally
For 53.3 the calculated concentration, Crr’ giving the onset

of entanglement, based on a rigid rod model, is 3.5 x 10_6
kg n~> and. that based on the random coil model C.. is 10.5

kg m-3. The fact that 10.5 kg m-':’J was exceeded experimentally
seems to suggest that Er, occurs at a concentration less than
the lowest concentration studied, and thus suggests that PPO

is not a completely flexible random coil but has some degree

of rigidity.
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Table 5.19 The relaxation times,t, and the amplitudes, Ai.

for the Kerr effect relaxation

of Polypropylene oxide in toluene selution as a function of concentration. (t/us)
Sample Concentr- Relaxation data

aféon kg Long time First 'peeled!' N Second 'peeled'’ I

M Ty QR Tpl Apl Tp2 Ap2 Te ‘e
PPO 53.3 3.2 506 + 28 0.28 B1* 1.5 0.22 16 0.48 25 2.3
m, = 1.44 7.9 1010+138 .| 0.29 95+ 6.0. | 0.24 22 0.48 42 3 2.2
X lDS) 11.1 1692 = 76 0.26 127+11.0 0.26 38 0.47 655 1.9
15.8 2587 +278 0.24 184%23.0 0.27 22 0.48 98%18 2.1
PRD 54.4 0.68 249 + 8§ 0.22 3% 5 0.29 24 0.48 3010 1.7
m = 2,93 1.4 618 + 12 0.24 49 3 0.27 20 0.50 26+ 3 2.1
X 105) 3.4 1173+ 221 0.22 164 + 7 0.27 31 0.52 70%10 2.2
B.6 2577 +120 0.26 25513 0.27 17.2 0.47 120411 2.2
12.0 5018 + 250 0.26 375%25 0.23 23.2 0.51 158+20 2.0
17.3 6840 + 134 0.31 470+ 32 0.14 25 0.56 27010 1.8

- %781 -
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On the basis of the Rouse model, the relaxation times -
at 298 K calculated using the literature wvalues of K = 12.9
-6

x 10
equation 2.2 are 1.6 pws and 5.3 ps for samples $3.3 and 54.4

m>/kg and @ = 0.75 [74] to give intrimsic viscosity in

respectively. However assuming some hydrodynamic interaction
and using Zimm's model, the relaxation times associated with
whole molecule rotations are 4.4 pus and 15.0 pus for S§3.3 and
S4,.4 respectively. Experimentally the long relaxation times,
Tg» observed for both samples are significantly higher than

the values predicted by these models. However experiments uwere
never made in the regicen where T becomes independent of
concentration. Extrapolation to zero concentration gives values
of 295 ps and 270 us. These are still significantly higher

than the infinite dilution model values, presumably due to

extrapolation from such high concentrations.

Although only two samples have been studied and so a
precise study of the molecular weight dependence can not be
made, it appears that Tg o TD, and Te all depend on molecular
weight in a similar fashion, with an average exponent of
1.3 +#+ 0.1. This exponent does not vary significantly with
concentration over the region studied (see Fig 5.25 ).

However the fastest relaxation time sz (=22 us) is independent

of molecular weight (see Fig 5.25 ).

5.4.5 Discussion -

In the PPO studies two relaxation times Ty Tplhoth
showed concentration and molecular weight dependence while
Tpp vas independent of both. This contrasts with the
observation for the bulk glycols, where there were only two
relaxation times,'& and Tp and both were dependent on molecular.
weight. The contrasting behaviour of the shortest relaxation
time indicates that the stiffness is such that the length of
chain involved in backbone segmental motion is equal to that
of the whole macromolecule for these shorter glycol chains
(M/N0< 40), but is small compared with the overall length of
the high  molecular weight PPO (m/m0> 24000). This behaviour
is akin to an observation made in the work of North on
poly(N-vinylcarbazole) [87,77] in which the polymer behaved as
a stiff coil for Mm <lDLl giving a molecular weight dependent

relaxation time but changed to flexible coil at higher molecular
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Fig 5-25 Molecular weight (My) dependence of the relaxation
times of Polypropylene oxide, at concentration 122 kg m=3 :
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weight (M > 5 x 10%), for which the relaxation time was indep-
endent of M.- The observed hehaviour of sz in PPO therefore
suggests a truly local motion; Tpl may be characteristic of

longer segments and therefore molecular weight dependent.

The M dependence of T, for the glycols (cm = 1.25%0.2)
is similar to that for Tpl in PPO (Em ® 1,3x0.1), which
suggests that they may both be associated with relaxation of
the perpendicular dipole component via backbone rotation of
long chain segments. By contrast, the value of S for Ty for
the glycols (1.95%0.2) is significantly greater than for the
oxides (= 1.3). Both these relaxation times are believed to
be associated with motions of the whole chain. The Rouse-Zimm
'bead and spring' model (see 2.3.1) predicts that the
relaxation time associated with whole molecule rotation for
flexible coils in dilute solution should vary with the
molecular weight as

1
T, = M{n] < mte 511

where the Mark-Houwink coefficient o varies from 0.5 to 0.8
and is 0.75 for PRO in toluene. For concentrated systems, aon
the other hand, de Gennes [16] in his reptation model (see
section 2.3.2) predicted that the time associated with the
reptation of molecules shﬁuld scale as the square of M. The .
exponent gm = 1,95 observed for the secondary process in
@lycols agrees with such reptation model. The PPO solutions,
in which the chain density is much lower , do not appear to
behave in this way and are more consistent with the predicted

exponent based on isolated molecule rotatian.

The concentration exponent Cc’ for the PPDT& and Tpl
values is fairly constant, 1.0:0.1. The exponent 1is not
surprisingly less than the DE predicted value of 2 in view of
the flexibility of the PPO chains. However it is about the
same as that obtained in the PBLG studies for E>Cr and for
ethyl cellulose at C<Cr (see section 5.5), both of which are
relatively stiff chains. The fact that the concentration and
molecular weight dependences DFTQ and Tpl are the same suggests
that they may simply reflect polydispersity of the sample, in
which Tp reflects the whole molecule behaviour of the long

chains and Tpl that of the shorter ones.
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5.5 Ethyl cellulose, EC

5.5.1 The Kerr effect

Cellulose derivatives have heen shown to behave as
stiff random coil polymers in solution [77], in which the
individual monomer dipole moments have components both
parallel and perpendicular to the chaln contour. The presence
of a large parallel dipole component along the chain backbone
results in the orientation of the macromolecule as a whole
when an electric field is applied. When the field is removed,
the way in which this component reverts to a random orientat-
ion will reflect the whole molecule rotational motion of the
polymer chain.

Fig 5. 26(a) shows a typical normalised time dependent
phase shift (6(t)/6max) for ethyl cellulose in toluene. In
contrast to the transient behaviour observed in the other
molymer systems studied the rise and the decay transients here

have approximately the same shape. The plot aof lag 6/6max

versus time for the decay transient shows that the function
is not a single exponential (see Fig 5.26 (b)). There is a
rapid initial response followed by a slow approach to equilib-.
rium . One method of characterising the non-expenential form
of the birefringence is to use the empirical relaxation
function of Williams and matt5[79](see section 3.7 4).Fig 5.27
shows the plot of this function for the rise and decay data
for the example shown in Fig 5.26. This reveals that the rise
and decay transients are essentially identical and are both
described well by the Williams-Watts function with

BK’; BK,d" 0.51 #0.04

Values of 1, B and <1> obtained for the rise (r) and decay
(d) transients for various concentrations of ethyl cellulose
(mn=253no) intoluene are shown in Table 5.20.

For the ethyl cellulose data, it was found that a good
representation of the decay transient could also be obtained
using a two exponential fit evaluating T; and Ai by the
'peeling' procedure described in section 3.7.4(iv). For each
concentration a slow relaxation time Ty and a much faster
relaxation time Tp were determined in this way and are also

given in Table 5.20 alongside with their relative amplitudes
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and the e ' relaxation times, T and 1 . The table shous that:

(a) By, g = B
(b) <t>

Kyr

k,d~ Tk, r

(c) the contribution of the slow relaxation to the decay
process is about 40%, and varies little with concentration.
‘{d) the values of B decrease slightly with increasing concen-
tration, implying a greater deviation from single exponéntial

behaviour as concentration increases.

Fig 5.28 shows the cancentration dependence of the relax-
ation times <t> and T, the parameter BK,d (:BK,r ) and the
solution viscosity, n. The log-log plots for the relaxation
times are essentially linear at low concentrations with a
sharp transition to a steeper linear region aover a narrow
concentration range centred on Cr =23 kg m_3. Representing the
dependence of the relaxation time on concentration by the
expression

T = KC°c 5.1

the data indicate that for <t>,

0.75 £ 0,32 C <C¢C
c T

1.75 + 0.2 C > Er

Il

C
The concentration dependence of T is essentially the same as

for <t> 1in the two regions.

Interestingly the curve of log n versus log C (Fig 5.28)
shows a similar pronounced change in slope over the same region
of concentration. The transition is not as sharp in this case
since the concentration exponent cn for the viscosity increases
gradually from zero as concentration increases from low values,
changing very rapidly in the range C = 1 - 2 kg mn™> and then
becoming essentially constant (TE 2.2%0.3 ) above C=2 kg m_3.
These two independent methods of observing the effect of con-
centration ‘on the motion of polymer chains, show a sharp change

in behaviour over the same narrow concentration range.

The BK g "
r
increases with decreasing concentration,,tending to a constant

concentration plot (Fig 5.28) shows that Bk g

value above the critical concentration. For C<Er,BK r increases
’
with decreasing concentration, with the implication that the

Kerr decay transient for ethyl cellulose temds towards a single
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Table 5.20. The relaxation-times,T, the spread factor B and amplitude AR’ for the
for the Kerr effect relaxation of ethyl cellulose in foluene as function of
concentration,

Concentr- Decay Rise

l aticn, C _

(kg m™ ) T/us T2k, d/us By,g| Ta/ue ) To/us [T /ue <ty By L Tr
5.1 0.86 0.96 0,82 2.6 0.55 0.7 1.1 0.78 1.0
6.6 1.3.£0.2) 1.74 0.71 2.9x0.4] 0.45 0.8%0.171.0 1.8 80.62 1.3
8.5 l1.6% 0.2] 2.2:0.3 0.67 3.5%1.2 0.3;_ 1.0:0.311.8 3.0 0.57 2.5
9.6 1.8+ 0.2y 3.4:1.3 0.48 3.8:1.2| 0.47 1.2:0.4(1.8 4.4 0.53 2.1

12.7 1.7t 0.3] 3.2:1.0 0.55 6.0t0.8| 0.33 1.2%0.6y2.4 4.3 0.55 2.5
16.6 2.72%0.3| 4.8:0,2 0.50 5.7+0.3] 0.42 1.5%0.3 5.0 0.48

(, =120

25.4 3.9+ 0,8 5.7:0.8 0.53 B.Bta 5| 0.41 4.2%3.71 3.0 6.8 Q.57 3.3
33.1 3.6+ 0.1 6.320.8 0.55 13,7x3.2| 0.4 1.820.7)4.2 8.2 0.55 5.3
40.0 4.4%1.2|10.612.1 0.39 22.2%2.0] 0.37 2.071.1 1332

47.2 7.7450.8 15.7i3.6ﬁm 0.53 33. 22.7| 0.4 1.9%21.0{6.9 [18.9 0.51 6.6
57 9.9+ 0,.6}24.523.1 _ 0.44 54,5%4.8| 0.42 2.2:0.7 30.1 0.5

70.2 20.1% 1.6|37 % 4.4 0.56 6B8.5%12 0.38 2.lil.j‘8.5 42,3 0.48 9.2

The wvalues of

concentration

<t> B Tg

and the uncertainties quoted indicate the spread of results obtained.

% given are the average values from 4 experiments for each

- ¢B1
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exponential at infinite dilution hehaviour which is reminis-

cent of perfectly rigid, monodisperse rods.

The concentration dependence of the fast process Tp

(Fig 5.28) is lower than for 1, but still significant, with

%
an exponent of 0,4220,1. However, this process does not show

any break in slope as concentration is increased.

1000 ﬂOO

100 110

T —
lus cP
10 -0
i i
10} {041
I J
01 ey P N
1-0 10 100 1000

C kg m™

Fig 2.28 Log - Log plots of relaxalion times <T> d(O):
T, (B8): Tp(l): solution piscosity(B) and relaxation
apnread Zacton (W) againsi concentration, C fon ethyl

cellulose {n toluene,
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5,5.2 Photon Correlation Spectroscapy. PCS

The Kerr electro-optic measurements on the ethyl
cellulose have given information on the rotational motion of
these stiff chain macromolecules, and showed that there is a
pronounced concentration dependence of the characteristic
times ‘for such processes. In crder to study the translational
motion of the molecules under similar conditiens, phatan
correlation spectroscopy was used.

The autocorrelation functions were characterised by the
method described in section 3.12. Fig 5.29 shows a plot of -
the logarithmic of the normalised autocorrelatiaon function
fg(z)- l] (the 'Logarithmic correlation function') versus time
for a typical example (44 kg m™ 3 solution, 298 K. using
channel time of 10_35). The curve forms two distinct linear
regions, well separated in time, and has been characterised

by a two exponential expression of the form of egn 3.48, 3.49:

2 ATt
[9( ) - l]t+ﬂ = Rpexp L 5.12

2 -T
[g( ) 1] = Ajexp 2t = 13
t oo

-3-09
=428

=548

i
LO _ 60 20
hmghs

! i |

20

[z ol SN

Fég 5.29 Semi-log plot of the loganithmic cornelation
function against channel time Lon 44 kg m‘3 s0lution of
ethyl cellulose in toluene al 298 K using a channel time
of 1.0 ma,
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The reciprocal time constants Fl and T2 were determined for
many values of the scattering angle 6 and hence of the wave=
vector K.and are plotted against , K, K?and K?® in Fig 5.30.
Despite the scatter in the data, these plots clearly indicate
a K? dependence for Fl and Fz. Consequently, these have been
interpreted in terms of characteristic diffusion coefficients

D, and D, according to the equations (see section 3.12).

r

i 2D1K2 514 .

20,K?2 515

r, 2

A similar K? dependence was observed for all the Tz obtained

in this work, and consequently the results are described in
terms of characteristic diffusion coefficients associated

with linear portions of the logarithmic correlation function.
The short time behaviour of the functians was examined by
reducing the channel time tC and analysing the data as described
in section 3.12. Inm Fig 5.31 (a) the channel time has been
reduced to a quarter of that of Flg 5.29. This plot reveals
that the portion of the curve for t<30 ms, which in Fig 5.29
was essentially linear, infact under higher resolution itself
Consists of two linear portions with a distimct change in

slope at t = Biz mg. Ihe long time slope in this case gives

02 = 5.7 x 10 m"s 7, in good agreement with Dl

value of .-
Fig 5.23. At short times the slope increases and Dl = 7.3 x
107442 571, Reducing the channel time still further to 62.5us
(Fig 5.31 (b) shows that this linear portion below 6.3 ms
persists down to t= 0.6 ms. For very short times, a further
sharp increase in slope is observed , characterised by D, =

1
17.3 x 10714 n2sl,

These results suggest that the full logarithmic
correlation function consists of three distinct regions, chara-
o Dp andlDi (D£< Dm
< Di). This is illustrated schematically in Fig 32. The

cterised by the diffusion coefficients D

coefficilent Dland D, obtained in different experiments change
systematically from Dg’Dm’ to Di as the channel time is reduced.

This is illustrated for the example chosen in Table 5. 21
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Dy (=7.3 x10°1% 27 471
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Fig 5,31 The plots of the loganithmic coarelation
funcition at (a) channel time ic = 250 ga and (4)
channel Lime ic = 62.5 us fLon 44 kg m = ethyl
cellulose in toluene and 298 K
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Table 5.21 Varietion of D”1 and DQ with channel

time Ffor a 44 ku m_BSGlUtiUﬂ of £C in toluene, 298K

Channel time/ms I 91 X lDla mZS_J D1 X lDla m2 5—14

1.8 5,96 = D 3.4 = D
—m __2

1.2 5.23 = D 3.28 2 D
- E ?

1.0 5.892 E 3] 3.36 = D
_m ]

0.25 7.3 = D 5.7 = D
1 m

0.0B3 17.0 t<t 6.7 = D.
C i

This behaviour is illustrated in an alternative way in Fig 5.33
in which values of Dl and 02 obtained in experiments in which
anly the Di/Dm pnrtions of the correlation function was
observed ( i.e. t < t in Fig 5.32 {(a)) are plotted as a funct-
ion of Kztc. For the 44kg m > solution 0, and D, remain
comstant over wide ranges aof Kztc, indicating the existence
of distinct linear portion of the function of the form
illustrated in Fig 5.32(a). Fig 5.3%3 also shows clearly the
distinct imcrease in slope at short times t< ts' The results
for this ¢4 kg m_3 sample were typical of those observed for

concentrations greater than C. (23 kg mt3).

Also shown in this figure are the corresponding data
for a 23 kg m—3 solution at 298 K, which typifies the behaviour
of solutions of lower concentration. It can be seen that the
diffusion coefficients are of order of magnitude greater
than those for the more concentrated system. In contrast to
the latter, the values of Dl and D2 do not remain constant
over a significant-range of Kztc. This reflects the fact that,
although in a single experiment distinct linear regions can
still be identified, the slope of the logarithmic correlation
function is changing much more rapidly with time in this case.
In fagt the shape of the overall correlation function for
concentrations belouw Cr is of the form shown in Fig 5.324¢H)
where there is no long time (DR) region. Consequently,
although Dm may still bhe readly characterised, the identifica-
tion of a distinct Di value for this system is not possible.
Although this appears to contrast sharply with the behaviour

of the more concentrated solutions, it is worth noting that
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Fig 5.33 The diffusional coefficients D, vanicaiion with
K*t_ fon 44 kg 2" and 23 kg m"> ethyl cellulose in
toluene at 298 K.
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the value of KztF below which deviation from the longer time

D ) slope is otiserved for C< 23 k m™ 3 is essentially the
m 2 g

same as Kzti for C > 23 kg m_3. Hence the continuous increase
in the slope of the logarithmic correlation function for the
low concentration solutions only occurs in the same K2t

region in which the higher concentration systems exhibit the
same behaviour. This is clearly seen in Fig 5.33, where D1

and D2 approach each other, and Dm, rapidly for KztC > 1.0 x

101! 02 s,

Concentration dependence of the diffusion coefficients.

Dramatic changes were observed in the values of DE and
and Drn as the concentration of ethyl cellulose in toluene
was varied as illustrated in Fig 5.34. The long time slope
characterised by D2 was not observed until a critical concen-
tration , C = 23%2 kg m_3 was reached. Above this critical
concentratioﬁ within the rather large spread of the observat-
ions due to the low scattering intensities from these solutions,
DR remained constant at 3.5 £ 0.5 x lO_l4 m2 s_l. Such a
dramatic change in the dynamics of the system at a concent-
ration = 20 kg m—3 is reminiscent of that observed for both
the Kerr'effect relaxation and the solution viscosity. In
contrast to D,, at concentrations above 23 kg m= 3 D_ changes
gradually with concentration; Fig 5.3%& shows an appropriate
power law dependence of the form,
0, = K C°° 5.16
where Cc = -2.0 = 0.3. At the highest concentrations studied
Dm approached Dg as the correlation functions obtained
approached single exponential behaviour. Below the critical
concentration, the variation of Dm with concentration was
much less marked. Within the experimental scatter, Drn levelled

out to a value of about 35210 x 10714 m? s™1. This change

over from C_Z to c°

in Fig.5.35.

behaviour at C= 25 kg m 3 is emphasised
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5.5.3 Discussion.

The information obtained from the Kerr ef fect, viscosity -’
and photon correlation spectroscopy (PCS) studies of ethyl
cellulose in toluene is summarised in Table 5.22 . A possible
explanation of these observations in terms of a simple
physical model will be given first. Subsequently the extent
to which the data can be interpreted in more quantitative
terms using recent theories for the dynamics of semi-flexible

chaims in concentrated solution will be examined.

Interpretation of the results in terms of the physical model

(a) The model

The basis of the physical model for semi-flexible coil
molecules like ethyl cellulose is shown in Fig 5.36 .In the
dilute region Fig 5.36 (a), C < C,» ethyl cellulose will
undergo motions characteristic of an isolated stiff chain,
characterised by a persistence length g,within which local
monomer unit rotation is restricted. However local segmental
chairn motion can occur by rotation of lengths of the chain of

order Q.

As concentration is increased beyond some (louw) value
Civ chain interactions become significant and the dynamics of
the molecules will be modified. In this semi-dilute region,
Fig 5.36(b), the mean separation between chain contact points,
a,. is much larger than the persistence length g. Hence whilst
the translational motion of the chains becomes increasingly
hindered by the intermolecular forces, the more local segmental
motions are relatively unaffected by these long range inter-
actions. Furthermore, the chains can still move past one another
relatively easily by vundergoing changes in the shape by means
of these local segmental motions to minimise the constraints

on the translational motion.

Eventually, the concentration is increased to such a
paint, CZ’ that the mean chain separation is now comparable
with or smaller than g (see Fig 5.36(e)). In this concentrated
region, chain tranmslational motion is highly hindered and the
system has a pseudo network structure in which the density of
local chain interactions is high, although continually
changing in time and space. Here, lacal segmental motion,

though restricted, can still eccur within the multi-chain
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Fig 536 A simple physical model for the various regimes encountered

in solution of stiff coil molecules as concentralion is increased.

system but motions on a length scale g, do little to aid the
relative translational motion of chains separated by a mean

distance a_g$ g.

(b) The Kerr effect

The dynamic Kerr effect probes the rotational motion of
macromolecules. For ethyl cellulose, although the chain has
a certain amount of rigidity, it is expected that the component
of the dipole moment perpendicular to the chain backbone will
relax by local motion of segments, whose length is of order q,
at a somewhat faster rate than chain rotation. The results do
indicate two distinct relaxation times, Tp and Tg rather
than a broaddistribution, and these are respectively identified
with the relaxation of the perpendicular and parallel components
of the chain dipole. In the concentration range C<Er, both
times increase with increasing concentration i.e. increasing
chain interaction, but as expected on the basis of the physical
model, T 1s less sensitive to concentration than Ty that is
(r,c)T < (CC)T- Above the critical concentration C_, the
concentration dépendence of T increases dramatically (CC)TQ=
1.75 . Identifying Cr and E2 in the model, this corresponds
to the sharp reduction in overall chain mobility then ac$ q.
By contrast no such sharp change is expected for local segmen-
tal motion and T_ continues to increase with the same

concentration exponent (z;c)T = 0.4 as for C<C_.
D
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iable 5.2 2 Summary of results {rom Kerr-effect,

viscnsity and PCS measursments for ethyl cellulose.

+ T
. c /
Technigue Darameterkr -} Information Comment
gm
Kerr effect|{ v/ 7 1. 32001 C<C
T ¢ T .
' Change in
~v1.120.1 C>C_j mechanism 7?
20 T
B 0.8-0.55 C<C_| Tending to single
exponential for
low concentration
~ DL 55 C>Cr Strong devation
from single
exponential
(CC)TQ 0.75 £<C
. T
1.75 C>C
r
(CC)T 0.4 for all C|No break in slope
p
Viscosity gn <1.0 C<C*) Change in slope
5 2 Co> O not as sharp as
17 for Ty -
PCS : 0., D C<C*®* D, continuously
i m i
D"Dm'DQ c>cx| increases as
23 | * ' tic > 0
Di(t+U.c+D) isonlated
Zlsolated chain?
(C)D undefined C<C
[} r
a C>C.
- <[
(C)n ne— | C lTr
m
=2 E'Cr

+ C is the critical cﬁncentratimn at which there 1s sharp
r

change in slape of the 1n 1 (o7 D)/ln C plnts.
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As concentration decreases, the contribution of the
faster component to the Kerr effect decay transient decreases aAd
the curve approaches single exponential behaviour. This is
reflected in the increase of the spread parameter  from a
constant value of 0.55 above C= Cr towards a value of unity
at louwer concentrations (Fig $.28). Such a behaviour probably
reflects the fact that as concentration decreases, the tuwo
relaxation times become closer in value. Eventually the rate
of whole molecule rotation becomes comparasble with or even
faster than that for the rather restricted segmental motion of
the stiff chain, In such circumstances both components of the
dipole moment will relax via the faster whole molecule
mechanism and in dilute solution it is possible that only one

relaxation time would be observed.

This is in agreement with the work of Rjumtsev et al [54] on

dilute solutions of cellulosis in dioxane

It should be mentioned that the polydispersity of the
sample 1s a potential source of non-exponential behaviour in
the Kerr transients. However, although this will affect the
interpretation of the relaxation times in terms of individual
chain characteristics, and influence the precise values of T
and ¢, observed , it is unlikely to be the source of the dist-
inct relaxation times or the marked changes in their

concentration dependence observed here.

Another interesting feature which changes with concentp-
ation is the relative shape af the rise and decay transients.
At high concentration, C > Cr, they are essentially identical
and Tr/Td # 1. Such a situation can arise for at least tuwo
Teasons:

(i) the relative contribution of the induced dipole moment
term,Q, is very large (Q >> P) (see sectian 2.5.5(d))

(ii) the highly entangled ethyl cellulose molecules are
relaxing by fluctuwation (jump) mechanism (see section 2.5.6).

By contrast, as the concentration was decreased below
Cr the shapes of the rise and decay transients became increas-
ingly different. Tr/Td increased with decreasing concentration,

reaching a value of 1.4 for the lowest concentrations studied.

The reversing pulse unit could not be applied to establ-

ish the relative contributions of the induced and permanent
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dipole moments because the field required to orientate ethyi
cellulose is higher than the design capacity of the unit.
However previous studies of ethyl cellulose derivatives suggest
that the permanent dipole effect is dominant for these systems
[54] and it is extremely unlikely that the relative
contributions of P and 0 would change significantly as the
polymer concentration was increased. This suggests that'fhe
change in the shapes of the rise and decay transients as C
increases through Cr may be due to a change in the orientation
mechanism. The simple model suggested ealier indicates a
physical mechanism whereby the molecules in the highly inter-
acting state at C > Cr can only rotate by a series of discrete
jumps as persistence length segments become in turn free to

rotate small distances as the molecules move past one another.
For C < Er, Tr/Td does increase although not to the ideal

rotational diffusion value of 4 for P >> Q. The source of this
change in the shape of the transients with concentration

obviously reguires more detailed investigation.

(c) Viscosity

The 1ncrease of viscosity with concentration showed a
cantinually varying cancentration exponent,r‘;n for C < Cr
which levelled out to an essentially constant value of about
2 above Cr. This again indicates a significant change in the
nature of the chain interactions in the region of C=10 - 20
kg m-3. Moreover the exponent ;n of 2 indicates that the pres-
ent experiments have been conducted in a moderately concentra-
ted regime rather than a highly entangled system, for which
much higher values of gn (=5) would be expected [Bl]. An
indication of the extent of coll overlap can be obtained by
using the interaction parameter C [n] of Simha [82]; A value
of unity for this parameter corresponds to the concentration
Cﬁ for the onset of coil overlap. Cornet [Bﬂ has interpretgd
Cg as the concentration at which a uniform segment density is
attained in the solution. The observed intrinsic viscosity ef
the ethyl cellulose sample used in this work in toluene is
5 x 1072 m> kg™'; using this value gives Cx = 20 kg m™3, in
good agreement with the critical concentration observed in

the Kerr experiments.
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(d) Photon Correlation Spectroscopy.

The correlation functions obtained with this technique
have been characterised in terms of the diffusion coefficients
Di and Drn for C < Cr' At C > Cr a long time tail emerged,
leading to characterisation of the autcorrelation function et
high concentrations in terms of Di’Dm and DR' The concentration
dependence of these coefficients has been illustrated in
Figs 5.34 and 5.35 The fact that the long time tail does not
persist into the regime C < Cr suggests that Dy is in someway
associated with the transient network structure characteristic
of the high concentration regilon. Here D, 1s ascribed to
co-operative motions characteristic either of the network as
a whole or of portions of the chains contained within it. Once
significant chain overlap has occurred such motion would be |

expected to be relatively insensitive to the chain concentrat-

ion { ice.gy= a).

On the other hand, Drn in this region is ascribed to the
translational diffusion of individual chains through the highly
interacting chain system. Such a process becomes increasingly
slower as concentration rises, and at the higher concentration
studied (57 kg m_s) the motion becomes so constrained that
Dm tends towards DE’

being essentially single exponential in form. Over the concen-

the experimental correlation function

tration range 57 kg n"3s ¢ o> C.,» D varies as C-z(see Fig 5.34).
This behaviour is characteristic of reptative motion of chains
in a semi-concentrated system[lS,BB}and will be discussed in

further detail presently.

Below C = Er, the cooperative motion characterised by
Dkdisappears and the comcentration dependence of the entangled
chain diffusion coefficient Dm decreases markedly. The
accuracy of the data from these weakly scattering solutions
is not sufficiently high to define the concentration exponent
in this region within narrow limits; it appears to be of order

unity.

The physical significance of the coefficient Di is not
entirely clear since in general the value of the initial slope
from which it has been derived increased as the channel time
in the experiment was decreased. Consequently the values of

Di are only an approximation to the values obtained in the
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t+ 0 limit. These guantities, on extrapolation to C=0, should
correspond to the translational diffusion coefficient DD of
the isolated ethyl cetlulose chains in toluene. A linear
extrapeolation of the present data suggests a value of Do L

X lD"llm2 571, (estimated RH = 5.2 nm)

Quantitative interpretation of data in terms aof theoretical

models:

Regarding ethyl cellulose as a fully extended rigid
chain (containing mn/mo = 107 monomer units) and using
Broersma's equation (Wwith RozD.SIS nm, and do= 0.8 nm [5&})"
the calculated dilute solution relaxation times associated
with the sample is 0.58 ps. On the other hand, regarding it
as a random.coll and using the experimental value of the
intrinsic viscosity, of 5 x 1072 m> kg_l, the first normal
mode relaxation time is 0.36 us applying the Rouse model
(egn 2.1) or 0.25 us using the Zimm non-free draining model

(eqn 2.2).

The extrapolated, zero concentration value for T, is 1.2
#0.4yps, which is in disagreement with random coil model
especially the Zimm value. Certainly the EC behaviour is far *
from being a fully extended rigid rod. Dilute solution
dielectric studies [95] on ethyl c¢ellulose in dioxane gave a
relaxation time of 4.0ps for a narrow fraction of molecular
weight 2.85 x lD4 close to mn of the present sample. Using
T, = Tp/3 this value corrected for the viscosity differences,
corresponds to 0.7 us, in reasonable agreement with the values
obtained here. These workers examined a wide range of molecular
weights and concluded that EC behaves as a rigid coil molecule
which orientates as an entire unit in an electric field, in

agreement with the interpretation of TE put forward here.

A semi-quantitative measure of the extent of the inter-
action of polymer chains in solution at a concentration C, can
be obtained by considerations based on the volume of the sphere
of influence of a single molecule, Um as presented in section
5.1.5. Eguations 5.3 - 5.6 may be used to svaluate Um, the
mean number of chains accupying this volume Ny and the
critical concentration for the onset of strong chain inter-
actions, C¥. At C = C* any one chain interacts on average with

two other chains at the periphery of the swept vnolume Um,
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(see Fig 5.37). Above C¥, it will also interact closely“with
those chains which on average occupy part of the volume Um'
Conseqently at C > C#, the number of close chain-chain inter-
actions ('entanglement junctions') per chain, v, is simply
n +1 . The approximate mean distance between these entangle-

v
ment peints at a concentration C, 2. is given by

ac = Ly = 4 5.17
v o~ 1 r

For the present case, where we have ethyl cellulose of"
Mn = 2.6 x lDa corresponding to n = 107 monomer units, each
of length % == 0.515 nm [5&] we can estimate the above
gquantities for two extreme chain conformations:

(a) if the polymer behaves as a completely fully extended chain;

{a) {b) (c) (d)
Fig 5:37 Chain configuration and probable interation model ~
{a) Sphere of influence of a chain  (b) completely rigid rad

molecule (c) coiled random coil molecule (d) simplified represen-
tation of the situation for ¢ =¢*

the contour length L = 55 nm and the volume it sweeps out, V ,
) -23 3 m
is 8.7 x 10 m- .

critical concentration C¥* of 0.50 kg m

This corresponds, by equation 5.3, to a
3

(b) if the polymer behaves as a random coil, the radius of
gyration, R. would be 2.2 nm and V = 44.6 x 10-27m3. This

G
gives a critical concentration C¥* = 98B0 kg m™3.

The experimentally ohserved critical concentration C
= 20 kg m_3 indicates that the behaviour of ethyl cellulos;
in toluene lies between that of a rigid rod and a random coil,
i.e. it is a relatively stiff coil, The radius of the sphere gf

influence T 5.8 ) .corresponding to the

Rq/Z (see eqgn



- 212 -
nbserved critical concentration is 1.6 x lD—Bm. This wvalue 1is
similar to the persistence length of 1.8:0.3 x lU_Bm determinéd
by Ryumtsev et al [5&] using hydrodynamic properties and lends
support to the interpretation of Cr in this way (see also
section 5.1.5 ). Using g =10 nm shows that the present chains
correspond to only about 5 (=L/q) persistence segments, again

confirming the relative stiffness of the coil.

Table 5.273 gives the values of nU,v and aC calculatéd
using this £q value l.o x lD—Bm. for T in the equation of the
simple model given here. This shows that over the range of
concentration studied in this work 5 - 57 kg m"3, the mean
number of close intermolecular interactions per chain increases
from zero to v 5. Above C = Cr the mean separation3between
such points decreases markedly until by C=80 kg m a_ = 50 x
lD-le, a value which is small compared with both thecchain

contour length and the spatial extent of the chain.

Table 5.23 The concentration variation of the number

of chains nUL per volume Um, the number of interaction

points,v, and the mean distance between chains. aC

l
Concentration |Number of chains |Number of inter {Mean distanca
C/ kg m S in velume V_=n action points between chains
U
1000CN U .
= g A=m- per chain v=n ) , a_ =2 /n
U Cg QU
ar x10
1 0.05 - -
5 0.25 - -
10 0.5 - -
20 1.0 2.0 16.1
30 1.5 2.5 10.7
40 2.0 3.0 8,1
50 2.5 3.5 5.5
60 3.0 4.0 5.4
75 3.75 4.75 4.3
100 5.0 6.0 3.2
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Although it appears that the ethylcellulose used 1in this.
work behaves as a stiff coil rather than a fully extended rigia
rod, it is interesting to compare the results with the predict-
ion of Doi-Edwards (DE} model (sections 2,3.2 and 2.6.3). For
the Kerr effect the rotational diffusion for C>C¥* should scale
o T - (0 )"t « 2 - 2.25
The experimental relaxation time T corresponding to this
whole molecule rotation, varies as C!*7°® for C>Cr. Although
this does not, and would not be expected to, agree exactly with
the DE prediction, it is significant that this is the only one

of the five systems studied in this work for which a value of
L. = 2 has been observed. The value of (;C)T observed below

Cr’ 0.75, is comparable with that obtained fOr the more rigid

clymers over a wider concentration range.
poly

For PCS studies of the translational motion of rigid
macromolecules in the semi-dilute regime the 0E model predicts
that the autocorrelation function should have a concentration

independent slope

- 1 2 2,0
Tl = = DoK « K<t 2.98
where DD is the zero concentrationtranslational diffusion
coefficient and a slower long time portion of form, exp FZt
wvhere
]
- 2 3 -1
F2 = (K DrDD) o« KC 2.102

Although the EC experimental autocorrelation functions agree
gualitatively with this prediction of long time exponential
behaviour with increasing slope at low times, the concentration
dependence of these slopes is not in line with the DE theory.
The lang time slope of logarithmic correlation functions for
C> Cr vary as VK2C? (see Figs 5.32 (b) ); despite the exp-
erimental scatter, the data are of sufficient accuracy to

! pehaviour. The intermediate time

definitely preclude KC~
slope, corresponding to D_, varies as K?C™2 for C > C. (see
Figs 5.37 and 5.38) and is also inconsistent with the DE model,
although it does tend towards t® behaviour at lower

concentrations.

Doi [B4] and Doi and Edwards [4] also analysed the con-

centration dependence of the zero shear rate viscosity Mo for
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rigid rods. They predicted that ,
n = n_(1l+ CL?) C < C* 5.18

n ng( 1+ (cL?)? C > c* 5.19

where n_is the solvent viscosity. Experimentally the concent-

s
ration exponent changed from = 1 below Cr to a constanﬁ value
of about 2 above Cr. Again the concentration depemdencel is

weaker than that predicted by the DE theory.

For the dynamic Kerr effect and viscosity, therefore ,
a semi-guantitative understanding of the experimental results
for ethyl cellulose can be obtained in terms of the rigid rod
theory. However, the PCS results are in direct conflict with
the expectations for such molecules in the semi-dilute regime
and it is not possible even semi-qgquantitatively to reconcile
the rotational and translational dynamics of ethyl cellulose

in terms of the Doi-Edwards model.

Edward and Evans [19] extended the rigid rod translat-
ional dynamics to much higher concentrations towards the
critical concentration of the isotropic nematic transitian, C#3¥,
As seen in section 2.6.2 they predicted a diffusion
coefficient - concentration relationship of the form D = Cl'5
for C* << C ~ C** apnd the cessation of mobility, OD— 0, at
a sufficiently large concentration, corresponding to the onset
of a glass-type transition. It is unlikely that the concent-
rations used in the present studies were sufficiently high to
lead to such dramatic decreases in the chain mobility. Although
the distinction between the chain diffusion coefficient Drn
and the co-operative term DQ essentially disappeared at the
highest concentrations studied, there was mo evidence of the

behaviour predicted by Edwards and Evans,

Jamieson et al [100] have studied the dynamics in
concentrated solution of a very flexible polymer, polystyrene,
and a rigid polymer, xanthan gum (a polysaccharide) by PCS.

The intensity autocorrelation function, g 2‘, observed by
Jamieson et al for xanthan were similar to those observed in
the present work for ethyl cellulose, in that they were also
non-exponential overall, but consisted of distinct exponential
regions over several decades of time. They analysed their

data in terms of a bimodal decay of the type used here, and
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theltr results are illustrated in Fig 5.38 below. They observed
t = =2 for their long time slope., which compares well with '

m
the value of -2 for T (=Dm) in this work. They also observed

a faster initial regign, characterised by Fi, which, uwunlike
Fi(Di) in the present work, was independent of concentration
in the C_zrz region and them decreased at lower concentraions.
They did not observe the eguiwvalent of the long time FRJ(DR) of
this work. They interpreted the concentration exponent of F2,
Lo = -2, to be consisteT; with ETE DE theory [4]. However this
interpretation is not C but C (see section 2.6.3). So in.
both their case and curs there is gualitative disagreement
between the experimental observations and the DE theoretical
predictions.

A two exponential decay was also observed in their study
of polystyrene, which they interpreted in terms of the model
of Reihanian and Jamieson (RJ)} |52| see section 2.6.3. This
model can be applied to the present ethyl cellulose data by
identifying Fm with Pl and FR with F2 in equations 2.96 and

2.97 which may be rearranged to give,

—_ 2
Fm = l/'rr + (DC + Dt)K 5.20
—11; = -é- Ti'z + D. , Dy T, 5.21
L t Dt
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Fig 5.3% (a),(b) chow plats nf T versus K2 and F;l versus K 2
for the 44 kg m-j solution of ethyl cellulase, As predicted by
egns 5.20 and 5.21 these plots are indeed linear within the
data scatter. However, the essentially zevo intercept of Fig
5.33 (a) leads to a very high value for the entanglement:
relaxation time T As well as being physically unrealistic,
it is incompatible with the value extracted from Fig 5.39 (b),
even allowing for the large uncertainties in the exact values
of the slope and intercept ( see Table 5. 24 }. Hence this
theory of the PCS behaviour of semi-dilute solutions of very
flexible macromolecules is not quantitatiuelydompatible with
the data obtained for the stiff chain ethyl cellulose.

Table 5.24 Reihanian and Jamieson parameters
for 44ka m~ S ethyl cellulose at 298 K

From T (Fig 5. (a)) T /us D_+ D, x 107 13m%s7t
o 12
From I'o(Fig 5. (b)
Line T/ms Dt x 10 l4m25—l DC x 10 lag2 -1
a ' 0.0 | 5.4 6.8
b 8.4 7.0 5.0
c 17.0 8.0 4.0
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Section Two

Equilibrium Properties

The concentration dependence of those properties o? the
molecules which characterise their interaction with an electric
field, including the Kerr constant, the permanent dipole
moment and the induced dipole moment were studied where
possible., These properties are referred to as ‘'electrical

properties' in this work,

For the polymer solutions the relative contributions of
the permanent and induced dipole moments were measured using
the reversing pulse technigue, to give the ratio P/Q using
pquation 2.59. The values were used in eguation 2.47, 2.44
and 2.46 toevaluate dipole moments and polarisability anisotropies.

The assumption has beeh made Here that these equations,derived for -

dilute solutions of rigid molecules, may be applied unmodified
to the systems studied. The presence of molecular flexibility
and molecular irnteractions and hence presumably of considerable
internal field effects, in the present experiments will mean
that only effective values of the dipole moment and polarisab-
ility are ocbtaimed in this way, through changes in the

relative contributions of permanent and induced effects as

concentration is increased should be revealed.

5.6 S5o0lvents and standards.

Firstly the Kerr constant of some solvents (toluene and
carbon tetrachloride) and of standards used to characterise
the time constant of the detection circuit (nitrobenzene and
a 10% solution of nitrobenzene in toluene) were measured and

compared with literature values. The field dependence of the

‘birefringence signals, plotted in Fig 5.40, was used to eval-
uate the Kerr constants.The values given in Table 5.25 are

in reasonable agreement with the literature values after
corrections have been made for the wavelength difference. The
Kerr constant B has been observed to be strongly wavelength
dependent [112], and the results here correlate well with

B « AL,
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Fig 5:40 The field dependence of the birefringence of the solvents
toluene (), carbontefrachloride {®), nitrobenzene{10%)in totuene, 4,
and standard compound nitrobenzene (O)-



- 220 -

Table 5.25 The Kerr constants of solvents
\ 1 5 1

1

: This work Values cofrec—
Solvent 8 x 10%3 v=2n RefereTge"£?3| ted to A=44l.6
at A = 441i,6nm 8 x 1077V "m nm using BA=a
at A=589 nm constant. ‘
Nitrobenzene B4 - 46 61
Toluene D.12 0.087 Q.42
Carbon tetra-
0.011 0.008 0.012
chloride
10% Nitrobenzens
irn toluene 0.46 - - 1

5.7 Poly-y-benzyl-L-glutamate, PBLG

Fig 5.4) shows plots of the phase retardation § against
the square of the field strength for various concentrations
of PBLG I in chloroform-formamide solution. The plots are
linear at low values of the field strength but show increasing
curvature at high fields, well known for macromolecules in
solution [93]. As will be shown later, the observed retardation
is due to a combination of the permanent molecular dipole
moment and the anisotropy of molecular polarisability. As the
concentration decreases, higher fielde are required to reach
saturation and at a fixed value of the field, the retardation
increases with increasing concentration. For example the 10
kg m~2 concentration under an applied field of 100 kv -1
gave a retardation of about 120° while 5.0 kg mn™S and 2.0
kg m_3 under the same conditions had retardations of 40° and

7° respectively.

The solution Kerr comstants, B at low field strengths
are plotted as a function of concentration in the insert Fig 5. 41
The plot shows that the Kerr constant increased mon-linearly
with concentration (B « C2?2). This is suggestive of some coop-
erative effect for this semi-rigid system by which the extent
of orientation for a given field gradient is enhanced by the

close proximity of the partially aligned rigid molecules.
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Fig5-41 The field dependence of the retardation, &, for PBLG I
of concentrations, 10 kgm-3{o}, 5:0kgm?(D), 2:0kg m™(4) ,
and 0-8 kg mr? (m).

The insert is the concentration dependence of the Kerr constants.
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The orientation mechanism and the dipole moment

The reversing pulse unit was employed to determine the
relative contributions of the permanent and the induwced dipole
moments to the orientation process for PBLG. THe values of the
permanent dipole and the polarisability anisotropy are shown
in Table 5.26

Table 5.26 Electrical parameters ., &)= aéfor PBLG I

at different concentrations in mixed C-F salvent at 298 K

Concentration|r = P/Q|Apparent Apparent Apparent{ r= P/Q
C/ kg m™ 3 (rev. dipole dipole (al - az)(areas
27 27 332
pulse) ugx10” 'Cm uYexlO Cml x10°°Fm?| pethod)

0.8 0.47 3.5 3.4 6.0 1.72

1.0 0.45 3.9 3.5 6.5 1.80

2.0 0.40 4,8 4.2 10.9 1.50

5.0 0.31 8.2 6.2 30.6 1.47
10.0 0.294 14,2 9.6 60.2 1.61

The ratio r of the permanent dipole to the induced dipole
term shouws both orientation mechanisms to be significant. This
ratio decreases with increasing concentration. r may also be
determined from the ratio of areas above the rise to that below
bhe decay transient, (see eqn 2.70). The values obtained by
this alternative procedure are significantly greater than the
reversing pulse values, indicating that the simple dilute
solution equations do not transfer directly to concentrated

solutions,

As the orientation is due to both induced and permanent
dipole moments, it was thought appropriate touse the full
orientation factor equations 2.47 and 2.44 - 2,45, The dipole
moment evaluated using the full expression 1is designated “7,8
while the one evaluated assuming that the induced dipecle term
is negligible is designated Mg. Table 5.2 shous that the
error incurred by neglecting the the induced contribution is

-3
small . for low concentrations{n10% at C<2.0 kg m ) but
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increases considerably with concentration reaching 50% by
C>5.0 kg mo.

The concentration dependence of the apparent dipole
moment in Fig 5.4 2 (a) shows that the apparent dipole mament
varies linearly with concentration over the range studied and

—27C m,

inglusion or neglect of induced effects having little effect on

yields a zero concentration value of 2.9 £ 0.3 x 10

this infinite dilution value. For a sample of the same
molecular weight (mw = 2.1 x 105) Watanabe et al[ga]haue
reported an approximate value of 11 - 16.3 x 10_27E m using
the Kerr effect for concentration 1.85 kg m_3 in ethylene
dichloride (EDC) in which PBLG is known to be strongly aggreg-
ated [72, 32). Dther workers obtained a value of 9.7 x 10_278 m
for 1.0 kg m_3 EDC solution of a slightly higher molecular
weight PBLG ( M =3.15 x 10°) using Kerr effect methods. Values
of 6.0 x 10—27 gnd 9.2 x 10~ 27 Cm were derived by Pyzuk- and
Krupkowski [ZB8] for PBLG (M = 1.8 x 10°) in dioxane and EDC
respectively {(noted that p was independent of C in the region
D.4 to 1.5 kg rn—3 covered ). With the average monomer dipole
momemt u_ of sbout 1.15 x 107°°C m determined by wada [23 |
using dielectric methods in EDC, a total dipole moment for

PBLG I of 11.0 x lD-Z?E m would be expected, a value about

four times the present value. This probably reflects differ
ences in the extent of aggregation at finite concentrations

in the various solvents involved.

The apparent polarisability anisotropy is linearly
dependent on concentration, (see Fig 5.4 2 (b)), extrapoiating
essentially to zero at infinite dilution. This suggests that
isolated PBLG molecules are oriented in an electric field by
virture of the permanent dipole moment with essentially no
induced effects. BAs the polymer concentration increases, the
polarisability of the system increases due to interactions
between the molecules and the orientation process becomes mare

complex.

5.8 Poly(n-butylisocyanate),PBIC

An irnvestigation of the field strength dependence of
the birefringence was conducted on various concentrations of
PBIC =29 in carbon tetrachloride and the measured retardation,

§ as a function of the applied field strength is ghoun in
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Fig 5.43. For all concentrations, the variation of optical
retardation with values of the sguare of the applied field
is linear at low values of the applied field, but significant

curvature is observed at higher fields.

The Kerr constants calculated from the initial linear
portions are given in Table 5.2 {a) and the variation of the
Kerr constant with concentration is shown as an insert in
Fig 5.43. Belouw the critical concentration determined in the
dynamic studies, C_= 0.9 kg m_3. the Kerr comstant is approx-
imately linearly dependent on concentration but with increasing
concentration, large deviations from linearity are observed.
Howewver, in contrast to PBLG, the slope of the B - © curve

decreases rather than increases with concentration.

The orientation mechanism and electrical properties

The ratio, r = P/Q ,was measured using the reversing
pulse unit for a 1.07 kg rn_3 solution of PBIC =29 at various
field strengths. The results in Table 5.27 show that r
increases with field strength, reaching essentially a steady

value at higher fields.

Table 5.27 (a) The field dependence of ratio, r, of

-1.07 kg m—3'PBIC'ﬂ?Q in Garbop tefrachloride.-at 293 K
Applied field
gradent,E/kV m~ T 90 | 120 | 130 | 185 | 170 | 180 | 200
Ratio,r = P/d 0.56] 0.61{ 0.88| 0.72 0.72] 0.73| 0.72

JTable 5.27 (b) The field dependence of ratio,r, at tun
concentrations  for PBIC # 21 in CCl, at 294 K

Field,E/kY m™ 1
2 70 110 130 170 200
Conc./kg m
0.73 Q.35 0.43 Q.45 0.50 0.52
1.40 .31 0.37 Q.45 0.44 0.45

This PBIC #29 is unfractionated and a wide range of molecular

species are present whose permanent dipoles require varing
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field strengths to align them. The value of r = 0.72 shouws
that the orientation mechanism &t the field levels investigat-
ed involves both induced and permanent dipole moments. The
value of the applied field far which r reaches its steady
value is still well within the Kerr law region and all sub-

sequent measurements were made in this plateau regiaon.

Similar measurements on two concentrations for the-lower
molecular weight PBIC #21 in Table 5.27 (b) also show that
the ratio, r, increases with field strength, reaching a steady
value at a slightly lower value of the field (v 260 V) than
for PBIC #28. This suggests that the effect is not associated
with polydispersity but with the effect of the field on the

interacting molecular system.

Table 5.28 (a) shows the apparent permanent dipole .
moments uB,Y and Hg calculated using egns 3.35 and 3.37 resp-
ectively. The ratio, r, was found to be 0.72, independent of
concentration. This value was used to calculate the apparent
electric polarisability anisotropy o -, using eqns 2.45
and 3.35. Both the apparent dipole moments and polarisabilities
are significantly concentration dependent, and are found to
increase with increasing comcentration. Table 5.28 (b) shous
-the equivalent properties evaluated for the fractionated sample
PBIC # 21. The error resulting from neglecting the induced
contributions in evaluating uB again increase with concentrat-
ion, ranging from < 1% for lowest molecular weight sample at
low concentrations to 27% for the higher molecular uweight

sample at high concentrations.

Fig 5.44 illustrates the linear concentration depen-
dence of the apparent dipocle moment HB,Y and the apparent
polarisability anisotropy, @y - s Extapolation of the data to
zero concentration yields for PBIC #29 of 4.2: 0.3 x 10°2'Cnm
and u for PBIC #21 of 3.4%0.5 x 10727 £ m . The zero concent-
ration electric polarisability anisotropies were 0 for PBIC
#21 (as for PBLG) and 0.4 x 107°%F m? for PBIC #29. The zero
concentration dipole moment for PBIC #21 compares well with
the infinite dilute dipole moment of 3.87 x 107%7c m
determined using dielectric relaxation technique [247.
Jennings and Brouwn [36] obtained a dipole moments in the

range 3.4 to 4.08 x 10-27 C m for the same PBIC #21 in benzene,
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depending on the value they took for the solute volume. A
value of 3.83 x 10-27 C m has also been reported by Beevers

et al [27] in carbon tetrachloride.

For perfect rod macromolecules, the ratio of the rod
lengths should be equal to the ratio of the dipole moments.
The ratio of zero concentration dipole moments for PBIC #28
and PBIC #21 is 1.24. For the two samples the ratio of the
weight average molecular weight is 4.8 and of the number
average molecular weights is 1l.1. The ratioc of the number
average molecular weights is in better agreement with the
the dipole moment ratio, than the weight average ratio. Similar
observations based on relaxation times for this system have

been made by Jennings and Brown.

100 {20
8-0f
-5
&0
27 A&xﬂ?
ux10 11-0
(C)
40
05
2:0
0 = L ! 1 . 1 0
0 20 K0 50 8-0

C kg i
Fig 5-44 Concentration dependence of the apparent dipole
moment, Vs ) for PBIC #21 (A), PBIC 429 (D) and the

polarisability anisotropies, A, for PBIC 221 (A),PBIC #29 (m) .
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Table 5.28 (a) PBIC #29 electrical properties

( u, Aa = a,- a, and B)

Concentr- Apparent | Apparent | Apparent| Kerr
. T = P/Q 27 -2[7
atlonisc qulD uB’YxlD al- o, constants
kg m Cm | x 10 °“col x10°%Fn?|Bx10%%0"%n
0.27 0.72 1.9 4,27 0.38 1.9
0.53 0.71 3.28 4,35 0.47 4.3
c_=0.8
T
1.07 .7 3.72 4,93 0.6 7.6
3.67 g0.72 5.01 6.63 1.08 12.8
5. 34 0.73 5.6 7.43 .36 14,8

Table 5,28 (b)PBIC#21electrical properties

{ u,Aa= @, -a, and B )

Concentr- Apparent | Apparent |Apparent |Kerr
. _ : 27 2 i
atan:3C/ r = P/Q HgX 10 LlB,’YXln Aa=a,- o, constants
kg m Com Com x 1022Fm?| Bx10% %y~ 1%y
0.73 0.45 4,43 4,14 0.94 2.1
. ]
1.0 0.8 3.4 3.87 0.B62 2.4
1.4 0.45 4,66 4.66 1.07 2.7
1.73 0. 36 5.63 4.53 1,45 3.2
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5.9 Flexible macromolecules.

For poly(2-methyl-pentene -1 sulphone) and the polypro-
pylene glycols/oxides, only the Kerr constants are considered.
These molecules produce relatively small optical retardations
and require fields in excess of those available from the
reversing pulse unit to achieve sufficlent orientation. Hence
the mechanism of orientation, amd the chain electrical

properties could not be evaluated by this technique.

5.9.1 Poly(2-methyl pentene-1 sulphone) PMPS

Because of the low birefringence produced by this macro-
molecule it was necessary to explicitly subtract the retard-
ation due to the solvent and the cell windows from the solution
value. The cell strain birefringence, 60 was evaluated using
eqns 3.5 and 3.13. The optical retardation due to the solute
as a function of applied field is shown in Fig 5.45; the plots
exhibit curvature even at low field strengths.Evaluation of
the limiting initial slopes of these curves obviously invalves
large uncertainties. The Kerr constants evaluated from these
slopes are given in Table 5. 28. A more accurate study of the .
"birefringence at low fields would be necessary in order to

comment on the concentration dependence of the Kerr constants.

5.9.2 Polypropylene. glycols,PPG/oxides

Despite having a dipole component along the chain back-
bone, the low molecular weight glycols produce low birefring-
ence effects. The temperature of the liguid polymer was
lowered in order to obtain sufficient birefringence to obtain
accurate results with the available electric fields. Because
of the low birefringence exhibited even at temperatures as
low as 223 K it was necessary to subtract the cell windou
birefringence from the measured birefringence in all the cases.
The field dependence of the retardation § of liquid PPG 2257
and .was studied at four temperatures and the results are shouwn
in Fig 5.46(a). The 6-E2 relationship shows that the Ker;$?g
obeyed in the range studied, and the Kerr constants decreased
with increasing temperature. The Kerr constants of the four
PPG samples and ane 50 v/v% solution of PPG 2257 in toluene
were measured at 223 K. The results displayed in Fig 5.46(b)

again show a linear 8§ - E? relationship in all cases. The Kerr

constants evaluated are plotted as a function of molecular
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Table 5.29 The Kerr constants, B, based on_ the

limiting slopes for PMPS at various concentrations

and temperature 290 K

Concentration 3.2 5.5 12.7 20
C/ kg m
58 x 10 4y%n1 5,3 8.5 15.8 32.7

&0}
¢-0f =l
P!llll!!!u

hﬂ- ' . ~
240} 5 . ™

| 4 s .

0 * . 4 4

0 10 20 30 L0

2 -1 2 -2
Ex10 vm
%ig 5,45 Field dependence of-the Linefringence of PARS, fLon

3.2 kg m 3(e),5.5 kg m-o(u), 12.7 kg m 2(0) and 20 kg m” (B).

Insent The oscillogrnam shows the lLinefringence al vanious

Lields fon 5.5 kg m-3 s0flution,
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Fig 546 The field dependence of the retardation, 8° for Poly-
propylene glycol (@) PPG 2257 at different temperatures,{K).

(b} different molecular weights and diluted sample at 223 K.
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weight.

The Kerr constant (4.2 x 10_15 ngm) measured on the

sample PPG 1002 (M = 1000) at 441.6 nm and 223 K is comparable
with a value of 3.1 x 1071° v™%n measured by Beevers et al
{29] on a sample of molecular weight 1025 at 226 K and 633.nm.

The Kerr constant of 8.9 x 10_15 U_2 m for =zample PPRG 2257

decreased to 2.9 x 107%° v™2 m when diluted to 50 v/vf using
toluene. As the Kerr constant is a direct function of the
dipole moments and polarisabilities of the polymer constituent

bonds and of the chain geometric parameters, such a reduction

may reflect a considerable conformational change on mixing the
polymer and the solvent toluene. On the other hand the reduct
ion by more than a factor of two may simply be due to changes
in the polymer-polymer interactions and their replacement by
polymer-solvent interactions. It is nevertheless interesting
that the Kerr law behaviour is observed for this solution in
which the dynamics are significantly different from those for

the undiluted polymer,

O

B8-0}-

15
Bx10

! . Wi i : ]
0 500 1000 . 1500 2000
e F —
Fig 5.47 floleculan weighl dependence of Kenn constant
of Polypropylene glycol at 223 K.
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Table 5.30 Polypropvlene glvcol Kerr constant variation

with molecular weight and temperature.

Sample B x 1072 yZp~t PRG 2257

PPG 0402 3.2 Temperature /KB x 10°° yZp~1)
PPG 1002 4.2 233 8.9

PPG 2002 | 5.3 239 6.6

PPG 2257 8.9 244 5.2

PPG 2257 (50%) 2.9 255 4.2

Fig 5.4B shows representative & -E? plots for two
concentrations of the high molecular weight polypropylene
oxides, PP0D 53.3 and PPD S4.4. The plots are linear for all
concentrations at low field gradients but considerable depart-
ure from the Kerr law occurs at higher fields. This contrasts
with the liguid glycols where the Kerr law was observed even
at higher field gradients. The insert shows the concentratian
dependence of the Kerr constants for both samples is linear.
The zero_iznc?gtration 14 _2Kerr constant, BC=D are
4.0 x 10 ¥ “m and 3.0 x 10 V “m for the samples. These
values are in the ratio 1.3 as against their molecular weight
ratio of 2.0. These zero concentration Kerr constants are
about 5 times greater than the Kerr constant of the highest

molecular liquig glycol PPG 2257 at evenlower temperature.

5.10 Ethyl cellulose

Fig 5.49 shows a representative plot of the retardation,
§ against the field strength for some concentrations of ethyl
cellulose in toluene. This plot also contains the selvent
retardation at various field strengths. The solvent obeyed the

Kerr law throughout the field strength range used and has a

Kerr constant 8 = 1,26 x 10714 v 2n. The ethyl cellulose
solutions deviate from the Kerr law at field strengths, E?
greater than 1.0 x 1011 v2n"2. The deviations aresimilar to

those observed in the cases of PBLG and PBIC. The concent-
ration dependence of the Kerr constants is again linear over
the range studied, with a zero concentratian Kerr constants

of 5.4 x 10°Y% y~2n. and specific Kerr constant K__,(B/c)
-15 -2 Sp

Jo=0 -1 4
v kg

o4 3.6 x 10 m%. (see insert Fig 5.49)
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- 237 -

%%5229662% LE;%ZC

COMPARISON OF SYSTEMS STUDIED AND CONCLUSTIONS

In this Chapter the different systems studied are &Dmp—
ared with each other and an attempit 1ls made to rationalise
their contrasting behaviour. One of the objectives of this
work has been to observe the effect of chain flexibility on
the dynamics of polymers in salution. This factor has manifest-
ed itself in a variety of ways in the results obtained and a
number of guantitative measures of chain flexibility can be
defined. The parameters associated with these criteria for
assessing flexibility are summarised for different systems in
Table B6.1.

Table 6.1 Criteria for assessing chain flexibility and

the calculated parameters for the systems studied.

Criteria w . _ -9 - ¢ =
[:r/l:rr Te/TB qulD : L/Rq—np S?.q/.,o-nS c & T,
Systems (.im)
PBLG TIII 6.1 1.25 27.8 1.8 185
PBLG TII 10.8 1.0 39.8 2.2 265
PBLG I 13.6 0.5 BO.6 2.4 404 see
PBIC %21 >35(ests 1.5 - - -
150)

PBIC #29 209 0.06 ] 131.3 5.9 1084 (fTable
PBIC CN-1 220 0.023% 265.8 5.8 2216
PMPS 7143 0.018 55.4 19.2 112.5 6.3
PPO >4.5x109 ~8x10™9 - - -
EC 50 2.1 16.1 3.4 31.3
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The first measure nf flexibility (A) is the ratioc of the .-
observed critical concentration Cr’ assumed to characterise
molecular ocverlap, to that calculated on the basis of a rigid
chain using equation 5.5, Cir' This ratio is expected to be
unity for rigid molecules and to increase with increasing
chain flexibility. On thils basis the order of decreasing,
rigidity is:

PBLG III »PBLG II>PBLG I > EC> PBIC #21> PBIC #29 >
PBIC CN-1 > PMPS > PPO

The PBLG samples are seen to deviate from rigid rod behaviour
only slightly, confirming the ability of the Broersma equation
to interpret the dilute solution Kerr relaxation times
discussed in section 5.1. As expected for these weakly bending
rads, Cr/cgr increases slightly with molecular weight. A
similar situation is observed for PBIC which, for the molecular
weights studied, is significantly less rigid than the part-
icular PBLC samples studied. It will be seen shortly that this
in part simply feflects the higher chain lengths of the PBIC
molecules. Ethyl cellulose, despite being an extended chain
rather than a helical molecule, is only slightly less stiff
than PBLG on this criterion. By contrast PMPS is considerably
more flexible although it must still be considered a stiff
coil in comparison to PPO, which has a Er/cir value lU6 times
that of the lowest molecular weight PBLG.

Another quite different criterion of flexibility (B) is
the ratio of the infinite dilution experimental relaxation
time ascribed to whole molecule rotation, Ty s to that calcul-
ated using Broersma's equation 2.6 assuming rigid rod behaviour
(see Table B.1). This ratio is expected to decrease
from unity as molecular flexibility increases. The ranking of

of the chain stiffness on this basis is:
EC > PBIC #21 > PBLG III > PBLG II > PBLG I > PBIC #29
PBIC CN-1> PMPS > PPO.

This order is essentially the same as that based on criterion
A, except that EC and the lowest molecular weight PBIC #21
are displaced to the head of the order. Again for both the
PBLG and PBIC series there is the expected increase in flex-

ibility with chain length. The characterisation of EC as an
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extended rigid chain, PMPS as arigid coil and PPO as a very
flexible coil is confirmed . The agreement of those two
criteria based on dilute salution and concentrated solution
behaviour is encouraging.

A third measure of chain flexibilty (C)}) can be based an
the length Qq, extracted from the experimental Cr ualues‘
using equation 5.8, which has been interpreted here as a
measure of the chain persistence length (see section 5.2.5).
The ratio.of the econtour | length L to Rq, should give the
number of persistence 'segments, np, in the chain, which will .
increase with decreasing chain stiffness. Although the physical
basis of this criterion is similar to criterion A, the value
of np does help to give a more absolute measure of chain stiff-

ness.. The order based aon np is ,
PBLG III > PBLG II > PBLG I > EC> PBIC #2938 ~ PBIC CN-1
> PMPS

which is in line with the previous conclusions. The small
number of persistence segments in the PBLG and EC samples is
partucularly striking. The number of momomer units per segment -
n_, = Eq/lo, gives an additional interesting piece of inform-

=1
ation (see Table B8.1). This reveals that the intrinsic flexs

ib};&%y of the chains based on n_ is; WTdNb
PBIC .> PBLG > PMPS > EC

and that the order of chain flexibility observed for the actual
samples used is in part a reflection of the fact that the EC
sample is a very short chain (n=107), as are the PBLG samples
(n= 340 - 960) in comparison to PBIC (n= l.3xl[l3 - l.3xlDa)

and PMPS (n=2160),

Other criteria of flexibility can be based on the concen-
tration and molecular weight dependence of the measured relaxf
ation times. The predictions of the exponents e and ¢ for
theoretical models based on rigid rods and random coils are
summarised in Table 6.2. Although the precise values of T
and L. vary with both concentration and the nature of the
solvent, the models predict a general increase. in the value
as the molecules become more rigid. On this basis the order

of chain stiffness suggested by the results of this work is;

(€ Jeep (D)3
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Table 6.2 Theoretical predictions for concentration

and molecular weight dependence of relaxation times

T x

L. &

Molecular type[ Dilute solution

Semi-dilute

=2
1.5

Rouse[B] 4
Zimm[ll}gm

Flexible

random coil)

I =3

Doi-Edwards-de Gennes {(GDE)
3 _ _ 3 L. _
Tyt gm-2,gc-2a+8,a_5 +cc—l.2

_ _ S
Tre cm-;igc_2?+8, a—4+gc—l.5
B~ O

Semi-flexible |Hearst[15]¢ =1.5

yer [110] ¢ =2

Hearst & Stockmas

Schaefer et al|97].

Lo =

Good solvent G:U'?5+Cc=l'5

Marginal solvent a=ﬁ.5+gc=
1.0

B-solvent a=1.0+g =2.0
C

2a (assumed)

Concentrated solution a=0

+CP:D

Rigid rod Broersma ﬁ41gcz3

Doi - Edwards (DE) [4]
TK C'm =7
r{pcs) L, =

g, = 2

- 1.0

EC » PBIC #21 > PBLG II®~ PBLG III v PBLG I~ PBIC CN-1

PBIC #29 ~ PMPS > PPO(?)

(CC)C>Cr (E)3

EC > (PBIC #21 ?) > PBLG III ™~ PBLG II™~ PBLG I> PPO

> PBIC #29 ~ PMPS~ PBIC CN-1

(ﬁm)C<cr )

PBLG > PBIC

(Cm)C>Cr (&):

PBLG > PIPG> PBIC > PPO

Mt
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In general, these rankings agree with those given by
criteria A - C. This comparison shows that, while the extent
to which a polymer can be considered to be 'rigid' depends
to some degree on the nature of the particular property under
consideration, the range of criteria considered here are in
broad agreement in the order in which they rank chain flex-
bility and can in some cases be used as a quantitative measure
of this characteristic. In particular the role of increasing
molecular weight in increasing chain flexibility has been
quantified in the cases of PBLG, PBIC, and PPO/PPG,

We now turn to a guantitative comparison of the exper-
imental concentration and molecular weight exponents with
those predicted by various models. The experimental values of
;c and g, are summarised in Table 6.3 for all the systems
studied. These are to be compared with the theoretical wvalues
of Table 6.2, about which a2 few vords of explanation are rel-
evant. The values for ideal rigld rods and ideal flexible
chains are predicted by the Doi and Edwards (DE) [4] and -
de Gennes - Doi -Edwards (GDE) [17, 96] models respectively.
T

K
tube renewal time in the GDE. reptation model and Ty is the

is the Kerr relaxation time for a rigid rod, Tre is the

characteristic time for faster chain wriggling motion within

such a tube . For semi-flexible chains it has been assumed that

(i) Tro depends on a_, the mean distance between chain contacts
in the same way as for flexible chains (GDE) and rigid rods
(DE):

-2
T o a
Te c

(ii) a_ depends on concentration in the same way predicted by
Schaefer et al [97] i.e.

a « C-a
c

where ¢ varies from 0.75, through 0.5 to 1.0 as concentration
increases and the system passes from semi-~dilute good to
semi~dilute medium to semi-dilute theta conditions, as
described in section 2.3.2.

Hence T e C2a y L= 20
re C

giving the range of Cc values quoted in Fig 6.2,

Each of the systems can be examined in turn.in the light
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Table 6.3 Summary nf results of this work

Concentration Molecular weight
Lo Ln
Systems L= Cr ¢ > Cr L < Cr L> Cr
PBLG (1’11;511)'311 250,08/ 1.320.1 |2.2:0.2| 3.5:0.8
PBIC #2721 T, 0.47+0.07 -
T 0.37+0.14 -
D ;
PBIC #29 T, 0.10+0.06 0.63+0.05/1.5+0.3} 1.5¢0.3
T 0.20 0.11
p -
PBIC CN-1 T, 0.28+0.12 0.5040.10
T 0.26+0.07 0.26%0.07
PMPS T Y -
pl
T& Ty D.12 0.6 +0.07
T, 0.47+0.07 0.41%0.07
in .
PPG T(primary) h - 1.2520.2
T(secondary - - 1.95+0.2
PPO sz - ~ 0.0 ~0,0
T kT - 1.00.1 1.3 +£0.1
EC (Kerr effect) 0.75+0.08 1.75¢0.2
(pcs) 0. oo -2.0 - -
D£ - n, G.U - -
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of these predictions. The most rigid system studied, on the
basis of the previous discussion , was ethyl cellulose. The
value of Cc (C>Cr) for EC was the highest value observed in
this work and is close to the DE rigid rod prediction. This

is further evidence that in dynamic terms EC is the most rigid
of the molecules studied., An alternative explanation fDr.CC is
in terms of the GDE semi-flexible model for good to theta
solvent conditions. The PCS behaviour of D_, « £™?, also agrees
with the GDE prediction for single chain diffusion in semi-
dilute theta conditions. Unfortunately no experimental L
values are available to distinguish between these alternative

explanations.

For PBLG, the dilute solution value of ¢_ (2.2+0.2) is
significamtly lower than the Broersma's prediction of 3,
suggesting some deviation from rigid rod behaviour . For C>Cr
z (3.5% 0.8) is much lower than the DE rigid rod value. Again
flexibility of the helix is undoubtedly one source of this
discrepancy. Another is probably that the DE theory neglects
long range interactions such as dipolar and dispersion inter-
actions, which will be quite significant for polar molecules
like PBLG. Deviations from the model which assumes molecules
only interact on comntact would be expected, independent of any
flexibility considerations. The value of'gc (C>Cr) is also
significantly less than the . DE value. of 2.lInfact CE and S for
PBLG are reasonably consistent with the GDE semi-flexible model
for Toe in good - medium solvent conditions; such an inter-
pretation is consistent with the previous conclusions on the
flexibility of PBLG.

In the case of Ty, for PBIC the dilute solution value
of i (1.5) is much less than the Broersma rigid rod value of
3 and much more consistent with either the Zimm random coil
or the Hearst 'worm-like' chain predictions, suggesting a sign-
ificantly more flexible helical chain than that observed for
the PBLG samples. Again in contrast tD'PBLG,';m hardly changes
in increasing concentration above C..being far less than both
the DE prediction of 7 and the PBLG value of 3.5%0.8. It is
even lower than that predicted by the reptation model for
either Ty OT T - However, as noted ealier, since Cm is based
only on two points, no definite conclusions should be drawn

from this. Nevertheless the concentration exponent for C>Er
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confirmsithis general view, being far lower than the DE pred;
iction and almost one half of those observed in the case of
PBLG. This again suggests that the PBIC samples studied are
considerably more flexible. Infact the values of Ze and [

for PBIC at C>Crare not explicable by any of the existing
models for rigid, semi-flexible or flexible molecules and are
both much lower than all the predicted values. The T_ expoment
of [ is less than that associated with Tp s thus suggesting
that this Tp is not associated with movement of the whole .

chain but a portion of chain as described eariier.

For PMPS, the(gC)C>C for t, compares well with the
values obtained for PBIC aﬁd,is.again far less than that exp-
ected for rigid rods (DE). It is also less than the GDE pred-
ictions for both flexible and semi-flexible chains. So here
again we have exponents which are not explained by the present
models. A much wveaker concentration dependence appears tao

pertain for very flexible molecules than predicted by theory.

PPG gave two types of relaxation processes. The expanent
Cm (=1.25%0.2) associated with the primary process is VEeTY low‘
in comparison with the GDE predictions for either T.e OT Tg4-
This suggests that the process is not associated with motion
of the whole molecule, as discussed in section 5.4.. The
secondary process exponent Cm (=1..95:0,2) is in good agreex
ment with the GDE Td prediction and lower than that expected
for'Tre. This is rather surprising if Tg is indeed associated
with whole molecule rotation as T.e Tepresents such motion in
the reptation model and is expected to scale as N3 even for
flexible chains. Since these PPG molecules are expected to be
relatively stiff (see ealier), g, Might be expected to be, if

anything, greater than 3.

PPQ, which on all the criteria is the most flexible of
all the systems studied, has a concentration exponent @c)C>C
which is reasonably consistent with GDE semi-flexible model
for Tre in marginal solvent conditions. However, the molecular
weight exponent (i;m)C>C of ~1.3 £ 0.1 is extremely louw
compared with the value Tof 3 expected for this model. The
value of (CC) > is considerably greater than those observed
in PBIC and PMP5y suggesting that deviations from the GDE pre-
dictions (in the cases of PBIC and PMPS) cannot be entirely

due to flexibility considerations.
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In conclusion., therefore, this work has systematically .
investigated the dynamics of polymers of varying flexibility |
in both dilute and semi-dilute conditions. It has provided
gquantitative measures of the effects of concentration and mole-
cular weight on the chain dynamics for molecules ranging from
essentially rigid rods to very flexible coils. Several complem-
entary criteria for assessing chain flexibility have been
proposed and shown to lead to consistent, and in some cases
guantitative, conclusions regarding changes in chain stiffness
with chain structure and molecular weight. The results have
also been compared with available theories for rigid rod and
flexible systems and with a modified theory for semi-flexible
chains developed in this work. Although the experimental
results can be understood in a semi-quantitative way using
these models, a full quantitative theoretical explanation of
the observations is not possible at the present stage of their
development. In particular the much weaker concentration and
and molecular weight dependences observed for the relaxation
times of the more flexible molecules compared with theoretical

predictions requires further investigations,

The work has suggested a number of areas which might
pfofitably be examined in more detail in the future. The field
strength dependence of the distorted birefringence transients
may offer at high fiellds for the helical molecules PBLG and
PBIC should be further investigated. Such peculiar transients -
may offer more information on the possible distortion of helical
polymers in solution by large electric fields. It is also
suggested that the studies be extended to other molecular
weights of ethyl cellulose (and its derivatives) in order to
investigate the molecular weight dependence , and hence
distinguish between the rigid rod and semi-flexible chain
interpretations of the dynamics of this molecule. Molecular
weight studies should also be extended to PPO and PMPS. In
most cases, particularly, PBIC and PMPS, it would be useful
to carry out studies at gyen higher concentrations, to see if
the experimental values of Cc do increase towards the theore-
tical predictions before the liquid crystalline transition
‘region is reached. It was shown in this work that for ethyl
cellulose , PCS provided useful complementary information to

the Kerr effect studies in concentrated solution. The extension

e e LR e A v e TR et e S Y A m 2, 5 =, et e e et
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of the PCS experiments to the other molecules in the presenf
work would be extremely useful. On the theoretical side, the
present experiments suggest that existing theories of the
dynamics of concentrated polymer solutions based on idealised
molecular models require some modifications if they are to
explain the range or behaviour observed in practice for

molecules of different conformational types.

!
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